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Abstract 

Globally, colorectal cancer (CRC) is the third most commonly diagnosed cancer, and 

the second leading cause of cancer related mortality – equating to approximately 

16,000 deaths occurring within the UK between 2015 and 2017.  While the mainstay 

of CRC treatment with regard to chemotherapeutic intervention is infusional 5-FU 

with folinic acid, this combination has been shown to elicit a response rate of only 10-

15% in stage IV CRC patients. The addition of oxaliplatin or irinotecan to 5-FU and 

folinic acid (FOLFOX and FOLFIRI respectively) was determined to increase this 

response rate and overall survival to 40-50% and 15-19 months respectively. These 

combination chemotherapeutics subsequently became the standard of care (SOC) 

treatment for stage IV CRC patients in the palliative and neo-adjuvant settings. In an 

effort to further increase efficacy and overall survival for these patients, targeted 

therapies have been developed which are directed at specific pathways implicated in 

the proliferation of cancer cells and propogation of the tumour. One major caveat of 

the use of these targeted therapies is the existence of resistance, rendering these 

treatments ineffective. Resistance towards targeted therapies can exist innately within 

the tumour or can develop over a period of time following prolonged exposure to the 

targeted therapy. The EGFR-targeted therapy cetuximab is a chimeric IgG1 

monoclonal antibody which binds to the ligand binding domain of the receptor, thereby 

preventing activation of survival signalling via the MAPK pathway mediated by 

phosphorylation of EGFR. Cetuximab has been approved for use within stage IV CRC 

patients that do not exhibit a RAS or BRAF mutation. Despite this,  it has been shown 

that while RAS/BRAFWT patients initially respond to cetuximab treatment, resistance 

to the EGFR mAb can occur ~3-18 months following initial challenge. With regard to 

both innate and acquired resistance towards the cetuximab, the most common driver 

of resistance is mutation of the KRAS gene, exhibited within ~48% CRC patients, 

which mediates constitutive activation of the MAPK survival pathway in a manner 

independent from EGFR-phosphorylation. Similarly, mutations in BRAF, PIK3CA and 

Although a number of resistance mechanisms to cetuximab treatment have been 

elucidated (in the context of both acute and acquired resistance), there still remains 

~20% of patients that do not exhibit any of these alterations but remain unresponsive 

to the mAb. There is therefore a clear need for investigation into novel drivers of 



 
 

iv 
 

cetuximab resistance in CRC to identify effective treatment strategies for these 

patients. 

We initially established that while the LIM1215 CRC cell line model did not exhibit 

any mutations in RAS, BRAF, PIK3CA or PTEN, treatment with cetuximab did not 

mediate an apoptotic effect, indicating this cell line was innately resistant towards the 

mAb. We subsequently identified that while there was abolition of EGFR 

phosphorylation within LIM1215 cells treated with cetuximab, there remained 

downstream activation of the MAPK pathway, as indicated by sustained ERK1/2 

phosphorylation. We also determined that LIM1215 cells exhibited increased TGFα 

shedding following cetuximab treatment while another CRC cell line model that 

exhibited sensitivity towards the mAb did not. As we previously established that 

ERK1/2 phosphorylation can mediate activation of the metalloproteinase ADAM17, 

which has also been shown to mediated shedding of TGFα, we investigated if 

ADAM17 played a role in acute cetuximab resistance in this context. As such, we 

demonstrated that inhibition of ADAM17 either through siRNA silencing or with the 

use of an inhibitor (IK682) can increase sensitivity towards cetuximab within the 

LIM1215 CRC cell line. Furthermore, a phospho-RTK array performed on the 

conditioned media of LIM1215 cells in the presence or absence of cetuximab, also 

allowed us to establish a potential role for the HER3 RTK in cetuximab resistance 

within this cell line. This role of HER3 was further confirmed when siRNA silencing 

of the receptor was determined to abrogate the reactivation of ERK1/2 phosphorylation 

mediated by cetuximab treatment.  We therefore concluded that both HER3 and 

ADAM17 are implicated in mediating innate cetuximab resistance within the 

LIM1215 CRC cell line, although further investigation is required to further elucidate 

the role of each of these drivers. 

Within chapter 4, we sought to establish a novel therapeutic strategy to treat instances 

of both innate and aquired resistance to cetuximab. Due to the increased proliferation 

and prolonged survival of cetuximab resistant cells, we therefore decided to focus on 

a potential role of the unfolded protein response (UPR). We initially determined that 

CRC cell lines with an acquired KRAS alteration induced by prolonged cetuximab 

exposure, exhibited increased basal activation of the UPR compared to their KRASWT 

counterparts – in a similar manner to what we had previously determined in cell line 

models presenting with BRAF mutations. Furthermore, we established that CRC cell 
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lines presenting with KRAS/BRAF alterations displayed higher levels of sensitivity to 

the imipriodone ONC201 in comparison to KRAS/BRAFWT cell line models. We 

subsequently demonstrated that combination of ONC201 and taxanes mediated an 

synergistic apoptotic effect, which was initially demonstrated in BRAFMT cell lines. 

This treatment strategy was also shown to display efficacy within LIM1215 CRC cells 

with an acquired KRAS mutation. This chapter therefore presents strong evidence that 

CRC cell lines with KRAS or BRAF mutations display chronic basal activation of the 

UPR. Treatment of these cells with acute activators of ER stress eg. the DRD2 

antagonist ONC201, in combination with taxanes can be utilised as a novel treatment 

strategy.  Within this chapter we also demonstrated a potential prognostic role for 

GRP78 expression within a cohort of 156 stage II/III CRC patients. We identified that 

KRASMT patients with high GRP78 expression had a significantly lower 5yr survival 

rates compared to KRASMT patients exhibiting low levels of GRP78 expression, 

however this result will require verification using a larger patient cohort. 
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      Chapter 1: Introduction 
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1.1 Cancer 

 

Of all cancer types, colorectal cancer is ranked in the top five cancers for both 

incidence and mortality rates along with cancer affecting the prostate, lung, stomach 

and liver. Furthermore, if current trends continue, these incidence figures are expected 

to increase to approximately 22 million new cases per year by 20301. 

1.1.1 Hallmarks of Cancer 

In 2000, Hanahan and Weinberg published their seminal article that successfully 

encompassed most if not all cancers types and described the underlying principles of 

carcinogenesis2. They initially proposed six hallmarks of cancer that described 

intrinsic alterations that occurred in tumourigenic cells and drove malignancy: 

i) A self-sufficiency in growth signals 

ii) An insensitivity to anti-growth signals 

iii) Evasion of cell death (including apoptosis) 

iv) The ability to replicate without limit 

v) Sustained angiogenesis 

vi) The ability to invade tissues and metastasise 

These hallmarks were updated in 2011 and a further two hallmarks were described 

which had become more evident in the previous decade3. 

vii)  Reprogramming of energy metabolism 

viii) Evasion of immune destruction 

The role of the tumour microenvironment (TME) in tumourigenesis was also eluded 

to as the tumour is not just a homogeneous mass of cells, but rather a heterogeneous 

organ consisting of a variety of cell types including immune cells as well as epithelial 

cells. 

 

 



 
 

3 
 

1.2 Colorectal Cancer (CRC) 

 

1.2.1 Epidemiology of CRC 

Worldwide, CRC is the third most prevalent cancer in males and the second in females, 

accounting for over 9% of worldwide cancer cases4. There is a trend for a higher 

incidence of CRC in more developed countries such as Australia and North America. 

This could be due to changes in lifestyle, diet or environmental exposures, or it could 

be as a result of higher implementation of screening programs in these countries 

compared to ‘developing’ countries. In Northern Ireland, CRC accounted for 12.1% 

of all cancers diagnosed in 2015 and 9.4% of all cancer-associated incidences of 

mortality5. 

 

1.2.2 Staging of Colorectal Cancer 

Regarding CRC survival and prognosis, staging at diagnosis is an important factor in 

survival. The 5-year survival rate is approximately 90% with a diagnosis at the 

localised stage (stage I) of the disease. This rate then drops to 80% with discovery at 

stage II, 40-60% at stage III and <10% for patients that are not diagnosed until they 

have already developed stage IV, metastatic CRC6. It is therefore highly advantageous 

to detect the disease in its early stages through the implementation of early detection 

screening programmes. 

The most widely used and accepted method of staging is the Tumour Node Metastasis 

(TNM) system from the Royal College of Pathologists. This staging system is 

composed of three factors; 1. Extent of infiltration of the primary tumour into the wall 

of the intestine (pT); 2. Presence and severity of metastases within regional lymph 

nodes (pN) and 3. The presence of distant metastatic disease, inclusive of the number 

of metastatic sites and existence of peritoneal metastases (pM) (Figure 1.1)7. 

Additionally, each of these factors is given a score to indicate its severity (table 1.1)  
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Stage Classification Description 

pT – 
Primary 
Tumour 

pTX Primary tumour cannot be assessed 

pT0 No evidence of the primary tumour 

pT1 Tumour invades submucosa 

pT2 Tumour invades muscularis propria 

pT3 
Tumour invades into subserosa/non-peritonealised pericolic/perirectal 
tissues 

pT4 

pT4a  - tumour perforates visceral peritoneum 

pT4b – tumour directly invades other organs or structures 

pN – 
Regional 
lymph 
nodes 

pNX Regional lymph nodes cannot be assessed 

pN0 No regional lymph node metastatic disease 

pN1 

pN1a – Metastasis in 1 regional lymph node 

pN1b – Metastases in 2-3 regional lymph nodes 

pN1c – Tumour deposits (macroscopic/microscopic nodules of cancer) 
in subserosa/non-peritonealised pericolic/perirectal soft tissue without 
regional lymph node metastatic disease 

pN2 

pN2a – Metastases in 4-6 regional lymph noes 

pN2b – Metastases in 7+ regional lymph nodes 

pM – 
Distant 
metastatic 
disease 

pM1 

pM1a – Metastasis confined to one organ without peritoneal metastases 

pM1b – Metastases in more than one organ 

pM1c – Metastases to the peritoneum with or without other organ 
involvement 

 

 

 

Table 1.1 TNM Staging of Colorectal Cancer 

 Classification of CRC, defining each stage according to the TNM classification – 

8th edition. Information adapted from the Royal College of Pathologists6   
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1.2.3 Screening of Colorectal Cancer 

The implementation of a CRC screening programme in the UK has resulted in an 

increased level of diagnosis at early stages of disease (stage I-II) as well as a decrease 

of CRC-related mortality of approximately 16%8 . There are two main methods of 

screening for CRC, the faecal immunochemical test (FIT) - which is replacing 

screening via the faecal occult blood test (FOBt), and diagnostic colonoscopy. 

England, Scotland, Wales and Northern Ireland have all adopted FIT as the standard 

method of CRC screening, with Northern Ireland implementing the test in early 20209 

. The faecal immunochemical test has been determined to be more accurate than FOBt 

as it only detects human blood, in comparison to the occult blood method which reacts 

to haem – regardless of whether it originated from human or animal blood10. 

Additionally, FIT has also been associated with an increase in uptake of its use within 

the eligible population, which is thought to be as a result of the requirement of only 

one sample to obtain a result in comparison to the three required for FOBt9 . Regardless 

of the method of detection, all individuals over the age of 60 are provided with at home 

testing kits biennially. Those patients that test positive for faecal blood are 

subsequently sent for a colonoscopy to confirm diagnosis. In addition to general 

screening, patients diagnosed with Lynch syndrome (also known as HNPCC; 

Hereditary Non-Polyposis Colorectal Cancer) have been determined to be pre-

disposed to the development of CRC. In these cases, the patient will undergo screening 

via colonoscopy bi-annually from the age of approximately 25 years old. Furthermore, 

patients diagnosed with familial adenomatous polyps (FAP) are considered to be at a 

high risk of developing CRC and therefore undergo colonoscopies annually. In 

addition to regular screening, it is recommended that patients with FAP undergo a 

resection of the colon by the age of 2511. 
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Figure 1.1 TNM Staging of Colorectal Cancer 

Schematic depicting the staging of CRC according to the TNM classification 

Image adapted from: Abeloff’s Clinical Oncology. 5th Edition12  
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1.2.4 Pathogenesis of Colorectal Cancer 

Although the majority of cases of CRC arise as a result of sporadic disease through the 

accumulation of both genetic and epigenetic alterations, there are approximately 10% 

of cases that exhibit an inherited form of CRC. In 1990, Vogelstein and colleagues 

hypothesised that colorectal cancer arose as a result of a multi-step process which 

culminated in the development of carcinoma originating from a non-cancerous 

adenoma. The process involved genetic alterations in four significant oncogenes and 

tumour suppressors. 

i) Adenomatous Polyposis Coli (APC) 

ii) Kristin – Ras sarcoma viral oncogene homologue (K-RAS) 

iii) Deleted in Colorectal Carcinoma (DCC) 

iv) Tumour Protein 53 (TP53) 

Although Vogelstein’s model of CRC pathogenesis still holds true for the majority of 

tumours, there have been several other pathways uncovered that are not reflective of 

this hypothesis. To account for these inconsistencies, CRC has been divided into 

tumours that exhibit Chromosomal Instability (CIN) or Defective Mismatch Repair 

(dMMR). 

 

1.2.4.1 Chromosomal Instability (CIN) 

The Chromosomal Instability pathway is deemed the most closely likened to the initial 

model proposed by Vogelstein due to the pivotal implication of the significant 

oncogenes APC, KRAS and BRAF. CIN is the most common form of genomic 

instability occurring in approximately 80% of all colorectal tumours13. 

One of the major genes implicated in CIN is APC, a key component of the Wnt 

signalling cascade. The majority of mutations that occur within APC are nonsense or 

frameshift mutations, resulting in a truncated form of the protein which can no longer 

activate the proteasomal degradation of β-Catenin through the β-catenin destruction 

complex. This results in sustained activation of the Wnt pathway, thereby retaining the 

stem cell phenotype in cells that reside within the intestinal crypts14. The resulting 

upregulation of β-Catenin expression initiates its translocation to the nucleus and 

subsequent stimulation of T-Cell Factor (TCF) – targets15. This subsequently results 
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in increased cell proliferation and inhibition of apoptosis, culminating in an 

accumulation of cells and the eventual formation of a polyp. These polyps are 

predisposed to further mutations due to the role of APC in mitosis, DNA repair and 

DNA replication. Alterations in this regulatory protein therefore may result in the 

development of a carcinoma16, 17. APC mutations have also been determined to play a 

role in the development of FAP and therefore are not exclusive to carcinomas, but 

instead are found in both carcinomas and adenomas. 

Aside from APC, the development of RAS and RAF mutations are considered the next 

stage in the early development of carcinogenesis in CIN. Mutations in either of these 

oncogenes gives rise to the constitutive activation of various survival and growth 

pathways such as the MAPK pathway, resulting in increased proliferation as will be 

discussed further in section 1.3.9. RAS mutations occur in 50-55% CRC cases with the 

most common aberrations occurring in KRAS at codons 12/13, 61, 117 and 164. RAS 

cycles between an inactive GDP-bound form and an active GTP-bound form. The 

activity of the protein is dependent on the conversion of GDP to GTP by guanine 

nucleotide-releasing factors. Conversely, RAS is inactivated through the conversion 

of GTP to GDP through intrinsic GTPase activity, heightened by GTPase-activating 

proteins (GAPs)18. Mutations within the RAS gene prevent the activity of GTPases 

through the alteration of the structural confirmation of the protein, thereby preventing 

the ability of GAPs to hydrolyse GTP to GDP19. This conformational change results 

in the RAS protein being constitutively in its active GTP–bound state. With regard to 

BRAF, the most prevalent mutation is the substitution of a valine for a glutamic acid 

at codon 600 (V600E) which occurs in 8-15% of CRCs with wild-type RAS. This 

alteration results in constitutive BRAF activity through the abrogation of GAP activity 

on the GTP-bound form of the protein. Mutations within RAS and BRAF are mutually 

exclusive.  

CIN is ultimately characterised by widespread imbalances in chromosome number 

(aneuploidy), as well as loss of heterozygosity (LOH) which culminates in further 

mutations within pathways such as TP53 and PIK3CA. These mutations can aid in the 

progression of a late adenoma into an invasive cancer which metastasises into other 

areas of the body. It has been calculated that within CRC, there are as many as 80 

mutated genes, however, <15 of these genes have been determined to be true ‘drivers’ 

of carcinogenesis and vital to the development and progression of CRC20, 21. 
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1.2.4.2 Mismatch Repair Pathway (MMR) 

Deficiency in the mismatch repair pathway is associated with the development of 

approximately 15% of CRC tumours. MMR is a consequence of DNA polymerase 

making errors when copying microsatellite DNA, which are short tandem sequences 

that are scattered throughout the genome. When an error occurs, a temporary insertion-

deletion loop (IDL) is formed which can be recognised and ultimately repaired by the 

MMR system. If this repair is not corrected by the MMR system, there may be a 

mutation that is translated, therefore resulting in the possible formation of a truncated 

and non-functional protein, ultimately leading to microsatellite instability (MSI)22. The 

MMR system consists of at least seven different proteins, MLH1, MLH3, MSH2, 

MSH3, MSH6, PMS1 and PMS2 which associate with particular partners to form 

heterodimers23. Germline mutations that occur within these proteins can result in 

mismatch repair deficiency (dMMR) and increase the risk of CRC development. In 

patients with HNPCC, these mutations are common, 95% of which are present in the 

MSH2 and MLH1 genes15. In sporadic CRCs that present with MSI (~15% of cases), 

the deficiency in MMR is commonly as a result of MLH1 silencing through altered 

DNA methylation24. As a result of the deficiency in MMR, 90% of patients that have 

HNPCC, present with a high level of MSI. MSI can be subdivided into MSI-H (MSI-

High), MSI-L (MSI-Low), the status of which is determined by the level of MSI within 

the tumour. Distinguishing whether a tumour is MSI-H or MSI-L is dependent on the 

number of MMR genes that contain aberrations, with MSI-H CRC showing instability 

in a majority of markers, while in MSI-L CRCs this instability occurs within a minority 

of MMR markers25.  

MSI can also be associated with mutations in other genes, as microsatellites exist in 

the coding regions of genes encoding for particular proteins such as the pro-apoptotic 

BAX as well as the receptors IGFIIR and TGFBR1. Therefore, alterations affecting 

these genes as a result of MSI can result in the evasion of apoptosis. MSI tumours have 

also been shown to respond poorly to 5-fluorouracil (5-FU), one of the major 

chemotherapeutics used in the treatment of CRC14. 
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1.2.4.3 Epigenetics and CRC 

Although somatic changes in both oncogenes and tumour suppressors, such as TP53, 

constitute the classical mechanism of tumourigenesis, epigenetic alterations have also 

been implicated in this process. These alterations can occur both at the transcription 

level (via methylation of the promoter regions) or at the protein level (through 

acetylation of histones). There have been studies of DNA methylation in patients that 

have uncovered a subset of patients that display aberrantly high levels of methylation, 

so-called CpG island methylator phenotype (CIMP) cancers26. 

Approximately 20% of CRC cases are defined as CIMP tumours, generally 

characterised through the presence of a vast level of hyper-methylation, however there 

has yet to be a standardised method of classification of CIMP CRC. The majority of 

studies have focused on a panel of a variety of genes that play major roles in tumour 

suppression (i.e. MLH1) and mismatch repair (such as CDKN2A, the gene that codes 

for p16)27. Weisenberger et al. showed a correlation between CIMP tumours and the 

presence of BRAF mutations using a panel of 195 CpG methylation markers. 

Following this study, a different group analysed a cohort of primary CRC patients and 

were able to ascertain that there were 3 genetically-distinct subclasses of CIMP 

cancers. CIMP1 was associated with high levels of MSI (80%) and BRAF mutations 

(53%), while CIMP2 patients were characterised with KRAS mutations (92%). The 

final CIMP-negative subset of patients had a higher likelihood of p53 mutations (71%) 

and had lower rates of MSI (12%), or mutations in either KRAS (33%) or BRAF (2%)28. 

Despite the variety of genes that are used within different groups to define CIMP, a 

meta-analysis has shown that patients with CIMP present with decreased disease-free 

survival (DFS) and overall survival (OS) compared with patients without CIMP29. 

1.2.5 Treatment of Colorectal Cancer 

Treatment of CRC varies depending on stage of the disease as well as the position of 

the tumour. 

1.2.5.1 Surgery 

An R0 surgical resection with the removal of the lymphatic drainage of the tumour is 

the standard curative treatment of CRC. In general, curative resection is limited to 

early stage tumours (I-III), although stage IV disease can also undergo surgical 
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alleviation if the metastasis is resectable. However, even following successful curative 

resection, up to 50-60% of stage II-III CRC patients experience relapse with either 

local or metastatic disease within 5 years of surgery30. In order to reduce the chance of 

relapse, chemotherapy can be utilised in the adjuvant setting following surgery to 

alleviate any micrometastases.  

1.2.5.2 5-Fluorouracil (5-FU) 

5-FU has been a mainstay in the treatment of CRC for over 50 years following its 

development in 1957 by Heidelberger and colleagues. It was determined that tumours 

incorporated uracil into RNA for nucleic acid biosynthesis more rapidly compared to 

normal tissue. 5-FU is a fluoropyrimidine that is an analogue of the pyrimidine uracil, 

one of the four bases found in RNA. This analogue has a hydrogen at the C-5 position 

of its structure substituted with a fluorine atom that allows for its function as an 

antimetabolite through its incorporation into RNA instead of uracil. Following its 

uptake into the RNA structure, 5-FU is converted into three main metabolites; 

i) Fluorodeoxyuridine Monophosphate (FdUMP) 

ii) Fluorodeoxyuridine Triphosphate (FdUTP) 

iii) Fluorouridine Triphosphate (FUTP) 

Of these metabolites, FdUMP forms a complex with thymidylate synthase (TS) and 

subsequently inhibits DNA synthesis, while FdUTP and FUDP directly disrupt RNA 

and DNA synthesis through their incorporation into RNA31, 32. TS is an enzyme that is 

involved in the synthesis of thymidylate and converts deoxyuridine monophosphate 

(dUMP) into deoxythymidine monophosphate (dTMP), required for DNA replication 

and repair. FdUMP prevents dTMP being synthesised and has also been shown to 

result in depletion of deoxynucleotide deoxythymidine triphosphate (dTTP). This then 

results in an imbalance of intracellular pools of the other deoxyribonucleotides 

(dNTPs), thereby impeding DNA synthesis and repair33 .   

Although response rates for bolus 5-FU-based chemotherapy in advanced CRC are 

only ~10-15%, combination of infusional 5-FU with other chemotherapeutic agents 

such as Oxaliplatin and Irinotecan has improved these response rates to 40-50%33. 
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1.2.5.3 Oxaliplatin 

The discovery of the anticancer properties of the platinum-based chemotherapy 

cisplatin was determined in the 1960s. Although it has a high anticancer profile, the 

side effects and toxicity are significant. Oxaliplatin is a third-generation analogue of 

cisplatin, from which it differs structurally from through the substitution of the amine 

groups with diaminocyclohexane (DACH) moieties34. Importantly, tumours that 

exhibit an acquired resistance to first generation (cisplatin) and second generation 

(carboplatin) platinum containing chemotherapies, have been found to be sensitive to 

DACH-containing oxaliplatin35.  

Oxaliplatin functions through its DNA-damaging properties, which it performs 

through the formation of DNA adducts via crosslinks (either inter- or intra-strand). 

These crosslinks prevent DNA replication occurring, resulting in cell cycle arrest and 

ultimately cell death36. Out of the three generations of platinum agents, only oxaliplatin 

has been found to exhibit any effect in CRC. As a monotherapy, oxaliplatin elicited 

objective response in 12% and 24% in two phase II trials on metastatic CRC (mCRC) 

patients with a median response time of 6 and 7 months respectively. However, when 

treated in combination with 5-FU/leucovorin (folinic acid) in patients with mCRC, 

response rates greatly improved to 59-67% with median survival rates of 15-18.5 

months37. This has led to the combination of 5-FU/Leucovorin/Oxaliplatin (FOLFOX) 

becoming one of the two first-line therapy regimens for mCRC as well as the standard 

adjuvant therapy for stage II (high risk) and III disease38. 

 

1.2.5.4 Irinotecan (CPT-11) 

Irinotecan is a semi-synthetic, water soluble analogue of camptothecin which was first 

discovered in Japan in 1983. It is described as a prodrug as it requires metabolic 

activation by carboxylesterases found in the liver. This then allows the conversion to 

7-ethyl-10-hydroxycamptotecin (SN-38) which has a 1000-fold potency over its pro- 

form39.  Irinotecan, like camptothecin functions as a topoisomerase I (Topo I) inhibitor 

causing S-phase cytotoxicity. Topo I functions by untwisting strands of DNA that may 

have become supercoiled following replication or transcription. It does this through 

the induction of a break in one DNA strand at the site of the supercoil while 

simultaneously binding to the 3’ end of this cleaved strand which allows the 
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supercoiled DNA to pass through and hence uncoil itself. The Topo I then rejoins the 

DNA strand through a transesterification process and unbinds itself from the DNA40. 

The active form of irinotecan, SN-38 binds to the Topo I-DNA complex, stabilising it 

and preventing the re-ligation of the single strand DNA break caused by Topo I. This 

results in the formation of double-strand DNA breaks as a consequence of collision of 

the complex with the advancing replication fork, leading to cell cycle arrest and 

ultimately apoptosis41. 

Combinational therapy of infusional 5-FU/Leucovorin with Irinotecan (FOLFIRI) as 

a first-line treatment resulted in increased progression free survival (7 vs 4.3 months) 

and response rate (50% vs 28%) in patients with metastatic colorectal cancer compared 

to treatment with 5-FU/Leucovorin alone42.  

 

1.2.5.5 Capecitabine 

Capecitabine, is a pro-drug version of 5-FU that is administered orally which is thought 

to cause less toxicity by selectively delivering the active drug to the tumour site. Once 

administered, capecitabine is absorbed through the intestine and converted to 5’-

deoxy-5-fluorouridine (5’-DFUR) in the liver. The enzyme thymidine phosphorylase 

then converts 5’-DFUR to the active form of 5-FU, FdUMP43, 44. Due to the higher 

intra-tumoural concentrations of thymidine phosphorylase compared with matched 

normal tissue, there will therefore be a higher concentration of FdUMP present at the 

tumour site. This results in less adverse effects occurring within normal tissues (eg. 

normal intestinal wall) following treatment with capecitabine in comparison to levels 

of damage obtained following exposure to infusional 5-FU33. Capecitabine also results 

in higher response rates (26%) compared to 5-FU/leucovorin treatment delivered via 

I.V bolus (17%)45. When used in combination with oxaliplatin (XELOX), capecitabine 

demonstrates a similar efficacy to that of FOLFOX, however the XELOX regimen is 

better tolerated and results in less severe toxicity46. 

 

1.2.5.6 Adjuvant Chemotherapy Treatment of CRC  

As mentioned in section 1.2.5.1, the mainstay treatment for stage I-III CRC is surgical 

resection of the colon. However, one of the main caveats in stage III disease is the 
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presence of inoperable micrometastases, which will result in recurrence of 

approximately 50% of cases, 95% of which will occur within 5 years of the resection. 

Additionally, ~20% of stage II CRC patients will also be affected by recurrent disease 

also derived from micrometastases47, 48. As a result of this, adjuvant chemotherapy was 

introduced in order to reduce local and distal recurrence in postoperative stage III 

patients as well as some patients with stage II disease. Recently, the use of adjuvant 

chemotherapy within stage II patients has been debated, as the majority of these 

patients derive little to no benefit. It was also determined that chemotherapy in the 

adjuvant setting within stage II CRC patients displayed minimal benefits in OS and 

DFS, with the QUASAR study showing only a 3.6% improvement in OS when patients 

were exposed to 5-FU/LV compared to those with no chemotherapeutic intervention30, 

49. However, ASCO have identified a subgroup of stage II patients described as high 

risk that have also been determined to benefit from adjuvant chemotherapy. These 

patients presented at diagnosis with tumours with poorly differentiated histology and 

bowel perforation50, 51. Furthermore, levels of microsatellite instability has also been 

integrated in identifying patients that should receive adjuvant chemotherapy as 

patients determined to be MSI-H have been shown to not derive any benefit12.  

With regard to the type of chemotherapies used in the adjuvant setting, 

fluoropyrimidines have constituted the backbone of treatment for the last 50 years. The 

role of standard of care (SOC) oxaliplatin in combination with fluoropyrimidines was 

subsequently established as a chemotherapy regimen for use early stage CRC in 2004 

by the MOSAIC trial. This particular study demonstrated that the addition of 

oxaliplatin to 5-fluorouracil with leucovorin (FL) in 1123 stage II and III CRC patients 

resulted in an increase of DFS compared to the 1123 patients treated with FL alone 

(78.2% vs 72.9%). This benefit in overall survival was shown to be more pronounced 

over time as demonstrated in the 10 year follow up of the 2246 patients in the original 

study, with OS rates of 67.1% in patients treated with FL alone compared to 71.7% in 

the experimental arm52. Combination of FL with irinotecan (FOLFIRI) has also been 

tested in the adjuvant setting but, unlike combinations with oxaliplatin, the addition of 

irinotecan did not result in any survival benefit compared to patients treated with FL 

alone. The CALGB study examined the effects of bolus 5-FU/leucovorin either alone 

or in combination with irinotecan in 1,264 patients with stage III CRC. This particular 

study was prematurely closed due to an excessive number of fatalities within the 
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experimental arm containing irinotecan compared to treatment with 5-FU/LV alone 

(2.8% vs 0.94%)53. This study ultimately brought into question the safety aspects of 

including irinotecan in adjuvant chemotherapy for the treatment of CRC due to the 

high level of both lethal and non-lethal toxicity experienced. Additionally, the 

PETACC3 study conducted by Van Cutsem et al. also determined that the addition of 

irinotecan to infusional 5-FU/LV resulted in increased incidence of high grade 

toxicities such as neutropenia and GI events, consistent with previous data. This study 

focused on 2,094 patients with stage III disease and concluded that the addition of 

irinotecan did not confer a statistically significant benefit in DFS or OS compared with 

that seen in patients treated with 5-FU/LV alone (DFS: 56.7% vs 54.3%; 5 year OS: 

73.6% vs 71.3%)54. 

 

1.2.5.7 Palliative Chemotherapy Treatment of CRC  

The 5 year OS for stage IV metastatic CRC is <10%, with the median survival 

following diagnosis being only 6-9 months without treatment6, 55. At this late stage, 

the aim of chemotherapeutic intervention is to improve survival times and quality of 

life of patients rather than a curative approach. Similar to the approach taken for 

adjuvant therapy, the backbone of first-line palliative treatment for mCRC is inclusive 

of a fluoropyrimidine (either bolus 5-FU or oral capecitabine)56. Combinational 

therapy including 5-FU has been shown to result in marked increases in response rate 

and progression free survival. One such study determined the addition of oxaliplatin 

to 5-FU/LV resulted in significantly longer PFS (9.0 months vs 6.2 months) in a cohort 

of 420 untreated mCRC patients compared to those treated with 5-FU/LV alone57. This 

result was corroborated by an additional randomised control trial which also 

determined an improvement in OS in mCRC patients treated with the FOLFOX 

regimen vs bolus fluorouracil and leucovorin (19.5 months vs 15.0 months)58 . 

Also, in contrast to the adjuvant therapy setting, the addition of irinotecan to 5-FU/LV 

has been shown to result in an improvement of efficacy compared to the effect 

determined following treatment with 5-FU/LV alone. In a study of 387 patients, the 

addition of irinotecan resulted in significant improvement in RR (49% vs 31%) 

compared to those treated with 5-FU/folinic acid alone. Interestingly, while irinotecan 

has been associated with high grade toxicities, this particular study established that 
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while there were more of these adverse effects within the irinotecan-treated arm, they 

were predictable and manageable59.  

There have been a number of studies comparing the two main chemotherapy regimens 

FOLFOX and FOLFIRI, showing similar efficacy with regard to both RR and OS60, 61. 

For example, the GOIM study compared the two chemotherapeutic strategies in a total 

of 360 previously untreated mCRC patients. The study concluded that there was no 

significant difference in ORR in patients treated with FOLFOX to those treated with 

FOLFIRI (34% vs 31% respectively)60. To further improve the effects of 

chemotherapy, there have been several studies investigating additional combinational 

therapies including the inclusion of the VEGF-mAb bevacizumab with chemotherapy 

regimens. A study conducted by Saltz et al. investigated addition of bevacizumab to 

FOLFOX and XELOX chemotherapy in 1,401 mCRC patients. It was concluded that 

in both regimens, the inclusion of the VEGF mAb significantly improved PFS (9.4 

months vs 8.0 months)62. Furthermore, this combination is also well tolerated, as 

shown in the BEAT study (Bevacizumab Expanded Access Trial) which assessed the 

safety profile and efficacy of first-line bevacizumab with FOLFOX, XELOX and 

FOLFIRI in 1,914 mCRC patients with unresectable disease. There was a low level of 

high grade toxicities observed in patients treated with chemotherapy in combination 

with the mAb, with only 2% of patients experiencing a GI perforation, one of the major 

toxicities associated with bevacizumab treatment63. Therefore, there is justification for 

the combination of mainstay chemotherapy regimens and targeted therapies to increase 

the efficacy of treatment in a palliative setting.  
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1.3 The Role of EGFR in Tumourigenesis 

1.3.1 The Discovery of EGFR 

One of the major targets for therapies in CRC is the Receptor Tyrosine Kinase (RTK) 

EGFR. In 1952, Levi-Montalcini et al. described how transplanting sections of tumour 

originating from mouse sarcoma into chick embryos caused the embryos to grow 

rapidly. This observation indicated the presence of a novel driver of proliferation, 

which was subsequently isolated and characterised by Stanley Cohen and colleagues64. 

It was termed Epidermal Growth Factor (EGF) as it was discovered to stimulate 

significant upregulation of epidermal proliferation and keratinisation65. Subsequently, 

the presence of the EGF-binding motifs (receptors) were confirmed on the surface of 

cells from a number of species (namely human, rat, mouse and chick) in 197566. The 

170kDa EGFR receptor was then identified 3 years later and it was determined that 

EGF caused activation of EGFR via phosphorylation which was established through 

the uptake of a radioactive phosphorus group (32P) within exogenous ATP67. EGFR 

was subsequently found to be overexpressed in a variety of tumour types - including 

CRC, in comparison to its expression within normal tissues68. Stimulation of EGFR 

was also observed to promote metastasis, motility and adhesion of tumour cells. As a 

result of the role of EGFR signalling within cell survival and proliferation, it is not 

surprising that tumourigenic cells have been described as exhibiting ‘addiction’ to 

activation of the receptor. 

 

1.3.2 Structure of EGFR 

The structure of EGFR consists of an extracellular domain, a transmembrane domain 

and a conserved intracellular protein kinase domain.  

The extracellular region of EGFR is composed of four domains (I – IV); two ligand 

binding domains L1 and L2 (domains I + III respectively) as well as 2 cysteine-rich 

domains CR1 and CR2 (II + IV) that drive the dimerization of receptors through the 

interaction of one beta hairpin on the CR1 domain on one receptor with the CR1 

domain present on the second receptor. Ligand binding occurs on both L1 and L2 

domains simultaneously, resulting in a large conformational change of the 

extracellular domain from an inactive ‘tethered’ confirmation to one that allows the 
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dimerization arm in domain II to interact with the dimerization arm of the other 

receptor monomer (figure 1.2)69. It is this conformational change that allows the two 

CR1 domains to come in contact with each other, allowing dimerization of receptor 

monomers.
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Figure 1.2 Structure of EGFR and Conformational Change in the Extracellular 

Domain following Ligand Binding 

A) Schematic showing the different regions in EGFR with a focus on the different 

domains of the extracellular region69  

B) Schematic representation of the confirmation of each of the domains in the 

extracellular domain of EGFR and how this is altered following ligand 

binding70  
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The transmembrane domain (TMD) exists as a linker domain between the extracellular 

and intracellular regions of EGFR. The structure of the TMD is normally a single helix 

which becomes a dimer following dimerization of the receptor. This dimerization also 

culminates in a conformational change in the TMD, which is believed to play a key 

role in the activation of the EGFR through the transduction of the activating signal71. 

The connecter between the transmembrane and the catalytic domains is the 

juxtamembrane domain (JM).There are two segments that exist in the JM, the N-

terminal region which spans from residues 645 to 663 (JM-A) and the C-terminal 

region spanning from residues 664 to 682 (JM-B). These two segments seem to display 

different roles in the activation of EGFR, with JM-A allowing for stabilisation of the 

receptor dimer through interaction with the JM-A domain on the other monomer in an 

anti-parallel manner72. Similarly, JM-B is thought to function through the formation 

of a ‘latch’ that binds to the C-terminal lobe of the kinase domain on the other receptor 

in the dimer, this has been found to be crucial in the activation of the receptor73.  

The tyrosine kinase (TK) domain is the region of EGFR that plays a critical role of 

receptor activation. It consists of two lobes, the C-terminal lobe and the N-terminal 

lobe which are shared across all TK domains of RTKs. In normal circumstances, the 

TK domain in RTKs (i.e. IGFR) is auto-inhibited by an activation loop which sits in 

the ATP binding site, thereby preventing ATP binding and subsequent activation of 

the receptor. When the cognate ligand is bound to the extracellular domain, the 

resulting conformational change within the TK domain gives rise to phosphorylation 

of the activation loop at Y877, changing the structure of the activation loop to its ‘active’ 

configuration. This allows the ATP binding site to become free and hence ATP can 

bind, resulting in activation of the kinase domain74, 75. EGFR and other members of 

the HER family of RTKs are exceptions to this as the phosphorylation of the activation 

loop is not critical for the activation of the receptor. In the case of EGFR, the TK 

domain forms an asymmetric dimer with the N-lobe of one receptor monomer (the 

Activator) forming contacts with the C-lobe of the other monomer (the Receiver). This 

interaction then results in a conformational change on the receiver molecule, relocating 

the activation loop and allowing ATP to bind to the active site in the TK domain76, 77. 

Further stabilisation of the TK domain in its active state through stabilisation of the 

activation loop occurs following phosphorylation at tyrosine 845 (Y845)78 . The 

activation of the TK domain then signals to the C-terminal regulatory domain which 
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contains several phosphorylation sites that, when activated, serve as docking sites for 

a variety of adaptor molecules.  

The C-terminal domain is a tail segment of EGFR composed of 229 residues of which 

the sequence is highly conserved across species. There are six autophosphorylation 

sites that exist in the C-terminal domain of EGFR; Y992, Y1045, Y1068, Y1086, Y1148 and 

Y1173 (Figure 1.3)79. 

Phosphorylation on tyrosine residue 992 in the C-terminal domain results in the 

recruitment of PLC-γ via the SH2 domains of the phospholipase and subsequent 

phosphorylation of PLC-γ at tyrosine residues 771 and 1254. This then results in 

increased phospholipase activity, necessary for cell motility80. 

Phosphorylation of the regulatory domain of EGFR at tyrosine residue 1045 results in 

the formation of a docking site for the E3 ubiquitin ligase Cbl (Casitas B-lineage 

lymphoma protein). Cbl can also bind indirectly to the adaptor molecule Grb2, an 

interaction which has been determined to be vital in the efficient ubiquitination, but 

dispensable for the clathrin-dependent internalisation of the receptor81. Recruitment of 

Cbl results in the association with an E2 enzyme which mediates the transfer of 

ubiquitin onto EGFR. Continued transfer of ubiquitin moieties results in multi-

ubiquitination and internalisation of the receptor. These internalised vesicles 

containing the receptor are then fused with early endosomes before being directed 

towards proteasomal degradation82. This phosphorylation site therefore acts as a 

negative regulator of EGFR activity83.  

Phosphorylation of the two tyrosine residues Y1068 and Y1086 convey increased survival 

and proliferation of cells through the recruitment of the adaptor protein Grb2 and the 

GEF SOS, resulting in the activation of the MAPK pathway. In addition, these 

phosphorylation sites can also act as a binding site for Gab1 which subsequently can 

recruit the p85 subunit of PI3K and result in Akt activation80. 

Finally, phosphorylation of the Y1173 residue can recruit a variety of adaptor proteins 

including the SH2 domain of phospholipase (PL) Cγ1 SHP-1/2. This phosphorylation 

of PLCγ1 on Y771 and Y1254 mediates chemotaxis through its direct and indirect 

interaction with the cytoskeleton80, 84. Phosphorylation at this EGFR residue also 
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increases the activity of the MAPK cascade by acting as docking sites for the adaptor 

protein SHC85. 

 

Figure 1.3 Downstream Signalling Pathways of the EGF-Receptor 

Schematic depicting the components of the downstream signalling pathways of EGFR, 

following dimerization and activation of the receptor. Phosphorylation of the C-

terminal domain at various tyrosine residues results in recruitment of a number of 

adaptor proteins, resulting in the activation of pathways, increased cell proliferation, 

survival and metastasis79, 80, 83, 85. 
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1.3.3 The HER family of RTKs 

EGFR was the first member of the HER (Human Epidermal growth factor Receptor) 

family of RTKs that was discovered. This family was then further expanded and found 

to consist of EGFR (HER1/erbB1 - erythroblastic leukaemia viral oncogene), HER2, 

(erbB2/neu), HER3 (erbB3) and HER4 (erbB4), all of which are related through their 

structure with some exceptions; 

HER2 (erbB2 – Erythroblastic Leukaemia Viral Homolog 2): An 185kDa 

transmembrane RTK that is also known as Neu as it was initially discovered in rat 

neuroglioblastoma in 1982 prior to the discovery of the human homologue86. With 

regard to its structure, the extracellular domain of HER2 does not alter between the 

inactive and active confirmations and is instead in a state of constitutive activation 

with domains I and III being in a state of permanent interaction. Currently, no specific 

ligands have been identified for HER2, which could be as a result of the rigidity of its 

extracellular domain. Additionally, this confirmation of its extracellular domain means 

that the dimerization arm (domain II) is exposed, thereby suggesting that HER2 is 

constitutively primed for dimerization70, 87. Like EGFR, HER2 has been described as 

exhibiting an oncogenic role, with overexpression occurring in a variety of tumour 

types including breast and colon carcinomas resulting in uncontrolled cells growth and 

tumourogenesis88.  

HER3: This 160kDa receptor has a structure similar to EGFR with exception of its TK 

domain.  Although there is 60-62% homology between the kinase domain of HER3 

and other members of the ERBB family, HER3 shows alteration in three normally 

conserved residues. These substitutions occur at the residues 815 (asparagine for 

aspartic acid), 740 (histidine for glutamic acid) and 721 (alanine for cysteine), of which 

815 is found at the region of the TK active site89. It has been proposed that this 

particular motif performs as a phosphate acceptor, playing a role in disassociation of a 

phosphate group from ATP. Therefore, due to its alteration within HER3, it was 

initially hypothesised that the receptor had no active kinase function. However, 

subsequent site directed mutagenesis of this site in EGFR to mimic the TKD of HER3 

resulted in a significant reduction in kinase activity as opposed to the receptor being 

kinase dead90. Further studies later confirmed that there is indeed kinase function in 
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the TK domain of HER3, although the activity is ~1000x less compared to that 

observed for EGFR91. 

HER4: The final member of the HER family is erbB4, an 180kDa transmembrane 

receptor.  In contrast to the pro-tumourigenic role of the other members of the HER 

family, studies have suggested that HER4 could be inhibitory to cell proliferation and 

promote apoptosis of cells. In fact, HER4 expression levels has been shown to be 

inversely correlated with tumour progression and recurrence92. The pro-apoptotic role 

of HER4 is thought to be a consequence of the presence of a BH3-domain within its 

intracellular region, which has similar functions compared to the pro-apoptotic BH3-

only proteins such as BAK and BAX. This domain can initiate mitochondrial 

permeabilization and subsequent cytochrome c release, resulting in caspase activation 

and apoptosis of the cell93. The release of cytochrome c is mediated through the 

enzymatic cleavage of the intracellular domain of the receptor from the extracellular 

domain, executed by the metalloprotease TNF-α converting enzyme (TACE or 

ADAM17). This cleavage occurs following stimulation of ADAM17 by phorbol 12-

myristate 13-acetate (PMA) 94, 95. Following its cleavage, the BH3-containing 

intracellular domain of HER4 then accumulates at the mitochondria where it interacts 

with the multi-BH domain protein BAK. Oligomerisation of BAK drives 

Mitochondrial Outer Membrane Permeabilization (MOMP), resulting in the formation 

of pores on the outer mitochondrial membrane and release of cytochrome c into the 

cytosol96. 

 

1.3.4 The Ligands for EGFR 

There are seven ligands that are able to bind to EGFR as well as HER4; amphiregulin 

(AR), EGF, TGFα and Epigen can exclusively bind to EGFR, while β-Cellulin, 

epiregulin (ER) and Hb-EGF can also interact with HER497. All ligands are initially 

synthesised as type I transmembrane proteins and all have the same general structure, 

an extracellular domain (containing an EGF motif), a short juxtamembrane domain, a 

hydrophobic transmembrane region and an intracellular, cytoplasmic tail. The EGF 

motif consists of six highly-conserved cysteines that bind through disulphide bonds to 

form three loops which allow the binding of the ligands to the appropriate domain on 

the extracellular region of the cognate RTK98. In addition to this EGF motif, both AR 
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and HB-EGF contain a heparin binding domain which has been shown to play an 

important role in the mediation of localisation of these ligands99. As all of these ligands 

are synthesized as membrane bound proteins, they require proteolytic cleavage in order 

to carry out their function. These ligands, once cleaved can act on receptors in a 

paracrine, autocrine or juxtacrine manner, hence resulting in the interaction of cells 

within a niche. The family of proteins that have been implicated in the processing of 

the EGF-like ligands are the ADAM family of sheddases, in particular ADAM17 and 

ADAM10. ADAM10 has been shown to be critical in the processing of both EGF and 

β-Cellulin, while ADAM17 results in the shedding of TGFα, Hb-EGF, ER and AR100. 

The role that these sheddases have in the processing of these ligands is important; it 

has been shown that lack of ADAM17 results in a phenotype similar to that obtained 

when EGFR ligands are lacking (namely dysregulated maturation of a variety of 

organs in utero)101. These ligands are normally cleaved by the ADAM sheddases at 

the juxtamembrane region but can also undergo a second cleavage step at a site 

upstream of the EGF motif, although the site of this N-terminal cleavage can vary102. 

Cleavage of the extracellular domain of the ligand results in receptor activation at its 

extracellular domain and subsequent initiation of downstream survival signalling.  

 

1.3.5 Internalisation of EGFR 

In normal circumstances, the survival and proliferative signals following EGFR 

activation are tightly regulated. This regulation prevents aberrant signalling which 

would result in uncontrolled proliferation and tumourigenesis. One of the mechanisms 

that regulates EGFR signalling is the internalisation and subsequent degradation of the 

receptor following its activation (figure 1.4).  The internalisation of EGFR was first 

described in 1976 when Stanley Cohen and colleagues treated human fibroblasts with 

EGF which was radioactively tagged with an isotope of iodine. The radioactive signal 

was found to dissipate rapidly from the cell following binding to EGFR in a manner 

indicative of internalisation and degradation of the receptor103. There are several 

theories of EGFR regulation, however most of the literature has established that 

clathrin-mediated endocytosis is the most likely mechanism. As mentioned previously 

in section 1.3.2, phosphorylation of the tyrosine residue at residue 1045 at the C-

terminal of EGFR results in recruitment of the E3 ligase Cbl. In addition to this, Cbl 
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can also bind to Grb2 which is also recruited to this EGFR domain at tyrosine residues 

1168 and 1186 via its SH3 domains. The interaction of EGFR with Cbl results in the 

ubiquitination of EGFR in the form of multiple monoubiquitinations at several sites 

on its kinase domain104. Following ubiquitination, Cbl associates with the clathrin 

adaptor Esp15 present on the edge of the clathrin-coated pit via ubiquitin-interacting 

motifs (UIMs). Cbl-bound EGFR is then transferred to the ubiquitin adaptor espin1 

which is situated all along the clathrin coat105, 106. The requirement of epsin1 for the 

recruitment of EGFR into clathrin-coated pits was confirmed as silencing of epsin1 

resulted in both inefficient recruitment of EGFR into the vesicle as well as a marked 

decrease in the clathrin-mediated endocytosis of ubiquitinated EGFR107. It was also 

hypothesised that the endocytosis of EGFR was mediated through the interaction of 

Y974 with the µ2 subunit of AP-2 which is one of the major composites of the clathrin 

coat. There is conflicting evidence that this is the case, with literature reporting both 

significant and non-significant downregulation of endocytosis following mutation of 

the AP-2 binding site and AP-2 knockdown108, 109. It has also been described that 

EGFR does not directly bind to AP-2 but that AP-2 does play a major role in clathrin-

mediated endocytosis of EGFR. The GTP-ase dynamin is subsequently recruited to the 

site of the clathrin pit which forms the ‘neck’ of the vesicle and allows excision of the 

vesicle from the cell membrane. The clathrin coat is then shed and the receptor is 

transferred to an early endosome110. It is important to note that EGFR is still able to 

signal while in an early endosome and hence this is known as a ‘signalling endosome’. 

From here, the receptor can either be recycled to the cell surface via a recycling 

endosome or it can be further transferred to a lysosome and degraded. The fate of the 

receptor has been shown to be dependent on which of the ligands is bound to EGFR. 

Binding of EGF, Hb-EGF and β-Cellulin have been shown to stimulate degradation of 

the receptor while stimulation with TGF-α and Epigen resulted in almost complete 

recycling of the receptor111.  

Recycling of EGFR occurs as a result of the binding of TGF-α and Epigen, as they can 

easily disassociate from the receptor following endocytosis as a result of the acidic 

environment of the endosome. EGFR is subsequently deubiquitinated by the DUB 

ubiquitin-specific peptidase γ (UBPγ) and transferred to a recycling endosome and 

recycled to the cell surface112. Degradation of EGFR is mediated through the 

endosomal sorting complex required for transport (ESCRT) of which there are 4 sub-
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complexes. ESCRT-0 recognises ubiquitin on the C-terminal of EGFR and recruits 

ESCRT-I which successively recruits ESCRT-II and –III. EGFR is then transferred to 

a multivesicular body (MVB) via intraluminal vesicles (ILVs) which targets them for 

lysosomal degradation104, 113. 

A third, novel fate for internalised EGFR has been described, whereby EGFR can be 

translocated to the nucleus and performs alternate functions to its membrane-bound 

form. Following clathrin-mediated endocytosis of the receptor, EGFR interacts with 

importin-β1 via nuclear localisation sequences (NLSs) and is subsequently transported 

to the Golgi apparatus. From here, EGFR is further transported to the Endoplasmic 

Reticulum (ER) via vesicles composed of coat protein complex I (COPI). The ER is 

continuous with the outer nuclear membrane, which allows shuttling of the 

EGFR/Importin-β1 complex into the inner nuclear membrane through the nuclear pore 

complex. EGFR is then released in the nucleoplasm where it carries out three main 

functions. While situated in the nucleus, EGFR is able to function as a co-transcription 

factor, upregulating the transcription of genes including cFOS and Cyclin D. Nuclear 

EGFR can also increase cell proliferation through the phosphorylation of Proliferating 

Cell Nuclear Antigen (PCNA) at Y211. Finally, following radiation treatment, EGFR 

has been determined to translocate to the nucleus where it interacts with DNA-

dependent protein kinase (DNA-dpk) which can mediate the repair of DNA double-

strand breaks caused by the radiation114-116. This role of nuclear-EGFR is therefore an 

important target in cases of EGFR dysregulation and may be an important therapeutic 

target in cancer. 
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Figure 1.4 Overview of EGFR 

internalisation and the three subsequent fates of the receptor 

Illustration of the internalisation of EGFR and how the receptor can undergo recycling, 

degradation or translocation to the nucleus. Highlighted are the key proteins and 

mediators of internalisation104, 116 
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1.3.6 Dysregulation of EGFR in Cancer 

The role of EGFR in the proliferation and survival of cells makes it an important 

driving force behind tumourigenesis. In fact, the receptor has been determined to be 

overexpressed both at the protein and the mRNA level in a variety of cancer-types, 

including NSCLC and CRC and is associated with upregulation of proliferation 

markers such as PCNA and Ki67117. In addition to overexpression, EGFR is also 

frequently mutated within the tyrosine kinase domain to allow for constitutive 

activation of the receptor. Additionally, mutations can also occur at the extracellular 

domain which conveys resistance to specific EGFR-targeting mAbs such as cetuximab 

(discussed in detail within section 1.3.10.2). 

Overexpression of EGFR: Overexpression of EGFR has been determined to occur in 

22-75% of CRC cases118. Increased expression of the receptor can be detected through 

immunohistochemistry (IHC) or fluorescent in-situ hybridisation (FISH); specifically 

through the investigation of the short arm of chromosome 7 (7p21). Gene amplification 

is usually determined by comparison of the number of EGFR signals seen in a tissue 

section following FISH with the number of signals from a control probe CEP7 

(Chromosome Enumeration Probe) 7, which is specific to the centromere of 

chromosome 7119. The ratio between these two signals can determine if a patient 

possesses an EGFR amplification, however the definition of amplification in colorectal 

cancer has yet to be standardised120. Within non-small cell lung cancer amplification 

in EGFR through FISH has previously been defined as possessing tight EGFR gene 

clusters and an EGFR: Chromosome 7 ratio of ≥2121. Additionally, upregulation of 

EGFR mRNA can be detected through microarray using specific gene arrays122. 

Though the mechanism of EGFR overexpression has not been entirely elucidated, it is 

thought the hypoxic conditions of the tumour may contribute. In these conditions, 

hypoxia-inducible factor-2α (HIF2α) forms a complex with the protein translation 

initiator eiF4E2 which binds to the 5’ cap of mRNA, resulting in the translocation of 

mRNA to polysomes for translation123, 124.  

Although overexpression of EGFR can result in increased cell proliferation and 

survival, there is conflicting evidence as to the prognostic role of EGFR 

overexpression in CRC. In a study composed of 47 mCRC patients, where EGFR 

expression was assessed through both IHC and FISH, 83% patients were determined 
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to be EGFR-positive, defined as the tumour sample exhibiting ≥1% of tumour cells 

with membrane staining within the specimen. Additionally, high levels of EGFR 

polysomy; exhibiting four or more copies of the gene in ≥40% of cells, was identified 

in 19.5% of patients. This study concluded that neither EGFR protein expression nor 

gene amplification was significantly associated with response rate, overall survival or 

patient prognosis125. One caveat of this study however, would be the small cohort size 

utilised. In a larger cohort of 173 mCRC patients, higher EGFR expression as 

determined through FISH and CISH (Chromogenic in-situ hybridization) and defined 

as exhibiting either EGFR polysomy or amplification, was associated with shorter 

overall survival126. Overall, it has been reported that elevated EGFR levels was 

correlated with poor survival rates in approximately 52% of studies127. As this data 

originates from a meta-analysis in a variety of tumour types, a range of methods were 

used to identify EGFR overexpression including IHC, FISH and detection of mRNA 

expression levels. Despite the evidence that EGFR expression correlates with survival 

in metastatic colorectal cancer, there is accumulating evidence that expression of the 

receptor does not correlate with the response to EGFR-targeted therapies such as 

cetuximab128-130. Additionally, while a standard method for measuring expression, the 

use of IHC for the determination of EGFR overexpression has been shown to be 

unreliable which may account for this lack of correlation. This lack of reliance may 

stem from inconsistency in reagents used as well as differences in how IHC samples 

are scored. As a result of these conflicting results originating from use of IHC, this test 

has been removed from the licence of panitumumab and not performed in clinical 

practice for cetuximab131. Therefore, it is important to determine a more reliable 

method of establishing EGFR expression before we are able to properly evaluate the 

ability of EGFR expression in predicting response to EGFR-targeting therapies.  

Overexpression of EGFR Ligands: In addition to elevated levels of the EGF receptor 

driving the development of a variety of tumour types including CRC, expression of its 

cognate ligands has also been associated with the promotion of tumour growth. 

Various studies have demonstrated a prognostic role for the expression of the ligand 

TGFα, with high expression levels of the ligand being correlated with poor prognosis. 

This prognostic link has been determined in a variety of cancers including head and 

neck cancer, NSCLC as well as CRC, where high TGFα expression within metastases 

is more indicative of poor prognosis132-134. 
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With respect to a potential predictive role for the EGFR ligands, upregulation of the 

EGFR-ligands epiregulin (ER) and amphiregulin (AR) has been associated with 

increased response to the EGF-targeting mAb cetuximab and longer progression-free 

survival. A study by Khambata-Ford et al. comprising of 110 patients with mCRC 

concluded that increased levels of ER and AR resulted in an increased likelihood for 

the patient to exhibit disease control with cetuximab as a second line treatment135. This 

was corroborated in an additional study investigating the effect of cetuximab in 226 

mCRC patients. These patients had previously been treated with cetuximab as 1st, 2nd 

or 3rd line therapy and the expression of AR and ER was determined using RT-PCR 

using RNA extracted from tumour biopsies. Again, overexpression of ER or AR was 

associated with an increased likelihood of response to cetuximab in a RASWT 

background (>50% reduction in risk of death of patients). In fact, low AR expression 

in KRASWT CRC fared as poorly with overall survival rates similar to that of patients 

with mutant KRAS (median survival - Low AR KRASWT: 15 months, KRASMT: 17-

22 months)136.  

Mutation in EGFR: Mutations in EGFR are considered to be rare in CRC. 

Nevertheless, it has been shown that EGFR mutations can be acquired following 

treatment with cetuximab to mediate resistance to further exposure to EGFR mAbs. 

There are several EGFR mutations that have been identified in many tumour types, 

with the most common mutation located in the extracellular domain of the receptor, 

being EGFRviii137. This alteration results in the deletion of exons 2-7 of the EGFR 

gene which leads to deletion of the ligand binding domains of the extracellular region 

of EGFR. This subsequently causes a conformational change that renders the receptor 

constitutively active in a ligand-independent manner. However, EGFRviii has not been 

found to occur within CRC tumours137. 

An additional mutation that alters the extracellular domain of EGFR is the S492R 

mutation which has been detected in CRC following exposure to the mAb cetuximab 

and may affect other tumour types following exposure to cetuximab eg. NSCLC. This 

particular alteration results in cetuximab resistance as it alters the binding site for the 

mAb, preventing its binding to the extracellular domain of EGFR. Notably, EGF-

receptors that contain this mutation still maintain the capacity to respond to 

panitumumab as it binds to different residues within domain III of EGFR to that of 

cetuximab138, 139. 
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EGFR mutations can also occur in the TK domain, but the frequency of these 

mutations are significantly lower than in other cancer types such as non-small cell lung 

cancer (NSCLC). The majority of TK mutations occur in the region of the activation 

loop of the catalytic domain and typically drive resistance to TKIs such as Gefitinib. 

Despite this, the L858R mutation (G857R in colorectal cancer) has been associated 

with increased response to TKIs as it increases the affinity with TKIs while decreasing 

ATP affinity140, 141. The ‘gatekeeper’ mutation T790M, one of the acquired resistance 

mechanisms to TKIs gefitinib or erlotinib, results in decreased affinity of gefitinib and 

an increase in ATP binding142.  

In summary, within NSCLC it is vital to investigate the mutational status of EGFR in 

order to determine the response of patients to EGFR-targeted therapies. However, as a 

result of the low prevalence of EGFR alterations within CRC, establishing the 

mutation status of the receptor is of lower importance. 

 

1.3.7 Targeted Therapies for Colorectal Cancer 

Despite improvements in the treatment of CRC through the implementation of 

combinational chemotherapeutic regimens (eg. FOLFOX/FOLFIRI), there is still a 

large proportion of patients that do not derive benefit from these therapies. 

Improvement in the knowledge of the cancer genome has also resulted in the 

introduction of a more personalised approach towards cancer treatment to maximise 

its effect. The goal of personalised medicine is to determine what patients would 

benefit most to which treatment: this can be established through the determination of 

their genetic background and disease history to generate an appropriate treatment 

regimen – most of which will involve the use of targeted therapies143.  

Vascular Endothelial Growth Factor (VEGF): As mentioned previously, one of the 

hallmarks of cancer described by Hanahan and Weinberg is sustained angiogenesis3. 

The VEGF pathway is described as one of the key regulators of cell growth in CRC 

and the overexpression of both VEGF and its receptors is associated with poor 

prognosis144. The VEGF-A targeted agent bevacizumab (Avastin) was first approved 

in 2004 by the FDA for the treatment of mCRC. Bevacizumab is a humanised 

monoclonal antibody that was developed in the early 1990s which functions by 



 
 

33 
 

sequestering VEGF-A, preventing it from binding to its cognate receptors (VEGFR-1 

and VEGFR-2)145.  

The benefit from addition of bevacizumab to 5-FU/leucovorin treatment in metastatic 

CRC was first shown in a phase II randomised trial that consisted of three arms, with 

Arm A consisting of 5FU and leucovorin alone, Arm B included 5FU/leucovorin with 

bevacizumab at the concentration of 5mg/kg. Treatment Arm C consisted of 5-

FU/leucovorin and bevacizumab at a concentration of 10mg/kg. Response rates seen 

in the groups that included bevacizumab were increased compared to that observed in 

the arm treated with 5-FU/leucovorin alone (A: 17%, B: 40%, C: 24%), as was the 

median overall survival time (13.8 months vs 21.5 months vs 16.1 months in A, B and 

C respectively)146. The subsequent randomised phase III trial AVF2107 established 

that the addition of bevacizumab to the chemotherapy regimen IFL (Irinotecan, 

leucovorin and bolus 5-FU) also improved median survival in advanced CRC patients 

compared with patients treated with IFL alone (20.3 months vs 15.6 months)147. On 

the basis of these results, bevacizumab has been FDA approved in combination with 

5-FU based chemotherapy regimens (FOLFOX and FOLFIRI) in both first line and 

maintenance treatment of metastatic colorectal cancer148.  

EGFR Targeted Therapies: As outlined previously, EGFR is overexpressed in a 

variety of cancers, including CRC where overexpression at the protein level is thought 

to occur in 25-77% of tumours149. There are two forms of therapies that exist to 

specifically target EGFR, the first of which are monoclonal antibodies (mAbs) i.e. 

Cetuximab and Panitumumab which prevent ligand binding through targeting of the 

binding domain of EGFR. This then abrogates the subsequent homo- or hetero- 

dimerization of the receptor and the resulting activation of the downstream survival 

pathways. The second form of targeted therapies towards EGFR are the Tyrosine 

Kinase Inhibitors (TKIs) such as gefitinib and erlotinib which elicit their function by 

binding to the intracellular TK domain, preventing activation of the receptor in a 

manner that is independent of ligand binding150. 

Cetuximab (Erbitux, C225); Cetuximab is a chimeric IgG1 monoclonal antibody that 

binds to domain III in the extracellular domain of EGFR151. Following its use as a 

single agent in metastatic CRC, the use of cetuximab in a second-line treatment setting 

resulted in a significant increase in both survival and quality of life when compared 
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with best-supportive care152. Further improvements in survival have also been seen 

when cetuximab is used in combination with chemotherapy regimens containing 

irinotecan (i.e. FOLFIRI). This treatment combination was used in the phase III 

CRYSTAL trial which concluded that the addition of cetuximab resulted in a reduction 

in disease progression of 15% and an improvement in response rate of 10% compared 

to patients treated with FOLFIRI alone153. Similar to the CRYSTAL study, clinical 

trials such as the phase II OPUS trial that combines cetuximab with an oxaliplatin–

containing chemotherapy regimen, determined a significant increase in response rate 

and progression free survival compared to patients treated with FOLFOX alone 

(hazard ratio; 0.567)154. The use of cetuximab in combination with chemotherapy 

treatment in mCRC is ultimately dependent on a patient’s RAS and B-RAF mutational 

status as mutations in either of these signalling proteins are indicative of cetuximab 

resistance155. 

Panitumumab (Vectibix); Panitumumab is a fully-human IgG2 monoclonal antibody 

that targets the ligand-binding domain of EGFR. It is not fully known what residues 

panitumumab binds to specifically within domain III of the receptor, but it has been 

suggested that it binds to epitopes in close proximity or partially overlapping with the 

binding site of cetuximab151. Like cetuximab, panitumumab acts through the blockade 

of ligand binding to the extracellular domain of EGFR. Panitumumab was initially 

discovered to significantly improve progression free survival (8 weeks vs 7.3 weeks) 

and response rate (10% vs 0%) as a monotherapy in chemorefractory mCRC compared 

to best standard care (BSC)156. Panitumumab has also been shown to improve patient 

response in combination with chemotherapy in trials such as the PRIME study. This 

trial concluded that patients with mCRC that receive the combination of panitumumab 

with FOLFOX had improved progression free survival (10 months vs 8.6 months) and 

overall survival (23.9 months vs 19.7 months) compared to treatment with FOLFOX 

alone157. A large phase III study carried out by Peeters and colleagues also determined 

a benefit of the addition of panitumumab treatment in combination with FOLFIRI as 

second-line treatment compared to FOLFIRI treatment alone158. Similar to cetuximab, 

efficacy of panitumumab treatment is dependent on RAS and BRAF mutational status 

(further discussed in section 1.3.10). 

Gefitnib and Erlotinib: These targeted therapies are both TKIs, functioning through 

targeting of the ATP binding site in the catalytic domain of EGFR thereby inhibiting 
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autophosphorylation of the receptor and ultimately preventing the activation of the 

downstream survival pathways159. In terms of single agent use in advanced CRC, 

neither TKI has been shown to elicit any significant treatment benefit for CRC patients. 

Gefitinib in combination with irinotecan-based therapies as first-line treatment for 

mCRC derived no significant improvement in CRC tumour response and resulted in 

significant toxicities (namely grade 3/4 neutropenia and diarrhoea)160. In contrast, a 

phase II study of gefitinib with FOLFOX (IFOX) resulted in an improvement in 

disease response with 72% of patients achieving at least a partial response. However, 

consistent with data from previous studies, combined gefitinib/FOLFOX treatment 

also resulted in increased toxicity compared to that observed following FOLFOX 

treatment alone (60% prevalence in patients treated with FOLFOX/gefitinib vs 42% 

with FOLFOX alone)161. Similar to the studies performed with gefitinib, combinations 

of erlotinib with SOC treatment resulted in increased toxicity profiles. One such phase 

I study assessing the combined effect of erlotinib and FOLFIRI was terminated 

prematurely due to the high prevalence of grade 3/4 vomiting and diarrhoea162. This is 

particularly apparent in conjunction with both FOLFOX and the VEGFi bevacizumab 

as well as when used in combination with FOLFIRI chemotherapy163, 164. Due to the 

toxicity of these TKIs, further studies need to be performed to evaluate the potential 

role of both gefitinib and erlotinib as viable therapeutic options in CRC. 

 

1.3.8 Predictive and Prognostic Biomarkers in CRC 

Improvements in both patient outcome and therapies in the past two decades has also 

led to the discovery of both prognostic and predictive biomarkers in CRC. These 

biomarkers have resulted in the ability to determine patient prognosis as well as 

response to particular therapies to ensure patients will receive maximal benefit to 

treatments.  

1.3.8.1 Predictive Biomarkers 

KRAS Mutational Status 

KRAS was the first predictive biomarker that was found to determine response to 

EGFR-targeted therapies in metastatic CRC. It is a member of the rat sarcoma virus 

(ras) gene family of oncogenes (consisting of KRAS, NRAS and HRAS) that are 
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described as GTPases165. KRAS has been determined to be a critical member of the 

MAPK survival pathway and encodes a small 21kDa GTP/GDP binding protein. 

Following its activation through the exchange of GDP for GTP mediated by the 

guanine nucleotide exchange factor (GEF) SOS (Son of Sevenless), RAS can bind and 

activate the downstream MAPK survival pathway through the exchange of phosphate 

groups resulting in the activation of RAF, MEK1/2 and ERK1/2166. Within the MAPK 

pathway, KRAS is the most commonly mutated gene, with approximately 45-40% of 

CRC tumours displaying a mutation. The most common KRAS mutations exist in 

codons 12 13 of exon 2, which account for 80% of all KRAS mutations. Most of these 

variants are glycine substitutions, the most prolific of which is p.G12D which results 

in the substitution of glycine for aspartic acid and occurs in 38.1% of KRAS 

mutations167. Aside from codon 12 and 13 mutations, mutational alterations in KRAS 

can also occur in codons 61, 117 and 164. These mutations ultimately result in 

constitutive activation of KRAS as a consequence of the altered confirmation of the 

catalytic site, leading to the impaired ability of these mutants to hydrolyse GTP. 

Continuous activation of KRAS uncouples RAS from upstream signalling, thereby 

conferring resistance to EGFR-targeted therapies168, 169. It is therefore necessary to 

determine the mutational status of KRAS prior to treatment with anti-EGFR therapy.  

As mentioned previously, KRAS mutations have been associated with resistance to 

EGFR–targeted therapies. One of the first papers highlighting this resistance 

mechanism published by Karapetis et al. using samples from the CO.17 trial170. This 

study aimed to show the benefit of cetuximab as a monotherapy in patients with 

chemorefractory metastatic CRC and initially did not separate RASMT and WT 

patients. This study concluded that there was minimal benefit from treatment with 

cetuximab, with only 39.4% of patients having stable disease or responding to 

therapy171. Additionally, a retrospective study was undertaken using the same samples 

from this trial. KRAS mutational status was determined through the extraction of 

genomic DNA from FFPE samples of tumour tissue from archival specimens collected 

at the time of diagnosis. The study concluded that patients that exhibited a KRAS 

mutation experienced no benefit from cetuximab treatment compared to BSC ( PFS of 

1.8 months vs 1.8 months), while KRASWT patients displayed a slight improvement 

in PFS (3.7 months vs 1.9 months). There was also a benefit established with regard 
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to rate of response, with 12.8% KRASWT patients and only 1.2% KRASMT patients 

exhibiting a response170.  

 

NRAS Mutational Status 

In addition to KRAS mutations, another member of the RAS family of GTPases has 

also been determined to have a role in predicting the response of patients to various 

standard-of-care treatments. NRAS mutations have been described as being most 

prominent in both melanoma and hematopoietic cancers. Alterations within this 

GTPase have also been shown to occur within CRC tumours however, they are much 

rarer than KRAS mutations, occurring in between 3-5% of CRC tumours172. NRAS 

mutations can occur at multiple regions, namely exons 2 (codons 12 and 13), 3 (codons 

59 and 61) and 4 (codons 117 and 146), with mutations being most prevalent in codon 

61173. These mutations result in alterations in the GTP-binding site of NRAS resulting 

in constitutive activation of the MAPK pathway174, 175. Similar to alterations in KRAS, 

NRAS mutations have also been implicated in conferring resistance to EGFR-targeted 

therapies. Similarly, to KRAS mutations, alterations in NRAS have also been 

associated with resistance to EGFR mAbs such as cetuximab. One such study 

determined that whilst 38.1% of chemorefractory mCRC patients that exhibited 

mutations in NRAS responded to cetuximab treatment (124/326), only 7.7% NRASMT 

(1/13) patients showed a response175. An additional study performed by Andre et al. 

comparing the EGFR mAb panitumumab with best supportive care concluded that 

there were no responders in the 11 patients that were determined to have a NRAS 

mutation176. A meta-analysis of randomized phase-II and –III trials of mCRC patients 

also determined that there was no benefit in either PFS or OS observed following the 

addition of anti-EGFR mAb within tumours that harbour a NRAS mutation within 

exons 2, 3 or 4177.   

1.3.8.2 Prognostic Biomarkers 

KRAS Mutational Status:  

With regard to its prognostic value, there is conflicting evidence as to whether the 

mutational status of KRAS plays a determining role in patient outcome in CRC. The 

CALGB 89803 study which consisted of 508 stage III CRC patients concluded there 
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was no significant influence of KRAS mutational status on overall survival rates (MT 

75% vs WT 73%) or recurrence-free survival (64% vs 66%)178. In agreement with this, 

the PETACC-3 study also demonstrated that KRAS mutational status had no major 

prognostic value for either overall survival or relapse-free survival in stage II/III 

colorectal cancer. However, in contrast, a study conducted by Conlin and colleagues 

performed with 107 patients determined that the presence of KRAS mutations was 

predictive of poor prognosis independent of tumour stage179. Additionally, the 

RASCAL II study consisting of data from 3439 patients reported that the presence of 

a glycine to valine mutation on codon 12 within KRAS in stage III CRC was associated 

with a 50% increased risk of recurrence or death180.  

NRAS Mutational Status 

Similar to patients with KRAS mutations, NRASMT mCRC is associated with poorer 

prognosis. In a large study of 1095 mCRC patients, 84 with NRAS mutations, it was 

discovered that the OS of these patients was significantly lower than patients deemed 

to be NRASWT or KRASMT, particularly in patients exhibiting NRAS mutations in 

codon 13. This study concluded that patients harbouring NRASMT CRC had a more 

aggressive form of the disease with much poorer outcomes181. An additional study 

investigating the prognostic role of NRAS mutations by mutation locus determined that 

alterations within codon 61 resulted in significantly poorer survival compared to wild-

type patients (HR 1.47, P=0.01), while codons 13 & 14 did not show this significance 

(HR 1.29, P=0.48)182. 

 

1.3.9 Emerging Biomarkers in CRC 

BRAF Mutational Status: BRAF is a serine-threonine kinase, which like KRAS is a 

key regulator of the MAPK pathway. When RAS becomes activates, BRAF 

translocates from the cytosol to the cell membrane where it binds to the GTP-bound 

RAS via its RAS binding domain on conserved region 1 (CR1). This then results in 

the activation of RAF through its phosphorylation and hence, the activation of the 

downstream components of the MAPK pathway can occur183. There are 3 isoforms of 

the RAF protein within mammalian cells, A-Raf, B-Raf and C-Raf. All forms of RAF 

are able to bind to active RAS resulting in further activation of the MAPK pathway. 

Despite the ability of RAF monomers being able to activate downstream signalling, 
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they are also able to form dimers at the cell membrane which increases their kinase 

activity dramatically184. BRAF was first described as an oncogene in 2002 in the 

context of melanoma in which BRAF mutations occur in ~66% of patients184. In CRC, 

the prevalence of BRAF mutations is approximately 15%, with the most common 

mutation being the V600E substitution, comprising of 80% of all BRAF mutations. 

This mutation mediates constitutive activation in BRAF by mimicking 

phosphorylation through the alteration of particular amino acids in the active site, 

resulting in increased kinase activity185. Due to this increase in enzymatic activity, 

V600E mutants do not require dimerization and therefore function mainly as 

monomers186 . With regard to the biology of this mutation, it mostly occurs within 

tumours affecting the right-side proximal region of the colon and are linked with 

microsatellite instability. BRAFMT tumours are more likely to metastasise to the 

peritoneal and lymph-node regions and less likely to spread to the lungs187. In addition, 

BRAF mutations have been determined to be almost mutually exclusive with KRAS 

mutations, with only a small number of cases being reported that exhibit concurrent 

alterations in both kinases188, 189.  

In terms of prognostic value, BRAFMT CRC has been shown to exhibit the poorest 

outcome. Despite this, BRAFMT patients that are also described to present with MSI-

H have been shown to have better prognosis than those with MSS tumours187. In a 

meta-analysis consisting of seven studies with a total of 1,035 BRAF mutant patients 

of stage II and III CRC, oncogenic BRAF was associated with significantly shorter 

DFS and OS190. Additionally, the PETACC-3 study consisting of 1,404 CRC patients 

of stages II and III concluded that although they determined that there was no major 

prognostic value correlated with KRAS mutations, BRAFV600E mutations were 

correlated with poorer overall survival, consistent with a more aggressive disease191.  

The presence of BRAFV600E mutation has been shown to confer resistance to both 

cetuximab and panitumumab. In a retrospective study performed by Di Nicolantonio 

et al. on 113 tumour samples from patients with metastatic CRC treated with 

cetuximab or panitumumab determined the prevalence of BRAF mutations was 10% 

(11/113). None of the patients that were found to have a BRAFV600E mutation 

responded to treatment with either mAb and none of the responders were determined 

to be BRAFMT192. Additionally, a study that initially sought to determine the 

predictive role of KRAS mutations in establishing the efficacy of cetuximab, elucidated 
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that BRAFMT tumours responded poorly to anti-EGFR therapy (RR 8.3% in BRAFMT 

vs 38% in BRAFWT)175. Due to its role in predicting response to EGFR-targeted 

therapies, the mutational status of BRAF alongside RAS should be determined prior to 

treatment with these therapies. 

Microsatellite Instability (MSI); As mentioned previously in section 1.2.4.2, one of 

the major mechanisms of CRC pathogenesis is the deficiency in the MMR pathway, 

culminating in DNA microsatellite instability (MSI). MSI within CRC has also been 

associated with BRAF mutations with a large study of 2686 patients determining that 

~50% patients that were MSI-H were also found to exhibit BRAF mutations193.  

In terms of patient prognosis, patients exhibiting with stage II/III CRC with MSI-H 

tumours have been shown to have a favourable prognosis over those with MSS or MSI-

L tumours194. This was first demonstrated in a retrospective study by Ribic et al. of 

570 stage II and III CRC tumour samples pooled from five phase III trials investigating 

observation versus 5-FU treatment. This study concluded that independent of 

treatment-arm, patients with tumours exhibiting MSI-H had significantly increased 

overall survival rates as well as increased five-year disease-free survival195. In 

addition, a meta-analysis of thirty-two different studies, demonstrated that patients 

with MSI (1,277/7,642 (MSI-H & MSI-L)) had a significantly better prognosis 

compared to patients with MSS disease. Importantly, this study also concluded that 

patients with MSI do not derive any benefit to therapy involving 5-FU, thereby 

indicating that these patients may derive greater benefit from surgery rather than 

adjuvant chemotherapy196. Furthermore, this prognostic benefit derived from MSI is 

also reflected in BRAFMT patients, with MSI conferring a better prognosis compared 

with patient that exhibit the mutation but are considered to be MSS187. 

The predictive role of microsatellite stability was further demonstrated in a separate 

meta-analysis of thirty-one studies incorporating data from 12,782 CRC patients. 

Similarly, to the meta-analysis performed by Popet et al., Guastadisegni and 

colleagues concluded that stage II/III MSS CRC patients significantly benefitted from 

adjuvant 5-FU-based chemotherapy, and this beneficial effect was not found in 

patients with MSI-H tumours197. These data show both a prognostic and predictive role 

for determination of microsatellite stability status. Currently, microsatellite stability 

status is tested in CRC as a method to evaluate for Lynch syndrome however, use of 
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MSI testing as a biomarker to influence treatment regimens has not yet been 

reported198. 

 

1.3.10 Resistance to EGFR mAbs 

It has been previously reported that only 10-20% of patients with mCRC will respond 

to first line treatment with the EGFR-mAbs cetuximab and panitumumab. These 

statistics are thought to be a consequence of innate mechanisms of resistance to anti-

EGFR therapies. In addition to this, patients that are initially responsive to these 

treatments are found to become resistant approximately three months following 

commencement of therapy as a consequence of acquired resistance199.  

 

1.3.10.1 Innate Mechanisms of Resistance 

The most common mechanism of innate resistance to EGFR-targeted therapies is 

alterations in the downstream Ras proteins. As mentioned previously, these mutations 

can occur in both NRAS and KRAS and result in constitutive activation of the MAPK 

pathway bypassing the requirement for EGFR activation. Mutations in both KRAS and 

NRAS have a prevalence rate of approximately 48% and 4% respectively200. Similarly, 

the activating V600E mutation in BRAF can instigate resistance to these therapies and 

has been reported to occur in 8% of mCRC patients. It is important to note that these 

mutations are mutually exclusive and some variants may not play a role in cetuximab 

resistance. An example of this was discussed in 2010 in a study performed by De 

Roock et al., which investigated the role of the p.G13D alteration in KRAS and 

determined that patients were still responsive to cetuximab treatment and experienced 

an increased progression free survival and response rate compared to those with other 

KRAS mutations (PFS – 4.0 months vs 1.9 months, OS – 7.6 months vs 5.7 months). 

Although this survival benefit was significantly improved over other KRASMTs, it was 

still lower than that seen in KRASWT patients201. This then indicates that although a 

KRAS mutation may suggest unresponsiveness to EGFR therapies such as cetuximab, 

in some examples this may not be the case and more investigation is therefore required 

into the role of each mutation. 



 
 

42 
 

Similar to activation of the MAPK pathway, increased stimulation of the PI3K/Akt 

pathway has also been linked to upregulation of proliferation and survival in cancer 

cells. Innate mutations that have been determined to drive resistance to EGFR-targeted 

therapies through this pathway include activating mutations in PIK3CA as well as loss 

of the inhibitor of this pathway, PTEN. These mutations can coexist with alterations 

in RAS or BRAF, thereby further driving a resistant phenotype to EGFR-targeted 

therapies. 

In a study investigating the 8 PI3K and 8 PI3K-like genes, PIK3CA was determined to 

be the only one mutated in cancer. PIK3CA encodes P110-α, one of the three catalytic 

subunits of PI3K and approximately 80% of PIK3CA mutations in cancer were 

determined to exist in two ‘hotspots’, coding for the helical and the kinase domains of 

P110-α202 . In CRC, mutations in PIK3CA occur in 10-20% of patients and are 

generally associated with poor prognosis. The three most common alterations that 

occur in PIK3CA are E542K, E545K; which both affect exon 9 which equate to the 

helical domain of the protein, and H1047R; altering exon 20 situated in the kinase 

domain203. 

Alteration in the helical domain of p110α results in abrogation of the inhibitory binding 

between the catalytic subunit of PI3K and the regulatory subunit p85α. This release of 

p110α results in the translocation of PI3K to the cell membrane where it can bind to 

RAS via its RAS binding domains. This interaction with RAS subsequently results in 

constitutive activation of the PI3K/Akt pathway. In contrast, the H1047R mutation 

which alters the kinase domain of p110α causes a conformational change in the 

catalytic subunit of PI3K which is dependent on the interaction with p85α but 

independent of RAS204, 205. 

With regard to resistance to EGFR targeted therapies, patients that exhibit an exon 20 

mutation in PIK3CA were associated with a poor response rate when treated with 

cetuximab in a KRAS wild-type population. However, resistance to EGFR mAbs was 

not seen in patients that were determined to have an exon 9 mutation unless they were 

coexpressed with a mutation in RAS. This difference in response with regard to 

mutation site could be why there has been conflicting evidence as to the role of 

PIK3CA as a predictive marker206. 
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The activation of PI3K can be abrogated through the expression of phosphate and 

tensin homolog deleted on chromosome 10 (PTEN). Following translocation to the 

cell membrane by p110α, PI3K phosphorylates PIP2 to generate PIP3 which is 

subsequently able to bind and phosphorylate proteins containing pleckstrin homology 

domains (PHD) such as PDK1. Furthermore, PDK1 can phosphorylate Akt at 

threonine 308 (T308) resulting in the activation of the downstream Akt survival 

pathway. PTEN however, dephosphorylates PIP3 to PIP2 thereby mitigating the 

activation of the PI3K/Akt pathway207. In addition to this, PTEN can also form a 

nuclear complex with P53 and can induce arrest of proliferation in this complex via 

downregulation of cyclin D208. It is therefore preferential for tumour cells to exhibit 

downregulation or loss of PTEN. Loss of PTEN has been reported to occur in 12% of 

CRC cases and can occur as a result of either inactivating mutations or through 

methylation of the PTEN promoter.  

In regard to the role of PTEN in acute resistance to cetuximab, there has been 

conflicting evidence. A study performed on 72 mCRC patients treated with cetuximab 

in combination with SOC chemotherapy determined that loss or mutation of PTEN 

significantly correlated with a lesser response to cetuximab and a shorter time to 

progression compared with patients with normal PTEN expression209. In contrast, 

Pierre Laurent-Puig and colleagues were unable to determine a predictive role for 

PTEN loss in terms of response to cetuximab but did conclude that PTEN loss was 

associated with poor prognosis regardless of therapeutic intervention126. 

In response to the oncogenic alteration of these four genes conferring resistance to 

EGFR-targeted therapies, it was determined that patients that did not display any of 

these alterations had the highest probability of response to these treatments. These 

patients are deemed ‘quadruple negative’ and have tumours determined to be RAS, 

BRAF, PIK3CA and PTEN wild-type199. In spite of this, there are still a subset of 

patients deemed ‘quadruple negative’ that are still unresponsive to EGFR-targeted 

therapies with Bertotti et al. reporting only 20.8% patients exhibiting response and 

56.3% showing stabilisation of disease in a quadruple negative population treated with 

EGFR-targeting mAbs210. It is therefore vital to investigate further innate mechanisms 

of resistance to EGFR-targeted therapies in ‘quadruple-negative’ patients. A further 

candidate for driving cetuximab resistance was an innate upregulation of HER2 

expression which occurs in 2-3.5% of patients but has a prevalence of approximately 
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16% in RASWT patients that were unresponsive to cetuximab. This role of HER2 

expression in resistance to EGFR mAbs in CRC is similar to that seen in breast cancer 

with the overexpression of HER2. This elevated expression of HER2 in breast cancer 

has been shown to be overcome through the use if the HER2 mAb trastuzumab211. It 

was therefore investigated if the use of trastuzumab in combination with the dual 

HER2/EGFR inhibitor lapatinib would be effective in a cohort of patients with HER2 

overexpression that were previously unresponsive to EGFR mAb treatment. This study 

determined that the prevalence of HER2 overexpression in this population was 5% and 

within this population, combination of lapatinib and trastuzumab was correlated with 

longer PFS and OS compared to patients exhibiting normal levels of HER2 

expression212. HER2 is therefore deemed as a druggable target in mCRC patients with 

innate resistance to EGFR mAbs.  

Despite the amount of research that has been put in to elucidating mechanisms of 

innate resistance to EGFR mAbs in CRC, there are still 18-20% patients that show no 

response to therapy but the mechanism for resistance has not been determined. Further 

investigation into additional resistance mechanisms to better establish patients that will 

respond to treatment is therefore vital.
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1.3.10.2 Acquired Mechanisms of Resistance 

As previously mentioned, even patients that initially respond to EGFR mAbs will 

eventually become unresponsive following several months of treatment. In fact, it has 

been suggested that the time to progression following treatment with anti-EGFR 

therapies is merely dependent on the time it takes for the existing resistant 

subpopulation to repopulate the site of the tumour. It is therefore important to 

determine the effectors of these acquired mutations to influence additional treatment 

strategies that can overcome this resistance. One of the major indicators of 

mechanisms of acquired resistance to EGFR-mAbs is through the development of 

resistant cell line models. Potential mechanisms elucidated from these models can 

subsequently be applied to patient samples to determine if they are viable mediators of 

resistance. 

Similar to primary mechanisms of resistance to EGFR mAbs, the most common 

mechanism of acquired resistance is constitutive activation of the MAPK pathway 

through mutations in downstream proteins such as RAS (including KRAS and NRAS) 

and BRAF. Acquired mutations in KRAS have been found to occur following treatment 

with both cetuximab and panitumumab. A study performed in 2012 found that KRAS 

alterations were detected in the sera of 38% patients that originally showed no 

mutations prior to treatment with panitumumab. Additionally, three out of the total 

twenty-eight patients were found to have multiple variants of KRAS within the sera 

indicating that several sub-populations of resistant cells can co-exist213. Similarly, 

Arena et al. examined tumour biopsies originating from 10 patients that had become 

refractory to cetuximab and determined that 6 patients had a KRAS mutation that was 

not initially present. This was confirmed through the generation of cetuximab-resistant 

cell line models in the RASWT CRC cell lines LIM1215 and DIFI which also 

developed KRAS mutations. This group suggested that the development of these 

secondary resistance mechanisms may occur as a result of continued mutagenesis in 

an environment with chromosomal instability214. 

Acquired mutations in NRAS ultimately driving resistance to cetuximab and 

panitumumab was initially described in EGFR mAb-resistant OXCO-2 and NCI-H508 

models. This was confirmed with the detection of the presence of NRAS mutation in 
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the sera of 1 out of 4 patients that initially responded to cetuximab but had become 

refractory215. 

With regard the acquired mutation in the BRAF gene, the most common acquired 

mutation is V600E, similar to the role of BRAF in acute resistance to EGFR-targeted 

therapies. A study presented at the 2014 ASCO meeting established a prevalence of 

11% of 37 patients that developed an alteration in BRAF which ultimately drove 

resistance to cetuximab treatment216.  

In addition to downstream alterations of the MAPK occurring during secondary 

resistance to EGFR mAb, mutations can also occur in the EGF-receptor itself. As 

discussed in section 1.3.6, the S492R mutation in the ligand binding domain of EGFR 

can drive resistance to cetuximab by preventing its ligation to its binding site in the 

EC domain. Further point-mutations in the ligand binding domain of EGFR have been 

subsequently discovered that drive resistance to cetuximab treatment through 

preventing the binding of cetuximab (S464L, G465R, and I491M)217. A study 

conducted in 2007 described a novel mechanism of cetuximab resistance through 

increased ubiquitination of EGFR in a cetuximab-resistant DIFI model. It was 

established that there was increased expression of the E3 ligase Cbl as well as 

increased Src activity through its phosphorylation at Y416. Src has been shown to 

phosphorylate and mediate activation of the EGFR TKI domain through 

phosphorylation at Y845. This then suggests increased dependency on survival 

mediated via Src, uncoupling the requirement of EGFR activation through the 

conventional ligand-dependant mechanism218, 219. 

EGFR-independent activation of the MAPK pathway can also occur as a result of 

amplification of other RTKs such as HER2 and MET. Not only is HER2 

overexpression associated with primary resistance to EGFR-targeted therapies but it 

has also been established as an acquired mechanism of resistance. In a cohort of nine 

CRC patients whom had previously displayed response to cetuximab treatment but had 

subsequently relapsed, two were found to have a significantly higher level of HER2 

ctDNA in their serum post-relapse compared to levels prior to treatment220.  

MET is a 170kDa RTK that plays a role in survival and invasion signalling. Like 

EGFR, MET is able to interact and signal to various downstream pathways including 

the MAPK cascade, and the PI3K/Akt pathway. Activation of MET occurs when its 
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ligand, HGF binds to one of its two binding sites on the extracellular domain of the 

receptor. The receptor then dimerizes, resulting in autophosphorylation of tyrosine 

residues present in the juxtamembrane, tyrosine kinase and c-terminal domains of 

MET, initiating activation of survival signalling via recruitment of adaptor proteins221. 

MET is able to play a role in resistance to EGFR-targeted therapies as it is able to 

initiate cross talk with members of the HER family of RTKs including EGFR. In fact, 

this interaction between the two receptors has been suggested to be upregulated in the 

presence of the EGFR ligand TGFα thereby contributing to cetuximab resistance222. In 

addition, resistance to EGFR-mAbs can also occur through the amplification of the 

MET receptor itself or overexpression of the ligand HGF. Of three patients included 

in a study performed by Bardelli et al., all three displayed increased transcription of 

the locus on chromosome 7 that correlated with the MET receptor. This increase in 

MET was only seen in samples that were taken when the patients had become 

refractory to panitumumab and was absent in biopsies taken prior to treatment223.  

Not unlike acute resistance, mechanisms of acquired resistance to EGFR-targeted 

therapies in colorectal cancer have not been completely described as there are still 

patients that have become refractory but do not exhibit alterations in any of the above 

receptors or downstream activators. It is therefore important to determine novel 

mechanisms of secondary resistance as well as treatments and targets that can be 

utilised to overcome these mechanisms.  

1.3.10.3 Overcoming Resistance to EGFR mAbs 

Determining the cause of acute or acquired resistance to EGFR-mAbs can govern 

subsequent treatments that can be utilised to combat this resistance mechanism. 

As both primary and secondary resistance to EGFR-mAbs is often associated with 

reactivation of the MAPK survival pathway, targeting downstream effectors of this 

pathway can be incredibly useful for overcoming resistance. As these resistance 

mechanisms are often accompanied with constitutive activation of both MEK and 

ERK, blockade of either of these through the use of small molecule inhibitors (SMIs) 

in combination with EGFR-inhibition could restore sensitivity and result in apoptosis 

of the cell. Various studies have shown a synergistic effect with EGFR inhibitors in 

combination with MEK SMIs such as selumetinib (AZD6244), trametinib (Mekinist) 

and pimasertib (AS-703026) in cell models with mutations in RAS or BRAF224. 
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Pimasertib in combination with cetuximab was shown to result in impaired tumour 

growth and moderate shrinkage of tumours in KRAS MT PDX models215. With respect 

to clinical trials, AZD6244 was included in combination with cetuximab in a phase I 

study on a cohort of KRAS mutant CRC patients. This study concluded that although 

this combination was well tolerated in patients, there was minimal anti-tumour 

effects225. A further phase I study in mCRC patients investigated the combination of 

the BRAF SMI (dabrafenib) and MEKi (trametinib) with or without panitumumab. 

The triple combination of inhibitors showed encouraging activity with a response rate 

of 26%226. An additional phase II study of the combination of panitumumab with 

trametinib in cetuximab-refractory mCRC is currently in the recruitment phase for an 

estimated completion of study by 2021227. 

In addition to MEK inhibition, there has been progress in the development of SMIs 

which specifically target the G12C mutant form of KRAS. One such SMI, SML-8-73-

1 is able to inactivate KRAS through the formation of disulphide-bonds with the 

cysteine residue. These bonds subsequently prevent the binding of the GEF SOS and 

hence, the mutant KRAS is unable to convert GDP to GTP and become active228. 

Resistance to EGFR-inhibitors mediated through mutation of PIK3CA or PTEN loss 

may be treated through the combination of EGFR inhibition with dual inhibitors of 

PI3K and mTOR, a downstream component of the PI3K/Akt pathway. Such inhibitors 

include PKI-587 (PF-05212384) which was shown to enhance the sensitivity of 

cetuximab in cell line and PDX models of EGFR-refractory head and neck cancer229. 

Although there were studies commenced with this combination in CRC, they were 

ultimately terminated early as a result of poor recruitment230. 

Regardless of the promising clinical results of the use of inhibitors of either the MAPK 

or the PI3K/Akt pathway in combination with EGFR inhibition, further resistance may 

occur as each of these pathways can compensate for the other. Therefore, simultaneous 

inhibition of both pathways may be a potential clinical strategy to ensure maximal 

patient response. Early clinical studies which targeted both of these pathways 

concurrently suggested that this may be a feasible treatment option in a variety of 

tumour types but with limited rate of response. It is possible that efficacy of this 

treatment may be improved with careful consideration of the particular drugs used as 

well as screening patients to ensure which strategy will display maximum benefit231.  
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Patients that display amplified levels of the HER2 receptor are likely to benefit to 

HER2 mAbs such as trastuzumab or SMIs that can target HER2 simultaneously with 

other members of the ERBB family of RTKs. These inhibitors include lapatinib which 

targets HER2 in combination with EGFR and AZD8931, an EGFR, HER2 and HER3 

inhibitor. The phase II HERACLES study which investigated the combination of 

trastuzumab with lapatinib concluded that this treatment strategy could be a feasible 

approach to overcome cetuximab resistance in HER-2 amplified, KRASWT mCRC212. 

Following MET amplification, re-sensitizing CRC cells can occur through either 

targeting the MET receptor itself with the use of mAbs or TKIs, or through targeting 

the ligand HGF using mAbs which bind directly to the ligand, sequestering it and 

preventing binding to the MET receptor232. One phase Ib/II trial that involved the use 

of panitumumab either alone or in combination with a HGF mAb (AMG-102) showed 

an improved response rate (31% vs 21%) and duration of response (5.1 vs 3.7 months) 

in the combination arm compared to the patients treated with panitumumab alone233. 

An additional phase I study consisting of treatment with the pan-RTK inhibitor 

cabozantinib, which targets MET, VEGFR2 and the GAS6 receptor AXL, either alone 

or in combination with panitumumab is currently in its recruitment stage expected for 

completion in 2019 (NCT02008383)234.  

Although acquired mutations in the EC domain of EGFR (i.e. S492R) are able to 

confer resistance to cetuximab, it has been determined that panitumumab is still able 

to bind and prevent activation of the receptor. However, several of these ECD 

mutations are able to mediate resistance to both cetuximab and panitumumab (i.e. 

G465R) which may occur as a consequence of crossover in the binding sites of the two 

mAbs217. This has subsequently led to the development of EGFR mAbs that are able 

to bind to multiple non-overlapping epitopes of the extracellular domain of EGFR 

which preventing reactivation of EGFR even in the presence of these mutations. MM-

151 is one such mAb, the use of which has resulted in promising in vitro data showing 

inhibition of EGFR phosphorylation and abrogation of MAPK activation in cell line 

models displaying ECD mutations235. In a phase I study 
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consisting of EGFR-treatment refractory and EGFR naïve mCRC patients, MM-151 

treatment resulted in clinical activity in both populations with 62% experiencing 

stability of disease and 54% showing a reduction in tumour burden. In addition, only 

a few patients developed any acquired resistance towards MM-151, either in terms of 

EC domain mutations or alterations in downstream mediators of resistance such as 

KRAS236.  

Despite the implementation of these therapies to alleviate resistance to EGFR-targeted 

therapies, there is a constantly shifting tumour environment. Consequently, there is 

always a likelihood for development of further resistance to occur which may render 

therapy ineffective. It is therefore vital to monitor predictive biomarkers in CT-DNA 

through liquid biopsy and next-generation sequencing technology.  

It is apparent that EGFR and the other members of the HER family of RTKs play a 

large role in the development and subsequent tumour progression in a variety of cancer 

types. Due to this role, EGFR has become an attractive therapeutic target of CRC 

despite the possibility of the development of resistance mechanisms. Further 

investigation is required to determine novel therapies that are able to overcome this 

resistance and increase the efficacy of current treatment strategies. 
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1.4 ADAM17  

As discussed in section 1.3.6, the presence of EGFR ligands can be predictive of 

response to EGFR-targeted therapies within a variety of cancer types including CRC. 

These ligands are normally secreted in a membrane-bound pro form and become 

activated through cleavage from the cell membrane. Cleavage from the membrane can 

be mediated by proteases of the family of A Disintegrin And Metalloproteases 

(ADAMs), the most studied of which is ADAM17. 

1.4.1 Discovery of ADAM17 

Tumour necrosis factor-α (TNF-α) is a potent pro-inflammatory cytokine that has been 

implicated in a variety of conditions including rheumatoid arthritis and cancer. It was 

initially determined that TNF-α was cleaved from a 26kDa membrane-bound precursor 

to yield a 17kDa soluble mature form that is able to bind to its receptors TNFR-1 and 

-2 and subsequently carry out its function237. It was hypothesised that the enzyme 

responsible for this cleavage was a metalloprotease as the metalloprotease inhibitor 

GI-129471 prevented mature TNF-α release from the cells238. This was further 

confirmed as the only effective inhibitor from a panel of class-specific drugs was 

EDTA which removes cations from metalloproteases, rendering them non-

functional239. This enzyme was denoted TNF-α converting enzyme (TACE) due to its 

role in the cleavage and activation of TNF-α and it was subsequently ascertained that 

this enzyme was not an MMP (matrix metalloprotease) but rather a member of the 

ADAM family of proteases which previously were not thought to have a protease 

role240. Furthermore, ADAM17 was implicated in cleavage and activation of EGFR 

ligands including TGF-α as an ADAM17 KO mouse model was found to lack soluble 

TGFα but membrane-bound levels of TGFα were sustained. Subsequently, ADAM17 

was determined to also play a role in the shedding of the EGFR ligands Hb-EGF and 

amphiregulin101.  
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1.4.2 Structure and Activation of ADAM17  

The structure of ADAM17 is similar to that of other members of the ADAM family of 

proteinases, its closest related member being ADAM10. There are two forms of 

ADAM17, the pro-form (pro-ADAM17) which is the 100kDa inactive immature form 

of ADAM17, and the mature, soluble form (s-ADAM17), which lacks the prodomain, 

and subsequently is ~80kDa in length. The ADAM17 protein is comprised of various 

domains including an inhibitory pro-domain, a zinc-containing catalytic domain, a 

disintegrin domain, a cysteine rich domain, a transmembrane domain and a 

cytoplasmic tail241. 

The pro-domain of ADAM17 has been described as having a dual function in the 

regulation of the protein. Primarily, the pro-domain of the protease has been shown to 

inhibit its activity through the interaction of the cysteinyl thiol present within the 

cysteine switch box in the pro domain with the zinc motif in the catalytic domain of 

ADAM17242. In addition, this pro-domain has also been linked to a role in mediating 

the proper folding of the protein as demonstrated through a truncated form of 

ADAM17 lacking its pro-domain. This mutated form was found to remain inactive as 

a consequence of improper folding during synthesis of the protease243. ADAM17 is 

translated into the endoplasmic reticulum in its inactive form, where it interacts with 

inactive rhomboid protein 2 (iRhom2). This interaction mediates the translocation of 

the iRhom2/ADAM17 complex to the Golgi apparatus where ADAM17 can be 

activated (Figure 1.5)244. Here, removal of the pro-domain and subsequent activation 

of ADAM17 is mediated by furin and other proprotein convertases. Furin can 

recognise and cleave a particular site in the boundary between the pro- and the catalytic 

domains at the site of a conserved sequence, (RXK/RR) thereby releasing the pro-

domain and making the metalloprotease domain available for catalytic activity241. 

The catalytic (metalloprotease) domain of ADAM17 is the region responsible for the 

processing of membrane-bound proteins such as TNF-α. It consists of a highly 

conserved Zn2+ motif (HExxHxxGxxH) followed by a ‘met-turn’ which can mediate 

the stability of the structure of the protease and is indicative of members of the 

metzincin family of metalloproteases245. The role of the catalytic domain was 

elucidated as mutated mouse models that expressed ADAM17 lacking its Zinc-binding 

domain displayed a lethal phenotype which was similar to models which lacked the 
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entire ADAM17 gene246. With respect to recognition of substrates and substrate 

specificity of ADAM17, it has been determined that both the substrate and the catalytic 

domain of the protease play a role. A chimeric protease incorporating the catalytic 

domain of ADAM17 with the remaining structure of ADAM10, allowed for the 

efficient cleavage of TNFα similar to levels of indigenous ADAM17247. Furthermore, 

the recognition of substrates of ADAM17 seem to depend on the distance of the 

substrate from the cell membrane as the cleavage seems to invariably occur 10-15 

amino acids from the membrane. This was demonstrated through the construction of 

several forms of pro-TNFα, which had shortened juxtamembrane domains. Mutated 

derivatives of TNFα that had a deletion of more than 10 amino acids blocked the 

release of soluble TNFα248.  

ADAM17 has also been shown to play a role in cell-cell adhesion through the 

interaction of the cysteine-rich and disintegrin domains with integrins249. Integrins are 

small receptors consisting of α and β chains with a ligand binding domain and a short 

cytoplasmic tail that mediate cell adhesion. These α and β chains can interact with each 

other in a variety of ways which confers a degree of specificity although several 

integrins are able to interact with the same adhesion molecules237. The disintegrin 

domain of ADAM17 has been previously shown to bind the integrin α5β1 which is 

understood to be a receptor of fibronectin. This interaction may also suggest an 

additional function of ADAM17 in mediating migration250, 251. Activation of ADAM17 

has previously been shown to be mediated by this interaction with α5β1 in renal cells, 

as overexpression of the integrin resulted in upregulation of ADAM17 activation 

measured through the shedding of the EGFR ligand HB-EGF252.  

The cysteine rich domain is situated between the disintegrin and transmembrane 

regions of ADAMs and has been implicated in playing roles with both activation of 

these proteases as well as recognition of their substrates. Deletion of the cysteine rich 

domain was shown to result in the release of the mature, inactive form of ADAM17 

with the pro-domain still bound253. Furthermore, mutation in the Cys600 position 

situated in the cysteine rich domain in Chinese hamster ovary (CHO) cells conferred 

a loss of TNFα shedding254. With regard to ADAM10, it has been described that one 

of its substrates, Ephrin-A5; binds to the cysteine rich domain in a high affinity, de 

novo interaction which allows ADAM10 to get into the optimal position for cleavage 
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of its substrates to occur255. It is currently unknown if any of the substrates of 

ADAM17 can interact with it in this way. 

The cytoplasmic domain is a short 130 amino acid region that has been shown to play 

a role in both the dimerization and activation of ADAM17. Following translocation 

from the cytosol to the cell membrane, ADAM17 dimerises in a manner that has been 

shown to be dependent on the cytoplasmic domain256. This homodimer denotes a high 

affinity for TIMP3 (Tissue Inhibitor of Metalloproteases-3) binding due to a 

conformational change in the catalytic domain of the receptor. TIMP3 is an inhibitor 

of both ADAMs and MMPs and has been determined to abrogate the shedding of 

ligands such as TNFα and TGFα in vivo257. Activation of ADAM17 at the cell surface 

can occur when phosphorylation of the cytoplasmic tail occurs at the threonine residue 

T735, facilitated by the binding of ERK1/2. Subsequently, the dimers of ADAM17 

separate into monomers which dissociate from TIMP3, resulting in activation of 

ADAM17 at the cell surface. This is also how PMA (Phorbol 12-myristate 13-acetate) 

mediates ADAM17 activation via PKC stimulation, which has also been shown to 

decrease the amount of active ADAM17 present at the cell surface via internalisation 

and degradation258. ADAM17 has also been found to be mediated through clathrin-

dependent endocytosis which, under conditions of stimulation with PMA resulted in 

lysosomal degradation of the metalloprotease. In resting conditions, ADAM17 can be 

recycled following endocytosis in a mechanism regulated by Phosphofurin Acidic 

Cluster Sorting Protein 2 (PACS-2)244, 259. 
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Figure 1.5 Structure and Regulation of ADAM17 

A) General structure of ADAM17 depicting its different domains237   

B) Regulation of ADAM17 activation including the translocation from the ER to 

the cell membrane and subsequent activation via phosphorylation244, 257 

A) 

B) 
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1.4.3 Role of ADAM17 in CRC 

The role of ADAM17 in regulating EGFR-activation through the shedding of EGFR 

ligands TGFα, HB-EGF and AR makes ADAM17 a potential regulator of 

carcinogenesis. Unsurprisingly, activity of ADAM17 has been determined to play both 

a predictive and prognostic role in CRC260, 261.   

It has previously been shown that levels of both TGFα and the adhesion molecule 

ALCAM - which are both regarded as ADAM17 substrates, have been adversely 

associated with prognosis in CRC. It has been established that ADAM17 activity is 

required for tumorigenesis mediated by TGFα, resulting in EGFR activation262. 

Additionally, a study conducted by Hansen et al., determined that although ADAM17 

expression was not correlated with patient prognosis, levels of ALCAM shedding, 

indicative of ADAM17 activity, were significantly higher in CRC patients and this 

was associated with reduced survival. This was further confirmed as patients that 

exhibited high levels of bound, unprocessed ALCAM had improved survival rates260. 

The lack of prognostic value of ADAM17 in this study might be explained by the 

prevalence of the inactive ADAM17 homodimer on the cell surface, bound to TIMP3. 

Additional studies have determined that upregulation of ADAM17 mRNA occurred in 

90% of CRC tumours compared to matched normal mucosa which correlated to an 

upregulation of EGFR expression263. In support of this data, a recent meta-analysis 

study consisting of over 500 patients performed by Sun and colleagues concluded that 

expression levels of ADAM17 was predictive of tumour grade and patient prognosis 

in both gastric and colon cancer264. 

This prognostic role of ADAM17 may be due to its role in Notch signalling and the 

mediation of epithelial-mesenchymal transition (EMT) in tumour cells, thereby 

resulting in a more aggressive phenotype. The Notch signalling pathway is highly 

conserved and has a vital role in cell fate during development and tissue 

homeostasis265. Aberrant Notch signalling in cancer can initiate activation of cell 

survival and uncontrolled cell proliferation. Increased levels of the Notch ligand 

Jagged1 was determined to occur as a result of increased β-Catenin, is associated with 

upregulation of Wnt signalling occurring at the initial stages of tumourigenesis266. The 

binding of Jagged1 causes a conformational change in the Notch receptor, exposing 

the S2 cleavage site. ADAM17 is able to cleave at this S2 site, thereby instigating the 
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release of the intracellular domain of the receptor, allowing it to translocate to the 

nucleus and initiate transcription of target genes. It has been determined that some of 

these target genes are drivers of EMT such as SLUG and CD44, creating a stem-cell 

phenotype and upregulating the invasive potential of these cells267, 268.  

ADAM17 expression can also play a role in the determination of patient response to 

particular chemotherapeutic interventions. Treatment of CRC cell lines and HCT116 

xenograft models with various chemotherapies including 5-FU, SN38 and oxaliplatin 

was associated with increased levels of soluble TGFα and amphiregulin, which was 

abrogated with silencing or inhibition of ADAM17261. Abrogation of ADAM17 

activity, therefore, may be a potential therapeutic strategy in improving CRC patient 

survival. 

1.4.4 Inhibition of ADAM17 

The prognostic role in CRC played by ADAM17 makes it an ideal target for inhibition, 

furthermore supported by data showing that silencing ADAM17 via siRNA can 

attenuate tumour progression in xenograft models of CRC261. There are two major 

classes of ADAM17 inhibitors, low molecular weight inhibitors and specific 

antibodies. Of these, low molecular weight inhibitors are preferred due to their low 

cost however; these are known to be less specific than mAbs269. 

One of the major challenges in targeting ADAM17 is specificity due to the close 

homology with other members of the ADAM family (i.e. ADAM10) as well as other 

MMPs. Also, MMPs and ADAMs have been implicated in normal tissue homeostasis 

and inhibition of these proteases may therefore culminate in off target, detrimental 

effects. This has been shown in several studies which were prematurely terminated 

due to patients with metastatic pancreatic cancer treated with broad-spectrum MMP 

inhibitors such as tanomastat showing poorer survival than control patients270. There 

is also the possibility that sole inhibition of a specific ADAM may result in poor 

efficacy due to the overlap between ADAM proteases for several substrates, resulting 

in redundancy271. ADAM17 inhibitors are usually focused on targeting the Zn2+-

binding domain due to its role in the activity of the catalytic site, a common factor 

across all metalloproteases, thereby resulting in a possible lack of specificity. Many of 

these zinc-specific inhibitors utilize hydroxamic acid as it contains a motif with a high 

affinity for zinc. This group, however, has also been associated with poor bioavailabity 
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due to high renal clearance as well as high toxicity levels272. One such inhibitor that 

contains hydroxamic acid is INCB7839, a dual ADAM10 and ADAM17 inhibitor. 

Phase I trials with INCB7839 in combination with the HER2 inhibitor trastuzumab in 

patients with HER2-positive breast cancer showed a 50% induction of response and 

was well tolerated273. In CRC, the specific ADAM17 inhibitor PF-5480090 (WAY-

022) in combination with EGFR-inhibition resulted in abrogated proliferation in the 

CRC cell line HCA-7, suggesting this combination may be effective in a patient cohort 

of CRC274.  

Treatment of a panel of CRC PDX models with a specific ADAM17 antibody 

MEDI3622 resulted in impaired tumour growth. Response to MEDI3622 was 

determined to be associated with an abrogation of Notch signalling subsequently 

resulting in reduced ‘stemness’ of cells275, 276. An additional mAb specific for 

ADAM17, DA(A12) that is able to target both the cysteine rich and catalytic domains 

was also determined to have anti-cancer activity by abrogating TGFα shedding in a 

cell line model of triple negative breast cancer (TNBC) with no cytotoxicity 

exhibited277, 278. However, when compared to WAY-022, DA(A12) was found to be a 

less potent inhibitor which may be due to the reduced specificity of WAY-022 in 

comparison to the ADAM17 antibody DA(A12). 
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1.5 The Endoplasmic Reticulum 

The endoplasmic reticulum (ER) plays a major role in the regulation of protein folding 

and trafficking. Recently, the ER has been implicated in tumour survival through the 

utilisation of the unfolded protein response (UPR) pathways. 

The ER is the largest organelle in eukaryotic cells and serves many roles within the 

cell including calcium storage, protein synthesis and metabolism of lipids. 

Additionally, it is a major site for the regulation of protein folding, repairing misfolded 

proteins or tagging them for proteasomal degradation. Importantly, misfolded proteins 

are able to form aggregates which may be toxic to the cell and can be cleared through 

the endoplasmic-reticulum-associated protein degradation pathway (ERAD)279. 

1.5.1 Regulation of Protein Folding by the ER 

There are two forms of ER in a cell, rough endoplasmic reticulum (RER) is associated 

with ribosomes and is the site of mRNA translation into protein, while smooth 

endoplasmic reticulum (SER) has less association with ribosomes and is primarily 

associated with the synthesis of fatty acids and phospholipids. It is the RER that is 

associated with the synthesis, folding and post-translational modification of 

proteins279. 

Following the initiation of protein translation, a signal recognition particle (SRP) binds 

to the ribosome and initiates a translational arrest to allow docking of the ribosome to 

the ER membrane, preventing the unfolded protein being aberrantly released into the 

cytosol. The SRP then binds to its receptor (SR) at the ER membrane, removing it 

from the ribosome and restarting translation280. The protein is then simultaneously 

translocated into the ER lumen by the translocation complex (TC), consisting of a 

Sec61 core. Due to the high levels of protein within the ER lumen, it is important that 

these protein chaperones are present to prevent aggregation of unfolded polypeptides. 

The unfolded protein response (UPR) is initiated following the accumulation of 

unfolded proteins in the ER lumen, driving activation of ER stress sensors such as BiP 

(GRP78) which binds to hydrophobic patches present on these unfolded polypeptides. 

Reduction in levels of free BiP results in activation of the UPR, while overexpression 

has been shown to prohibit this activation. The main function of the UPR is to restore 

the normal function of the ER through mediation of correct folding of proteins or 
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removal of incorrectly folded proteins281. In normal, unstressed conditions, BiP is 

associated with three sensor receptors present on the ER membrane (IRE1, PERK and 

ATF6), keeping them in an inactive confirmation. ER stress occurs when the 

production of proteins outweighs the rate at which they are being translocated to the 

Golgi or the cytosol. BiP is released from these sensors in response to stress, resulting 

in the activation of various pathways that aim to clear these unfolded polypeptides 

either through proper folding or by degradation via the endoplasmic-reticulum-

associated protein degradation (ERAD) (figure 1.6)282, 283. If the presence of these 

unfolded protein persists and the cell remains in a state of ER stress, the signalling of 

the UPR shifts from anti-apoptotic to pro-apoptotic. The activation time for each of 

the three UPR branches differs, with IRE1 signalling normally rapidly attenuated 

whereas PERK and ATF6 normally experience prolonged signalling284. 
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Figure 1.6 Overview of the Unfolded Protein Response (UPR) 

Illustration of the UPR and its activation following the uncoupling of GRP78 from the 

sensor proteins. Highlighted are the key proteins and transcription factors involved 

within the response282, 283.  
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1.5.1.1 IRE1 

Inositol-requiring enzyme 1 (IRE1) regulates the most conserved branch of the UPR 

and has been determined to play a major role in the determination of cell fate. It is a 

100kDa transmembrane receptor consisting of an intra-luminal N terminal sensor 

domain, a transmembrane domain and a C-terminal cytosolic region, which facilitates 

its kinase activity. There are two isoforms of IRE1; IRE1α, which is expressed in a 

variety of tissues; and IRE1β, expression of which is restricted to the epithelial cells 

of the intestine285. 

Following the disassociation of BiP from IRE1, the receptor is able to homodimerize 

and subsequently become trans-autophosphorylated in a mechanism thought to be 

mediated by the direct binding of unfolded proteins to the N-terminal sensor 

domain286. The phosphorylation of IRE1 at the serine residue S724 of the C-terminus 

causes a conformational change of the dimer and subsequently allows the two RNase 

domains to come into contact287. These RNase domains mediate the precise cleavage 

of X-box protein 1 (XBP1) mRNA, which results in the formation of spliced-XBP1 

protein. Specifically, this cleavage removes a 97 AA segment from ORF1 at the C-

terminal and the addition of 212 AA of ORF2 to the N-terminal, thereby resulting in a 

frame shift at AA 165. This shift in the reading frame of the spliced form of XBP1 

results in the production of a larger protein (56 kDa) compared to the unspliced form 

(29 kDa)288. Spliced-XBP1 (SXBP1) acts as a transcription factor, upregulating the 

transcription of proteins that are important in the regulation of the UPR as well as 

protein folding through the binding of SXBP1 to their promoter regions. Such proteins 

include HSP40 proteins such as ERdj4, p58IPK and HEDJ which have been described 

to function as HSP70 chaperones and therefore exhibit a possible function in the 

mediation of translocation of the HSP70 protein BiP to unfolded proteins. These 

HSP40 proteins can form a complex with BiP and bind directly to an unfolded protein 

via hydrophobic patches in an ATP-dependent manner. HSP40 proteins can then 

mediate a tight association of BiP with the polypeptide through a hydrolysis reaction. 

This then causes a conformational change in BiP, resulting in the release of the HSP40 

chaperone289. Furthermore, p58IPK can mediate crosstalk between branches of the UPR 

through the inactivation of PERK signalling by dephosphorylating eIF2α290. SXBP1 

can also somewhat regulate the transcription of BiP, as knock-down of XBP1 in cell 

line models resulted in abrogation of BiP expression291. An additional target of SXBP1 
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transcription is EDEM, which plays a role in ERAD through the degradation of 

recognised substates292.  

Moreover, IRE1 is also able to cleave ER-localised mRNAs through regulated IRE1 

dependent-degradation (RIDD) by cleaving them at sites similar to that at which XBP1 

is spliced. MRNAs targeted by RIDD contain a consensus sequence (CUGCAG) as 

well as XBP1-like stem loop that allows recognition, mediating cleavage by IRE1293. 

To date, 37 target mRNAs that are degraded by RIDD have been identified294. RIDD 

activity is exerted at a higher level in IRE1β than IRE1α and has been shown to play 

both a pro- and anti-apoptotic role. RIDD is associated with prevention of apoptosis 

through the limitation of de novo protein translation. Conversely, RIDD may also drive 

apoptosis through the cleavage of anti-apoptotic microRNAs miR-17, -34a, -96 and -

125b which normally repress caspase-2 translation through their association with the 

UTR on the 3’ end of the gene. Degradation of these miRs through RIDD therefore 

removes this block on translation, subsequently resulting in an increase of caspase 2 

protein. Caspase 2 is able to drive intrinsic apoptosis through the mediation of 

cytochrome c release from the mitochondria which subsequently causes the activation 

of the ‘executioner’ caspases 3 and 7, resulting in apoptosis of the cell295. Additionally, 

degradation of miR-17 through RIDD can also activate TXNIP (thioredoxin binding 

protein), resulting in NLRP3-meidiated upregulation of the inflammasome which can 

subsequently mediate cleavage of pro-caspase 1 and secretion of the pro-inflammatory 

IL-1β296-298. 

An additional role of IRE1 in ER stress is the recruitment of TNF receptor associated 

factor-2 (TRAF2) which can further recruit apoptosis-signal regulating kinase 1 

(ASK1). This complex activates a phosphorylation cascade which ultimately results in 

the activation of Jun amino-terminal kinase (JNK). JNK can regulate apoptosis through 

phosphorylation of BCL2 family proteins which either represses their anti-apoptotic 

function (i.e. BCL2), or increases pro-apoptotic potential (i.e. Bim)299. However, JNK 

signalling alone has been shown to not be sufficient to drive apoptosis. 

Phosphorylation of BCL2 by JNK at Ser and Thr residues can mediate apoptosis 

through promotion of cell cycle arrest, but phosphorylation at Thr69, Ser70 and Ser87 

can promote cell survival through its dissociation of Beclin1, thereby promoting 

autophagy. Autophagy can alleviate ER stress through the removal of protein 

aggregates from the ER lumen via the formation of phagosomes300, 301. 
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In summary, activation of the IRE1 branch of the UPR can have both pro- and anti-

apoptotic effects. Cell fate is thought to be mediated by the duration and severity of 

the stress. It is understood that initial attempts at alleviation of stress within the cells 

involve basal activation of RIDD. If the stress is not resolved, RIDD activation is 

increased and XBP1 is spliced to its transcription factor variant. If ER stress further 

persists following this, transcription mediated by SXBP1 is ceased, JNK is activated 

and RIDD is evoked further, ultimately inducing apoptosis of the cell302. 

1.5.1.2 PERK 

The major function of signalling mediated by Proteinkinase R-like endoplasmic 

reticulum kinase (PERK) activation is the attenuation of global mRNA translation in 

an ER stress environment, thereby preventing the influx of synthesised proteins into 

the lumen of the ER. Under non-stress conditions, PERK is bound both at the 

cytoplasmic and ER luminal domains by HSP90 and BiP respectively. The 

disassociation of BiP from PERK during the initiation of ER stress allows for the 

homodimerisation and autophosphorylation of the receptor at T981, which mediates the 

removal of HSP90 from the cytoplasmic domain of the receptor2832. 

Following its activation, PERK can phosphorylate eukaryotic translation initiation 

factor 2 alpha (eIF2α) at Ser51 on the α-subunit. This phosphorylation event inhibits 

the recycling of eIF2α to its active, GTP-bound form and subsequently prevents 

translation of proteins as GTP-bound eIF2α is required for the binding and delivery of 

the initiator tRNA to the ribosomes. This inhibition of translation is vital for cell 

survival which was determined using PERK-/- mouse fibroblast models. When 

challenged with the ER-stress activator thapsigargin, these cells did not show 

attenuated protein translation, instead exhibiting increased cell death303. Despite this 

inhibition of mRNA translation, phosphorylation of eIF2α can upregulate the 

transcription of ATF4 (C/EBP). Normally, in high levels of GTP-bound eIF2α, ATF4 

cannot be translated as there are two upstream open reading frames (uORFs) which 

contain stop codons. Translation of these stop codons result in release of mRNA by 

the ribosomes prior to translation of the ATF4 protein. Following phosphorylation of 

eIF2α, these uORFs are bypassed and hence, translation of ATF4 can occur304. In 

addition to ER stress, ATF4 can also be upregulated in hypoxic conditions. 
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Phosphorylation of eIF2α has also been shown to initiate activation of NF-κB, 

although the mechanism of this activation is yet to be elucidated285. 

ATF4 is a member of the basic leucine zipper (bZIP) family of transcription factors, 

which mediates the transcription of a variety of genes involved in the ER stress 

response, resulting in amplification of the original stress signal. The transcription of 

these genes are initiated through the binding of ATF4 to C/EBP-ATF Response 

Element (CARE) sequences present on their promoters305. The majority of these genes 

regulated by ATF4 are pro-survival, however apoptosis can be promoted by ATF4 

through the transcription of C/EBP homologous protein (CHOP). 

In addition to eIF2α, PERK has also been determined to induce the expression of the 

inhibitor of apoptosis (IAP) family of proteins. This further establishes an anti-

apoptotic role mediated by PERK activation in conditions of ER stress as IAPs 

downregulate the apoptotic response to ER stress by inhibiting caspase activation306. 

The phosphorylation of eIF2α is short lived as it can be attenuated by a variety of 

proteins including p58IPK and GADD34, which dephosphorylate eIF2α and re-initiate 

global mRNA translation290, 307. 

 

1.5.1.3 CHOP 

CHOP (GADD153) is a 29kDa transcription factor that is crucial for the initiation of 

cell apoptosis through the regulation of a variety of pro- and anti-apoptotic targets. The 

transcription of CHOP can be initiated through all three pathways associated with the 

UPR, although the PERK-eIF2α-ATF4 branch has been implicated to be the major 

route of CHOP induction. In order to translocate to the nucleus, CHOP must dimerise 

with another member of the C/EBP family which occurs at the leucine zipper domain 

of the protein. It was found that CHOP carried out its function most efficiently when 

dimerised with C/EBPβ isoform liver inhibitory protein (LIP). 

Target genes induced by CHOP include GADD34, ERO1α, DR5 and TRB3. As 

mentioned previously, GADD34 can remove the block on global mRNA translation 

mediated by eIF2α phosphorylation. This can therefore upregulate the ER protein load, 

resulting in further ER stress and increasing the possibility of apoptosis occurring 

within the cell. ERO1α activation by CHOP can induce oxidative stress through the 
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hyperoxidation of the ER. This hyperoxidative environment may result in leaking of 

H2O2 into the cytosol, subsequently initiating the production of reactive oxygen 

species (ROS) mediated by NADPH oxidase 4 (Nox4)308. Release of ROS in the 

mitochondria triggers the activation of the calcium release channel inositol 1,4,5-

triphosphate receptor 1 (IP3R1), resulting in upregulation of cytoplasmic calcium. 

This increase in calcium can be detected by the calcium sensing kinase CaMKII which 

triggers cell death via intrinsic apoptosis309, 310. DR5 is a death receptor that can initiate 

apoptotic signalling via the extrinsic apoptotic pathway. Binding of the ligand TRAIL 

(TNF-related apoptosis-inducing ligand) mediates recruitment of adaptor molecules 

such as FADD to the cytoplasmic domain of DR5. This, in turn causes the recruitment 

of pro-caspase 8 which results in the formation of the death-inducing signalling 

complex (DISC) that mediates the activation of caspase 8, thereby initiating 

apoptosis311. DR5 transcription can be upregulated by CHOP, subsequently sensitising 

cells to apoptosis. TRB3 (tribbles 3) has been shown to mediate apoptosis, however 

the mechanism has yet to be elucidated. Furthermore, TRB3 can regulate the 

transcriptional activity of CHOP by interacting with its transactivation domain. This 

interaction can repress the transcription of TRB3 in a negative feedback loop that 

occurs when TRB3 is overexpressed312. 

CHOP can also regulate cell death through its interaction with BCL-2 family members 

such as BCL-2 and BIM. In regard to the anti-apoptotic BCL-2 protein, CHOP has 

been shown to downregulate its transcription, although this has been determined to 

occur indirectly as there was no CHOP binding site found on the promoter. This loss 

of BCL-2 has been associated with downregulation of cellular glutathione, resulting in 

increased production of ROS313. Moreover, this downregulation of BCL-2 was also 

accompanied by release of pro-apoptotic BH3-only proteins such as BAD, PUMA and 

NOXA. Additionally, CHOP can also directly upregulate the transcription of the BH3-

only pro-apoptotic protein, BIM.  

1.5.1.4 ATF6 

Activating transcription factor 6 (ATF6) is a type II transmembrane protein of which 

there are two homologs, ATF6α, a 90kDa protein that regulates ER-related genes, and 

ATF6β, a 110kDa protein which is able to inhibit the role of the α isoform314. The 

mechanism as to how ATF6 regulates activation of the UPR is different from that 
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mediated by IRE1 and PERK. Following the disassociation of BiP, ATF6 is 

translocated to the nucleus via the Golgi apparatus. At the Golgi, ATF6 is initially 

cleaved at the luminal domain by a site-1 protease (S1P) and subsequently, at an N-

terminal domain by a site-2 protease (S2P) in a process known as regulated 

intramembrane proteolysis (RIP). The 50kDa cytosolic domain is then translocated to 

the nucleus. Importantly, this cleaved form of ATF6 contains a basic leucine zipper 

(bZip) transcription factor, mediating the transcription of target genes which contain 

an ER stress response element (ESRE) within their promoter299, 315. 

ATF6 is able to form a complex with the transcription factor sterol response element 

(SRE) binding protein 2 (SREBP2) which is able to repress transcription through the 

recruitment of histone deacetylase complex 1 (HDAC1). Other transcriptional targets 

activated by ATF6 include ER chaperone proteins such as BiP and GRP94, which has 

been determined to play a role in the regulation of cell polarity316. ATF6 is also able 

to activate the transcription of XBP1, which can subsequently be spliced by the IRE1 

branch of the UPR. This upregulation of XBP1 can also play a regulatory role, as 

unspliced XBP1 (uXBP1) is able bind to the spliced form, thereby preventing sXBP1 

acting as a transcription factor and reducing the activation of its transcriptional 

targets317. Furthermore, like the other UPR branches, ATF6 can also regulate the 

expression of CHOP, however silencing of ATF6 was only shown to slightly mitigate 

CHOP levels. This indicates that the expression of CHOP is only partially dependent 

on this branch of the UPR318. 

1.5.2 The UPR in Cancer 

Environmental and intracellular stresses are increased in tumour tissue compared to 

matched normal tissue. In order to prevent apoptosis, tumour cells have adapted to 

these stresses through a variety of alterations. One such alteration is the ‘addiction’ to 

signalling from the UPR in tumour tissues and overexpression of UPR drivers.  

In the hypoxic conditions which tumour cells normally reside, the UPR has been 

shown to be activated. This is a consequence of the lack of oxygen contributing to 

misfolding of proteins, as oxygen is required for disulphide bond formation, hence the 

rate of build-up of misfolded proteins in the lumen of the ER is higher than that in 

normal cells. Additionally, lack of glucose due to high rates of tumour cell 

proliferation can also affect protein folding within the cell319. Upregulation of the UPR 
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has been shown to occur in a variety of tumour types, including breast, lung, liver and 

colorectal, primarily associated with the upregulation of BiP.  

BiP was found to be expressed at relatively low levels in normal human brain, however 

in glioma specimens, it was found to be significantly elevated320. The majority of 

studies have determined that levels of BiP expression had a prognostic role, with 

patients displaying high levels of the chaperone having a more aggressive disease and 

poorer outcome. This correlation of BiP levels with patient survival has so far been 

determined in liver, gastric and breast cancer321. Furthermore, BiP has also been 

thought to play a predictive role to treatment, with inhibition of BiP being associated 

with increased sensitivity to chemotherapeutic treatment in both glioma and breast 

cancer cells. However, in renal carcinoma cells, inhibition of BiP was determined to 

enhance resistance to chemotherapy. Despite this, BiP is overall considered as a 

potential therapeutic target in the treatment of cancer322. 

Furthermore, the importance of XBP1 in tumour survival has been described in regard 

to its upregulation in a hypoxic environment. This overexpression of XBP1 was 

determined to be vital for tumour cell growth in hypoxic conditions as loss of XBP1 

was correlated with increased apoptosis through the generation of ROS and reduced 

tumour growth281. Like BiP, XBP1 has also been associated with a more aggressive 

phenotype which was abrogated with the use of an IRE1 inhibitor as shown in a PDX 

model of pancreatic cancer323. Therefore, targeting of the IRE1-XBP1 branch of the 

UPR could also be a potential therapeutic target in the treatment of cancer. 

Cell survival following induction of UPR has also been associated with upregulation 

of autophagy. One such example of how this may occur is via the activation of the 

oncogene C-MYC which is regularly activated in cancer and drives cellular 

proliferation and survival. C-MYC has been implicated in the regulation of UPR 

activation through the stimulation of the PERK-eIF2α branch which can mediate cell 

survival through the activation of autophagy324. Furthermore, inhibition of PERK in 

these cells resulted in increased apoptosis through reduction of the clearance of 

unfolded proteins from the ER lumen. 

Several studies have also linked activation of the UPR with invasion of cancer cells, 

further correlating UPR signalling with a more aggressive tumour phenotype. One 
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such study determined that activation of the ECM protease heparanase was associated 

with UPR signalling in a model of breast cancer325. 

In conclusion, activation of the UPR is a common mediator of cell survival in cancer 

cells, which reside in harsh conditions such as hypoxia. Targeting this activation may 

therefore drive these cells to apoptosis and reduce tumour burden through the 

sensitisation of these cells to therapeutic interventions.  

1.5.3 Targeting the UPR  

Due to the dual role of the UPR in cell survival and apoptosis, there must be tight 

regulation of UPR signalling. As a result of the increased UPR signalling in tumour 

cells, this regulation is less controlled. One way of driving these cells to apoptotic 

signalling may be further upregulation of UPR signalling through the use of ER-stress 

activators.  

ER stress can be induced through the use of proteasome inhibitors, which prevent 

degradation of proteins in the ER through ERAD, thereby increasing the protein load 

in the ER lumen and further driving activation of the UPR. These inhibitors include 

bortezomib, a selective inhibitor of the 26S proteasome, which has been shown to 

induce components of the UPR that are associated with apoptosis such as CHOP in a 

cell model of multiple myeloma (MM)326. Bortezomib has been approved by the FDA 

and the CPMP for use in MM patients that had previously received at least two 

therapies. With regard to solid tumours, proteasomal inhibition with bortezomib was 

associated with minimal toxicity and investigations suggested combinational studies 

with bortezomib may be beneficial327. 

Second generation proteasome inhibitors carfilzomib and ONX 192 (oprozomib) have 

been shown to cause apoptosis to HNSCC (head and neck squamous cell carcinoma) 

cells and mitigate tumour growth in HNSCC xenografts. This anti-tumour effect of 

both of these proteasome inhibitors was also associated with activation of the UPR via 

upregulation of ATF4328. 

Additionally, as mentioned in the previous section, specific targeting of mediators of 

UPR activation may sensitise tumour cells to chemotherapy treatment.              

Targeting BiP directly through interactions with its ATPase domain can elicit the UPR 

through the disassociation of it from the sensors that mediate the activation of the ER 
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stress response. Inhibitors of this interaction include HA-15 which has been shown to 

induce apoptosis via UPR in xenograft mouse models of melanoma with acquired 

resistance to BRAF inhibition329. Furthermore, the BiP inhibitor honokiol has also 

been determined to induce ER stress-mediated apoptosis in melanoma and 

glioblastoma cells. Combination with the proteasomal inhibitor bortezomib resulted in 

a synergistic effect in melanoma cell models330. 

GSK606414, a small molecule inhibitor was found to inhibit the phosphorylation of 

PERK has been associated with decreased tumour growth in a pancreatic xenograft 

model331. An optimised version of this inhibitor, GSK2656157 has been subsequently 

determined to inhibit tumour growth in mouse models of both MM and pancreatic 

cancer. Both of these compounds were associated with the inhibition of PERK and 

eIF2α phosphorylation as well as the abrogation of translation of ATF4. However, 

despite the ability of these drugs to inhibit PERK, this effect may be compensated 

through the activation of other branches of the UPR, ATF6 and IRE1332, 333. 

Further targeting of the PERK branch of the UPR through upregulation of EIF2α 

phosphorylation through the use of salubrinal treatment has been shown to result in 

the induction of apoptosis in a synergistic manner when used in combination with 

proteasome inhibitors in leukaemic cells. Salubrinal functions through the dissociation 

of the inhibitory GADD34-eIF2α complex, thereby allowing for the inhibition of 

global translation mediated by eIF2α to occur334. 

Targeting of the IRE1 branch of the UPR usually occurs through the interaction of the 

RNase domain of the cytosol domain of the IRE1 receptor. Inhibitors that perform this 

function also prevent the processing of XBP1 into its spliced variant. Such inhibitors 

include MKC-3946, which was shown to moderately inhibit cell growth in MM cell 

line models. This effect was subsequently enhanced through the combination of MKC-

3946 with the proteasomal inhibitor bortezomib and was associated with upregulated 

levels of the pro-apoptotic transcription factor CHOP335, 336. 

ATF6 was originally considered to be an undruggable target as its role as a 

transcription factor creates difficulty in determining its crystal structure. Recently, a 

new class of inhibitors, the ceapins were discovered that showed selective inhibition 

of ATF6. These ceapins exerted their role as ATF6 inhibitors by mediating the 

formation of ATF6 clusters, subsequently preventing its translocation to the Golgi 
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apparatus337. Additionally, these ceapins were shown to specifically target cells that 

already displayed some UPR activity and did not show any effect on viability on cells 

that were unstressed338. This effect could therefore result in selectivity of tumour cells 

over normal cells.  

Other mediators of UPR activation do not directly target any protein involved in the 

activation, but rather induce ER stress through the increase of unfolded polypeptides 

in the ER lumen. Such drugs include thapsigargin, which inhibits the 

sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA) pumps, thereby 

disturbing calcium homeostasis. Reduction of calcium reduced the activity of Ca2+-

dependent ER chaperones such as calnexin, resulting in an accumulation of unfolded 

proteins and the activation of the UPR282, 339, 340. 

In summary, eliciting the UPR in cancer cells which innately show increased levels of 

ER stress, can result in an increase in apoptotic signalling, resulting in decreased 

tumour burden and increased response. These initiators / targeted therapies should be 

investigated further to determine feasible combinations for use in cancer therapy. 
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1.6 Aims of Study 

Although a variety of resistance mechanisms towards EGFR-targeted therapies such 

as cetuximab have been elucidated, there remains a sub-population of CRC patients 

that remain refractory to treatment despite not exhibiting an alteration in any known 

drivers. As such, there is an unmet need to identify novel mechanisms of resistance 

to cetuximab treatment in the hope to more accurately determine patients that will 

acutely respond to treatment. There is also a requirement to establish effective 

treatment strategies for use within patient populations exhibiting both acute and 

acquired resistance towards EGFR-targeted therapies.  

As we have previously determined that CRC cell line models with innate BRAF 

mutations exhibit higher basal activation levels of the unfolded protein response 

(UPR), we thought it would be pertinent to investigate the role of the UPR in cell line 

models of acquired cetuximab resistance. In addition, we also sought to identify a 

potential therapeutic strategy utilising activation of the UPR to favourably target 

cetuximab resistant cells. 

As such, the aims of this study were to: 

1. Elucidate novel mechanisms of acute resistance to cetuximab treatment in 

RASWT CRC models. 

2. Elucidate the role of the UPR as a target in CRC cells harbouring acquired 

RAS/BRAF mutations following cetuximab treatment. 
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Chapter 2: Materials and Methods 
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2.1 General 

All organic and inorganic materials used were of analytical grade and purchased from 

reputable sources. They were then stored under recommended conditions stated by the 

manufacturer. Recipes for general buffers used can be found in Appendix A1. 

 

2.2 Safety 

All tissue culture involving live cells was carried out in BioMAT class II unidirectional 

laminar down-flow microbiological safety cabinets (Thermo Scientific, Waltham, 

MA). All Bio-hazardous waste was disposed of via incineration and all liquid waste 

was discarded in 1% virkon solution. For each experimental procedure, in compliance 

with the Health and Safety at Work Act (1974), a risk assessment was conducted 

through completion of Control of Substances Hazardous to Health (COSHH) 

documents. 

 

2.3 Sterilisation 

All solutions and glassware were sterilised for use by autoclaving at a temperature of 

121°C for 20 minutes at a pressure of 15 psi. 
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2.4 Tissue Culture 

The recipes for tissue culture reagents used can be found in Appendix A1. 

 

2.4.1 General Tissue Culture Materials 

All tissue culture flasks (T25, T75 & T175), 6-,12-,24-,96-well plates, cryotubes and 

p60, p90 & p140 petri dishes were supplied by NuncTM (Life Technologies Inc. 

Paisley, Scotland). Sterile 5ml, 10ml & 25ml pipettes were supplied by Sarstedt Ltd 

(Leicester, UK). Pipette tips, 15ml and 50ml falcon centrifuge tubes were also acquired 

from Sarstedt Ltd (Leicester, UK). 

 

2.4.2 Cell Lines 

The isogenic matched KRASMT/WT cells lines HCT116/HKH2 and DLD1/DKS8 

were developed and obtained from Dr Senji Shirasawa (Kyushu University, Fukuoka, 

Japan)341. The DIFI and OXCO-2 cell lines were acquired from Dr Frederica Di 

Nicolantonio (University of Torino, Italy). LIM1215 cells were purchased from Public 

Health England, VACO432 and HT29 cells were purchased from American Type 

Tissue Culture Collection (ATCC). 

 

2.4.3 Preparation of Growth Media 

The HCT116, HKH2, DLD1, DKS8, HT29 and CACO2 cell lines were all maintained 

in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% Foetal Calf 

Serum (FCS), 1mM sodium pyruvate, 2mM L-Glutamine and 50μg/ml 

penicillin/streptomycin (P/S) (Life technologies, Inc.). The media of CACO2 cells was 

also supplemented with 1mM Non-Essential Amino Acids (Life technologies, Inc.). 

DIFI cells were maintained in Hams-F12 media (Lonza Group Inc.) supplemented with 

10% FCS, 1mM sodium pyruvate, 2mM L-Glutamine and 50μg/ml P/S. LIM1215 and 

COLO320 cell lines were maintained in RPMI-1640 media (Sigma-Aldrich) 

supplemented as previously stated. Media for culture of LIM1215 cells was also 

supplemented with 1μg/ml Insulin. OXCO-2 CRC cells were grown in Iscove’s 
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Modified Dulbecco’s Medium (IMDM) with the previously stated supplements. 

VACO432 and VT1 cells were maintained in McCoys media supplemented with the 

above additives. In experimental conditions, all cells were cultured in their appropriate 

medium with 2% FCS, 1mM sodium pyruvate, 2mM L-Glutamine without P/S. Unless 

previously stated, all media and supplements were supplied by Invitrogen Life 

Technologies Corp., Paisley, United Kingdom. 

 

2.4.4 Passage of Cell Lines 

All cell lines were grown in a humidified cell culture incubator, maintained at a CO2 

level of 5% and at a temperature of 37°C (Sanyo Europe Ltd., Herts, UK). Cell lines 

were grown in T25, T80 or T175 tissue culture flasks until they reached a confluency 

of 80-90%. At this level of confluency, growth media was aspirated from the tissue 

culture flask with a glass pasteur pipette prior to the cells being washed once with 5ml 

sterile 1X phosphate buffered saline (PBS). The PBS was then removed by aspiration 

before the addition of 3ml sterile 1X Trypsin solution (Gibco, USA) to the cells. The 

flask was then incubated at 37°C until the monolayer of cells became detached from 

the flask’s surface. 7ml of the appropriate media was then added to deactivate the 

trypsin and gently pipetted up and down to evenly distribute any clumps of cells. 

Depending on the cell line being passaged, 1-3ml of the cell suspension was placed 

into a new tissue culture flask containing 20-25ml of the appropriate growth media.  

 

2.4.5 Freezing and Thawing of Cell lines 

Cells were grown in tissue culture flasks to a confluency of 80-90% before the media 

was aspirated with a glass pasteur pipette and the cells were washed with 5ml sterile 

1X PBS. After aspiration of the PBS, 2ml sterile 1X trypsin was added to the cells and 

the flask was incubated at 37°C until the cells became detached. 7ml freezing medium 

(90% FCS/10% DMSO) was then added and the cell suspension was pipetted gently 

up and down to disperse clumps of cells. This suspension was then aliquoted into 

cryotubes (NuncTM) for freezing, with 1.5ml suspension per cyrotube. The cryotubes 

were kept at -80°C overnight in a Cryo 1°C Freezing Container “Mr Frosty” (Nalgene, 

Rochester, USA) before being transferred to liquid nitrogen for long term storage. 
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To thaw out cells, cryotubes were taken from liquid nitrogen and placed into a 37°C 

water bath. Upon thawing, the cell suspension was transferred into a T25 tissue culture 

flask along with 8.5ml of the appropriate media containing 10% FCS. The cells were 

then allowed to attach overnight, following which, the media was aspirated and the 

cells washed with 5ml sterile 1X PBS to remove any traces of DMSO. 10ml of fresh 

media was then added and the cells grown to 80-90% confluency at which time they 

would be transferred to a larger T80 flask. 

 

2.4.6 Cell Counting 

Cells were trypsinised as previously described, 10μl of cell suspension was added 

under the coverslip of a Neubauer Improved haemocytometer. Using a microscope 

with 10x magnification, the cells in the 16 squares at each corner of the 

haemocytometer were counted. The total number of cells was then divided by 4 to get 

an average number of cells per quartile. This number of cells was then multiplied by 

10,000 to take the area under the coverslip into consideration. This resulting number 

was the number of cells per ml of suspension. Typically, cells were seeded at the 

following densities unless stated otherwise; 24-well plates: 2x104 cells/well, 12-well 

plates 5x104 cells/well, 6 well plates: 1x105 cells/well, P90: 1-2x106 cells/well and 

P140: 3-5X106 cells/well. 

 

2.4.7 Mycoplasma Testing 

All cell lines were regularly screened for the presence of mycoplasma infection using 

the MycoAlert® mycoplasma detection kit (Lonza, Basel, Switzerland). The kit tests 

for the enzymatic activity of mycoplasmal enzyme in the supernatant of cell culture, 

which reacts with the MycoAlert® substrate to catalyse the conversion of ADP to 

ATP. The MycoAlert® reagent subsequently converted the ATP to light utilising the 

luciferase enzyme. Hence, by measuring the amount of ATP both prior and following 

the addition of the regent, the mycoplasmal enzymatic activity can be determined. For 

testing, 1ml of growth medium was removed from the cell culture to be tested and 

centrifuged at 1500rpm for 5mins. 100μl of supernatant was then transferred into a 96-

well white walled plate (Nunc™) and 100µl of MycoAlert® reagent was added to each 



 
 

78 
 

sample. The plate was then incubated at room temperature for 5 minutes, after which 

it underwent a 1 second integrated read (Read A). 100µl of the MycoAlert® substrate 

was subsequently added to each well and the plate was incubated for a further 10 

minutes at room temperature. Following this time, an additional 1 second integrated 

read was carried out (Read B). The ratio of Read B/ Read A was determined in order 

to assess the presence of mycoplasma within the sample. Ratios >1.2 generally 

indicated infection; ratios between 1-1.2 required quarantine of the cells and further 

retesting 24-48hr after the initial test. 

2.4.8 Reverse siRNA Transfection 

siRNAs targeting HER3, IGF1R, KRAS, Caspase-8 and Caspase 9 were supplied by 

Qiagen (Crawley, UK). siRNAs targeting ERK1, ERK2 and ADAM17 were obtained 

from Dharmacon (Chicago, IL, USA). ‘All Stars’ Negative control (Qiagen) and 

siGENOME Non-targeting siRNA Pool (Dharmacon) were used as non-targeting 

(scrambled) controls for siRNAs from each company respectively. Reverse 

transfection of cells was carried out at a siRNA concentration of 10nM unless 

otherwise stated with an appropriate volume of HiPerfect transfection reagent (Qiagen, 

Crawley, UK) diluted in serum-free Optimem (Gibco, USA) in the appropriate tissue 

culture plates. The plates were then incubated at room temperature for 30 minutes, 

during which time the cells were washed, trypsinised and counted as previously 

described. 1.5x106 cells were then seeded in the culture dishes and antibiotic free 

media (2% FCS) was then added to bring the total volume of culture media to 10mls. 

Plates were then incubated at 37ºC for the allotted time, after which they were used for 

their appropriate endpoint analysis. 

2.4.9 Targeted Therapeutic Agents 

Cetuximab was received from Merck at a concentration of 5mg/ml and stored at 4ºC. 

IK682 (ADAM17i) has been previously described by Niu et al. and generated in house 

by Dr. Peter Gilliland at the Medicinal Chemistry lab, CCRCB, Belfast (figure 2.1). 

Selumetinib (AZD6244), TIC10 (ONC201) and other ONC compounds (ONC206, 

ONC212 and ONC213) were obtained via material transfer agreement (MTA) from 

AstraZeneca and Oncoceutics respectively and reconstituted to 10mM in sterile 

DMSO (figure 2.2). Linsitinib (OSI-906) was purchased through Selleckchem 

(Houston, TX, USA) and also reconstituted in sterile DMSO to a stock concentration 
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of 10mM. Chemotherapeutic agents 5-flurouracil (5-FU), Oxaliplatin, Paclitaxel, 

Docetaxel and Doxorubicin were obtained from Belfast City Hospital Pharmacy. 5-

FU and Oxaliplatin were diluted with sterile PBS to stock concentration of 10mM and 

1mM respectively, while Paclitaxel, Docetaxel and Doxorubicin were diluted in sterile 

DMSO to a concentration of 1mM. SN38 was purchased from Abatra Technology Co. 

(China), while Dacarbazine, Vincrisitine and Pralatrexate were purchased from 

AdooQ Bioscience (USA). Using sterile DMSO, these drugs were reconstituted to a 

concentration of 2Mm (SN38) or 10Mm (Dacarbazine, Vincristine and Pralatrexate). 

Topotecan was purchased as part of a cherry pick library of FDA-approved drugs from 

Stratech and reconstituted using sterile DMSO to concentration of 10mM. Once 

reconstituted, AZD6244, ONC201, ONC206, ONC212, ONC213, OSI-906, 

Paclitaxel, Docetaxel, Doxorubicin, Dacarbazine, Vincristine and Pralatrexte were all 

stored at -20ºC. Topotecan was stored at -80ºC whilst 5-FU and Oxaliplatin were 

stored at 4ºC. 
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2.5 Sequencing of DNA 

DNA from LIM1215, OXCO-2 and DIFI cells was initially extracted using a 

commercially available DNeasy Blood and Tissue Kit (Qiagen), according to 

manufacturer’s instructions. 

2.5.1 IonTorrentTM Sequencing 

Following extraction of DNA, samples were diluted to a concentration of 20ng/µl 

using DNase/RNase-free H2O. The initial PCR reaction was then set up with the 

inclusion of Ion AmpliSeqTM Cancer Hotpot Panel v2 (Thermo Fischer), which 

allowed for the determination of which hotspots of the DNA to amplify during the 

PCR. The following tables indicate the components and conditions required for the 

PCR reaction; 

 

Component Volume Required/Reaction 

CHPv2 primer panel 4µl 

HiFi Master Mix (inc. polymerase) 4µl 

Mol. Grade water 11µl 

DNA sample 20ng (1µl) 

Total Volume 20µl 

 

Temperature Time No. of Cycles 

99ºC 2 mins 1x 

99ºC 15 secs 
20x 

60ºC 4 mins 

10ºC hold overnight 

 

The following day a partial digest was performed, mediated through the addition of 

FuPa (2µl/sample). The digest then occurred under particular incubation conditions 

which are described below; 
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Temperature Time 

50ºC 10 mins 

55ºC 10 mins 

60ºC 20 mins 

10ºC Hold up to 1 hour 

 

Identifier barcodes were then ligated to the DNA, mediated through the addition of 

Switch solution (4µl/sample), ligase (2µl/sample) and barcode adaptor mix 

(2µl/sample). This ligation reaction occurred under the following conditions; 

Temperature Time 

22ºC 30 mins 

72ºC 10 mins 

10ºC Hold up to 1 hour 

 

Following barcode ligation, the DNA underwent re-amplification which was preceded 

by a clean-up process which allowed for removal of potential contaminants present 

within the DNA sample. This clean-up process occurred through the use of AMPure-

XP beads which bind to DNA and allow the removal of contaminants following 

pelleting of the DNA-bound beads on magnets. 1.8x the sample volume of Ampure 

XP beads were added (54µl/sample) and DNA was allowed to bind during a 5 minute 

incubation of the sample with the beads at room temperature. Following the binding 

of DNA, a magnetic force was applied, and the beads pelleted for 2 minutes. The 

supernatant was subsequently removed, and the beads washed twice with 70% ethanol 

solution. To prevent ethanol contamination of the sample, it was air-dried for 5 minutes 

to ensure removal of any residual ethanol. The samples then underwent re-

amplification of the DNA through a second PCR. 50µl Platinum PCR Mix was initially 

added per sample, prior to addition of 2µl Library Amplification primer mix. The 

addition of these components also mediated the elution of DNA from the beads, which 

were then removed following the application of a magnetic force on the samples, again 

causing pelleting of the beads. The supernatant was then transferred to a clean column 

and re-amplification of the DNA occurred under the conditions noted below; 
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Temperature Time No. of Cycles 

98ºC 2 mins 1x 

98ºC 15 secs 
5x 

60ºC 1 min 

10ºC hold overnight 

 

The samples were then subjected to a second clean-up using the Ampure XP beads. 

Again, a volume equal to 1.8x sample volume of beads were added to each sample 

(90µl/sample) and DNA allowed to adhere to the beads through a 5 minute incubation 

at room temperature. Contaminants were then removed by pelleting the DNA-bound 

beads for 2 minutes with use of a magnetic force. The supernatant was subsequently 

removed, and the beads washed twice with 70% ethanol solution. The ethanol was then 

removed, and the pellet was air-dried for 5 minutes to prevent ethanol contamination 

within the sample. DNA was then eluted from the beads through the addition of 40µl 

low TE buffer. The beads were then re-pelleted, and supernatant transferred to a new 

eppendorf.  

Libraries were then amplified by emulsion PCR using Ion PGM template OT2 200 kit 

and enriched using Ion PGM enrichment beads (Thermo Fischer). Sequencing was 

subsequently conducted on Ion 318 Chips using Ion PGM HI-Q sequencing kit 

(Thermo Fischer). 

2.5.2 Sanger Sequencing 

Sanger sequencing was used to determine if any mutations had been acquired in 

LIM1215 or DIFI cells that had been chronically exposed to cetuximab. Following 

extraction of DNA, Sanger sequencing was performed in the NI-MPL (CCRCB, 

Belfast) using the ABI3730 platform. Hotspots investigated were codons 12, 13, 61, 

117 and 146 in both KRAS and NRAS, and codon 600 in BRAF.   

2.6 DNA Amplification 

2.6.1 Production of Competent Bacteria 

A single colony of DH5α E.Coli cells were picked from an LB-agar plate and 

transferred to a 200ml sterile conical flask containing 50ml sterile LB-broth. The 
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bacteria were then incubated at 37ºC overnight with gentle shaking to encourage 

proliferation. The following day, 2ml of pre-culture was added to a sterile conical flask 

containing 50ml fresh LB-broth and bacteria were then allowed to continue their 

growth at 37ºC until an optical density of 0.6 was reached when measured at 600nm 

(usually after approximately 2hrs). Bacteria were then placed on ice for 10 minutes 

and subsequently pelleted by centrifugation at 4000rpm for 5 minutes at 4ºC. The 

bacterial pellet was then re-suspended in 5ml ice-cold filter-sterilised 100mM CaCl2 

and incubated on ice for a further 30 minutes. The centrifugation step was then 

repeated, the supernatant discarded, and the remaining pellet was resuspended in 2ml 

ice-cold filter-sterilised CaCl2. The resulting competent bacteria were then stored at 

4ºC overnight prior to use. 

 

2.6.2 Bacterial Transformation 

100μl of CaCl2 competent DH5α bacterial cells were transferred into a 1.5ml 

eppendorf centrifugation tube and 10μl of plasmid DNA was subsequently added. This 

mixture was then gently mixed with a pipette tip and the cells incubated for 30 minutes 

on ice. Following this, cells were heat-shocked in a water-bath at 42ºC for 60 seconds 

and immediately placed back on ice for 5 minutes to allow the bacterial cells to 

recover. 1ml of sterile LB-Broth was then added and bacterial were incubated at 37ºC 

with gentle shaking for 1 hour. Cells were then plated out on LB-agar/Kanamycin (or 

Ampicillin) plates which were subsequently incubated overnight at 37ºC. The resulting 

colonies were then picked the next day and inoculated into 5ml (for small scale 

extraction) or 250ml (for large scale extraction) fresh LB-broth supplemented with the 

required antibiotic. The resulting pre-cultures of bacteria were then grown overnight 

at 37ºC with gentle shaking. 

 

2.6.3 Small-scale extraction of purified DNA (Miniprep) 

The small-scale extraction of purified plasmid DNA was carried out using the GeneJet 

Plasmid Miniprep Kit (Thermo Scientific) as per manufacturer’s instructions. The first 

stage of DNA extraction was pelleting the overnight bacterial preculture at 4,000 rpm 

for 5 minutes. This bacterial pellet was then resuspended in 250μl of resuspension 
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buffer supplemented with RNase A and the cell suspension was transferred to a 

microcentrifuge tube. Following this, the bacterial cells were lysed with 250μl Lysis 

buffer and the tube inverted gently until the solution became viscous and slightly clear. 

The lysis of the cells was then stopped following the addition of 350μl of 

Neutralisation solution and again the tube was inverted 4-6 times to avoid localised 

precipitation of bacterial cell debris. The samples were then centrifuged at 13,200 rpm 

for 5 minutes to pellet the cell debris and the chromosomal DNA. The resulting 

supernatant was then transferred to a GeneJet spin column and centrifuged for a further 

1 minute at 13,200 rpm. The flow through was then discarded and 500μl Wash 

Solution supplemented with ethanol was added to the spin column. The columns were 

centrifuged for 30-60 seconds and again, the flow through was discarded. This wash 

procedure was repeated using a further 500μl Wash solution and a final spin was 

performed to remove all residual wash solution. The spin columns were then 

transferred to fresh 1.5ml Eppendorf centrifuge tubes and the DNA was subsequently 

eluted from the spin column. This elution step was carried out through the addition of 

50μl of Elution buffer. The spin columns were then incubated for 2 minutes and room 

temperature prior to a final centrifugation step. The concentration and purity of the 

eluted DNA was then determined using the Nanodrop. 

 

2.6.4 Large-scale extraction of purified DNA (Maxiprep) 

The large-scale extraction of purified plasmid DNA was carried out using the 

Genopure Plasmid Maxi Kit (Roche) as per manufacturer’s instructions. The first stage 

of large-scale extraction of plasmid DNA was to pellet ~250ml bacterial preculture at 

5,000rpm for 10 minutes. Following this, the bacterial pellet was resuspended in 12ml 

of suspension buffer supplemented with RNase and the cell suspension transferred to 

a 50ml falcon tube. Cells were then lysed with 12ml Lysis Buffer and the tube inverted 

6-8 times and allowed to incubate for 2-3 minutes at room temperature. To form a 

stable cellular debris precipitate, 12ml chilled neutralisation buffer was added and the 

tube was inverted a further 6-8 times until a cloudy flocculent precipitate was formed. 

The tube was subsequently incubated for a further 5 minutes on ice prior to 

centrifugation for 45 minutes at 10,000rpm. During centrifugation, the filter column 

was equilibrated with 6ml equilibration buffer and allowed to empty by gravity flow. 
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The cleared lysate produced following centrifugation was poured in the filter column 

and allowed to run through collecting the DNA in the filter column. The bound plasmid 

DNA was then washed twice using 16ml wash buffer to remove contaminating 

bacterial components and subsequently eluted with 15ml pre-warmed Elution Buffer. 

The DNA was then precipitated with 11ml isopropanol and the falcon tube was shook 

vigorously. Following precipitation of the DNA, the 50ml tubes were centrifuged 

again at 10,000 rpm for 30 minutes to allow the eluted DNA to precipitate out of 

solution. The precipitated DNA was then washed in cold 70% ethanol and centrifuged 

for a further 10 minutes at 10,000rpm. To prevent contamination with ethanol, excess 

ethanol was removed, and the pellet was allowed subsequently allowed to air dry at 

37ºC for 10-15 minutes. The pellet of DNA was then resuspended in ~500μl 

RNase/DNase free water and the concentration of DNA was determined through the 

nanodrop. 

 

2.6.6 Phenol/Chloroform DNA Precipitation 

DNA was purified through the phenol/chloroform purification method if required. The 

DNA was first mixed with an equal volume of TE-saturated 

phenol/chloroform/isoamyl alcohol (in the ratio 25:24:1 – Sigma) and vortexed for 1 

minute. The sample was then centrifuged at 13,200 rpm for 5 minutes and the upper 

layer was transferred into a new 1.5ml centrifuge tube. 20μl 3M Sodium Acetate (pH 

5) and 500μl 100% ethanol were then added. This was then centrifuged for a further 

15 minutes at 13,200rpm and 4ºC. Following this, 200μl 70% ethanol was added and 

the sample centrifuged a final time at 13,200rpm for 15 minutes. The supernatant was 

then removed, and the resulting DNA pellet was air dried. The pellet was then 

resuspended in 20μl RNase/DNase free water and stored at -20ºC. 
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2.7 Generation of the constitutively active ERK2 Construct 

Site Directed Mutagenesis  

Single point mutations were introduced into the plasmid DNA through site directed 

mutagenesis. It was conducted through the use of DNA Xtreme™ Hot Start DNA 

Polymerase kit which is optimized for the amplification of GC-rich DNA templates. 

The desired point mutation was firstly introduced through PCR amplification of the 

target plasmid with two specially designed overlapping primers in a 50μl reaction in 

accordance with the manufacturer’s instructions of KOD Xtreme. This was then 

separated into 5 separate PCR-reaction tubes and a temperature gradient was carried 

out to determine the optimal annealing temperature of the primers. The sequences of 

the primers used as well as the reaction conditions for this stage are listed in appendices 

A6 and A7 respectively. After undergoing amplification through PCR, the DNA from 

the 5 tubes were then combined to result in a total volume of 50μl. The methylated 

DNA from the remaining original template DNA was then removed through the use of 

the enzyme Dpn1. 3μl of Dpn1 enzyme (New England Biolabs (UK) Ltd.) and 5.8μl 

of the appropriate 10X Buffer 4 were added to the entire volume of the PCR reaction 

and DNA was then digested for 3 hours at 37ºC. 

Following this, 25μl of the Dpn1 digested PCR product was transformed into 100μl of 

CaCl2-competent DH5α E-Coli cells, which were produced as previously described in 

section 2.6.1. Following transformation, the bacteria were plated on LB/Kanamycin-

agar plates and incubated at 37º overnight. Colonies were then picked and transferred 

to 5ml fresh LB/Kanamycin solution and grown overnight at 37ºC. The purified DNA 

was then extracted using a miniprep kit as previously described in section 2.6.3. DNA 

was subsequently sequenced by GATC Biotech (Konstanz. Germany) to ensure the 

desired sequence was achieved. Following successful introduction of the first point 

mutation, these steps were repeated with a second set of primers in order to introduce 

a second point mutation and ensure constitutive activation of the ERK2 protein. Once 

sequencing confirmed successful mutagenesis of both point mutations, the remaining 

bacterial culture was then added to 250ml LB/Kanamycin and maxipreps were carried 

to extract the purified DNA as previously described in section 2.6.4. 
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2.8 Transfection of overexpressing constructs 

1x106 cells were seeded overnight in 2% FCS, antibiotic-free media. The following 

day, the equivalent volume equal to 1μg purified plasmid DNA (either vector with 

appropriate insert, or empty vector) was added to a 0.5ml eppendorf tube containing 

30μl serum-free Optimem (Gibco, USA) and 2μl Xtremegene transfection reagent 

(Roche Diagnostics).  This transfection mix was then incubated at room temperature 

for 15 minutes prior to the addition of a further 1ml Optimem. 1ml of this 

DNA/Xtremegene/Optimem mix was then spiked into the appropriate tissue culture 

plate and the plates then incubated at 37ºC for the appropriate time. After the 

appropriate time of incubation, the cells were either harvested for phospho-protein 

assays or used for MTT assays (methods described in 2.6.1 and 2.13 respectively). 

 

2.9 Western Blotting 

The recipes for buffers used for western blotting can be found in appendix A3. 

2.9.1 Phospho-protein Collection  

Cells were seeded at the appropriate density (usually 1x106) in P90 culture plates in 

growth media containing 2% FCS. The cells were then incubated at 37 ºC overnight to 

allow for adherence of the cells before the specific treatment occurred for the allotted 

time period. Cells were then detached using a cell scraper, transferred to a 15ml falcon 

tube on ice and centrifuged at 2,400rpm for 5 minutes to pellet cells. The supernatant 

was removed, and the remaining cell pellet resuspended in 100µl RIPA buffer 

containing protease inhibitors and NAF/NA2VO3. This cell solution was then gently 

pipetted up and down before being transferred to a 1.5ml Eppendorf tube, snap frozen 

in liquid nitrogen and allowed to thaw on ice for 30 minutes. The lysed protein samples 

were then subsequently centrifuged for 20 minutes at 13,200rpm at a temperature of 

4ºC to separate the cell debris. The supernatant was then transferred into a 0.5ml 

Eppendorf tube and stored at -80 ºC until further use. 
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2.9.2 Protein Quantification 

The protein content of the samples was determined using the BCA (Bicinchoninic 

Acid) protein assay (Pierce, Rockford, Illinois). A standard curve was generated using 

serial dilutions of known concentrations of BSA (Bovine Serum Albumin). 2.5µl of 

each protein sample was pipetted in duplicate into a 96-well plate, followed by 250µl 

of the BCA reagent mixture (245µl Reagent A + 5µl Reagent B). The samples were 

then incubated for 10 minutes at 37ºC and the absorbance of the protein was measured 

at 570nm using a Biotrack II Visible Plate Reader (Amersham, UK). The protein 

concentration was then determined through interpolation of the standard curve. 

 

2.9.3 Preparation of Protein Samples  

Using the previously determined protein concentration, protein lysate was added to 

5µl 4x loading buffer containing 10% β-Mercaptoethanol and the samples denatured 

through boiling at  95ºC for 5 minutes. Typically, the volume of protein used was 

equivalent to 20µg protein. 

 

2.9.4 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

SDS-PAGE was performed using the Mini-PROTEAN®3-system (BioRad 

Laboratories Ltd., UK). Both the front and the 1.5mm spacer plates were cleaned with 

70% ethanol before being placed in the casting frames. 7ml of resolving gel was added 

to the space between the plates, which was overlaid by approximately 1ml of water-

soluble 1-butanol. The gel was then allowed to polymerise at room temperature for 

approximately 30 minutes and subsequently the space between the two plates was 

topped up with stacking gel. The 1.5mm 10- or 15- well spacer combs were then 

inserted, and the gel incubated for a further 30 minutes to allow for polymerisation of 

the stacking gel. Following polymerisation, the polyacrylamide gel was then placed 

into the electrophoresis running tank and immersed in 1X Running Buffer. The 

samples were then loaded into each of the wells in the gel and they were subsequently 

separated by electrophoresis at 100V for approximately 90 minutes. In order to 
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determine the size of the protein bands, 4µl of Pageruler™ Plus Prestained Protein 

Ladder was loaded in a well beside the samples. 

 

2.9.5 Transfer of Proteins 

Following electrophoresis, the separated protein were then transferred onto a 

nitrocellulose membrane using the Mini-Trans-Blot® Electrophoretic Transfer System 

(BioRad Laboratories Ltd., UK). Gels were removed from the running tank, the 

stacking gel was discarded, and the resolving gel was placed in a ‘sandwich’ (Figure 

2.1), made of nitrocellulose membrane (Amersham), filter paper (Whatman) and 

sponges, all of which were previously soaked in 1X Transfer Buffer. The ‘sandwich’ 

cassette was subsequently placed in the transfer tank along with an ice pack to prevent 

overheating. The tank was then filled with 1X Transfer Buffer and the gels transferred 

for 90 minutes at 100V. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Schematic of the composition of the transfer ‘sandwich’ 
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2.9.6 Protein Detection 

Directly after completion of protein transfer, nitrocellulose membranes were trimmed 

and stained with Ponceau-S solution to verify successful transfer of protein. 

Membranes were then washed in 0.1% PBS-Tween solution to remove the Ponceau 

stain and subsequently blocked in either 5% Marvel (non-fat milk dissolved in 0.1% 

PBS-Tween solution) or 5% Bovine Serum Albumin (BSA-dissolved in 0.1% PBS-

Tween solution) for 1 hour at RT. The membrane was then incubated in the appropriate 

primary antibody at 4ºC overnight. The following morning, membranes were washed 

in 0.1% PBS-Tween solution 3 times for 15 minutes, and then incubated in the 

corresponding HorseRadish Peroxidase (HRP)-conjugated secondary antibody at 

room temperature for 1 hour. Membranes were then washed for a further 3 times for 

15 minutes in 0.1% PBS-Tween solution. Protein detection was then performed using 

ECL chemiluminescence detection reagent, according to manufacturer’s instructions. 

The membrane was covered in ECL for 3 minutes at room temperature, placed between 

two acetate sheets in a cassette and exposed to Fuji-RX X-ray film (Fuji, Japan). The 

blot was then developed using the automatic Ilford Multigrade Developer and Kodak 

Unifix Fixer. A list of antibodies used along with the corresponding secondaries can 

be found in Appendix A4. 

2.10 Quantitative Real-Time PCR (qRT-PCR) 

2.10.1 RNA Extraction 

1x106 cells were seeded in a P90 plate in 2% FCS P/S free growth medium, incubated 

overnight at 37ºC and transfected or treated as required the next day. After the 

appropriate treatment duration, total cellular RNA was extracted from cells using the 

GeneJet RNA Purification Kit (Thermo Scientific) according to the manufacturer’s 

instructions. Samples were then stored at -80ºC until required. 

 

2.10.2 RNA Quantification 

RNA was quantified using the Nanodrop™ ND-1000 spectrophotometer. The surface 

of the Nanodrop™ was cleaned using a KIMTECH wipe and 2μl of DEPC-treated 

RNase free water was used obtain a blank measurement. 2μl of sample was then used 
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to obtain the concentration of the RNA sample (in ng/μl) through the measurement of 

the absorbance of the sample at 260nm. In order to assess possible contamination of 

organic solvent or protein, the sample was also measured at 230nm and 280nm 

respectively. Samples were scrutinized according to their RNA to protein/organic 

solvent ratio as follows; a 260nm/280nm ratio >1.8 to ensure no significant protein 

contamination and a 260nm/230nm ratio >2 to ensure no significant organic solvent 

contamination.  

 

2.10.3 cDNA Synthesis 

In order for RNA to be reverse transcribed into cDNA, a reaction mixture containing 

1μg RNA was made up to 10μl using DEPC treated RNase free water. To this mixture 

both 1μl Random Primers (1mg/ml; Life Technologies) and dNTPs (10Mm; Life 

Technologies) were added to produce a final total of 12μl. These samples were then 

incubated at 65ºC for 5 minutes on a Mastercycler® Nexus Gradient Thermal Cycler 

(Eppendorf) prior to being chilled to 4ºC. Following this, 4μl of 5X First Strand Buffer 

(Life Technologies), 2μl of 0.1M DTT (Life Technologies), and 1μl of RNase out (Life 

Technologies) were added to each sample. Samples were then incubated at 37ºC for 2 

minutes, after which 1μl of Moloney murine leukaemia virus reverse transcriptase 

(MMLV-RT) was added to each sample. Reaction samples were then subjected to PCR 

amplification with incubation at 25ºC for 10 minutes, and 37ºC for a further 50 

minutes. The reaction was then stopped through incubation at 70ºC for 15 minutes. 

CDNA samples were stored at -20ºC until required. 

 

2.10.4 Quantitative Real-Time Polymerase Chain Reaction 

(qRT-PCR) 

Prior to the commencement of the PCR, samples were first diluted 1:5 with DEPC-

treated RNase free water. To each of the wells in a Roche LightCycler® 96 well plate, 

3μl cDNA, 6μl PCR grade water, 10μl 2x probes master mix and 1μl of the appropriate 

probe were added (all from Roche Diagnostics, Burgess Hill, Surrey, UK). The RT-

PCR was subsequently carried out on the Roche LightCycler® 480 System (Roche 
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Diagnostics) with the following thermo cycling conditions; pre-incubation at 95ºC for 

10 minutes for separation of the dsDNA helix. The DNA was then amplified during 

40 cycles consisting of a denaturation step at 95ºC for 10 seconds, an annealing step 

at 60ºC for 30 seconds and an extension stage for the formation of a new 

complementary DNA strand 72ºC for 1 minute. Target gene mRNA levels were 

determined through the ΔΔCT values and normalised using the two housekeeper 

genes, GAPDH and β-Actin.  

 

2.11 Flow Cytometry 

2.11.1 Propidium Iodide (PI) Flow Cytometry 

Cells were seeded in duplicate at a density of 1x105 cells per well in 6 well plates in 

4ml P/S free media containing 2% FCS. They were then incubated overnight at 37ºC 

to allow the cells to adhere. Following this, the media was aspirated and fresh P/S free, 

2% FCS media was added containing the appropriate drug and then incubated again at 

37 ºC. After the appropriate drugging period, media was removed from the cells and 

transferred to 15ml centrifuge tube on ice. 2ml PBS/EDTA solution was then added to 

each well and plates were incubated for 10 minutes at 37 ºC to allow for detachment 

of the cells. Cell suspensions were then transferred to the appropriate 15ml centrifuge 

tube and the wells were washed with a further 1ml PBS/EDTA solution to ensure 

optimal collection of cells. The cell suspension of cells were subsequently centrifuged 

at 2,400rpm for 5 minutes at 4ºC and the supernatant discarded. Cell pellets were then 

resuspended in 1ml PBS/FCS solution, with a further 4ml being added to cell 

suspensions. Cells were then centrifuged for a further 5 minutes at 2,400rpm at 4 ºC 

and the supernatant was again discarded. Cell pellets were then resuspended in a 

further 1ml of PBS/FCS following which, cells were fixed with the addition of 7ml 

100% ice-cold ethanol while vortexing. The fixed cells were then stored at 4ºC 

overnight to allow permeabilization of the cells to occur. 

The following day, cells were firstly centrifuged at 2,400rpm at 4ºC for 5 minutes and 

the supernatant containing the ethanol was removed. The cells were subsequently 

washed and resuspended in 1ml PBS/FCS and an additional 4ml of PBS/FCS was 

added to the cell suspensions. Following this, the cells were centrifuged for a final time 
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under the same conditions as previous centrifugation steps. The resulting cell pellet 

was resuspended in 360μl PBS/FCS solution containing RNase A (Qiagen, Venlo, 

Netherlands) and propidium iodide (PI; Sigma). Cell suspensions were then incubated 

at 37ºC for  30 minutes and analysed on a BD FACS calibur flow cytometer machine 

(BD Biosciences), using Cell Quest Pro software. 

 

2.11.2 Annexin V/PI Flow Cytometry 

Cells were seeded in duplicate at a density of 1x105 cells per well in 6 well plates in 

4ml P/S free media containing 2% FCS. Plates were then incubated overnight at 37ºC 

to allow the cells to adhere. Following this, the media was aspirated and fresh P/S free, 

2% FCS media was added containing the appropriate drug and then incubated again at 

37 ºC. After the appropriate drugging period, media was removed from the cells and 

transferred to 15ml centrifuge tube on ice. A PBS wash using 2ml 1xPBS was 

performed on each well prior to the addition of 2ml 1X Trypsin to each well. Plates 

were then incubated for 5 minutes at      37 ºC to ensure sufficient detachment of the 

cells. Cell suspensions were added to their cognate centrifuge tube. Following this, 

cells were centrifuged for 5 minutes at 2000 rpm at a temperature of 4ºC. The 

supernatant was discarded, and pelleted cells were resuspended in 2ml ice cold PBS 

followed by the addition of a further 4ml PBS and subsequent centrifugation at 2000 

rpm for 5 minutes at 4 ºC. The supernatant was again discarded, and the remaining cell 

pellet was resuspended in 300μl of 1x Annexin V Binding Buffer (BD 

Pharminogen™). 2μl of FITC conjugated Annexin V (BD Pharminogen™) was then 

added to each sample and the cells subsequently incubated in the dark at room 

temperature for 10 minutes. Following this incubation step, 2.5μl PI (Sigma) was 

added to each sample immediately before analysis. Samples were analysed on a BD 

LSR II Flow Cytometer (BD Biosciences), using BD FACS DIVA software (BD 

Biosciences). 
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2.11.3 Determination of DR5 Cell Surface Expression by Flow 

Cytometry 

1x105 cells were seeded overnight in 6 well plates in P/S-free media containing 2% 

FCS and allowed to adhere with incubation at 37 ºC. The following day, media was 

aspirated and fresh P/S-free, 2% FCS media was added containing the appropriate drug 

and the plates incubated at 37 ºC. After the desired drugging period, the media was 

removed, and the cells detached using 1X Trypsin. The cell suspension was then added 

to 15ml centrifuge tubes along with 5ml PBS supplemented with 0.2% BSA and 0.1% 

Sodium Azide (Cell Surface Buffer). These tubes were then centrifuged at 2000rpm 

and 4 ºC for 5 minutes and the supernatant discarded. The resulting cell pellet was 

subsequently resuspended in 95μl Cell Surface Buffer and 5μl of the appropriate 

phycoerythrin (PE) – conjugated antibody was added to each sample. The samples 

were then wrapped in aluminium foil and stored at 4 ºC for 45-60 minutes to allow for 

the conjugation of the antibodies. Following this incubation, the samples were 

subjected to two wash steps with 5ml Cell Surface Buffer with centrifugation steps 

occurring between the washes. After the final centrifugation step, the supernatant was 

discarded, and the cell pellet was resuspended in 300μl non-sterile PBS. The samples 

were then immediately placed on ice, protected from light and analysed on a BD FACS 

calibur flow cytometer machine (BD Biosciences), using Cell Quest Pro software. 

 

2.12 Quantification of Protein Production in Cells 

Click-iT® Assay 

Any changes in the protein production of cells was detected through the use of the 

Click-iT® HPG Alexa Fluor® Protein Synthesis Assay (Life Technologies). This 

assay contains an alkyne-modified analogue of methionine (HPG – L-

homopropargylgylcine) which, when incorporated into the DNA during active protein 

synthesis can be detected with Alexa Fluor® 488 azide substrate resulting in a 

fluorescent signal. This method therefore allows for a visual representation of active 

protein synthesis in cells through confocal microscopy. 
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Cells were seeded in a 12 well plate at a density of 1x105 cells per well in 2% FCS 

P/S-free media. Plates were then subsequently incubated at 37 ºC overnight to allow 

for cell attachment. The following day, the cells were then incubated for 30 minutes 

with a working stock solution of Click-iT® HRP (1:1000) diluted in L-methionine-

free medium. This solution was then removed, and the cells washed with PBS prior to 

fixation with 3.7% formaldehyde for 15 minutes. The cells were then washed twice 

with 3% BSA in PBS with the wash solution removed each time. Cells were then 

permeabilised for 20 minutes at room temperature with 100μl of 0.5% Triton® X-100 

diluted in PBS. Following the permeabilization of cells, they were washed a further 

two times with 3% BSA diluted in PBS prior to the addition of the Click-iT® reaction 

cocktail containing the Alexa Fluor® 488 azide. The plates were then incubated for a 

further 30 minutes at room temperature whilst protected from light. The reaction 

cocktail was then removed, and the cells were washed using the Click-iT® rinse buffer 

which was also removed. DNA staining was then performed using HCS 

NuclearMask™ Blue stain and the plates were incubated at room temperature, 

protected from light for 30 minutes. PBS was then added to each well and the protein 

synthesis assessed through confocal microscopy with the Lecia SP5 confocal 

microscope with provided LS-AF confocal imaging software with filters appropriate 

for DAPI and FITC staining. JPEC/TIFF images were extracted for future analysis. 

 

2.13 MTT Cell Viability Assay 

Cell viability and proliferation was determined through the use of 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich). 

Cells were seeded onto a 96-well plate at a density of 4-6x104 cells per well up to a 

volume of 200μl in P/S-free media containing 2% FCS and incubated overnight at 37 

ºC. The following day, cells were then treated with increasing concentrations of the 

appropriate drug for 72 hours in P/S-free 2% FCS media. Following the incubation 

period, a 22µl of 5mg/ml MTT reagent was added to each well, and plates were 

incubated at 37 ºC for a further 2 hours. Media was then aspirated, and MTT crystals 

dissolved in 100µl DMSO (Sigma-Aldrich). Plates were then gently shaken at RT for 

20 minutes prior to reading the absorbance at 570nm using a Biotrak II microplate 

reader (Amersham, New Jersey, USA). For analysis of data, sigmoidal dose-response 
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curves were generated through GraphPad Prism software plotting the percentage of 

surviving cells (relative to control) against log10[drug]. The IC50 values were then 

determined through interpolation of the graph at the point where 50% of the cell 

population was viable. For combination indices (CI) experiments, Calcusyn software 

was utilised to determine synergy between two drugs (Biosoft®, Cambridge, United 

Kingdom).  

 

2.14 Caspase-Glo® Assay 

Caspase Glo® assays (Promega, Madison, Wisconsin, United States of America) were 

used to determine the amount of caspase activity in protein lysates following treatment 

with various drugs. A luminescent signal is generated when a pre-mix reagent is added 

to either viable cells or cell lysates in the presence of caspase activity. The pre-mix 

reagent includes the appropriate caspase substrate a luciferase that is stable in the 

presence of heat and a lysis buffer (ie. for caspase 3/7 assays, the substrate is Z-DEVD-

aminoluciferin). This reagent works by initially lysing the cells. The caspase of interest 

then cleaves the relevant substrate releasing aminoluciferin, which reacts with the 

luciferase present in the reagent. This then results in a stable luminescence signal 

which is directly proportional to the amount of caspase activity within each well. 

5μg of the appropriate protein was made up to a total volume of 25μl with the 

corresponding medium and pipetted in triplicate into a 96-well white walled plate. An 

equal volume of the Caspase-Glo® reagent prepared according to manufacturer’s 

instructions was then added to each well (25μl). The plate was then wrapped in tin foil 

and subsequently subjected to slight agitation at room temperature for 30 minutes. 

Samples were read using luminescence 1 second read on the Biotek Synergy 4 plate 

reader. Data was then analysed using the GraphPad Prism software. 

 

2.15 Enzyme-linked Immunosorbent Assays (ELISAs) 

Cells were plated in 12 well plates in duplicate at a density of ~5x104 cells per well in 

2ml P/S free 2% growth media. Cells were then incubated at 37ºC overnight to allow 

cell adherence. Following this, cells were treated with the appropriate drug diluted in 
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2% FCS growth media for the required time. After treatment, media was removed from 

each well and transferred to Amicon Ultra Centrifugal Filter Units and subsequently 

centrifuged for 30 minutes at 4,000rpm to concentrate secreted proteins within the 

media. Concentrated media samples were then either used immediately or stored at -

80 ºC for future use. Proteins were then analysed and quantified using ELISA kits 

according to the manufacturers’ instructions. For the quantification of soluble TGFα 

within the media, the Calbiochem Human TGF-alpha Quantikine ELISA kit was 

utilised.  

The amount of soluble TGF-α secreted was then normalised to cell number by first 

fixing the cells in the original 12 well plate with 100% methanol for 10 minutes. This 

was then removed, and cells were stained with crystal violet solution for a further 10 

minutes. The excess stain was removed, and plates allowed to dry overnight. The stain 

was then solubilised in sodium citrate solution. The subsequent solution was then 

pipetted into wells in a 96 well plates and the absorbance of each well read at 570nm. 

 

2.16 ADAM17 Activity Assay 

Cells were plated in P140 culture dishes at a density of 4x106 per plate in 2% FCS P/S-

free media and subsequently incubated at 37 ºC overnight to allow attachment of the 

cells. The following day, the appropriate treatment was added - diluted in the 

appropriate 2% FCS media to a total volume of 25ml per P140 for the required 

drugging period. After this time, the cells were detached from their culture dishes using 

cell scrapers and proteins were extracted and quantified as previously described 2.8.1. 

A total of 500μg of protein was used in duplicate in this assay made up to a total 

volume of 100μl in distilled water. Following the addition of each sample or control, 

the plate was incubated at room temperature for 1hr. The 96-well plate included is pre-

coated with a monoclonal antibody specific for human ADAM17 which specifically 

binds any enzyme included in the samples tested. Any unbound material is then 

removed through thorough washing of the plate with the included wash buffer. The 

activity of the bound ADAM17 enzyme is then measured through the addition of a 

specific substrate which is fluorescently quenched – MCA-KPAGL-Dpa-AR-NH2. 

This substrate was added to each well and the plate was subsequently incubated at 

37ºC for 4-5hrs.  During this incubation, active ADAM17 cleaves the amide bond (G-
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L) which then releases the fluorophore from its quenching molecule thereby emitting 

a fluorescent signal measured at an excitation wavelength of ~324nm. The resultant 

level of fluorescence is therefore directly related to the level of ADAM17 activity in 

the extracted protein. The assay was then analysed and quantified by reading the 

fluorescence measured at an excitation wavelength of ~324nm and an emission 

wavelength of ~405nm on the BioTek Synergy 4 plate reader. Analysis was performed 

using GraphPad Prism software and significance determined through 2-way ANalysis 

Of VAriance (ANOVA). 

 

2.17 Profiling of Activation of Receptor Tyrosine Kinases 

(RTKs) 

Phospho-receptor tyrosine kinase (RTK) arrays were performed using the Proteome 

Profiler™ Human Phospho-RTK Array Kit (R&D Systems). Cells were seeded in 

P140 plates for 24hrs prior to incubation with the EGFR mAb cetuximab (5µg/ml) for 

a further 24hrs. Follow incubation, cells were lysed, and cellular proteins extracted as 

described previously in 2.8.1. The included arrays were then prepared by placing them 

in array buffer for 1 hour, thereby acting as a blocking buffer. The volume equivalent 

to 500µg of each lysate was then determined and made up to a total volume of 1.5ml 

with array buffer from the kit. The lysates were then added to the prepared arrays and 

incubated at 4-8ºC overnight to allow for sufficient binding of the proteins to the 

appropriate antibodies. Each array is then removed from the lysates and washed 

thoroughly with 1xWash Buffer to remove any unbound proteins. The arrays are then 

visualised through following incubation with a HRP-conjugated detection antibody, 

subsequent to which, a chemi reagent mix is added and the signals detected  by placing 

the arrays between two acetate sheets in a cassette and exposing them to Fuji-RX X-

ray film (Fuji, Japan). The X-Ray film was then developed using the automatic Ilford 

Multigrade Developer and Kodak Unifix Fixer. A list of the antibody capture targets 

for the Phospho-RTK array can be found in Appendix A5. 
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2.17.1 RTK Array Densitometry 

For the quantification and normalisation of the Proteome Profiler™ Human Phospho-

RTK array, densitometry was performed using the ImageJ software (Fiji). Pixel 

density of the duplicate spots on each array was initially determined through the use 

of the gel densitometry analysis function, using the area under each of the curves 

plotted as the pixel density. The pixel density of each of the spots was then normalised 

to the reference spots. Following this, the average and standard deviation of each of 

the duplicate values was determined and this was subsequently made relative to the 

experimental control. 

 

2.18 Data Analysis 

The data used in this study originated from a multi-centre study consisting of 363 Stage 

II/III CRC samples with matched normal tissue. This was then filtered down to 194 

CRC patient samples by excluding samples that displayed <50% tumour content 

determined through H&E staining and subsequent pathological review. Of the 188 

samples that passed RNA quality control, 169 were able to be profiled on the Almac 

Xcel arrayTM, passing appropriate data QC. A further 13 patients were additionally 

excluded from the dataset as they were clinically determined to be stage I or IV. Of 

these patients, 54% and 46% were determined to be stage II and III respectively. The 

transcription levels of GRP78 and DRD2 was also determined utilising their probe set 

ID retrieved from the Affymetrix Gene Chip Catalogue, which was subsequently 

applied to the remaining 156 CRC patients using Partek Genomics Suite.  

 

2.19 Statistical Analysis 

All statistical analysis (t-tests, 2-way ANOVA) were determined through the use of 

GraphPad Prism 5 software with statistical significance was denoted by a p-value of 

<0.05. Any graphs presented represent the mean and the standard deviation of a 

representative experiment – signified through error bars, unless indicated otherwise. 

For the determination of the statistical significance between data sets that were 

separated between two independent variables, 2-way ANOVA was used. For the 
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calculation of the statistical significance between two independent sets of quantitative 

data (ie. control vs drug), Student’s t-test was performed.  
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Chapter 3: The Role of HER3 and 

ADAM17 in Acute Resistance to 

Cetuximab In RASWT CRC
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3.1 Introduction 

Due to the major role that the EGF receptor and its downstream effector proteins, 

including RAS and RAF, play in cell proliferation and survival, targeting EGFR has 

been suggested as a viable therapeutic option in the treatment of mCRC342. One such 

targeting agent is the mAb cetuximab (Erbitux®). It has previously been demonstrated 

that patients with an activating RAS (KRAS or NRAS) mutation do not respond to 

cetuximab treatment170. As a result of this finding, only patients with RAS wild-type 

tumours are treated with this mAb. Additionally, the efficacy of cetuximab has been 

shown to rely on the type of chemotherapeutic regimen mCRC patients are exposed 

to. The COIN study conducted by Maughan et al. concluded the addition of cetuximab 

to oxaliplatin-based therapy derived no clinical benefit in PFS (8.6 months vs 8.6 

months) or OS (17.0 months vs 17.9 months) in mCRC patients compared to those 

treated with oxaliplatin-based therapy alone343. Despite this, the TAILOR trial, a 

multicentre phase III study comparing the efficacy of FOLFOX (leucovorin, 

fluorouracil and oxaliplatin) both alone or in combination with cetuximab within a 

RASWT population of mCRC patients, determined that the addition of cetuximab 

mediated significant increases in PFS, OS and ORR compared to patients treated with 

FOLFOX alone344. The main distinction between the COIN and TAILOR study is the 

delivery of the fluorouracil, which was bolus capecitabine within the COIN study, and 

infusional 5-FU within the TAILOR trial. Furthermore, the CRYSTAL study 

investigating the efficacy of cetuximab as a first line treatment in combination with 

FOLFIRI (5-FU/LV and Irinotecan) concluded that there was an 8% increase in ORR 

in patients within the experimental arm. This study also further corroborated the 

importance of RAS mutational testing as RASMT patients displayed no improvements 

in OR nor PFS, while WT patients exhibited an increase in PFS from 8.7 months to 

9.9 months153. As a result of this data, ESMO (European Society for Medical 

Oncology) guidelines now stipulate that EGFR-targeted therapy should only be 

utilised in patients determined to exhibit RASWT disease. In regard to first-line 

treatment of metastatic CRC, EGFR-targeting antibodies are recommended for use in 

conjunction with a cytotoxic doublet (ie. FOLFOX/FOLFIRI) in patients with RAS 

wild-type disease. This therapy regimen is recommended for use in both the neo-

adjuvant setting for reduction of tumour burden, as well as disease control within a 

palliative setting345. 
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Although RAS mutational status is used as the decisive factor in patient selection for 

EGFR mAb treatment, 35-45% of RASWT patients will show no response to anti-

EGFR therapy due to the role of other activating mutations driving resistance to 

EGFR-targeting mAbs346. In addition to mutations in RAS, alterations in BRAF, 

PIK3CA and PTEN have also been implicated in driving resistance to the EGFR-

targeted mAb cetuximab192, 200, 206, 209. Patients that are determined to be wild-type for 

these four genes are denoted as ‘quadruple-negative’. Despite this knowledge, and the 

implementation of RAS mutational status screening prior to cetuximab treatment, there 

are still a percentage of patients (~30%) that have been defined as quadruple negative 

but remain unresponsive to cetuximab treatment199. These patients that do not respond 

to EGFR mAbs such as cetuximab in the first instance are described as having innate 

or primary resistance. 

The drive to determine novel mechanisms of cetuximab resistance has resulted in the 

discovery of a cohort of patients that displayed HER2 overexpression or amplification. 

This identification of HER2 as a mechanism of resistance to EGFR mAbs was 

confirmed using patient derived xenograft (PDX) models by Bertotti et al.. This study 

indicated the presence of HER2 amplification in a subset of RAS, BRAF, PIK3CA and 

PTEN wild-type, cetuximab-resistant tumours.  The role of HER2 in driving cetuximab 

resistance was further confirmed as it was determined that combinational treatment of 

dual HER2 and EGFR targeted therapies such as the SMI (small molecule inhibitor) 

lapatinib with the EGFR-mAb cetuximab resulted in tumour regression within these 

PDX models210. Additionally, the RTK c-MET and its cognate ligand HGF have also 

been implicated in resistance to cetuximab treatment in CRC in the acute setting. The 

role of MET in mediating resistance to cetuximab treatment was shown in large cohort 

of patient-derived CRC liver metastasis xenografts. While only 1% of these cases 

displayed a MET amplification (2 of 196) as determined by PCR analysis, these 

samples correlated to cetuximab resistance, independent of KRAS, NRAS, BRAF, 

PIK3CA and HER2 mutation. It was therefore concluded from this study that MET 

amplification constitutes a significant fraction of KRAS, NRAS, BRAF, PIK3CA and 

HER2 wild-type, cetuximab resistant cases (2 of 16 cases)223. Despite the discovery of 

these novel mechanisms of cetuximab resistance, ~20% patients that are wild-type for 

the above markers remain refractory to cetuximab treatment with no defined resistance 

mechanism identified210, 347. It is therefore important to elucidate further mechanisms 
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of acute resistance to cetuximab to allow us to distinguish patients that will best 

respond to treatment. Furthermore, identifying these novel mechanisms will also allow 

us to determine novel ways to overcome this resistance and enhance patient response 

to therapy. 

This chapter aims to unravel novel mechanisms to cetuximab treatment in a RAS, 

BRAF, PIK3CA and PTEN wild-type model of CRC. Furthermore, we also plan to 

target these novel mediators of resistance through inhibition and knockdown to 

enhance sensitivity these RASWT CRC cells to treatment with the mAb.  

3.2 Results 

3.2.1 Sensitivity to cetuximab does not correlate with total or 

phosphorylated EGFR expression levels in RAS/BRAF/PI3KCA/PTEN 

quadruple negative cell lines 

Initially, we aimed to determine if the sensitivity of quadruple wild-type (RAS, BRAF, 

PIK3CA and PTEN) CRC cell lines correlated with EGFR expression levels. We first 

evaluated basal expression and activity of the HER receptors, one of the main hetero-

dimerization partners c-MET, and the downstream signalling axis including ERK1/2, 

AKT and STAT3 through western blot analysis (figure 3.1a). Both HKH2 and DKS8 

cell lines were developed by Shirasawa et al. through homologous recombination of 

the KRAS gene in HCT-116 and DLD-1 cells respectively. Both of these cell lines 

exhibit an innate point mutation within KRAS at codon 13 that mediates the conversion 

of glycine to aspartic acid (G13D). This alteration has been shown to result in 

constitutive activation of the MAPK pathway and has been shown to be associated 

with resistance to cetuximab within a cohort of mCRC patient samples348.  This 

recombination event disrupted the mutated allele of KRAS within these cell lines, 

ultimately resulting in clones defined as KRASWT341. The CACO2 cell line originated 

from a human colon adenocarcinoma in 1974 by Jordan Fogh at the Memorial Sloan-

Kettering Cancer centre349. Despite this cell line being established as a ‘quadruple 

negative’ cell line model, due to its lack of alterations within RAS, BRAF, PTEN or 

PIK3CA, it has been described that it exhibits resistance to EGFR mAbs including 

cetuximab350. Similarly, the COLO320 cell line derived from a colon adenocarcinoma 

from the sigmoid colon of a 55 year old Caucasian female, has also been determined 
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to be refractory to cetuximab treatment despite its quadruple negative status351. 

However, these cetuximab resistant cells were included within our initial panel to 

allow us to compare differential activation of survival pathways within quadruple-

negative cell lines. LIM1215 cells were established in 1985 from tumour biopsies 

which originated from a 34 year old male presenting with HNPCC (Hereditary 

nonpolyposis colorectal cancer)352. The DIFI cell line was originally established from 

a FAP (familial adenomatous polyposis) patient. Consistent with the other cell lines 

within this panel, DIFI cells have also been identified as quadruple wild-type cells, 

although it has been determined that they exhibit a strong overexpression in EGFR in 

comparison to other CRC cell lines353, 354. Finally, the OXCO2 cells were recently 

established from tumour biopsies by Khoon Lin Ling and Enzo Cerundolo at the 

Weatherall Institute of Molecular Medicine (University of Oxford)355. These 3 cell 

lines have all been previously described as exhibiting sensitivity towards EGFR 

blockade including cetuximab138, 356, 357. 

Western blot analysis established that basal EGFR expression levels varied between 

the different cell lines but was markedly increased in the DIFI cell line, consistent with 

the literature that DIFI cells exhibit EGFR amplification358, 359. Additionally, EGFR 

expression was also detected at low levels within the OXCO2 and LIM1215 cell lines 

(figure 3.1b), while levels of EGFR were undetectable within HKH2, DKS8, CACO2 

and COLO320 cells. Furthermore, phosphorylated EGFR measured at tyrosine Y1068 

residue was also markedly higher in the DIFI cells, followed by lower expression in 

the DKS8, OXCO2 and LIM1215 cells. Similar to expression of the receptor, levels 

of phosphorylated EGFR were undetectable by western blot in HKH2, CACO2 and 

COLO320 cells. This particular phosphorylation site was selected to reflect EGFR 

activity as a result of its role in the autophosphorylation of the receptor360. Similar to 

what was observed with regard to EGFR phosphorylation, higher levels of HER2 and 

HER3 phosphorylation were also observed within the DIFI cells in comparison to the 

other cell lines tested, indicating the amplification of EGFR resulted in an increase in 

heterodimerisation with other RTKs within the HER family. Low activation of HER2 

was also observed in DKS8, LIM1215 and OXCO2 cells. Phosphorylated HER2 was 

also expressed within HKH2 cells, although at a lower level than DIFI, LIM1215, 

OXCO2 and DKS8 cells. Levels of pHER2 were not detectable within CACO2 or 

COLO320 cell lines. We associated activation of HER2 through the elucidation of 
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expression of the tyrosine residue Y1248. This phosphorylation site was investigated as 

it has been determined to be a site of autophosphorylation which is associated with 

activation of the receptor following the heterodimerisation of HER2 with EGFR361. 

Interestingly, expression of HER2 was highest within the LIM1215 cells followed by 

DIFI and OXCO2 cells. A potential explanation for the lack of correlation in HER2 

expression and phosphorylation within the DIFI cells would be increased 

internalisation and degradation of the receptor following its activation, mediated by 

the E3 ligase CBL362. Expression of HER2 was low but detectable within both HKH2 

and DKS8 cell lines, while CACO2 and COLO320 cells exhibited low but detectable 

expression levels of the receptor. As it is also a dimerization partner with EGFR, we 

also established the expression and phosphorylation levels of HER3. Similar to the 

results observed with regard to HER2 and EGFR activation, phosphorylation of HER3 

was the highest within the DIFI cells, while pHER3 was expressed at much lower 

levels in the HKH2 and LIM1215 cells. HER3 phosphorylation was not detectable 

within the DKS8, CACO2, COLO320 and OXCO2 cells. HER3 activation was 

determined at the tyrosine residue Y1289 as it is an autophosphorylation site, which, 

following its activation, acts as a binding site for PI3K, therefore mediating survival 

signalling363. Expression of the HER3 receptor was at the highest levels within the 

LIM1215, OXCO2 and DIFI cell lines, with lower levels determined within the HKH2, 

DKS8 and CACO2 cells. Levels of the HER3 receptor were not measurable by western 

blot within the COLO320 cells. Aside from the HER family of RTKs, we also 

determined the expression and activation levels of the MET receptor as high MET 

expression, determined by immunohistochemistry and FISH has previously been 

associated with resistance to cetuximab in a patients determined to be quadruple 

negative (RASWT, BRAFWT, PTENWT and PIK3CAWT)223. To determine activation 

of c-MET, we established alterations within levels of phosphorylation at Y1234/1235, 

autophosphorylation sites that facilitate docking for SH2 containing proteins such as 

PI3K and the GRB2/SOS complex364. In concordance to what has been observed for 

the HER family of RTKs, we also found that DIFI cells exhibited the highest 

expression and phosphorylation levels of MET receptor compared to levels observed 

in the other RASWT CRC cells. While all cell lines in this panel exhibited both MET 

receptor and MET activation, its levels were the lowest in the CACO2 cells, while 

HKH2, DKS8, COLO320, LIM1215 and OXCO2 cells showed similar levels of total 

and phosphorylated MET. We further investigated basal expression and activation 
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levels of the downstream signalling molecules ERK, AKT and STAT3. ERK 

phosphorylation was determined by Western blotting using an antibody recognizing 

T202 and Y204, the two sites phosphorylated by the upstream kinases MEK1/2365. These 

results showed that basal ERK phosphorylation was the highest in the DIFI cells 

followed by HKH2, DKS8, LIM1215, OXCO2 and CACO-2 cells. Phospho-ERK1/2 

levels could not be detected within the COLO320 cells.  Levels of active ERK1/2 

seemed to correlate with the pHER2 levels, which may be due to the 

heterodimerisation between HER2 and EGFR, resulting in activation of the MAPK 

signalling pathway87. We then elucidated the basal activation of the PI3K/AKT 

pathway through the determination of AKT expression and phosphorylation at the 

serine residue S473, phosphorylation of which is required for activation of AKT. While 

levels of total AKT were generally consistent within all cell lines, levels of 

phosphorylated AKT varied, with DIFI, OXCO2 and DKS8 cells expressing the 

highest levels. STAT3 phosphorylation, which could also be elicited through 

phosphorylation of EGFR was determined through the levels of pSTAT3 at the residue 

Y705. Phosphorylation at this site mediates dimerization of STAT3 monomers, 

allowing translocation to the nucleus and activating gene transcription366. Similarly, to 

the results obtained for total ERK1/2, STAT3 was expressed in all cell lines, with 

CACO2 cells expressing the lowest levels. Additionally, the other cell lines tested 

within this panel exhibited similar expression levels of the signalling protein. With 

regard to phosphorylated STAT3, expression levels correlated with pEGFR levels, 

with high levels observed in DIFI cells, followed by the DKS8 cell line. The amplified 

phosphorylation of STAT3 within the DIFI cells is reflective of the basal amplification 

of the EGFR receptor, resulting in increased activation of downstream signalling 

proteins. Basally, levels of STAT3 phosphorylation were not detected by western blot 

in the HKH2, CACO2, COLO320, LIM1215 and OXCO2 cells. This initial panel 

demonstrates that basal expression and activation status of the HER family of RTKs 

and the associated downstream pathways varies between the different 

RAS/BRAF/PI3KCA/PTEN WT CRC cells. Furthermore, the HER/MET and STAT3 

axis seemed to be highly activated in the DIFI cell line as a result of the innate 

amplification of EGFR. 
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Figure 3.1 Basal expression and phosphorylation levels of HER family
members and downstream kinases in a panel of RASWT CRC cells.
HKH2, DKS8, CACO2, COLO320, LIM1215, DIFI and OXCO2 RASWT CRC
cells were plated overnight in 2% FBS-containing media. Protein levels of total
and phosphorylated EGFR, HER2, HER3, MET, ERK1/2, AKT and STAT3
were determined using Western Blotting.
A) Overview of the basal protein expression derived from a panel of RASWT
CRC cell lines.
B) A focused panel depicting the expression of total and phosphorylated EGFR
from both LIM1215 and OXCO2 cell lines
The above figure depicts a representative panel of 2 independent experiments.
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Next, we established the basal sensitivity of the RASWT CRC cell lines to the EGFR 

mAb cetuximab (figure 3.2). Each of the seven cell lines included within this panel 

were treated for 48hr with 5μg/ml cetuximab prior to protein extraction. Noticeably, 

the high expression levels of pEGFRY1068 detected in the DIFI cell line was diminished 

following cetuximab treatment, indicative of the on target action of the mAb in 

reducing EGFR activity. Furthermore, the total levels of EGFR were also 

downregulated, a result of cetuximab treatment causing internalisation and 

degradation of the receptor as has been previously reported367. Again, while expression 

and phosphorylation levels of EGFR within OXCO2 and LIM1215 cells were low 

when ran beside the DIFI cells, we also identified a downregulation in pEGFR 

expression within both cell lines following exposure to cetuximab (figure 3.2b). 

Furthermore, while expression levels of total EGFR also decreased in the OXCO2 

cells, in a manner similar to the effect observed in the DIFI cells, this abrogation was 

not seen within the LIM1215 cells treated with the EGFR mAb. We hypothesized that 

this lack of EGFR downregulation determined within the LIM1215 cells may be as a 

result of the presence of inefficient internalisation and degradation of the receptor 

mediated by cetuximab. Subsequently, we also looked at levels of cyclin-D1 within 

this panels of cells and the effect of cetuximab on these levels due to its role in the 

regulation of the cell cycle mediated by EGFR368. Cyclin-D1 is able to elicit 

progression through the G1-S phase of the cell cycle resulting in cell proliferation. 

Additionally, activation of this cyclin is mediated by ERK1/2 phosphorylation, 

resulting in the upregulation of AP1 transcription factors such as Jun and Fos, which 

induce transcription of cyclin-D1 through association with its promoter369, 370. While 

treatment with cetuximab did not alter cyclin-D1 expression in the HKH2 cells, a 

defined downregulation in cyclin D1 expression was observed in the LIM1215 and 

OXCO2 cells compared to levels observed in the untreated controls. This result 

suggests a decrease in levels of proliferation of these two cell lines mediated by the 

mAb. To determine any apoptotic response to cetuximab treatment within this panel 

of cell lines we also looked at expression levels of cleaved PARP and caspase 3. 

Following activation of caspases, PARP is cleaved to a 24kDa DNA binding domain 

and an 89kDa catalytic domain, thereby PARP acts as a marker of caspase activation 

and apoptosis371.  Interestingly, HKH2, DKS8, CACO2 and COLO320 cells did not 

exhibit an increase in PARP cleavage following cetuximab treatment at the timepoint 

investigated. In contrast, expression of the uncleaved form of PARP was abrogated 
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and strong PARP cleavage was observed following treatment with cetuximab in the 

DIFI and OXCO2 cells. Within the LIM1215 cell line, exposure to cetuximab 

treatment resulted in an abrogation of PARP cleavage compared to the untreated 

control. This result indicates that exposure of LIM1215 to cetuximab does not mediate 

an apoptotic response in the same manner that was determined within other 

RAS/BRAF/PI3KCA/PTEN WT CRC cell lines such as OXCO2 cells. We also 

determined the expression levels of full length caspase 3 (C3) and its cleavage 

products. Caspase 3 is one of the executioner caspases that is activated in response to 

both intrinsic and extrinsic apoptosis and has been described as the primary 

executioner of apoptotic death372. Caspase 3 is activated through cleavage into p19 and 

p12 subunits which promote DNA fragmentation373. HKH2, DKS8, CACO2 and 

COLO320 cells exhibited no alteration in either full length or cleaved caspase 3 

expression following cetuximab treatment compared to levels observed in untreated 

cells. Consistent with the increase in PARP cleavage, potent decrease in full length 

and increases in p19/17 cleaved caspase 3 levels were seen in DIFI and OXCO2 cells 

following exposure to cetuximab. Additionally, LIM1215 cells expressed lower levels 

of C3 cleavage following cetuximab treatment, consistent with the hypothesis that 

cetuximab is inducing an anti-apoptotic survival response in this cell line.  
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Figure 3.2 Effect of treatment with EGFR monoclonal antibody cetuximab
on cell cycle regulatory and apoptosis proteins in RASWT CRC cell lines.
RASWT LIM1215, DIFI, OXCO2, COLO320 and CACO2 cells were plated in
2% serum overnight prior to treatment with cetuximab (5µg/ml) for 48hr.
Expression levels of EGFR, pEGFRY1068, PARP, cyclin D1 and Caspase-3 (full
length and cleaved) were determined through Western Blotting.
A) Overview of the effect of cetuximab on protein expression from a panel of
RASWT CRC cell lines.
B) A focused panel depicting the effect of cetuximab treatment on the
expression of total and phosphorylated EGFR from both LIM1215 and OXCO2
cell lines
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3.2.2 Sensitivity to cetuximab does not correlate with mutational status of 

50 hotspot oncogenes and tumour suppressor genes 

Following the determination of differences in cetuximab sensitivity between a variety 

of quadruple wildtype CRC cell lines, we wanted to explore if these differences 

occurred as a result of innate alterations in key oncogenes or tumour suppressor genes. 

In addition, we wanted to verify the RAS/BRAF/PI3KCA/PTEN WT status of the DIFI, 

OXCO2 and LIM1215 cells, as well as to confirm the EGFR amplification established 

within the DIFI cells. DNA was extracted from these cells and next generation 

sequencing (NGS) was performed with the use of the IonTorrent PGM system 

(Thermo Fisher). The genes sequenced were determined through the use of an Ion 

AmpliSeqTM Cancer Hotpot Panel v2, which allows for sequencing of 50 commonly 

altered oncogenes and tumour suppressor genes. Any alterations found during NGS 

are shown in Table 3.1. As expected, all three cell lines were shown to be wild-type 

for RAS (NRAS and KRAS) and BRAF. This NGS approach also established that 

OXCO2 cells exhibited an alteration in PIK3CA, coding for a missense mutation in 

codon 391 within exon 6 (c.1173A>G). This mutation has been shown to occur 

somatically within normal tissue and has not been previously associated with alteration 

in the activity of PIK3CA or with resistance to EFGR-targeted therapies374. As this 

cell line exhibits an apoptotic response to cetuximab treatment, our results corroborate 

this previous data concluding that this mutation in PIK3CA does not drive resistance 

to EGFR targeted mAbs. All three cell lines exhibited an alteration in TP53 

(c.215C>G), a common SNP found at codon 72 within exon 4 of the gene. This 

alteration has been implicated to be a more potent inducer of apoptosis than the wild-

type form, due to its increased regulation of the expression of pro-apoptotic genes such 

as Bax and PUMA375, 376. Within the DIFI cell line we detected an additional mutation 

within TP53 (c.395A>G) at codon 132 within exon 5. This particular mutation affects 

the DNA binding domain of p53, resulting in the loss of its ability in inducing the 

expression of p21. P21 mediates cell cycle arrest following DNA damage, loss of 

which is common within many tumour types, including CRC and is associated with 

poor prognosis377, 378. With regard to sensitivity to EGFR-targeted therapies, loss of 

p21 has been correlated with increased response rate to treatment with the EGFR TKI 

gefitinib (69% vs 9% in patients with wild-type p21 expression)379. OXCO2 cells also 

exhibited a germline alteration in APC (c.2626C>T), a mutation that is associated with 
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the development of FAP (familial adenomatous polyposis). Variants in APC have been 

determined to result in an upregulation of intestinal epithelium proliferation via 

sustained activation of the Wnt pathway14. In a similar manner to the APC mutation 

exhibited in the OXCO2 cell line, the LIM1215 cells presented with an innate mutation 

within CTNNB1, which also mediates altered signalling within the Wnt pathway. This 

particular aberration within codon 41 of the gene (c.121A>G), results in activation of 

β-Catenin signalling through an increase in cellular levels of β-Catenin. This results in 

interference in the proteolytic degradation of the protein through the elimination of the 

phosphorylation sites required for its ubiquitination380. A mutation in the tumour 

suppressor FBXW7 (F-box and WD repeat domain 7) was also detected within the 

OXCO2 cell line. Due to its role in protein ubiquitination and degradation, it is 

frequently inactivated within tumour cells381. We also identified an innate mutation in 

both LIM1215 and OXCO2 cell lines, resulting in an alteration within KDR which 

encodes for one of the two VEGF receptors. While the effect of this mutation has not 

been entirely established, it has been suggested that this aberration may interfere with 

the binding affinity of the receptor towards its cognate ligand. Additionally, this 

mutation has also been associated with increased tumour metastatic activity in CRC 

via hyperactivation of the VEGF pathway382. Finally, in agreement with previous 

literature describing the cell line, we confirmed the presence of an amplification of 

EGFR within the DIFI cell line354. Taken together, we have confirmed the quadruple 

negative status of these cell lines and have identified no mutational mediators of the 

reduced response towards cetuximab treatment exhibited within the LIM1215 cell line 

in comparison to the response determined in OXCO2 and DIFI cells. 

We also measured effect of cetuximab on cell viability in LIM1215, DIFI and OXCO2 

cells, using the MTT assay (figure 3.3). MTT assays measure both inhibition of cell 

proliferation and apoptosis. The IC50 concentration within this assay is calculated as 

the point when the drug of interest elicits a 50% reduction in cell number relative to 

levels determined within untreated cells. Consistent with the Western blot data for 

cyclin D1 (figure 3.2), the potent inhibitory effect of cetuximab measured with the 

MTT assay can be explained by inhibition of cell proliferation. In order for a drug to 

be clinically active and cause not only stable disease but also partial responses (tumour 

shrinkage or regression), a drug needs to exhibit both cytostatic and cytotoxic 

responses. One such example of drug with a cytostatic effect pre-clinically that at best 



 
 

116 
 

resulted clinically in stable diseases are the MEK inhibitors (eg. AZD6244) in mCRC 

patients225. These data established that OXCO2 cells had the lowest IC50 value for 

cetuximab (0.0015g/ml), followed by the LIM1215 and DIFI cells (0.002g/ml and 

0.036g/ml respectively).  

We then determined the effect of cetuximab on induction of apoptosis using PI flow 

cytometry in the OXCO2 and LIM1215 RASWT cell lines (Figures 3.4 and 3.5). 

Consistent with the data Western blot data for cleaved PARP and caspase 3 within 

figure 3.2, treatment with cetuximab did not mediate an increase in sub-G1 (apoptotic) 

cells in the LIM1215 cell line (figure 3.4); in fact, the percentage of cells within the 

sub-GI phase decreased compared to levels determined within untreated LIM1215 

cells. However, there was an accumulation of cells in the G0/G1 phase, unable to 

transition to the S-phase of the cell cycle. This is indicative of inhibition of cell 

proliferation resulting from cetuximab treatment in LIM1215 cells, corroborating with 

the decreased expression of cyclin-D1 following exposure to cetuximab as seen in 

figure 3.2. In addition, cetuximab treatment also resulted in LIM1215 cells in 

decreased levels of cells in the G2/M phases of the cell cycle. As the G2/M phase of 

the cell cycle is associated with the transition of the cell into mitosis, this result 

indicates that cetuximab treatment of LIM1215 cells mediates a decrease in the number 

of actively dividing cells, resulting in a cytostatic effect. In OXCO2 cells, treatment 

with cetuximab resulted in marked increases in apoptotic cells within the sub-G1 phase 

compared to untreated cells (figure 3.4), in line with our previous data. This increase 

in cells within the sub-G1 phase was also associated with a decrease in cell 

proliferation mediated by cetuximab, as indicated by the increase in cells within the 

G0/G1 phase of the cell cycle. Additionally, cetuximab-treated OXCO2 cells also 

exhibited a decrease in the percentage of cells within the S and G2/M phases of the 

cell cycle. 

The increased sensitivity for cetuximab in DIFI cells is well known and can be 

explained as a result of the presence of EGFR amplification within this cell line217. 

Hence, in order to explore novel mechanisms of resistance towards EGFR mAbs, we 

decided to focus further on the OXCO2 and LIM1215 cells as pre-clinical models for 

a RASWT cetuximab-sensitive and RASWT cetuximab-resistant clinical subgroup. 
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Figure 3.3 Effect of cetuximab on viability of a panel of RASWT CRC cells.
LIM1215, DIFI and OXCO2 cells were treated with increasing concentrations
of cetuximab (0.00005μg/ml - 50μg/ml) for 72hr, and cell viability determined
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. IC50 values calculated using GraphPad version 5.0 through interpolating
a non-linear graph with a variable slope. Figures show a representative image
of 3 independent experiments. Table illustrates the mean of 3 experiments with
standard deviation.
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Figure 3.4 Effect of cetuximab treatment on cell cycle profile of RASWT
LIM1215 cells.
Propidium iodide (PI) based cell cycle analysis and quantification of cell cycle
profile (% sub-G1, G1, S, G2/M) in LIM1215 cells treated with cetuximab (5μg/ml)
for 48hrs.
A) Cell cycle trace showing the number of cells present within each phase of the
cell cycle.
B) The mean percentage of LIM1215 cells within each phase of the cell cycle both
basally and following exposure to cetuximab.
Figures show a representative image of 2 independent experiments. Shown
alongside traces is the mean of 2 independent experiments ± standard deviation.
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Figure 3.5 Effect of cetuximab treatment on cell cycle profile of RASWT
OXCO2 cells.
Propidium iodide (PI) based cell cycle analysis and quantification of cell cycle
profile (% sub-G1, G1, S, G2/M) in OXCO2 cells treated with cetuximab (5μg/ml)
for 48hrs.
A) Cell cycle trace showing the number of cells present within each phase of the
cell cycle.
B) The mean percentage of OXCO2 cells within each phase of the cell cycle both
basally and following exposure to cetuximab.
Figures show a representative image of 2 independent experiments. Shown
alongside traces is the mean of 2 independent experiments ± standard deviation.
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3.2.3 Acute reactivation of ERK1/2 is observed in RASWT cell lines with 

relative resistance to cetuximab treatment 

In order to further determine the changes at the molecular level which drive this 

differential response towards cetuximab within the LIM1215 cell line compared with 

the OXCO2 cells, we assessed the effect of cetuximab treatment on the expression and 

phosphorylation of EGFR and its downstream effectors including ERK1/2 and AKT. 

We also determined the expression and cleavage of the polymerase PARP as a measure 

of apoptosis induced by cetuximab treatment. We initially determined the effects of 

increasing concentrations of the mAb (0.001-5μg/ml) on EGFR phosphorylation and 

activation of downstream survival pathways within both LIM1215 and OXCO2 cell 

lines following 48hrs treatment (figures 3.6 & 3.7). We initially determined that 

exposure to increasing doses of cetuximab (≥0.05µg/ml) mediated a dose dependent 

decrease in expression of pEGFRY1068 within LIM115 cells (figure 3.6). Total 

expression levels of the EGFR initially increased following treatment with 0.001μg/ml 

of cetuximab; which may be due to increased transcription or stabilisation of the 

receptor. Increasing the concentration of the cetuximab to 5µg/ml resulted in 

downregulation of EGFR as a result of the internalisation and degradation of the 

receptor mediated by cetuximab treatment, a mechanism of action of all EGFR 

mAbs383. Expression of pERK initially increased following exposure to low levels of 

cetuximab (0.001-0.01µg/ml). At doses of the mAb >0.5µg/ml, phosphorylation of 

ERK1/2 was downregulated, consistent with downregulation of EGFR and inhibition 

of survival signalling through the MAPK pathway. Rather than decreasing at this 

timepoint, cetuximab treatment within this cell line resulted in a slight increase in AKT 

activity as indicated through the expression of its phosphorylated form. These 

alterations within these downstream mediators of survival occur at the concentration 

of cetuximab at which there was a downregulation of EGFR phosphorylation, 

indicating that these downstream alterations occurred as a result of exposure of the 

cells to the mAb. Furthermore, despite exposure to cetuximab, we still were able to 

identify activity of the downstream survival MAPK and PI3K/AKT pathways as 

indicated through the expression of the phosphorylated forms of AKT and ERK, 

suggesting the presence of a resistance mechanism within the LIM1215 cell line.  

Consistent with data shown in figure 3.2, PARP cleavage was also abrogated in a dose 

dependent manner, with cleaved PARP becoming undetectable in cells treated with 
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>0.1µg/ml of the mAb. This result further establishes that cetuximab does not derive 

an apoptotic effect within the LIM1215 cells. Levels of Cyclin-D1 were also 

downregulated following cetuximab treatment, confirming the cytostatic effect of the 

mAb within these cells as determined in figure 3.3.  

Following the elucidation of the effect of cetuximab on EGFR-downstream signalling 

molecules in the LIM1215 cells, we then identified the downstream changes in the 

OXCO2 cells to characterise any differences between the two cell lines (figure 3.7). 

Similar to LIM1215 cells, treatment of OXCO2 cells with low concentrations of 

cetuximab (0.001-0.005µg/ml) resulted in an upregulation in EGFR phosphorylation 

levels. Concentrations of the mAb at >0.01µg/ml resulted in decreased EGFR 

activation in a dose dependent manner, with complete abrogation of pEGFR 

expression at a concentration of 5µg/ml. Similar to the LIM1215 cells, OXCO2 cells 

also exhibited a decrease in the expression of EGFR following exposure of the cells to 

the higher doses of cetuximab (>0.1µg/ml), indicative of internalisation and 

degradation of the receptor mediated by the mAb383. ERK phosphorylation was also 

reduced in OXCO2 cells treated with 0.5-5µg/ml cetuximab. Unlike what was 

determined within the LIM1215 cell line, OXCO2 cells displayed decreased activation 

of the PI3K/AKT pathway, as determined through the expression of phosphorylated 

AKT. Moreover, OXCO2 cells were shown to be sensitive to the apoptotic effect of 

cetuximab, established through the increase of PARP cleavage in a dose dependent 

manner within this cell line. This increase in expression of cleaved PARP corroborated 

with the previous results established within figure 3.5 which determined that 

cetuximab mediated the apoptosis of OXCO2 cells. In addition to this cytotoxic effect 

mediated by the EGFR mAb, a cytostatic effect was determined to occur, with a 

decrease in Cyclin-D1 expression occurring in cells treated with >0.1µg/ml cetuximab. 

These two figures therefore establish the differential in downstream signalling 

between these two cell lines and suggest that this difference is at its greatest following 

treatment at 5µg/ml cetuximab. Interestingly, although we are able to clearly deduce 

an effect mediated by cetuximab within both cell lines at this concentration, 5µg/ml is 

significantly lower than concentrations utilised within the clinic. Although the dose 

used in CRC is dependent on the height and weight of the patient, the expected levels 

within the plasma is 92-327µg/ml (18-65 x the dose we utilised within our in vitro 
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experiments)384. Therefore, going forward, the concentration of cetuximab utilised in 

all experiments was 5µg/ml unless otherwise stated.  

We then investigated the alterations downstream of EGFR mediated by cetuximab 

over time in both cell lines (figures 3.8 & 3.9). We treated the LIM1215 cells with 

5µg/ml cetuximab over a timecourse ranging from 15mins to 48hrs. As we determined 

that there was a cytostatic but no cytotoxic effect of the mAb following cetuximab 

treatment at 48hrs in figure 3.6, we utilised 48hrs as our maximal timepoint. 

Abrogation of EGFR activation through treatment of LIM1215 cells with cetuximab 

was seen to occur following 15 minutes of treatment with the mAb and was sustained 

beyond our final timepoint of 48hrs. Decreased expression of the receptor was found 

to occur as early as 12 hours following exposure to cetuximab within this cell line. 

Prior to 12hrs there was no alteration in EGFR expression between untreated cells and 

cells exposed to the mAb. Interestingly, although phosphorylation of ERK1/2 was 

found to be downregulated at early timepoints in the LIM1215 cell line, reactivation 

of ERK phosphorylation occurred following 24hrs exposure to cetuximab (figure 

3.8b). This reactivation was sustained at the 48 hours timepoint and was determined 

to not occur as a result of reduced effect of cetuximab, as there was still abrogation of 

EGFR phosphorylation at this timepoint. In contrast to the observation determined 

with ERK1/2 phosphorylation, there was a strong downregulation of AKT 

phosphorylation following cetuximab treatment at both 24hr and 48hr treatment. At 

all timepoints tested apart from 48hrs, there was no difference in levels of apoptosis in 

cetuximab-treated cells compared to untreated controls, as indicated through the 

cleavage of PARP. At 48hrs however, although there is PARP cleavage within the 

untreated LIM1215 cells, this was abrogated in cells exposed to the mAb. This may be 

as a result of the cytostatic effect of the mAb which limits any apoptotic effects 

occurring in untreated cells that have grown to confluence.  

We then explored if this reactivation in ERK phosphorylation following cetuximab 

treatment also occurred within the sensitive OXCO2 cells (figure 3.9). As we were 

aware that this reactivation of ERK1/2 phosphorylation occurred at the late timepoint 

of 24hrs within LIM1215 cells, we utilised timepoints that would include 24 and 48hrs 

to determine if this was the case within these OXCO2 cells. We also investigated the 

earlier timepoints of 1 and 6hrs. Similar to LIM1215 cells, cetuximab treatment 

resulted in strong decreased expression of pEGFR at each of the timepoints analysed 
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which was also associated with downregulation of EGFR expression at 24 and 48hr 

following exposure to cetuximab. In contrast to the effects observed in the LIM1215 

cells, there was a strong decrease in expression of pAKT following just 1hr treatment. 

Importantly, there was no reactivation in pERK1/2 levels within the OXCO2 cell line 

at any of the timepoints analysed (figure 3.9b). Additionally, within the OXCO2 cells, 

PARP cleavage was induced following 24hrs of treatment and was sustained after 48hr 

treatment.  

Taken together, this result indicates that reactivation of ERK may be the driving factor 

that mediates resistance to the cytotoxic effect of cetuximab established within the 

LIM1215 RASWT cells. This therefore suggests that resistance to the apoptotic effect 

of cetuximab within the LIM1215 cells occurs as a result of a reactivation of ERK 

phosphorylation, resulting in cell survival. Following this finding, we subsequently 

investigated the link between ERK phosphorylation and cetuximab resistance in these 

cells in addition to elucidation of potential drivers of this reactivation (figure 3.10). 

We also sought to determine if inhibition or silencing of ERK1/2 in combination with 

cetuximab can overcome this resistance to cell death and initiate apoptosis. 
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Figure 3.6 Effect of increasing concentrations of cetuximab on EGFR
phosphorylation and activity of downstream signaling pathways, cell cycle
regulatory and apoptosis proteins in RASWT LIM1215 cells.
LIM1215 cells were treated with increasing doses of cetuximab (0.001µg/ml -
5µg/ml) for 48hr. Expression/phosphorylation levels of EGFR, AKT and ERK
and expression of Cyclin D and PARP were determined by Western blotting.
Representative of 2 independent experiments. β-Actin was used as a loading
control.
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Figure 3.7 Effect of increasing concentrations of cetuximab on EGFR
phosphorylation and activity of downstream signaling pathways, cell cycle
regulatory and apoptosis proteins in RASWT OXCO2 cells.
OXCO2 cells were treated with increasing doses of cetuximab (0.001µg/ml -
5µg/ml) for 48hr. Expression/phosphorylation levels of EGFR, AKT and ERK
and expression of Cyclin D and PARP were determined by Western blotting.
Representative of 2 independent experiments. β-Actin was used as a loading
control.
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Figure 3.8 Effect of cetuximab on EGFR phosphorylation and activity of
downstream signaling pathways and apoptosis proteins over time in
RASWT LIM1215 cells.
A) LIM1215 cells were treated with 5μg/ml cetuximab for the indicated times
and expression/phosphorylation levels of EGFR, ERK1/2 and AKT and PARP
levels determined by Western blotting. Representative of 3 independent
experiments. β-Actin was used as a loading control.
B) Quantification of levels of ERK and Akt phosphorylation by densitometery
normalised to band density of untreated controls at each timepoint.
Densitometery performed using ImageJ software.
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Figure 3.9 Effect of cetuximab on EGFR phosphorylation and activity of
downstream signaling pathways and apoptosis proteins over time in
RASWT OXCO2 cells.
A) OXCO2 cells were treated with 5μg/ml cetuximab for the indicated times
and expression/phosphorylation levels of EGFR, ERK1/2 and AKT and PARP
levels determined by Western blotting. Representative of 3 independent
experiments. β-Actin was used as a loading control.
B) Lower panel depicts quantification of levels of ERK and Akt
phosphorylation by densitometry normalised to band density of untreated
controls at each timepoint. Densitometry performed using ImageJ software.
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Figure 3.10 Overview of novel acute resistance mechanism to
cetuximab elucidated in LIM1215 cells
Above is a schematical overview of the mechanism of innate
cetuximab resistance that occurs within LIM1215 cells. Cetuximab
treatment has been determined to result in internalization of the EGF
receptor. As has previously been shown, while cetuximab initially
results in downregulation of the MAPK pathway as indicated
through ERK phosphorylation, at 24hr there is a rapid reactivation
of ERK. However, the driver of this survival signaling has yet to be
elucidated. Furthermore, we also had to determine if ERK alone
mediates this resistance within RASWT LIM1215 cells.
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3.2.4 Inhibition of ERK1/2 sensitizes RASWT LIM1215 cells to   

treatment with cetuximab  

To further underpin the role of ERK1/2 in mediating resistance to cetuximab treatment 

in RASWT LIM1215 CRC cells, we used specific siRNA against ERK1 and ERK2. 

Initially, the interaction between cetuximab and siERK1/2 was determined through 

cell viability studies and calculation of the combination index values (CI) (figure 3.11). 

This particular assay utilises the Chou-Talalay method based on the median-effect 

equation to determine levels of synergy between two or more different conditions385. 

At a siERK1/2 concentration of 1nM, there was a strong synergistic interaction 

between cetuximab and ERK1/2 silencing at a concentration of cetuximab at <1µg/ml. 

At the highest concentration of cetuximab used (1µg/ml), we only observed slight 

synergism between the mAb and siRNA at 1nM. Increasing the concentration of 

ERK1/2 siRNA to 5 or 10nM resulted in moderate/strong synergism with all 

concentrations of cetuximab tested, however this synergy was more prominent when 

cells were treated with 0.25 and 0.5µg/ml of the mAb. This synergistic interaction of 

cetuximab and ERK1/2 silencing could be as a result of EGFR phosphorylation still 

occurring at these concentrations of the mAb; as determined previously in figure 3.6. 

Therefore, combining EGFR inhibition with ERK1/2 silencing enhances the effect of 

the mAb through downregulation of cell proliferation. Within cells that were exposed 

to 1µg/ml  cetuximab in combination with ERK1/2 silencing, the effect of this 

combined treatment will not be as defined, as exposure to this concentration of the 

EGFR mAb alone mediates a pronounced downregulation of EGFR phosphorylation 

and inhibition of proliferation.  

Following the determination that siERK1/2 and cetuximab elicited a synergistic effect 

within the LIM1215 cells, we investigated the effect of this combination on induction 

of apoptosis. We initially transfected LIM1215 cells with siERK2 or siERK1/2 for 

24hrs prior to treatment with cetuximab for a further 24hrs (figure 3.12). Corroborating 

with previous data, treatment with cetuximab in cells transfected with the scrambled 

control (SC) siRNA resulted in decreased levels of EGFR activation as well as 

decreased cyclin-D1 expression, indicative of the cytostatic effect mediated by 

cetuximab. Additionally, as observed in our previous experiments, treatment with 

cetuximab alone resulted only in a minor decrease in ERK1/2 phosphorylation and a 

defined downregulation in pAKT expression within the SC transfected cells. 
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Transfection with siERK2 alone resulted in an upregulation of pEGFR and pAKT 

levels compared to cells transfected with SC siRNA alone. Combination of cetuximab 

with ERK2 silencing strongly decreased ERK1/2 phosphorylation in LIM1215 cells. 

Silencing of ERK2 alone did not affect expression of cyclin-D1, and treatment with 

cetuximab resulted in similar levels of cyclin D1 downregulation in both SC and 

siERK2 transfected cells. Additionally, within the siERK2-transfected cells we 

established that treatment with cetuximab resulted in an upregulation in apoptosis 

compared to cells transfected with the SC siRNA or siERK2 alone, determined through 

the expression of the cleaved isoform of PARP. This therefore indicated that dual 

treatment of ERK silencing and cetuximab can overcome the resistance to the 

apoptotic effect mediated by the mAb and re-establish sensitivity.  

Interestingly, while combination of siERK2 and cetuximab resulted in a decreased 

pAKT levels, compared to levels observed in cells exposed to the siRNA alone, AKT 

activity in dual siERK2/cetuximab treated cells was much higher compared to cells 

treated with cetuximab alone. This result is suggestive of a compensatory activation of 

the PI3K/AKT signalling in response to the downregulation of MAPK activity in cells 

exposed to the ERK2 siRNA. In addition, while ERK2 silencing resulted in abrogation 

of ERK2 phosphorylation in comparison to levels determined in SC-treated cells, there 

was no clear alteration in cyclin-D1 expression. One such explanation of this result is 

that the regulation of cyclin-D1 within the LIM1215 cells may be more dependent on 

PI3K/AKT activation than the MAPK pathway via ERK phosphorylation. This ability 

of PI3K to regulate the transcription of cyclin D1 has previously been reported and 

may explain why downregulation in cyclin D1 can still be established following 

prolonged treatment of LIM1215 cells with cetuximab despite the reactivation of ERK 

phosphorylation386, 387.   

As with silencing of ERK2 alone, combination of siERK1 & siERK2 also resulted in 

potent decreases in levels of ERK phosphorylation, in particular following cetuximab 

treatment, which was also associated with strong increased PARP cleavage, similar to 

levels observed in cells co-treated with siERK2/cetuximab.  These data would suggest 

that ERK2 in particular regulates apoptosis following cetuximab treatment in RASWT 

LIM1215 cells. This suggestion that ERK2 is the more dominant isoform of MAPK 

with regard to its role in survival and proliferation of cells has been widely discussed. 

ERK2 has been determined to be more highly expressed in most mammalian tissue 
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compared to the ERK1 isoform388. Additionally, ERK2 has been determined to be 

more vital in survival as ERK2 KO mice suffer from early embryonic death due to 

placental defects, while ERK1 KO mice exhibit more minor defects including impaired 

termination of cells389. 

In order to further clarify the role of ERK2 in regulating sensitivity to cetuximab 

treatment, we developed a constitutively active ERK2 construct through site-directed 

mutagenesis using a commercially available Myc-DDK tagged - pCMV6 MAPK1 

vector (Origene). The initial stage of the development of this construct was the removal 

of the ERK2 protein from the backbone to create a control empty vector (figure 3.13). 

This empty vector would then allow us to confirm that any changes identified 

following tranfection of the cells occurred as a direct result of the insertion of the 

normal or mutated ERK2 vector, rather than the process of the transfection itself. To 

generate the empty vector, we first utilised the ECOR1 restriction enzyme to linearise 

the vector which was then visualized through agarose gel electrophoresis (figure 

3.13a). The band representing the pCMV6 backbone was then excised from the gel 

and the DNA extracted using the QIAquick Gel Extraction Kit (Qiagen). The resultant 

DNA was then cleaned up using the Phenol/Chloroform DNA precipitation method 

and the empty vector was subsequently re-ligated using T4 DNA Ligase (New England 

Biolabs). To confirm the successful removal of the ERK2 protein from the pCMV6 

backbone, the vector was then visualized using agarose gel electrophoresis (figure 

3.13b) 

To mimic consitiutive activation of the ERK2 constuct, we performed site directed 

mutagenesis on the ERK2 vector which involved two substitutions at amino acids 185 

and 187 (C.185T>E and C.187Y>E respectively) using the KOD Xtreme Hot Start 

Polymerase Kit (figures 3.14 & 3.15). These particular sites were mutated to 

glutamines from threonine and tyrosine respectively as this results in a more negatively 

charged protein structure, mimicking phosphorylation of that particular site390. To 

determine which samples to send for sequencing at GATC Biotech (Konstanz, 

Germany), ECOR1-mediated restriction digests were performed on all DNA samples 

and visualised through agarose gel electrophoresis. This allowed us to determine if 

there were any shifts in either of the two DNA bands, indicative of the presence of 

multiple primer inserts (an example of this is sample 2.3 1 in figure 3.15).  The ability 

of this vector to overexpress ERK2 was then tested in the osteosarcoma cell model 
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U2OS, which are regarded as easily transfectable cells. Following transfection for 

24hrs with the empty vector negative control (EV), the unmutated ERK2 vector 

(ERK2) or the mutated vector (SDM2), proteins were extracted, and expression levels 

determined through western blotting (figure 3.16). As verification of the successful 

transfection, levels of FLAG expression were established as the ERK2 vector contains 

a Myc-DDK (FLAG) tag. Promisingly, FLAG was expressed in cells transfected with 

either the parental (C.185T; C.187Y) or the mutated (C.185E; C.187E) ERK2 vector. 

We also noted an upregulation in total ERK2 expression levels within LIM1215 cells 

transfected with either parental or mutated vectors. This increase was a direct result of 

the transfection, as the protein detected was ~3kDa greater than that of the endogenous 

ERK2, as a result of the Myc-DDK tag on the C-terminus of the protein. However, 

although phosphorylation levels of ERK were upregulated in the U2OS cells 

transfected with the parental vector, this was surprisingly not the case in cells 

transfected with the constitutively active vector. We next assessed the effect of 

transient overexpression of parental and mutated ERK vector in the LIM1215 cell line 

alongside simultaneous transfection with the U2OS cells as a positive control (figure 

3.17). Unfortunately, although the transfection was again successful in the U2OS cells, 

there was no detectable FLAG and no increase in ERK expression in the LIM1215 

cells.  

Therefore, we have identified a potential role for ERK2 in mediating resistance to the 

cytotoxic effect of cetuximab within the LIM1215 RASWT cells. However, we were 

still to determine whether this reactivation of MAPK signalling via ERK2 occurred as 

a direct response to the EGFR mAb or if another factor mediated this response.   
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Figure 3.11 Effect of combined siERK1/2-cetuximab treatment on viability of
RASWT LIM1215 cells. LIM1215 cells were transfected with 10nM scrambled
siRNA control (SC) or siRNA against ERK1/2 (1nM, 5nM or 10nM), alone or
combined with cetuximab (0.001µg/ml; 0.005 µg/ml; 0.01 µg/ml or 0.1 µg/ml) for
72h. CI values were calculated using the method of Chou and Talalay, where CI <
0.3, 0.3 < CI < 0.7, 0.7 < CI < 0.85, 0.85 < CI < 1, CI = 1, and CI > 1 denotes very
strong synergism, strong synergism, moderate synergism, slight synergism, an
additive interaction, and antagonism, respectively. Representative results of 3
experiments.

LIM1215

-9.0 -8.5 -8.0
0.00

0.25

0.50

0.75

1.00

1.25

1.50
Cetuximab (0.001µg/ml)
Cetuximab (0.25µg/ml)
Cetuximab (0.5µg/ml)
Cetuximab (1µg/ml)

log[siERK1/2]

C
I v

al
u

e



 
 

135 
 

 

 

 

  

 

 

 

 

 

b-Actin

AKT

pEGFRY1068

pERK1/2Y202/Y2014

EGFR

ERK1/2

pAKT S473

Cyclin-D1

PARP

Figure 3.12 Effect of ERK1/2 silencing on cetuximab-induced apoptosis in
RASWT LIM1215 CRC cells. LIM1215 cells were reverse transfected with 10nM
SC, ERK2 siRNA (siERK2) or combined ERK1 and ERK2 siRNA for 24h
followed by treatment with cetuximab (5µg/ml) for an additional 24hr.
Representative image of 2 independent experiments. β-Actin was used as a loading
control.
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Figure 3.13 Developing an empty vector through the release of an ERK2
protein from its pCMV6-Entry-C-Terminal-Myc-DDKtag Backbone
DNA from the original ERK2 vector (Origene; Cat#RC204703) underwent
restriction digestion using the ECOR1 enzyme. The DNA was then
visualized by agarose gel electrophoresis. The upper band (A – representing
the pCMV6-Entry backbone) was cut out of the gel and the DNA extracted
using the QIAquick Gel Extraction Kit (Qiagen). The DNA was then cleaned
up using the Phenol/Chloroform DNA Precipitation method. Following this,
the vector was re-ligated using T4 DNA Ligase (New England Biolabs). For
conformation of the excision of the ERK2 protein, the DNA of the re-ligated
vector was ran on an agarose gel in conjunction with the DNA from the
original ERK2 vector and visualised using gel electrophoresis (B).
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Figure 3.14 Development of a constitutively active ERK2 vector:
introduction of the first mutation in the ERK 2 protein was at AA 185
(C.185T>E).
The PCR-based site directed mutagenesis was carried out with KOD Xtreme
Hot Start Polymerase kit (Novagen) using the pCMV6-Entry-C-Terminal-
Myc-DDKtag-MAPK1 construct as a template.
A) Once colonies had grown and DNA was extracted through miniprep,

restriction digests were performed using the ECOR1 restriction digest.
The DNA was then visualized by agarose gel electrophoresis and the
most promising clones selected for sequencing.

B) Alignment of the DNA sequence encoding wild-type human ERK2 and
the mutant protein 1.3 2. Plasmid DNA of the generated mutants was
sequenced at GATC Biotech (Konstanz. Germany) and the results
analysed using Geneious software.
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Figure 3.15 Development of a constitutively active ERK2 vector:
introduction of the second mutation in the ERK 2 protein was at AA 187
(C.187Y>E).
The PCR-based site directed mutagenesis was carried out with KOD Xtreme
Hot Start Polymerase kit (Novagen) using the previously mutated pCMV6-
Entry-MAPK1 construct produced in figure 3.13 as a template.
A) Once colonies had grown and DNA was extracted through miniprep,

restriction digests were performed using the ECOR1 restriction digest.
The DNA was then visualized by agarose gel electrophoresis and the
most promising clones selected for sequencing.

B) Alignment of the DNA sequence encoding wild-type human ERK2 and
the mutant protein 2.5 2. Plasmid DNA of the generated mutants was
sequenced at GATC Biotech (Konstanz. Germany) and the results
analysed using Geneious software.
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Figure 3.16 Transient transfection of osteocarcinoma U2OS cells with
the wild-type and mutant ERK2 constructs.
U2OS cells were seeded overnight prior and thereafter transiently
transfected with an empty vector control (EV), the wild-type ERK2 (ERK2)
vector or the mutant ERK2 vector (derived by site-directed mutagenesis;
SDM2) for 24hrs. In addition to these conditions, a mock control was carried
out through the addition of Xtremegene only (M). ERK1/2
expression/phosphorylation and FLAG expression was determined by
Western blotting. β-Actin was used as a loading control.
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Figure 3.17 Transient transfection of osteocarcinoma U2OS cell line and
LIM1215 cells with the wild-type and mutant ERK2 constructs.
U2OS and LIM1215 cells were seeded overnight prior and thereafter
transiently transfected with an empty vector control (EV), the wild-type
ERK2 (ERK2) vector or the mutant ERK2 vector (derived by site-directed
mutagenesis; SDM2) for 24hrs. In addition to these conditions, a mock
control was carried out through the addition of Xtremegene only (M).
ERK1/2 expression/phosphorylation and FLAG expression was determined
by Western blotting. β-Actin was used as a loading control.
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3.2.5 Incubation of RASWT CRC cells with recombinant human EGF-like 

ligands abrogates effect of cetuximab treatment 

To further determine the causative factor of the ERK2 reactivation established within 

the LIM1215 cells following exposure to cetuximab, we decided to investigate 

previously described methods of innate resistance towards EGFR-targeting mAbs. The 

role of EGF-like ligands in the regulation of sensitivity to EGFR-targeted therapies 

has been published previously and is dependent on the ligand expressed. A study by 

Khambata-Ford et al. showed that mCRC patients with tumours that have high gene 

expression of epiregulin and amphiregulin are more likely to exhibit disease control 

following treatment with cetuximab135. An additional pre-clinical study in colon 

xenograft models concluded that increased TGFα secretion and expression at the 

mRNA level correlates with resistance to cetuximab through the activation of MET 

signalling, which was mediated through the induction of EGFR and MET 

heterodimers. Additionally, induction of resistance to cetuximab through chronic 

exposure of these cell lines resulted in an upregulation of TGFα secretion, as 

determined through a fluorescent-based immunoassay222. Based on the data above, 

showing a potential role for ERK2 in regulating sensitivity/resistance to cetuximab 

treatment; and our previous work, showing that MEK1/2 and ERK1/2 regulate basal 

and chemotherapy-induced ligand shedding, we decided to evaluate the role of 

exogenous ligands in regulating sensitivity to cetuximab treatment391. 

Initially, we sought to assess the effect of addition of exogenous EGF-like ligands on 

HER and MET receptor phosphorylation and activation of the downstream signalling 

pathways ERK and AKT (figure 3.18). We also investigated the role of the MET ligand 

HGF, as activation of MET signalling has been implicated in cetuximab resistance222. 

LIM1215 cells were treated for 15 minutes with recombinant human (rh)-TGFα, rh-

EGF, rh-HGF, rh-Amphiregulin (AR), rh-Epiregulin (ER), rh-Epigen, rh-β-Cellulin or 

rh-HB-EGF (figure 3.18). Treatment with recombinant human EGFR ligands resulted 

in different degrees of EGFR phosphorylation, consistent with the knowledge that 

different EGF-like ligands exhibit distinct effects following their binding to the 

extracellular domain of EGFR392. For example, each EGF-like ligand has been shown 

to evoke different effects on proliferation, with TGFα and AREG inducing higher 

levels of cell proliferation than that determined following treatment with EGF and HB-

EGF97. Additionally, different ligands can also induce activation of different signalling 
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pathways. For example, AREG has been determined to stimulate NFκB-signalling, an 

effect that has not been established following the induction of signalling mediated by 

EGF393. While addition of recombinant HGF, AR, ER and Epi resulted in a small 

upregulation of EGFR phosphorylation compared to untreated LIM1215 cells, 

addition of TGF-α, EGF, β-Cellulin and Hb-EGF all mediated a substantial 

upregulation of pEGFR expression levels. With regard to EGFR expression, there was 

little alteration in expression following the addition of recombinant ligands compared 

to untreated cells at this early time-point, with only Epiregulin-treated cells displaying 

a small increase in expression. Similar to what was established with regard to EGFR 

activation, expression of phosphorylated HER2 was markedly increased following 

treatment with TGF-α, EGF, β-Cellulin and Hb-EGF compared to basal levels. The 

similar effect determined with regard to the induction of EGFR and HER2 activity 

mediated by these ligands may be as a result of heterodimerisation between the two 

receptors, aided by the rigidity of the extracellular domain of HER2, priming it for 

dimerization87. As expected at this timepoint, MET phosphorylation was mediated 

exclusively through treatment with its cognate ligand HGF and was not at detectable 

levels in untreated cells or in cells treated with the other recombinant ligands tested.  

Addition of recombinant ligands also resulted in varying levels of activation of 

downstream MAPK and PI3K/AKT survival pathways. ERK1/2 phosphorylation was 

not altered at this timepoint in cells exposed to recombinant human AR or Epigen in 

comparison to activation levels determined within untreated cells. While there was a 

minor upregulation in ERK1/2 phosphorylation within cells exposed to HGF and ER, 

treatment with TGF-α, EGF, β-Cellulin and Hb-EGF resulted in a considerable 

increase in the expression of pERK1/2. This differential effect on downstream 

signalling mediated by different ligands is consistent with the literature which has 

established that each of the EGF-like ligands results in distinct signalling activation 

due to the variation in recruitment of adaptor proteins at the C-terminal domain of the 

receptor. One such example of this is the ability of EGF to stimulate EGFR 

phosphorylation at Y1045, resulting in the recruitment of the E3-ubiquitin ligase Cbl 

which has not been shown to occur following AR treatment394. Similar to their effect 

on ERK1/2 phosphorylation, AR and Epi resulted in a small upregulation in the 

expression of phosphorylated Akt, with this increase in expression being slightly more 

defined in cells treated with AR. Treatment of LIM1215 cells with TGF-α, EGF. HGF, 

ER, β-Cellulin or Hb-EGF for 15 minutes all resulted in a considerable increase in 
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AKT activation while eliciting no change within the expression levels of the kinase in 

comparison to expression established basally. 

We then assessed the effects of these different ligands on HER family activation and 

downstream kinases following exposure of the LIM1215 cells for the longer period of 

24hrs (figure 3.19). In contrast to what was established at the earlier timepoint, we 

observed strong increases in EGFR phosphorylation following stimulation with rh-

HGF, rh-AR, rh-Epi and also rh-ER, which was associated with increased expression 

levels of the EGF receptor. While incubation with rh-TGFα, rh-EGF, rh-β-Cellulin and 

rh-Hb-EGF resulted in most potent increases in EGFR activation at the early time 

point, this effect was lost at the 24hr time point and instead these ligands were 

associated with decreased expression of the receptor. This result is indicative of 

internalisation and degradation of the receptor following its early activation395. The 

addition of rh-HGF, rh-AR, rh-ER and rh-Epi resulted in little to no alteration in the 

expression of the phosphorylated form of HER2 and a negligible upregulation in the 

expression of the receptor. Prolonged exposure to rh-TGFα, rh-EGF, rh-β-Cellulin and 

rh-Hb-EGF resulted also in a downregulation of HER2 phosphorylation as well 

expression of the receptor compared to levels determined in untreated LIM1215 cells. 

Unlike the dynamics of EGFR, HER2 has been described to be resistant to the 

internalisation and degradation following its phosphorylation, which may explain why 

there was little change in HER2 expression but downregulation in EGFR expression 

observed in cells treated with these ligands396. The downregulation of HER2 

phosphorylation observed in LIM1215 cells exposed to rh-TGFα, rh-EGF, rh-β-

Cellulin and rh-Hb-EGF for 24hrs is likely to be as a result of decreased 

heterodimerisation between HER2 and EGFR as a result of EGFR internalisation and 

degradation. Importantly, for all ligands analysed we observed strong increases in 

MET activation. With regard to the downstream effects incurred this timepoint, none 

of the recombinant ligands resulted in increased ERK1/2 phosphorylation compared 

to levels determined in untreated cells. However, there was upregulation of AKT 

phosphorylation within cells treated for 24hrs with rh-HGF, rh-AR, rh-ER, rh-Epi, rh-

β-Cellulin or rh-Hb-EGF. It has been previously described that with regard to the 

differential effects of different EGF-like ligands, the effects on AKT phosphorylation 

are most noticeable as activation of this signalling pathway requires higher levels of 

EGFR activation. This is consistent with our data as the ligands that mediate prolonged 
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EGFR phosphorylation have also been determined to elicit AKT signalling at this 

timepoint.  

Based on the results of Fig. 3.18 showing that addition of rh EGF-like ligands results 

in acute increases in pERK1/2 levels, we next assessed the ability of these ligands to 

overcome the effect of cetuximab in RASWT LIM1215 cells (figures 3.20 & 3.21). 

Consistent with previous results, treatment of LIM1215 cells with cetuximab resulted 

in an IC50 dose of ~0.005µg/ml.  Addition, of TGF-α, HB-EGF or β-Cellulin resulted 

in an inability to establish an IC50 following cetuximab treatment in LIM1215 cells, 

indicating that these ligands can overcome the anti-proliferative effects mediated by 

the mAb. Additionally, exposure to EGF or Epiregulin in combination with cetuximab, 

markedly increased the IC50 for the mAb to 65µg/ml and 1.34µg/ml respectively 

(figure 3.20). In contrast to these results, no change in IC50 concentration for cetuximab 

was observed between control cells and cells pre-incubated with amphiregulin or 

epigen (figure 3.21). Interestingly, these 2 ligands did not mediate an upregulation of 

pERK1/2 at the early time-point of 15 minutes (figure 3.18). 
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LIM1215

Figure 3.18 Acute effect of recombinant human (rh) EGFR and c-MET
ligands on RTK phosphorylation and activity of downstream signaling axis.
LIM1215 CRC cells were incubated with TGFα (25ng/ml), EGF (25ng/ml),
Amphiregulin (AR) (25ng/ml), Epiregulin (ER) (25ng/ml), Epigen (Epi)
(25ng/ml), β-Cellulin (b-Cel) (25ng/ml), Hb-EGF (25ng/ml) or HGF (20ng/ml)
for 15 minutes and expression/phosphorylation levels of EGFR, HER2, MET,
ERK and AKT determined by Western Blotting. β-Actin was used as a loading
control.
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Figure 3.19 Delayed effect of recombinant human (rh) EGFR and c-MET
ligands on RTK phosphorylation and activity of downstream signaling axis.
LIM1215 CRC cells were incubated with TGFα (25ng/ml), EGF (25ng/ml),
Amphiregulin (AR) (25ng/ml), Epiregulin (ER) (25ng/ml), Epigen (Epi)
(25ng/ml), β-Cellulin (b-Cel) (25ng/ml), Hb-EGF (25ng/ml) or HGF (20ng/ml)
for 15 minutes and expression/phosphorylation levels of EGFR, HER2, MET,
ERK and AKT determined by Western Blotting. β-Actin was used as a loading
control.
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Figure 3.20 Effect of addition of rhEGFR ligands on survival of RASWT
CRC cells following treatment with cetuximab. Upper: LIM1215 cells were
treated with increasing concentration of cetuximab (0.05ng/ml - 50μg/ml) for
72hr, in the absence and presence of rhTGFα, rhEGF, rhEpiregulin, rhHb-EGF
or rhβ-Cellulin (all at 5ng/ml) and cell viability determined using the MTT
assay. IC50 values were then determined through interpolating a non-linear
graph with a variable slope. The IC50 value shown for the untreated controls
(NT) is the average IC50 obtained across all experiments including repeats.
Figures show a representative image of at least 2 independent experiments.
Shown is the mean ± standard deviation.
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Figure 3.21 Effect of addition of rhAR and rhEpigen on survival of
RASWT CRC cells following treatment with cetuximab. MTT assay in
LIM1215 cells treated for 72hr with increasing concentration of cetuximab
(0.05ng/ml - 50μg/ml) in the presence or absence of rhAmphiregulin or
rhEpigen (both 5ng/ml). IC50 values were then determined through
interpolating a non-linear graph with a variable slope. The IC50 value shown
for the untreated controls (NT) is the average IC50 obtained across all
experiments including repeats. Figures show a representative image of 2+
independent experiments. Shown is the mean ± standard deviation.
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3.2.6 Treatment of RASWT CRC cells with cetuximab results in acute 

increases in ADAM17 and shedding of TGF-α  

Having shown the potential role of ERK2 and EGF-like ligands in mediating 

sensitivity to cetuximab treatment, we next explored the effect of cetuximab on 

expression levels of the ligands for EGFR. We decided to focus on TGFα as a result 

of its high levels of expression in CRC in a clinical setting397. Additionally, increased 

serum levels of TGFα has been previously associated with gefitinib resistance in head 

and neck cancer as well as cetuximab resistance in colorectal cancer222. The effect of 

cetuximab on ligand shedding was initially determined through measurement of levels 

of soluble TGF-α in the culture media of LIM1215 and OXCO2 cells both prior to and 

following cetuximab treatment. Both RASWT cell lines were treated with cetuximab 

at a concentration of 5μg/ml for 24hrs. TGF-α levels were shown to be significantly 

increased in the LIM1215 cell line following treatment with cetuximab (P=<0.001), 

which may be a result of increased transcription or increased shedding of the ligand 

within these cells following exposure to the mAb (figure 3.22a). Although a small 

upregulation of TGF-α shedding was also found following cetuximab treatment in the  

OXCO2 cell line, this increase was not significant (P=0.37, figure 3.22b).  

In order to determine if this upregulation of soluble TGFα following cetuximab 

treatment in the LIM1215 cells was a result of increased transcription of the ligand, 

we performed quantitative RT-PCR on RNA extracted from untreated and cetuximab-

treated LIM1215 and OXCO2 cells (figure 3.23). We subsequently determined that 

there was no significant upregulation in TGF-α mRNA levels following cetuximab 

treatment in either the LIM1215 (figure 3.23a) or the OXCO2 (figure 3.23b) cell lines. 

These results would indicate that changes in serum levels of TGF-α following 

cetuximab treatment could be explained through increased shedding of the ligand. 

ADAM-17 is also known as TNF-α converting enzyme (TACE) due to its role in the 

activation and shedding of TNF-α. Aside from TNF-α, ADAM17 has also been shown 

to mediate the cleavage of EGFR ligands such as TGF-α, Amphiregulin and β-

Cellulin102. We have previously shown ADAM-17 can mediate resistance to SOC 

treatment261. Additionally, we have also established ligand shedding is dependent on 

ERK1/2 activity through the interaction and upregulation of ADAM-17 activity. 

Therefore, to determine if the increase in ERK2 phosphorylation determined in 

LIM1215 cells following cetuximab treatment resulted in increased ligand shedding, 
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we assessed ADAM17 activity following cetuximab treatment using a commercially 

available ADAM17 activity assay (Calbiochem). This assay was performed with 

protein lysates extracted from LIM1215 or OXCO2 cells following treatment with 

5μg/ml cetuximab for either 24, 48 or 72hrs. These results showed that ADAM17 

activity was significantly increased in the LIM1215 cells following treatment with 

cetuximab at all timepoints studied (24, 48 & 72hr; P=<0.001) (figure 3.24a). 

Conversely, in the OXCO2 cell line, there was no significant difference in ADAM17 

activity following 24hr treatment with cetuximab (P=0.141), while 48hr and 72hr 

treatment with cetuximab resulted in a significant decrease in ADAM17 activity (48hr; 

P=0.0031, 72hr; P=0.0002). This decrease also correlated with the downregulation of 

ADAM17 expression levels as determined by western blotting (figure 3.24b & c). 

Importantly, these results are the first to show that EGFR mAb treatment result in acute 

increases in ADAM17 activity and EGFR ligand shedding in RASWT CRC cells. 
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Figure 3.22 Effect of cetuximab treatment on shedding of soluble TGF-α
in the RASWT LIM1215 and OXCO-2 CRC cells. LIM1215 (A) and
OXCO2 (B) CRC cells were treated with cetuximab (5μg/ml) for 24 hours.
Conditioned medium was collected and levels of soluble TGFα were
determined using a commercially available ELISA (R&D systems). Levels of
TGF-α were normalised to number of cells in untreated and treated wells.

* Denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001, n.s. denotes non-
significance. Statistical analysis performed with student’s t test.
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Figure 3.23 Effect of cetuximab treatment on TGF-α mRNA levels in the
RASWT LIM1215 and OXCO2 CRC cells. LIM1215 (A) and OXCO2 (B) cells
were treated with cetuximab (5μg/ml) for 6 hours and mRNA levels of TGFα
determined using real time quantitative (RT) PCR. Expression levels were
normalised to GAPDH and β-Actin expression. Graph illustrates the combined
results derived from 2 independent experiments.

* Denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001, n.s. denotes non-
significance. Statistical analysis performed with student’s t test.
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Figure 3.24 Effect of cetuximab on ADAM17 activity in RASWT cells
LIM1215 CRC cells were treated for the indicated time with cetuximab
(5μg/ml).
A) Proteins were then extracted and ADAM17 activity levels were determined

using the TACE-Activity assay (Calbiochem).
B) Protein levels of ADAM17 were also determined using Western Blotting

with β-Actin as a loading control Showing a representative blot of 2
independent experiments.

C) Lower panel depicts quantification of levels of ADAM17 expression by
densitometery normalised to band density of untreated controls at each
timepoint and β-Actin. Densitometery performed using ImageJ software.

* Denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001, n.s. denotes non-
significance. Statistical analysis performed with student’s t test.
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3.2.7 Inhibition of ADAM17 results in an increase in cetuximab response 

determined within LIM1215 cells 

Having shown a key role of ADAM17 in regulating cetuximab-induced TGF-α 

shedding, we then investigated if ADAM17 activity plays a role in mediating 

sensitivity of LIM1215 cells to cetuximab treatment. We first wanted to determine an 

appropriate dose of the ADAM17 SMI IK682 to utilise in further experiments which 

we determined using MTT survival analysis (figure 3.25). IK682 is a γ-Lactam 

Hydroxamic Acid which was discovered through the optimisation of a compound that 

specifically targeted ADAM17 through its S1’ site. IK682 was subsequently 

determined to be a potent inhibitor of ADAM17 with a Ki of 0.56nM, 200x more potent 

in comparison to its effect towards other metalloproteases including MMP3, 7 and 8398.  

LIM1215 cells were determined to have an IC50 of ~1μM towards IK682. Next, the 

interaction between the ADAM17i IK682 and cetuximab was established through CI 

assays (figure 3.26). At the 1µM concentration of IK682 (the IC50 concentration 

determined in these cells), there was very strong synergy established between the SMI 

and cetuximab at all concentrations utilised of the EGFR mAb. Moderate synergy was 

also observed using 2.5µM of IK682 with all concentrations of cetuximab although 

the synergy levels were decreased compared to the levels obtained using 1µM of the 

ADAM17i. Further increasing the concentration of IK682 to 5µM also led to moderate 

synergy with cetuximab at concentrations between 0.001-0.01µg/ml. At 5µM IK682 

and 0.1µg/ml cetuximab, we determined that there was only an additive effect when 

combining the two treatments, which may be due to the anti-proliferative effects of the 

EGFR mAb at this concentration as determined in figure 3.3. 

To confirm the role of ADAM17 in regulating EGFR ligand shedding following 

exposure of the cells to cetuximab, we tested the media from cells treated with a 

specific siRNA targeting ADAM17 and the SMI IK682 again using the TGFα ELISA 

(figure 3.27b & c). As shown previously by the group, siADAM17 and IK682 

abrogated basal TGFα shedding in LIM1215 cells. Importantly, both IK682 and 

siADAM17 significantly abrogated the increase in TGFα shedding following 

cetuximab treatment. We previously have shown that ERK1/2 phosphorylation 

regulates ligand shedding through the activation of ADAM17 and that treatment of 

RASMT HCT-116 cells with chemotherapy resulted in an increase in ADAM17 

activity, mediating resistance to these chemotherapeutic agents399.  Hence, we wanted 
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to evaluate if MEK1/2 and ERK1/2 regulated the shedding of TGF-α following 

cetuximab treatment. Transfection of LIM1215 cells with an ERK1/2-specific siRNA 

and treatment with the MEK1/2 inhibitor AZD6244 both significantly abrogated the 

increase in soluble TGF-α levels determined following treatment with cetuximab in 

LIM1215 cells (figure 3.27a & b). 

We next determined the effect of ADAM17 inhibition on EGFR phosphorylation and 

expression, as well as the effect on activation of downstream signalling pathways both 

alone and in combination with cetuximab treatment (figures 3.28 & 3.29). Treatment 

of LIM1215 cells with IK682 alone for 24hrs resulted in slight decrease in EGFR 

phosphorylation and decreased AKT activation in comparison to untreated cells. There 

was no effect on ERK1/2 phosphorylation following exposure to IK682 alone. In 

addition, inhibition of ADAM17 resulted in a marked reduction in cyclin D expression 

levels in the LIM1215 cells to a level similar of that determined within LIM1215 cells 

exposed to cetuximab alone. Combining IK682 with cetuximab did not further 

decrease pERK1/2 or pAKT levels compared to the levels observed in LIM1215 cells 

exposed to the EGFR mAb as a monotherapy. With regard to apoptotic effect, there 

was no change in levels of PARP cleavage in cells treated with cetuximab alone, 

consistent with our previous data. IK682 treatment both alone and in combination with 

cetuximab for 24hr also exhibited no apoptotic effect in LIM1215 cells. We 

subsequently determined the effects of combined treatment with cetuximab and the 

ADAM17 SMI within LIM1215 cells for the longer treatment period of 72hrs (figure 

3.29). At this later timepoint, combination of IK682 with cetuximab potently reduced 

ERK1/2 phosphorylation compared to levels obtained with either cetuximab or IK682 

alone. In addition to this, exposure of LIM1215 cells to the ADAM17 SMI and 

cetuximab either alone or as a dual treatment also decreased AKT phosphorylation. 

Despite the reduction of survival signalling from both PI3K/AKT and MAPK 

pathways, this combination of treatment did not induce apoptosis. As there is a 

reduction in the expression of cleaved PARP in the treated cells in comparison to the 

untreated cells, this further corroborates our previous data that cetuximab reduces cell 

proliferation within LIM1215 cells. Decreased levels of proliferation would result in 

lower levels of confluence-mediated cell death. As inhibition of ADAM17 did not 

mediate an apoptotic response in LIM1215 cells when utilised in combination with 

cetuximab, this suggests that ADAM17 is not the principal driver of this resistance and 
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therefore there may be an additional factor that mitigates the apoptotic effect of 

cetuximab within these cells. 

We therefore have two potential mechanisms of acute resistance to the induction of 

apoptosis mediated by cetuximab within the LIM1215 cells (figure 3.30). The first 

potential mechanism is that the upregulation of ERK2 phosphorylation drives the 

activation of ADAM-17, resulting in phosphorylation of RTKs as a result of increased 

ligand shedding. This mechanism suggests the existence of an additional driver of 

resistance that mediates the upregulation in ERK2 phosphorylation, activated 

following exposure of LIM1215 cells to cetuximab. The second hypothetical 

mechanism is the activation of ADAM-17 mediates the upregulation of ERK2 

phosphorylation, via increased ligand shedding and subsequent RTK phosphorylation. 

As both of these potential mechanisms of resistance depend on the existence of an 

additional driver of resistance which we then investigated.  
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Figure 3.25 Sensitivity of RASWT CRC cells to ADAM17 inhibitor IK682.
RASWT LIM1215 and OXCO cells were treated with increasing
concentrations of IK682 (1nM - 10μM) for 72h. Cell viability was determined
using MTT assay. IC50 values were calculated using the GraphPad 5 software.
Figure shows a representative image of 3 independent experiments. Shown is
the mean ± standard deviation.
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Figure 3.26 Effect of combined ADAM17i/cetuximab treatment on viability
of RASWT LIM1215 cells. LIM1215 cells were untreated, treated with
ADAM17 inhibitor IK682 (1μM-2.5μM-5μM) alone, cetuximab (0.001µg/ml;
0.005 µg/ml; 0.01 µg/ml or 0.1 µg/ml) alone or with combined
ADAM17i/cetuximab for 72h and cell viability determined using the MTT
assay. CI values were calculated using the method of Chou and Talalay, where
CI < 0.3, 0.3 < CI < 0.7, 0.7 < CI < 0.85, 0.85 < CI < 1, CI = 1, and CI > 1
denotes very strong synergism, strong synergism, moderate synergism, slight
synergism, an additive interaction, and antagonism, respectively.
Representative results of xx experiments.
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Figure 3.27 Effect of cetuximab in absence and presence of ERK1/2,
MEK1/2 and ADAM17 inhibition on TGFα shedding in RASWT CRC
cells.
LIM1215 CRC cells were transfected with 10nM SC, 10nM ADAM17 siRNA
(siAD17) (C), 10nM ERK1/2 siRNA (siERK1/2) (A) or treated with 1µM of
MEKi AZD6244 or 1µM ADAM17i IK682 (B) alone or combined with
5ug/ml cetuximab for 24h. Media was then collected and a TGFα ELISA was
performed. TGFα levels were normalised to cell count.
D) Representative blot of ADAM17 expression following silencing of
ADAM17. LIM1215 cells were exposed to an siRNA specific to ADAM17 or
a scrambled control siRNA. Following 24hr incubation with either siRNA, the
cells were treated with cetuximab (5µg/ml) for a further 24hr. Proteins were
then extracted and expression of ADAM17 was determined through western
blot. β-Actin was used as a loading control.

* Denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001, n.s. denotes non-
significance. Statistical analysis performed with student’s t test.
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Figure 3.28 Effect of ADAM17 inhibition on cetuximab-induced
apoptosis in RASWT LIM1215 CRC cells. LIM1215 cells were co-treated
with ADAM17i IK682 and cetuximab (5µg/ml) for 24hr. Expression levels
for pEGFRY1068, EGFR, pERKY202/Y2014, ERK, pAKTS473, AKT, PARP and
cyclin D1 were determined by Western blotting. β-Actin serves as a loading
control. Representative image of 2 independent experiments.
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Figure 3.29 Effect of ADAM17 inhibition on cetuximab-induced
apoptosis in RASWT LIM1215 CRC cells. LIM1215 cells were co-treated
with ADAM17i IK682 and cetuximab (5µg/ml) for 72hr. Expression levels
for pEGFRY1068, EGFR, pERKY202/Y2014, ERK, pAKTS473, AKT and PARP
were determined by Western blotting. β-Actin serves as a loading control.
Representative image of 2 independent experiments.
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Figure 3.30 Overview of novel acute resistance mechanism to cetuximab
elucidated in LIM1215 cells
Above is a schematical overview of the two possible mechanisms of innate
cetuximab resistance that occurs within LIM1215 cells.
A) Following the internalization of EGFR mediated by cetuximab, ERK

phosphorylation is upregulated in a manner mediated by an unknown driver.
This increase in activation thereby drives ADAM17 activation and subsequent
ligand shedding

B) Activation of ADAM17 stems from a driver which is yet to be determined. The
subsequent ligand shedding mediates activation of other RTKs and hence
results in reactivation of the MAPK pathway and upregulation in ERK
phosphorylation.
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3.2.8 HER3 expression and activity is upregulated following treatment 

with cetuximab in LIM1215 cells. 

In order to underpin further the upstream mechanism of cetuximab-induced ERK and 

ADAM17 activation, we used a phospho-RTK array (R&D Systems). This RTK array 

is able to detect the phosphorylation of 49 different RTKs and functions by capturing 

the appropriate proteins using specific antibodies spotted on a nitrocellulose 

membrane. Levels of phospho-RTK are then assessed using a HRP-conjugated pan 

phospho-tyrosine antibody followed by detection by chemiluminescence (figure 3.31). 

LIM1215 cells either remained untreated or were exposed to 5μg/ml cetuximab for 

24hrs, protein was then extracted and RTK phosphorylation subsequently determined. 

Utilising this kit allowed us to establish if any RTKs were activated following 

exposure to cetuximab and therefore determine if they mediate the resistance towards 

the mAb identified within the RASWT LIM1215 cells.  

This RTK array showed that potent decreases in EGFR phosphorylation following 24h 

treatment with cetuximab were associated with marked upregulation in the 

phosphorylation of both HER3 and IGF1R (figure 3.31). These results were confirmed 

initially through densitometry of the appropriate spots on the array in comparison to 

‘reference spots’, which determined that the changes in phosphorylation were 

significantly altered following cetuximab treatment (figure 3.32a). Furthermore, this 

result was also corroborated through western blot analysis of these lysates and 

determination of expression and phosphorylation levels of these three RTKs (figure 

3.32b). As expected, EGFRY1068 and total EGFR levels were both decreased following 

cetuximab treatment. In agreement with our RTK array data, we determined that 

cetuximab treatment resulted in increased HER3Y1289 expression. In addition, we also 

found that total HER3 levels were increased following cetuximab treatment. Aside 

from this increase in HER3 expression and phosphorylation, we also detected an 

increase in phosphorylation in the IGFR subunit IGF-1Rb. IGFR is compiled of two 

subunits, IGF-1Rα and IGF-1Rb. While the alpha subunit is located extracellularly, 

the beta subunit is intracellular and contains the phosphorylation sites necessary for 

signal transduction400. To detect this upregulation in IGF-1Rβ phosphorylation, we 

utilised antibodies that detected two tyrosine residues that reside within the kinase 

domain of the beta subunit of IGF1R (Y1135/1136) of which phosphorylation is 

necessary for activation of the kinase401. We also determined expression levels of 
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pIGF-1Rb at tyrosine residue Y980, located in the catalytic region of the receptor 

which contains the ATP binding site402. This particular residue has been determined to 

important for the activation of the RTK due to its role in the creation of a docking site 

for downstream adaptor molecules following its phosphorylation403. Confirming the 

results determined from the phospho-RTK array, we observed an upregulation of both 

pIGF-1RbY1135/1136 and pIGF-1RbY980 following cetuximab treatment in the LIM1215 

cells.  

Due to changes in total HER3 expression levels following cetuximab treatment, we 

next investigated the effect of cetuximab on the transcription levels of both HER3 

(figure 3.33a) and IGF-1R (figure 3.33b) in LIM1215 cells using quantitative RT-PCR. 

No changes in mRNA levels for HER3 were observed following 1h treatment with 

cetuximab, but a significant increase in HER3 mRNA levels were seen both 6 hours 

(1.5-fold increase) and 24 hours (2.27-fold increase) following cetuximab treatment. 

No change and a minor increase (1.39-fold) in IGF1R mRNA levels were observed 6h 

and 24h respectively following cetuximab treatment. This therefore suggested that the 

upregulation in HER3 phosphorylation mediated by cetuximab treatment occurs, in 

part, as a result of increased transcription of the receptor.  

We then investigated the dynamic changes in HER3 and IGF-1Rβ phosphorylation 

and expression following cetuximab treatment in LIM1215 cells over a time-course of 

treatment through western blotting (figure 3.34). In concordance with earlier data, 

EGFR phosphorylation was abolished following cetuximab treatment at all time-points 

investigated. With regard to the expression of HER3, we observed an upregulation of 

both the total and phosphorylated forms of the receptor, in particular following 12hr 

and 24hr treatment with cetuximab. Phospho-IGF-1Rβ Y1135/1136 was also upregulated 

following 12hr cetuximab treatment, the effect of which was sustained at the 48hr 

time-point. Increased pIGF-1Rβ at Y980 was only observed 48hr following cetuximab 

treatment. Additionally, levels of ERK phosphorylation following cetuximab 

treatment were consistent with previous data shown in figure 3.8, with an initial 

downregulation at the 6h time-point, followed by ERK1/2 reactivation at the longer 

timepoints of 24hr and 48hr. 
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Figure 3.31 Phospho-receptor tyrosine kinase (pRTK) array profiling in
LIM1215 cells following treatment with cetuximab.
Representative short and long exposure images from the Human Phospho-
Receptor Tyrosine Kinase (RTK) Array Kit (R&D Systems), depicting
phosphorylation of RTKs in LIM1215 following treatment with cetuximab
(5μg/ml) for 24hrs. Factors of interest are noted in the table.
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Figure 3.32 Densitometry based relative quantification of phospho-
receptor tyrosine kinase (pRTK) array profiling in LIM1215 cells
following treatment with cetuximab.
A) Relative quantification of receptor tyrosine kinase (RTK)

phosphorylation in LIM1215 cells following treatment with cetuximab.
Densitometry performed using ImageJ software (Fiji). Normalised to
reference control spots. * denotes p<0.05, ** denotes p<0.01, ***
denotes p<0.001, **** denotes p<0.0001, n.s. denotes non-significance.
Statistical analysis performed with student’s t test.

B) Western blot depicting basal protein expression and phosphorylation for
EGFR, HER3 and IGF-1R using lysates used for the phospho receptor
tyrosine kinase (RTK) array in LIM1215 cells following treatment with
cetuximab for 24h. β-actin serves as a loading control.
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Figure 3.33 Effect of cetuximab on HER3 and IGF-1R mRNA levels in
RASWT CRC cell.
LIM1215 cells were treated with cetuximab (5μg/ml) for the indicated times
and mRNA levels for HER3 (A) and IGFR (B) determined using real time
quantitative (RT)-PCR. Expression levels were normalised to GAPDH and β-
Actin expression. Representative image of 2 independent experiments are
shown.

* Denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001, n.s. denotes
non-significance. Statistical analysis performed with student’s t test.
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Figure 3.34 Effect of cetuximab on phosphorylation and expression levels
of HER3 and IGF-1R in RASWT LIM1215 CRC cells.
LIM1215 cells were treated with 5μg/ml cetuximab for the indicated times and
expression/phosphorylation levels of EGFR, HER3, IGF-1R and ERK
determined by Western blotting. Above is a representative image of 3
independent experiments. β-Actin serves as a loading control.
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3.2.9 HER3 mediates sensitivity to cetuximab treatment in LIM1215 cells. 

Based on the data showing that cetuximab results in acute increases in HER3 and IGF-

1Rb phosphorylation, we wanted to investigate if silencing either IGF1R or HER3 can 

increase sensitivity of LIM1215 cells to cetuximab treatment (figure 3.35). Silencing 

of HER3 potently decreased both HER3 expression and phosphorylation. 

Interestingly, siHER3 alone resulted in increased EGFR phosphorylation at residue 

Y1068 and IGF-1Rb phosphorylation at Y1135/1136 residues but not at the Y980 

residue compared to LIM1215 cells treated with a SC siRNA. No changes in total 

EGFR or total IGF-1Rb  levels were determined following HER3 silencing. In 

agreement with the upregulation of IGF-1Rb  (at residue Y1135/1136) and EGFR 

phosphorylation following silencing of HER3, we also determined that there was an 

increase in the expression of pERK1/2, indicative of re-activation of the MAPK 

survival pathway in siHER3 treated cells.   Importantly, silencing of HER3 prevented 

the reactivation of ERK1/2 following cetuximab treatment in LIM1215 cells. In 

addition, combined siHER3 with cetuximab abrogated AKT activation.  However, at 

this time point, no increase in PARP cleavage was observed following siHER3 or 

siHER3/cetuximab treatment. Moreover, silencing of IGF-1Rβ resulted in a slight 

abrogation of EGFR phosphorylation, indicative of crosstalk between the receptors 

which has already been determined in previous studies404. Silencing of IGF-1Rβ either 

alone or combined with cetuximab had no effect on HER3 or pHER3 levels. 

Interestingly, although silencing of IGF-1Rβ resulted in downregulation of IGF-1Rβ 

expression, phosphorylation levels were still detectable and increased following 

cetuximab treatment, similar to cells treated with the scrambled control siRNA. This 

result suggests that there may be residual kinase activity of IGF1R following its 

silencing and therefore, use of an IGF1R SMI would be more beneficial in this context. 

While there was an upregulation in PARP cleavage in cells transfected with siIGF1R 

alone compared to control transfected cells, there was no change in expression or 

cleavage determined following the treatment of these cells with cetuximab – indicating 

that silencing IGF1R in combination with EGFR targeted therapy did not drive 

apoptosis in these cells. In contrast to HER3, treatment of LIM1215 cells with 

combined siIGF1R/cetuximab resulted in a small upregulation of pERK1/2. Finally, 

silencing of IGF1R alone or combined with cetuximab resulted also in a decrease in 

AKT phosphorylation compared to levels determined in SC siRNA transfected cells. 
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The lack of apoptotic effect elicited within LIM1215 cells following treatment with 

siHER3 or siIGF1R both alone and in combination with cetuximab as established 

through expression of the cleaved form of PARP was corroborated through the 

determination of activity of caspase 3/7 (figure 3.36). At the 24hr timepoint (figure 

3.36a), there was no marked upregulation in caspase activity determined in LIM1215 

cells exposed to any of the treatment strategies investigated in comparison to basal 

expression levels. However, following prolonged exposure of LIM1215 cells to 

cetuximab in combination with HER3 silencing for 48hrs (figure 3.36b), we 

established a defined upregulation in caspase 3/7 activity of approximately 3x the 

activity determined basally. This clear increase in apoptosis induction was not 

determined in cells treated with cetuximab alone. Furthermore, increasing this 

treatment period to 72hrs mediated a further increase in caspase 3/7 activity within 

HER3-silenced cells exposed to cetuximab in combination (activity levels ~4x basal 

caspase 3/7 activity) (figure 3.36c).  While there was also an upregulation in caspase 

3/7 activity determined in cells treated with cetuximab in combination with IGF1R 

silencing at both 48 and 72hr treatment, this increase was not as substantial as that 

determined in HER3-silenced cells (~1.5 x basal activity). Taken together, these data 

indicate that HER3 regulates cetuximab-induced ERK1/2 reactivation and potentially 

sensitivity to cetuximab treatment in RASWT CRC cells. 

As transfection with siRNA against IGF1R did not abrogate phosphorylation of IGF-

1Rb, we also determined the effect of the IGF1R SMI Linsitinib (OSI-906) on IGF1R 

activation, alone and when combined with cetuximab for either 24 or 48hrs (figure 

3.37). Linsitinib is a specific inhibitor of IGF1R which functions through targeting an 

intermediate orientation of the tyrosine kinase domain of IGF1R at specific residues 

which are rare in kinases and therefore result in specificity of the inhibitor405. The 

binding of linsitinib to these residues results in inhibition of autophosphorylation due 

to the inability of the TK domain to achieve its active conformation405. We determined 

that 24hr treatment with linsitinib mediated a potent upregulation of EGFR 

phosphorylation, suggesting a compensatory role of EGFR following inhibition of 

IGFR activity406. This upregulation of pEGFR expression was completely abrogated 

in cells co-treated with cetuximab and linsitinib. As shown previously, treatment with 

cetuximab resulted in an upregulation of pIGF-1Rb1135/1136, which was abrogated in 

cells co-treated with linsitinib.  Linsitinib as single agent had no effect on pERK1/2 
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levels at neither the 24hr nor at the 48hr time-point. Addition of linsitinib to cetuximab 

for 24hr did not result in a further downregulation of pERK1/2 levels, compared to 

cells treated with cetuximab alone. However, the data showed that pERK1/2 levels 

were further decreased, but not abolished, following linsitinib/cetuximab 48h co-

treatment compared to cells treated with linsitinib alone. We determined no PARP 

cleavage occurring following addition of linsitinib to cetuximab at either 24hr or 48hr 

following treatment. These data therefore indicate that IGF1R is not a main driver of 

cetuximab-induced pERK1/2 re-activation and resistance in LIM1215 cells.  

We also investigated the interaction between cetuximab and siHER3 and between 

cetuximab and linsitinib, by the determination of CI values (figure 3.38). Silencing of 

HER3 in combination with cetuximab resulted in potent synergy at all concentrations 

of siHER3 and cetuximab used, with CI values between ~0.1-0.3 observed (figure 

3.38a). Linsitinib in combination with cetuximab displayed slight-moderate synergism 

in LIM1215 cells, with concentrations of 0.1M linsitinib with 0.001g/ml or 

0.1g/ml cetuximab resulting in additivity-slight antagonism (figure 3.38b). Overall, 

these result shows that inhibition of HER3 is the preferential combination partner for 

cetuximab in RASWT LIM1215 CRC cells.  

In order to determine if HER3 and/or IGF1R inhibition are acting upstream of ERK 

and ADAM-17 in regulating resistance to cetuximab treatment, we explored the effect 

of linsitinib and siHER3 on cetuximab-induced soluble TGF-α levels (figure 3.39). In 

cells treated with linsitinib alone we observed a large increase in soluble TGF-α levels 

compared to untreated cells, which was not significantly altered in cells exposed to 

linsitinib and cetuximab in combination  (P=0.73, figure 3.39a). This result is 

indicative of an interaction between IGF1R and ADAM-17, which has been suggested 

in earlier studies. ADAM-17 has been shown to mediate cleavage of IGF-1R and its 

subsequent translocation to the nucleus where it has been described to act as a 

transcription factor activating IGF1R transcription407. With regard to HER3, 

transfection of LIM1215 cells with siHER3 alone did not result in a significant change 

to TGF-α shedding compared to untreated cells or cells transfected with a scrambled 

control siRNA (P=0.9983, P=0.9979 respectively, figure 3.39b). However, 

combination of siHER3 with cetuximab resulted in a marked upregulation in TGF-α 

shedding in comparison to levels determined in cells transfected with either siHER3 

or cetuximab alone. ADAM17 has been previously described to play a role in the 
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cleavage and activation of heregulin (NRG1), a specific ligand for HER3408. Therefore, 

the increase in ADAM17 activity within cells exposed to siHER3 may be in an attempt 

to restore HER3 signalling within the cells via the cleavage of ligands including 

heregulin. Overall, these results indicate that neither HER3 nor IGF1R inhibition 

abrogate cetuximab-induced shedding of ADAM17 targets and that induction of 

ADAM17 is a common acute survival mechanism following inhibition of a number of 

RTKs, such as EGFR, IGF1R and HER3 in RASWT LIM1215 cells.   

We may therefore have two parallel acute mechanisms towards cetuximab in place 

within the LIM1215 cells. In the first instance, we have identified ERK2 activation as 

a potential cause of resistance, which as previously discussed, can mediate the activity 

of ADAM17261. In addition, as ADAM17 can elicit HER3 and IGF1R phosphorylation 

through the cleavage of their cognate ligands, further perpetuating activation of the 

MAPK pathway and ERK2 phosphorylation261. However, as cetuximab in 

combination with HER3 silencing resulted in a large increase in TGFα shedding 

compared to levels determined in cells transfected with siHER3 alone, we hypothesise 

that the reduced sensitivity established within the LIM1215 cells may be more 

dependent on HER3 than IGF1R. This is corroborated by our previous result showing 

that while inhibition of IGF1R does not abrogate the increase in ERK phosphorylation, 

this effect is seen in cells transfected with siHER3.   

In order to explore this further, we evaluated the effect of transient overexpression of 

ADAM17 on sensitivity of LIM1215 cells to cetuximab and siHER3 (figure 3.40). The 

plasmid encoding the hemagglutinin (HA)-tagged full-length mouse ADAM-17 (HA-

ADAM-17) was obtained previously as a kind gift from Dr. Atanasio Pandiella 

(Instituto de Microbiología Bioquímica and Centro de Investigación del Cáncer) and 

has been previously described409. Transient overexpression of ADAM17 resulted in 

increased proliferation of LIM1215 cells, which is consistent with our previous paper 

establishing that overexpression of ADAM17 resulted in an increase in tumour growth 

within xenograft models261. Importantly, transient overexpression of ADAM17 

abrogated the decreased cell viability observed following cetuximab and siHER3 in 

LIM1215 cells. These results would further indicate that ADAM17 drives the 

resistance towards cetuximab within the LIM1215 cells through increased processing 

of EGF-like ligands. 
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Overall, the previous data suggests that there may be two interlinking mechanisms of 

resistance that mediate the lack of apoptotic response of the RASWT LIM1215 cells 

towards cetuximab. Initially, our data shows an early upregulation in HER3 

transcription in response to the mAb which is also associated with an increase in HER3 

phosphorylation. This increase in HER3 activity subsequently mediates reactivation 

of the MAPK signalling pathway, which we have identified through the increase in 

ERK1/2 phosphorylation. As previously described, ERK1/2 phosphorylation can 

induce ADAM17 activity, thereby mediating increased ligand shedding, resulting in 

further RTK activation including prolonged HER3 activation and increased IGF-1Rβ 

phosphorylation. 
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Figure 3.35 Effect of HER3 or IGF-1R silencing on ERK1/2 activity and
cell death in LIM1215 cells.
LIM1215 cells were reverse transfected with 10nM siRNAs against HER3
(HER3_1) and IGF-1R (IGFR_1), or scrambled control (SC) for 24h.
Following this, cells were treated with cetuximab (5µg/ml) for a further
24hr. β-Actin serves as a loading control. Above is a representative image
from 2 independent experiments.
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Figure 3.37 Effect of small molecule inhibition against IGF-1R
(Linsitinib) on ERK1/2 activity and cell death following treatment with
cetuximab.
LIM1215 cells were treated with Linsitinib (IGFRi; 1μM) either alone or in
combination with cetuximab (5µg/ml) for 24 or 48hrs. Expression and
phosphorylation levels of EGFR, IGFR, ERK and AKT were determined by
Western Blotting with β-Actin serving as a loading control. Above is a
representative image from 2 independent experiments.

b-Actin

pIGF-1RβY1135/1136

pIGF-1RβY980

IGF-1Rβ

pERK1/2 Y44/T45

ERK1/2 

PARP

pEGFRY1068

tEGFR

+ + + +

LIM1215

Cetux
- - + + - - + + IGFRi

24hr 48hr

- - - -
180kDa

180kDa

95kDa

95kDa

95kDa

42kDa

42/44kDa

42/44kDa

116kDa
89kDa



 
 

177 
 

 

 

 

 

 

Figure 3.38 Effect of siHER3 or Linsitinib (IGFRi) on cell viability
following cetuximab treatment in the LIM1215 CRC cells.
LIM1215 cells were transfected with siRNA against HER3 (1nM, 5nM,
10nM; A) or treated with Linsitinib (0.1μM – 0.5μM - 1μM; B) alone or
combined with cetuximab (0.001µg/ml; 0.005 µg/ml; 0.01 µg/ml or 0.1
µg/ml) for 72h. CI values were calculated using the method of Chou and
Talalay, where CI < 0.3, 0.3 < CI < 0.7, 0.7 < CI < 0.85, 0.85 < CI < 1, CI =
1, and CI > 1 denotes very strong synergism, strong synergism, moderate
synergism, slight synergism, an additive interaction, and antagonism,
respectively. Representative results of multiple independent experiments
(n=2).
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Figure 3.39 Effect of combining IGFR inhibition or HER3 silencing with
cetuxiamab treatment on shedding of soluble TGF-α in RASWT LIM1215.
LIM1215 CRC cells were A) treated with Linsitinib (1µM) either alone or in
combination with cetuximab (5μg/ml) for 24 hours; B) exposed to either SC
control siRNA or siRNA specific to HER3 for 24hr prior to 24hr further
treatment with cetuxiamab. Conditioned medium was collected and levels of
soluble TGFα were determined using a commercially available ELISA (R&D
systems). Levels of TGF-α were normalised to number of cells in untreated
and treated wells.

* Denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001, n.s. denotes non-
significance. Statistical analysis performed using 2-way ANOVA.
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Figure 3.40 Effect of transient transfection with ADAM17 on sensitivity
of RASWT cells to cetuximab treatment. LIM1215 RASWT CRC cells
were plated overnight prior to transfection with either an HA-tagged
ADAM17 overexpressing vector or an empty vector (EV) control for a
further 24hrs. Following this, cells were reverse transfected with siRNAs
specific for siHER3 or a scramble control (SC). The subsequent day, cells
were treated with increasing concentrations of cetuximab (0.001-0.1μg/ml)
for 72hr. Following this, cell viability was established through an MTT assay.

* Denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001, n.s. denotes non-
significance. Statistical analysis performed with student’s t test.
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Figure 3.41 Overview of novel acute resistance mechanism to
cetuximab elucidated in LIM1215 cells
Above is a schematical overview of our proposed mechanism of
resistance occurring within RASWT LIM1215 CRC cells. Following
cetuximab treatment, HER3 transcription is upregulated resulting in
reactivation of the MAPK pathway. Subsequently, increased
ERK1/2 phosphorylation, induces ADAM17 activity resulting in the
cleavage and release of ligands including NRG and TGFα, further
perpetuating MAPK activation.
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3.3 Discussion 

As eluded to previously, despite the determination of several mediators of acute 

resistance including activating mutations in PIK3CA, KRAS, NRAS and BRAF, there 

are still a population of CRC patients that are negative for these markers and exhibit 

innately resistance to the EGFR mAb cetuximab and other EGFR mAbs (eg. 

panitumumab). 

Following the initial discovery of these four main drivers of resistance to EGFR-

targeted therapies, additional studies have uncovered amplification in other RTKs as 

underlying mechanisms of non-responsiveness to EGFR mAbs in RAS/BRAFWT 

mCRC. Overexpression of HER2 (ERBB2) was determined as a driver of resistance 

to cetuximab in 2011 by Bertotti et al.. This study demonstrated that HER2 

amplification was enriched in a subset of RAS/BRAF/PIK3CA/PTENWT patients that 

exhibited no response following treatment with cetuximab. HER2 amplification was 

determined in ~2% of genetically unselected CRC tumours and 13% of patients 

defined as RASWT. Importantly, dual therapy with EGFR (cetuximab) and HER2 

inhibition using the HER2/EGFR dual SMI lapatinib within patient derived xenograft 

models with innate ERBB2 amplification resulted in prolonged tumour response210. 

The multi-centre phase 2 HERACLES study further elucidated the role of HER2 in 

driving acute cetuximab resistance and determined that this population responded well 

to a combination of HER2 mAb and TKI (trastuzumab and lapatinib respectively), 

with 59% patients exhibiting at least a partial response to this treatment strategy (16 

of 27 patients)410.  

The RTK c-MET has also been implicated in mediating resistance to cetuximab in an 

acute setting. This role of MET was first eluded to as it was discovered that RASWT 

mCRC patients with higher serum-levels of the MET ligand HGF had a lower PFS 

(4.4 vs 6.4 months) and OS (8.0 vs 15.3 months) following treatment with cetuximab 

compared to patients with lower basal expression levels of the ligand411. Additional 

studies then determined that expression levels of the RTK MET also correlated with 

resistance to cetuximab, with overexpression being linked to lower PFS (3 months vs 

5 months) in patients treated with the mAb compared to patients that were determined 

to exhibit normal levels of MET receptor412. Similar to HGF, expression of the EGFR 

ligands has also been implicated in mediating sensitivity to EGFR-targeted therapies, 
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however this role differs between each ligand. As previously discussed, increased 

transcription of the EGFR ligands epiregulin (ER) and amphiregulin (AR) has been 

linked to increased sensitivity towards cetuximab in RASWT mCRC patients. 

Conversely, increased expression of other EGFR ligands such as TGF-α and EGF have 

been associated with resistance towards EGFR-targeted therapies such as cetuximab 

but more as a mechanism of acquired resistance rather than acute resistance towards 

cetuximab222. Despite these discoveries regarding novel mediators of acute cetuximab 

resistance, there are still a population of ~20-25% patients that remain unresponsive 

to the EGFR mAb199. Hence, there is an unmet need for elucidating novel mechanisms 

of acute cetuximab resistance. 

In this chapter, we have demonstrated a novel mechanism of acute resistance to 

cetuximab within the RAS, BRAF, PIK3CA and PTEN–WT LIM1215 CRC cells which 

involves the reactivation of signalling of the MAPK survival pathway through 

increased HER3 expression and phosphorylation. This reactivation of survival 

signalling through the MAP-kinase pathway also directly mediates the activity of the 

sheddase ADAM17 which plays a major role in the cleavage and maturation of a 

variety of ligands including the EGFR ligand TGFα.  

 

3.3.1 Acute ERK1/2 reactivation and resistance to cetuximab in RASWT 

CRC 

We have elucidated that following exposure of LIM1215 cells to cetuximab, there is 

an initial downregulation followed by a sustained reactivation of the MAPK pathway 

(figure 3.8). This response was not consistent across other RAS, BRAF, PIK3CA and 

PTEN–WT cell lines such as OXCO2 cells, which were found to undergo apoptosis 

following exposure to the mAb (figure 3.9). This therefore suggested that this 

reactivation of the MAPK pathway as indicated through the upregulation of ERK 

phosphorylation, could mediate the resistance towards the EGFR mAb cetuximab 

identified within the LIM1215 cell line. The role of ERK1/2 phosphorylation in 

driving cetuximab resistance was further supported as the reactivation in ERK1/2 

activity following exposure to the mAb was not established in the OXCO2 cells. This 

role of MAPK reactivation in driving resistance towards other targeted therapies has 

been extensively researched, with ERK being described as the ‘Achilles heel’ of the 
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pathway413. One such example of other inhibitors that have been described to become 

ineffective following reactivation of the MAPK pathway aside from cetuximab include 

FGFR targeted therapies such as the pan-kinase inhibitor BGJ398. A genome-wide 

ORF screen was performed on the NSCLC cell line NCI-H2077 using a pooled 

barcoded lentiviral library to allow for identification of novel drivers of resistance 

towards BGJ398. The results of this screen identified several genes that could drive 

resistance to the FGFR inhibitor through the reactivation of the MAPK pathway, 

including KRAS G13D and BRAF V600E414. Additionally, resistance to the approved 

BRAF kinase inhibitor treatment dabrafenib within BRAFMT metastatic melanoma 

patients can also occur through reactivation of the MAPK pathway. Patients that 

presented with tumours resistant to this BRAF inhibitor were determined to exhibit 

mutations in NRAS (3/10 patients) as well as MEK1/2 (4/10 patients), both of which 

conferred resistance towards BRAF inhibition through reactivation of MAPK 

signalling415. Targeting ERK1/2 utilising the SMIs such as SCH772984 and GDC-

0994 in combination with cetuximab and the BRAFi vemurafenib has also been 

demonstrated to mediate re-sensitization to the EGFR mAb in BRAFMT CRC 

patients416, 417. Furthermore, although in the setting of acquired resistance to 

cetuximab, Misale et al. have established that dual treatment of cetuximab-resistant 

CRC cells with the EGFR mAb and the MEK1/2 inhibitor pimasertib resulted in 

decreased proliferation and a plateau in tumour growth within xenograft models215.  

Therefore, to verify the role of ERK in mediating acute resistance to cetuximab within 

the LIM1215 cells, we determined if inhibition of ERK in combination with cetuximab 

could increase sensitivity to cetuximab and elicit cell death. We demonstrated that 

combination of cetuximab and a specific siRNA targeting ERK2 resulted in synergy 

(figure 3.11). Furthermore, silencing of ERK2 in combination with cetuximab also 

induced apoptosis within LIM1215 cells, as indicated through the upregulation of the 

expression of the cleaved form of PARP (figure 3.12).  We mainly focussed on ERK2 

within these studies due to its larger role in proliferation and migration compared to 

ERK1388. Furthermore, ERK2 has been shown to play a major role in the development 

of CRC due to its interaction with CSN6 (a subunit of the COP9 signalosome) at 

Leu163/Val165, resulting in its phosphorylation at Ser148. This interaction results in 

the stabilisation of β-Catenin and therefore results in the promotion of CRC 

development. Moreover, amplification of ERK2 has also been identified within 
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tumours of NSCLC patients previously treated with the EGFR TKI erlotinib, and 

therefore has been proposed to be an acquired mechanism of resistance418. To further 

elucidate the role of ERK2 in mediating resistance to cetuximab in a RAS, BRAF, 

PIK3CA and PTEN–WT model of CRC, we created a mutated vector that mimicked 

the phosphorylated form of ERK2. However, despite our best efforts, we were unable 

to elicit an upregulation in ERK2 phosphorylation within LIM1215 or U2OS cells. 

Interestingly, one particular article written by Sours et al. describes that despite the 

fact that the phosphorylation of both Thr183 and Tyr185 is required for activation of 

ERK2 to occur, mimicking this phosphorylation through the mutation of these sites to 

glutamic acid residues, as we have done here, resulted in complete abrogation of kinase 

activity of ERK2419. This is corroborated by the downregulation of ERK2 

phosphorylation we have established in osteocarcinoma cells (U2OS) transfected with 

the mutated vector compared to levels determined using the WT ERK2 vector (figure 

3.16). Unfortunately, we were unable to establish determinable levels of the FLAG-

tag present on the vector within LIM1215 cells transfected with either the WT or 

mutated form of the vector. This was in comparison to the U2OS cells which exhibited 

high expression levels of the FLAG-tag following transfection with either the WT or 

the mutated ERK2 vector. It would, however, be pertinent to determine if the 

overexpression of ERK2 can mediate resistance towards cetuximab in a cell line which 

we have determined to exhibit high levels of sensitivity towards the mAb basally (i.e. 

OXCO2 cells). 

 

3.3.2 Role of ADAM17 and its cleaved substrates in regulating acute 

resistance to cetuximab in RASWT CRC 

Following the determination of a potential role of ERK2 in driving cetuximab in 

LIM1215 cells, we wanted to underpin the drivers of re-activated MAPK signalling 

that was established to occur following cetuximab treatment. Due to its high levels of 

expression in CRC tumours, we initially investigated the expression levels of the 

EGFR ligand TGFα within both LIM1215 and OXCO2 cell lines and subsequently 

determined if exposure to cetuximab mediated a change in expression of the ligand. 

Within LIM1215 cells there was a significant upregulation of TGFα shedding 

following cetuximab treatment which was not found to be the case within the OXCO2 
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cell line (figure 3.22). This result suggests that the decreased sensitivity towards 

cetuximab determined within the LIM1215 cells may occur as a result of this increased 

ligand shedding. As no changes in mRNA levels of TGFα were observed, we 

investigated if treatment of RASWT CRC cells with cetuximab had any effect on 

ADAM17 activity levels. We previously determined that ADAM17-mediated TGFα 

shedding can be induced via ERK1/2 phosphorylation and therefore silencing ERK1/2 

using a specifically targeting siRNA mediated a significant downregulation of 

ADAM17 activity391. We have also shown that ADAM17 activity and the associated 

shedding of TGFα is upregulated in response to chemotherapeutic treatment with 5-

FU. Furthermore, silencing or inhibition of ADAM17 within the KRASMT HCT-116 

CRC cell line mediated an abrogation in this ligand shedding and subsequently resulted 

in increased sensitivity of the cells to 5-FU, thereby confirming a role of ADAM17 in 

mediating resistance towards SOC treatments261. To determine if this increase in TGFα 

shedding established in LIM1215 cells following cetuximab treatment occurred as a 

result of increased ADAM17 activity, we utilised a specific ADAM17 activity assay. 

In concordance with the increase in TGFα expression mediated by cetuximab within 

the LIM1215 cells, we identified an upregulation in ADAM17 activity following 

exposure to the mAb (figures 3.23 & 3.24). To further confirm the role of ADAM17 

in the cetuximab-mediated shedding of TGFα, we utilised a SMI targeted towards 

ADAM17 – IK682 and an siRNA specific to the metalloproteinase. Due to its 

established role in mediating resistance to SOC treatments, it is clear that an approved 

ADAM17 inhibitor would have clinical benefits in increasing the efficacy of current 

treatments. Despite this, there is only a small number of ADAM17 inhibitors that reach 

clinical trials due to issues regarding specificity and the prevalence of high-grade 

toxicities including musculoskeletal effects420. The major limiting factor in the 

production of an effective inhibitor is the high level of homology between the active 

sites of both ADAM17 and other metalloproteinases (including MMPs). Recent 

studies have exploited the differences in the size of S1’ pocket within ADAM17 and 

other metalloproteinases to confer specificity within inhibitory compounds421. Despite 

this, it has been established that there is a large crossover between substrates of 

metalloproteinases, mediating a compensatory role between the family members 

resulting in the possibility of resistance occurring following the implementation of 

treatment422. In addition, broad range inhibitors have been shown to lack usefulness 
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due to the induction of side effects due to the major role of metalloproteinases in 

homeostasis and development423. The ADAM17 inhibitor INCB3619 has been shown 

to restore sensitivity of the EGFR TKI gefitinib in the NSCLC cell line A549 through 

the abrogation of heregulin cleavage and mitigation of HER3 signalling. This 

particular inhibitor, however, has been determined to evoke inhibitory effects on 

ADAM10 as well as ADAM17 and therefore may elicit adverse effects when utilised 

within a clinical setting as a result of decreased specificity422. Within our study we 

utilised IK682, a potent inhibitor of ADAM17 activity which has been determined to 

form tight bonds with ADAM17 compared with that created with other members of 

the ADAM family of metalloproteinases including ADAM10424. Additionally, IK682 

has also been determined to be more selective towards ADAM17 vs other MMPs, 

displaying ≥ 200x selectivity for ADAM17398. While the combination of IK682 and 

cetuximab for 72hr further downregulated the sustained activation of the MAPK 

pathway indicated by decreased ERK1/2 phosphorylation compared to the effect 

established with either treatment alone, there was no induction of apoptosis (figure 

3.29). As the apoptotic effect that was determined following ERK2 silencing did not 

occur following inhibition of ADAM17 activity, it suggests to us that the upregulation 

of ADAM17 activity may be a consequence of the reactivation of ERK2 

phosphorylation rather than the driver of the reactivation of MAPK signalling. In 

addition to ADAM17 in mediating induction of MAPK signalling via the shedding of 

EGF-like ligands resulting in the phosphorylation of EGFR, ERK has been shown to 

induce ADAM17 activity via phosphorylation at threonine 735 present within the 

cytoplasmic domain. Phosphorylation at this site has been determined to be vital in 

inducing ADAM17 activity, with inhibition of ERK utilising the MEK SMI U0126 

being shown to abrogate ADAM17 activity. Although it has not been fully understood 

how phosphorylation at this residue mediates ADAM17 activity, it has been suggested 

that T735 phosphorylation prevents dimerization of ADAM17 monomers, thereby 

preventing binding of the ADAM17 inhibitor TIMP2425.  
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3.3.3 Role of HER3 in regulating acute resistance to cetuximab in 

RASWT CRC 

Using a commercially available RTK array, we elucidated that there was a significant 

upregulation of HER3 and IGF1R phosphorylation (figures 3.31-3.32). This 

upregulation in activity was associated with an increase in transcription of both RTKs 

which was more defined with regard to HER3.  

There has been an extensive association between increases in IGF1R expression levels 

and resistance to chemotherapeutic treatment. Overexpression of the receptor at the 

protein level is associated with poor outcomes following adjuvant treatment with 

FOLFOX within patients with gastric cancer compared to those with normal 

expression levels of the receptor426, 427. In addition to overexpression at the receptor 

level, increased transcription of IGF1R has also been associated with resistance to 

chemotherapy within patients with HER2-negative breast cancer428. Within melanoma 

cell line models and patient samples, resistance to the BRAF inhibitor SB-590885 was 

associated with an increase in IGF1R expression as determined through flow 

cytometry, which correlated with activation of PI3K/Akt survival signalling. In 

addition, inhibition of MEK1/2 phosphorylation with AZD6244 in combination with 

the IGF1R SMI picrpodophylin (PPP) elicited an apoptotic response within the 451Lu 

melanoma cell line429. Within CRC, increased expression of nuclear IGF1R was 

associated with poor overall survival within mCRC patient samples. Similarly, 

increased nuclear IGF1R expression was also linked with resistance to SOC 

chemotherapy (i.e. FOLFOX and FOLFIRI), indicating a potential therapeutic strategy 

in utilising IGFR1 inhibitors to overcome this resistance and improve efficacy430. 

While, IGF1R inhibition did not elicit apoptosis in cells when utilised in combination 

with cetuximab, we established that silencing HER3 in combination with the mAb not 

only abrogated ERK phosphorylation (figure 3.35), but also resulted in an apoptotic 

response within LIM1215 cells (figure 3.36).  

Amplification of HER3 is frequently observed within multiple tumour types including 

breast cancer, melanoma and CRC. Additionally, HER3 transcription occurring as a 

resistance mechanism towards targeted therapies has been extensively described. One 

such study identified that this increase in transcription also occurred within the BT474 

breast cancer cell line in response to treatment with the EGFR and HER2 dual inhibitor 
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lapatinib. Furthermore, it was established that the mechanism of resistance identified 

within this study was mediated by the transcription factor FoxO3a. Similar to what 

was determined within our results, this study concluded that while there was initially 

no alteration in HER3 transcription within cells exposed to lapatinib, prolonged 

treatment with the SMI resulted in significant upregulation of HER3 transcription 

compared with untreated cells431. It is thought that alterations in HER3 

phosphorylation often occur in instances of resistance to targeted therapies as a result 

of the preferential heterodimerisation that occurs between HER3 and other members 

of the HER family of RTKs432.  Furthermore, within melanoma patients, HER3 

transcription has also been determined to be upregulated following treatment with the 

BRAF inhibitor vemurafenib. This transcriptional event was found to be as a result of 

decreased interaction of the transcriptional repressors CtBP1/2 with the promoter 

region of the HER3 gene thereby eliciting increased transcription433. Finally, within 

mCRC, increased HER3 activation has been identified in patients that exhibit 

cetuximab resistance. This was determined to occur as a result of an upregulation in 

the expression of the HER3 ligand neuregulin (NRG)220. Interestingly, cleavage and 

subsequent release of this ligand has also been shown to be dependent on the sheddase 

ADAM17, further establishing the link between HER3 and ADAM17 activation in 

driving resistance to EGFR mAbs including cetuximab. 

Despite this role of HER3 in regulating resistance to targeted therapies in a variety of 

malignancies, overcoming this resistance within a clinical setting has proved a difficult 

task due to the development of further resistance. One such example was the phase I 

trial studying the therapeutic effect of the HER3 mAb Seribantumab (MM-121) in 

combination with cetuximab within a population of patients with EGFR-dependent 

solid tumour including mCRC. Within this study, determination of EGFR dependency 

was established within different tumour types, with eligibility of CRC patients being 

confirmed only if no other SOC options were remaining. This trial concluded that 

while combination of the two mAbs was well tolerated alone, when this combination 

was utilised simultaneously with irinotecan, there was significant toxicities and 

therefore this treatment strategy was not deemed feasible within this population434. 

Furthermore, a phase II trial was performed within a mCRC KRASWT population 

determining the beneficial effects of treatment with the dual HER3/EGFR mAb 

duligotuzumab, compared to cetuximab, in combination with FOLFIRI chemotherapy. 
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This study established no significant improvement in clinical outcome in patients 

treated with the dual mAb compared to cetuximab resulting in the termination of all 

further work with duligotuzumab435.  Taken together, our results coincide with other 

studies that have identified HER3 as an important driver to targeted therapies in CRC 

including cetuximab.  However, to improve efficacy of treatment and prevent further 

resistance occurring, a multi-targeted approach may be the most beneficial. As we have 

also identified a role of ADAM17 in downregulating sensitivity towards cetuximab 

within RASWT LIM1215 cells, dual targeting of ADAM17 and HER3 may be an 

effective treatment strategy within cetuximab-resistant RASWT tumours.  

 

3.3.4 Conclusion 

Within this study we have determined that cetuximab resistance can occur within RAS, 

BRAF, PIK3CA and PTEN–WT CRC tumours in a manner that involves reactivation 

of the MAPK survival pathway mediated by increased transcription of HER3, resulting 

in an upregulation of ADAM17 activity via reactivation of the MAPK pathway and 

restoration of ERK1/2 phosphorylation. This induced ADAM17 activity can further 

perpetuate this resistance to EGFR mAbs through the cleavage of ligands including 

NRG. To conclude, we present evidence that utilisation of a combined inhibitor of 

HER3 and EGFR in combination with ADAM17 inhibition may be an effective 

treatment strategy within RAS, BRAF, PIK3CA and PTEN–WT wild-type tumours 

which possess acute resistance towards the EGFR mAb. 
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Chapter 4: Harnessing the 

Unfolded Protein Response (UPR) 

to Target CRC cells with Acute 

and Acquired Resistance to 

Cetuximab 
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4.1 Introduction 

4.1.1 Acquired Resistance to Cetuximab    

One of the major obstacles in utilising targeted therapies such as cetuximab in mCRC 

and other cancer types is the inevitable development of acquired resistance, ultimately 

rendering the therapy ineffective. It is thought that resistance occurs due to the 

heterogeneity within a tumour, resulting in the survival of a particular subset of cells 

containing a specific aberration that conveys preferential survival and growth within 

the milieu of the tumour – even in the presence of anti-tumour therapies436.  Acquired 

mechanisms of resistance to cetuximab (and other EGFR monoclonal antibodies) can 

occur through mutation and overexpression of a variety of mediators of survival 

signalling. Such drivers of secondary resistance to EGFR-targeted therapies include 

mutations in RAS and RAF in a manner similar to that determined in instances of 

primary resistance. The most common alterations that drive resistance to cetuximab in 

an acquired manner are mutations in KRAS, which have been reported to occur in up 

to 60% of patients that have become refractory to EGFR-targeted therapies214. Similar 

to what has been established with regard to acute resistance to cetuximab, the most 

common acquired KRAS alterations affects codons 12 and 13 (eg. G13D/G12D). 

These mutations can perpetuate resistance through the constitutive activation of RAS 

and downstream survival signalling, independent of EGFR phosphorylation; thereby 

rendering EGFR inhibition ineffective214. In addition to KRAS/BRAF mutations, 

acquired alterations in EGFR have also been described to drive resistance to EGFR-

targeting mAbs. Such mutations include S492R which mediates resistance by 

preventing the binding of cetuximab to the ligand binding site of EGFR, thereby 

mitigating its effect437. Moreover, increased HER2 signalling has also been described 

to occur through either amplification of the receptor, or increased expression of its 

cognate ligand heregulin both of which can reactivate MAPK survival signalling 

independent of EGFR438. Despite the improved understanding of mechanisms of 

acquired resistance to cetuximab, there is still a need to elucidate novel resistance 

mechanisms and innovative druggable targets for EGFR mAb-resistant mCRC.  

Following continuous treatment with cetuximab, all patients are expected to develop 

at some point resistance437. Hence the elucidation of novel mechanisms of acquired 

resistance that can be targeted is of upmost importance. Following this, 
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implementation of simultaneous targeting of EGFR in combination with the driver of 

resistance may result in successful clinical outcome. For example, combinational 

therapy of cetuximab with the MEK inhibitor pimasertib (AS-703026) in CRC cells 

with an acquired mutation in NRAS, resulted in re-sensitisation to treatment with 

cetuximab – as indicated by increased apoptosis within the cell population224. Despite 

this initial efficacy of simultaneous targeted therapy, it has been noted that further 

resistance can occur. This development of dual resistance has been described with 

regard to BRAF inhibition (eg. vemurafenib) in combination with cetuximab in 

patients with acquired BRAF V600E mutations. This particular study identified MET 

amplification as an acquired resistance mechanism towards this dual treatment 

regimen. Furthermore, it was also determined that re-challenge of the tumour with the 

MET-inhibitor crizotinib in combination with vemurafenib elicited clinical benefit 

within these patients439. Aside from simultaneous targeting of two separate drivers of 

resistance, it has also been determined that dual inhibition of two non-overlapping 

epitopes of EGFR is an effective method of overcoming acquired resistance to 

cetuximab. One such example of this dual targeting mAb is SYM004 – a mixture of 

two mAbs (futuximab and modotuximab) which target non-overlapping epitopes in 

domain III of the ECD138. SYM004 has been determined to exhibit anti-tumour effects 

and induce apoptosis within xenograft models of acquired resistance to cetuximab 

both in the short term and over a prolonged timecourse of 30 weeks440. Additionally, 

the mAb MM-151 has also shown efficacy in CRC xenograft models that had 

developed resistance to EGFR mAb following continuous exposure to cetuximab over 

2 weeks, despite exhibiting no acute resistance towards cetuximab (ie. KRAS NRAS, 

PIK3CA & BRAFWT). Similar to SYM004, MM-151 is a combination of 3 different 

antibodies which target non-overlapping epitopes on the EGFR ECD. Two of these 

antibodies target epitopes within domain III of the extracellular domain of the receptor, 

while the remaining antibody binds to domain I. Unlike SYM004, MM-151 is 

comprised of three fully humanised IgG antibodies as opposed to the recombinant 

human-mouse chimeric mAbs present within SYM004.  Exposure to MM-151 was 

determined to be most effective in instances which presented with an acquired 

mutation in the ligand-binding domain of the EGF receptor235, 441.  

Due to the plethora of mechanisms of acquired resistance that have so far been 

uncovered, there is clearly an unmet requirement for more broad-range therapies that 
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are able to target tumours exhibiting resistance to EGFR mAbs (eg. Cetuximab) while 

minimising the risk of the development of further resistance occurring.  

4.1.2 The potential of the UPR as novel target in cetuximab-

resistant CRC cells 

Activation of the unfolded protein response (UPR) has been determined to be 

upregulated within malignant cells in comparison to normal cells due to the increased 

prevalence of stresses that induce the UPR; including hypoxia, within the tumour 

microenvironment. Under these stresses, the UPR is activated in a pro-survival manner 

to stimulate both angiogenesis and proliferation through the upregulation of VEGF 

expression314. These increased levels in ER stress present within cancer therefore 

denotes a reliance of tumour cells on the UPR for survival, with any changes in the 

balance of ER stress potentially mediating the initiation of apoptosis in these cells322. 

Additionally, activation of the UPR has been associated with resistance to a wide 

variety of chemotherapeutic agents in a range of tumour types including breast cancer 

and CRC442. The majority of these studies show the impact of GRP78 on drug 

resistance through its inhibitory interactions with pro-apoptotic proteins such as BAX, 

resulting in blockade of caspase-7 cleavage443. As a result of this dependence on the 

UPR, it is considered to be a potential therapeutic target in a variety of tumour types 

including CRC444, 445. One such study describing the beneficial effect of targeting the 

UPR determined that GRP78 inhibition utilising a specific shRNA results in increased 

ATF4 expression within osteocarcinoma cells. This increase in expression stems from 

the abrogation of the inhibitory effect of ATF4 mediated by GRP78. Inhibition of 

GRP78 mediates activation of the three branches of the UPR, of which eIF2α can 

induce ATF4 transcription. ATF4 then subsequently results in the stabilisation of 

CHOP through its deubiquitination, which can mediate apoptosis through the 

induction of transcription of a variety of target genes including GADD34 and 

ERO1α446. Conversely, inhibition of UPR activation can also be effective due to its 

role in cell survival and proliferation. The PERK inhibitor GSK2656157 has been 

shown to possess anti-tumour activity through reduced proliferation of tumour cells in 

a murine model of a variety of tumour types including pancreatic and breast cancer332. 

It is therefore important to consider the desired effect of UPR targeting (ie. cytotoxic 
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or cytostatic) to determine an appropriate target and to ensure maximal efficacy of 

treatment. 

The UPR can be activated through the use of proteasomal inhibitors i.e. bortezomib, 

thereby resulting in a build-up of misfolded proteins and eliciting ER stress through 

the uncoupling of GRP78 from the three UPR sensors. Additionally, activation of the 

UPR can also occur through direct targeting of specific downstream mediators i.e. 

through HA-15 which is able to interact with GRP78. This then results in its 

dissociation from the three ER sensors, IRE1α, PERK and ATF6 and ultimately results 

in activation of the UPR327. Furthermore, cetuximab treatment in combination with 

chemotherapy (FOLFIRI) has recently been determined to trigger the ER stress 

response through the phosphorylation of IRE1α447. We have recently discovered that 

targeting the UPR in BRAFMT CRC using the ER-stress inducer thapsigargin can 

elicit an apoptotic response through the induction of ER stress in a manner that is not 

reflected in BRAFWT cells448. One of the potential explanations for this finding was 

the higher basal proliferation rate in BRAFMT over WT cells, resulting in increased 

protein production and therefore higher basal levels of ER stress449.                                                                                                                                                      

A novel class of therapies targeting the UPR, in particular in tumour cells has been 

discovered – the imipridones, of which the first in class member is ONC201 (TIC10). 

ONC201 has been shown to function as an antagonist of the dopamine D2-like 

receptor DRD2 and subsequently elicit the UPR via ATF4/CHOP upregulation in a 

variety of solid tumour types, including CRC450. Inhibition of DRD2 has been 

determined to mediate upregulation of adenylyl cyclase (AC) by preventing the 

inhibitory interaction between the dopamine receptor and AC. Subsequently, adenylyl 

cyclase upregulates cyclic-AMP resulting in upregulation in ATF4451. Not only has 

ONC201 been determined to be effective in solid tumours as a monotherapy, but it has 

also been suggested to synergise with several chemotherapeutic agents to induce 

apoptosis in haematological malignancies452. Additionally in CRC, ONC201 in 

combination with the VEGF-mAb bevacizumab has resulted in a synergistic apoptotic 

effect in BRAFMT HT-29 CRC xenograft mouse models453. It would therefore be 

beneficial to determine other potential treatments that may elicit a synergistic effect in 

CRC cell line models and whether these treatment combinations would display 

efficacy within models displaying both acute and acquired resistance to cetuximab. 
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This chapter initially aims to elucidate the novel biology of CRC cells with acquired 

resistance to cetuximab, by examining expression/activation levels of several survival 

proteins in parental and matched cetuximab-resistant CRC cells, developed through 

chronic exposure of RAS, BRAF, PIK3CA and PTEN–WT CRC cells to the EGFR 

mAb. Following this, levels of proteins in the UPR branches will be determined in the 

cetuximab resistant cell line and compared to their respective activation in 

isogenic/parental cells. Sensitivity of cetuximab resistant cells to ONC201 and other 

members of the imipridone family of small molecules will then be determined and 

compared to basal sensitivity within cetuximab-naïve cells. We will subsequently 

establish the differential sensitivity of CRC cell lines with intrinsic resistance to EGFR 

targeted therapies to the imipridones in comparison to their sensitive counterparts. 

This will therefore allow us to determine if there is a potential use of the imipridones 

either alone or in combination with current chemotherapeutics in CRC cell line models 

with acute and acquired resistance to cetuximab. Finally, we will determine if the 

master regulator of the UPR, GRP78 has also prognostic value in a cohort of stage 

II/III CRC patients. 
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4.2 Results 

4.2.1 Morphology of CRC cells with acquired resistance to 

cetuximab  

In order to study the physical alterations that occur as a result of acquired resistance 

to cetuximab in CRC cells, we created resistant cells through chronic exposure of 

RASWT CRC cell lines to increasing concentrations of cetuximab. For the generation 

of resistant cells, we utilised both RAS, BRAF, PIK3CA and PTEN–wild-type 

LIM1215 and DIFI CRC models. Although LIM1215 cells were established to be 

innately resistant to cetuximab with regard to the apoptotic effect of the EGFR mAb, 

they were still found to be sensitive in terms of the anti-proliferative effect of 

cetuximab and therefore were deemed a suitable model for the development of 

resistant clones. Cells were initially cultured with media containing 1µg/ml cetuximab 

for 5 passages. Following this, the concentration of cetuximab was increased to 5µg/ml 

until resistance occurred, which was ~3 months (figure 4.1). Even following the 

induction of resistance, cells were maintained in media treated with 5µg/ml cetuximab. 

The continuous exposure to cetuximab even following induction of resistance towards 

the mAb prevented the clonal expansion of cetuximab sensitive cells, as has been 

shown following ‘drug-holidays’ and subsequent re-challenge with cetuximab 

allowing for increased response within patients compared to what has been determined 

following continuous exposure to the mAb454. The development of cetuximab 

resistance in both LIM1215 and DIFI cells was confirmed through the use of MTT 

survival analysis (figures 4.2 & 4.3). Although both parental cell lines exhibited an 

IC50 in the sub-µg/ml concentration range of cetuximab, following chronic exposure 

to the mAb an IC50 was no longer achievable. This therefore indicated the acquirement 

of resistance towards cetuximab within these cells. Additionally, resistance in these 

cells also resulted in morphological changes in comparison to the parental cells. Using 

phase contrast microscopy at 20x magnification, we were able to determine that the 

resistant cells undertook a more spindle-like morphology compared to parental cells. 

This alteration in morphology was more defined in resistant DIFI cells in comparison 

to the resistant LIM1215 cells (figure 4.2b & 4.3b). Furthermore, within the 

cetuximab-resistant DIFI cell line we established that there was an increased number 

of cells within the field of view compared to the parental DIFI cell line despite seeding 
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both cell lines at the same density – indicative of increased proliferation within the 

resistant cells. To compare the levels of resistance between our in-vitro models of 

acquired resistance to cetuximab and cells lines exhibiting innate KRAS or BRAF 

mutations, we performed MTT analysis in the KRASG13D HCT-116 and DLD-1 cell 

lines as well as the BRAFV600E HT-29 and VACO432 cell lines. Similar to the results 

obtained with DIFI and LIM1215 cells with acquired cetuximab resistance, IC50 

concentrations of cetuximab were unable to be determined within any of these innately 

cetuximab resistant CRC cell lines (figure 4.4). 
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Figure 4.1 Schematic illustrating how cetuximab resistant LIM1215
and DIFI colorectal cancer cells were developed.
Cetuximab resistant CRC cells were generated through prolonged
exposure with cetuximab. Both LIM1215 and DIFI cells were initially
exposed to a low dose of cetuximab (1µg/ml) for 5-6 passages. The
concentration of cetuximab was then increased to 5µg/ml and was
sustained for ~3 months to allow resistant populations to proliferate.
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Figure 4.2 Effect of cetuximab resistance on morphology of
LIM1215 CRC cells
A. LIM1215 Parental (P) and Resistant (R1) cells were treated for 72hr

with increasing concentrations of cetuximab (0.00005μg/ml -
50μg/ml). IC50 values were determined through interpolating a non-
linear graph with a variable slope. Figures show a representative
image of 3 independent experiments. Shown is the mean IC50 value ±
standard deviation.

B. Phase contrast microscopy of the morphological difference between
the parental and cetuximab resistant LIM1215 CRC cells. Shown is a
representative image taken at a 20x magnification.
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Figure 4.3 Effect of cetuximab resistance on morphology of DIFI
CRC cells
A. DIFI Parental (P) and Resistant (R1) cells were treated for 72hr with

increasing concentrations of cetuximab (0.00005μg/ml - 50μg/ml).
IC50 values were determined through interpolating a non-linear graph
with a variable slope. Figures show a representative image of 3
independent experiments. Shown is the mean IC50 value ± standard
deviation.

B. Phase contrast microscopy of the morphological difference between
the parental and cetuximab resistant DIFI cells. Shown is a
representative image taken at a 20x magnification.
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Figure 4.4 Effect of cetuximab on proliferation of CRC cells with an
innate BRAF/KRAS mutation
KRASMT (HCT116 + DLD-1) and BRAFMT (HT-29 + VACO432) CRC
cells were treated for 72hr with increasing concentrations of cetuximab
(0.00005μg/ml - 50μg/ml). IC50 values were determined through
interpolating a non-linear graph with a variable slope. Figures show a
representative image of multiple independent experiments (HCT116
n=3, DLD-1 n=3. HT-29 n=2, VACO432 n=2).
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4.2.2 Effect of acquired resistance to cetuximab on downstream 

survival signalling in CRC cells. 

We further examined potential differences in HER-signalling between the parental and 

cetuximab-resistant CRC cell lines, using western blotting. We uncovered a number 

of modifications affecting both RTK phosphorylation and expression and downstream 

mediators of survival (figure 4.5). In cetuximab-resistant DIFI cells, activation of 

EGFR as determined through expression of the phosphorylated form of the receptor at 

Y1068 was completely abolished in comparison to their parental counterparts. This is 

likely to be as a result of diminished reliance on activation of the receptor within the 

cell line, further corroborated by the downregulation of EGFR expression within DIFI 

cells exhibiting the resistant phenotype. Continuous exposure to cetuximab would 

result in downregulation of the EGF-receptor itself due to persistent internalisation 

and degradation of the receptor. Consistent with EGFR activation, levels of HER2 

phosphorylation at the tyrosine residue Y1248 site were also decreased in the DIFI 

resistant cells compared with parental cells, which may be occurring as a result of 

decreased heterodimerisation of HER2 with EGFR. With regard to HER3, expression 

of the phosphorylated form of the receptor at Y1289 was undetectable in both the 

parental and cetuximab resistant DIFI cell lines. Additionally, there was an increase 

in both the phosphorylation (at Y1234/1235) and expression of the MET receptor in 

the DIFI cells with acquired cetuximab resistance. With regard to induction of 

downstream survival signalling, there was increased activation of MAPK, JAK/STAT 

and PI3K/AKT survival pathways in the cetuximab-resistant DIFI cells compared to 

the levels observed in the parental DIFI cells. This was indicated through increased 

phosphorylation of ERK at T202/Y204 and STAT3 at Y705 in cetuximab-resistant 

DIFI cells, as well as increased expression of these signalling proteins. Interestingly, 

this activation was not reflected in the PI3K/AKT pathway as there was no alteration 

in AKT phosphorylation at S473, however there was a marked increase in AKT 

expression in cetuximab-resistant DIFI cells compared to expression levels 

determined within the parental cells. Within the cetuximab-resistant LIM1215 cells, 

despite chronic exposure to cetuximab there was a slight increase in the 

phosphorylation of EGFR at Y1068 and no change in expression compared to the 

levels established within the parental cells. This may be indicative of a mutation in the 

extracellular domain of EGFR, preventing the binding of cetuximab and allowing for 



 
 

203 
 

survival signalling through EGFR phosphorylation to continue. Additionally, there is 

a small reduction in HER2 activation and expression in the cetuximab-resistant 

LIM1215 cells in comparison to the parental cells. Similar to EGFR, LIM1215 cells 

with acquired cetuximab resistance also exhibited an upregulation in HER3 activation 

with no change in expression of the receptor. This indicates that there may be increased 

EGFR/HER3 heterodimerisation occurring within cetuximab resistant LIM1215 cells 

in comparison with their parental counterparts. Both phosphorylation and expression 

of the MET receptor were slightly downregulated within cetuximab-resistant 

LIM1215 compared to levels determined within the parental cells. In contrast to the 

DIFI cells, there was little alteration in downstream survival signalling following 

prolonged exposure of LIM1215 cells to cetuximab. We determined that there was a 

slight upregulation of ERK phosphorylation but no change in expression of the kinase. 

Furthermore, downregulation of the PI3K/AKT pathway occurred within these 

resistant cells as indicated through decreased AKT activation at Serine 473. 

Additionally, STAT3 phosphorylation, although at low levels within parental cells was 

further reduced in LIM1215 cells that exhibited acquired resistance to cetuximab, 

while expression of this transcription factor was unaltered between resistant and 

parental LIM1215 cells, suggesting an increased reliance on the MAPK survival 

within LIM1215 cells with induced resistance towards cetuximab. Overall, despite the 

identical treatment of these two cell lines, we have determined two independent 

responses to prolonged cetuximab exposure, as indicated through differences in RTK 

and downstream kinases signalling between the two cetuximab-resistant cell lines. 

As there were no marked alterations within the activation of the HER family of RTKs 

or MET between the cetuximab-resistant and parental LIM1215 cells as indicated 

through western blotting, we subsequently sought to determine if there was any 

changes in the phosphorylation status of any other RTKs through the use of a 

commercially available phospho-RTK array (R&D Systems, figure 4.6). Comparing 

the resultant blots from both the parental and cetuximab-resistant LIM1215 cells, we 

were unable to distinguish any marked changes in the phosphorylation status of any 

RTK included within the array following induction of the resistant phenotype. This 

result therefore suggested that the induction of resistance to cetuximab within the 

LIM1215 cells occurred independently of alteration in RTK phosphorylation. 
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We subsequently decided to determine the RAS (NRAS or KRAS) and BRAF mutational 

status of the cetuximab resistant cell lines in comparison to their parental counterparts 

as these mutations are the most commonly induced within cases of acquired resistance 

towards EGFR-targeted therapies437. To elucidate the presence of any activating 

mutations in either of these signalling proteins, we performed Sanger sequencing on 

extracted gDNA from the cetuximab resistant cell lines (table 4.1). We focused on 

codons 12, 13, 61, 117 and 146 with regard to sequencing of both KRAS and NRAS 

and codon 600 for BRAF sequencing due to their known role in driving cetuximab 

resistance437. Both of our cell lines that became refractory towards the mAb were 

determined to have developed alterations within KRAS (codon 146 and codon 13) as 

established through Sanger sequencing. 
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Figure 4.5 Expression and activation of HER, MET and downstream
kinases in parental and acquired cetuximab resistant CRC cells.
Both parental (P) and cetuximab-resistant (R) LIM1215 and DIFI cells
were seeded in P90 plates 24hr prior to protein collection. Proteins were
then resolved by Western Blotting. Expression/phosphorylation levels of
EGFR, HER2, HER3, MET. AKT, ERK and STAT3 were determined by
Western blotting. Pictured is a representative image of 2 independent
experiments. β-Actin was used as a loading control.
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Figure 4.6 RTK phosphorylation status in parental and acquired
cetuximab-resistant LIM1215 CRC cells.
Representative short and long exposure images from the Human
Phospho-Receptor Tyrosine Kinase (RTK) Array Kit (R&D Systems),
depicting phosphorylation of RTKs in both parental and cetuximab-
resistant LIM1215 cells.
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Table 4.1 Sanger sequencing of acquired cetuximab-resistant
LIM1215 and DIFI CRC cells
DNA from both DIFI and LIM1215 Cetuximab resistant cells was
extracted and subsequently sequenced through Sanger sequencing with
focus on codons 12, 13, 61, 117 and 146 from KRAS and NRAS as well
as codon 600 of BRAF.

Codon LIM1215 R DIFI R

KRAS

12 WT WT

13 WT
c.38G>A 
p.G13D

61 WT WT

117 WT WT

146
c.436G>A
p.A146T

WT

NRAS

12 WT WT

13 WT WT

61 WT WT

117 WT WT

146 WT WT

BRAF 600 WT WT



 
 

208 
 

4.2.3 Levels of Protein Production within CRC Cell Lines with 

Innate and Acquired Resistance to Cetuximab 

Following the discovery of the presence of an activating mutation in KRAS within both 

cell lines with acquired resistance to cetuximab, we then determined if these KRASMT 

cetuximab-resistant LIM1215 cell lines proliferated at a higher rate compared to their 

wild-type parental counterparts. This was established through the use of MTT assays. 

Both parental and resistant cells were initially seeded in a 96-well plate and MTT was 

added to the appropriate wells of either cell line at defined timepoints. The 

proliferation rate of each cell line was subsequently determined by solubilising the 

MTT with DMSO, measuring the absorbance at 570nM and normalising values to the 

basal levels (figure 4.7a). LIM1215 cetuximab-resistant were observed to have a 

considerably higher proliferation rate than that of the parental cells, with a doubling 

time of ~48hrs compared to ~72hrs within the untreated parental cells. At 96hrs, there 

was a noticeable divergence in rates of proliferation between the KRASMT and WT 

cells, with an increase in cell number of ~8x in the resistance cells at this timepoint vs 

0hrs, in comparison to the ~3x increase identified in the WT cells. This increase in 

proliferation within the two LIM1215 cell models was more pronounced than that 

determined in an established isogenic matched pair of cell lines – HCT116 and HKH2 

(figure 4.7b). As discussed previously in chapter 3, the HKH2 cell line was generated 

through homologous recombination of the KRAS gene within the KRASMT HCT116 

cell line, which innately exhibited a G13D mutation of the kinase341. Within the 

KRASWT HKH2 cell line, cell number was doubled following 96hr culture compared 

to the KRASMT HCT116 cells which exhibited an increase of cell number of 

approximately 3x. The increase in proliferation in both HCT-116 and LIM1215 

cetuximab-resistant is indicative of the presence of mutated KRAS and constitutive 

activation of the MAPK pathway. 

As increased proliferation is also indicative of increased protein production within the 

cells, we determined if there was any alteration in the levels of proteins within the 

KRASMT vs WT cells through the use of a ‘Click-iT® kit’ (Thermo Scientific, figures 

4.8 & 4.9). Regarding the LIM1215 cells, nascent protein production was increased in 

the cetuximab-resistant cells compared to levels established within the parental cells 

(figure 4.8). In addition, this increase was also determined to occur within the HCT116 
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cell line in comparison to the KRASWT HKH2 cells, although this increase was not as 

defined as what was determined within the LIM1215 cetuximab resistant cell line 

(figure 4.9). Additionally, as we have previously shown that addition of the MEK 

inhibitor AZD6244 diminished protein production in the BRAFMT VACO432 cells 

we wanted to determine if this was also the case in KRASMT cells455. We therefore 

pre-treated KRASMT LIM1215 and HCT-116 cells with 0.1µM MEKi for 24hr prior 

to fixing and staining of the cells utilising the Click-iT® kit. In the cetuximab resistant 

LIM1215 cells, there was no reduction in stain intensity, indicating that MEK 

inhibition has no effect on the proliferation of this cell line. Interestingly, in the HCT-

116 cells there was an increase in protein production as indicated by increased 

intensity of the Click-iT® stain. This increase in protein production determined within 

the HCT-116 cells following MEK inhibition is corroborated by a recent study which 

has established an increase in Wnt signalling in KRASMT CRC cell lines such as HCT-

116 following exposure to MEK inhibitors including selumetinib (AZD6244). This 

increase in Wnt signalling subsequently mediates an upregulation in cellular 

proliferation, hence mediating an upregulation in DNA synthesis and increased 

incorporation of the fluorescent thymidine analogue utilised within the Click-iT® 

assay456. 

To support the above data, we subsequently measure expression and phosphorylation 

of the translation initiation factor eIF4E within cell lines under the same conditions as 

the Click-iT® assay (figure 4.10). EIF4E (eukaryotic translation factor 4E) is 

described as a primary target for translational regulation through its interaction with 

the cap structure of mRNAs and subsequently aiding their translocation to the 

ribosome for translation. EIF4E is activated through the phosphorylation of Mnk1 

kinase which, in turn is activated by ERK and p38457, 458. Basally, there was a minor 

increase in EIF4E phosphorylation within the cetuximab resistant LIM1215 and 

HCT116 cell lines compared to levels determined within the LIM1215 parental and 

HKH2 cell lines respectively, supporting the ClickiT data. Following treatment of 

cetuximab-resistant LIM1215 or HCT-116 cells with 0.1µM AZD6244, we identified 

downregulation of ERK phosphorylation, indicative of on-target activity of the MEK 

inhibitor. Additionally, there was a slight upregulation in EIF4E activation in the 

HCT-116 cell line following treatment with AZD6244, consistent with the increased 

protein production in these cells as shown in the ClickiT assay. In regard to protein 
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production in LIM1215 cetuximab-resistant cells, there was no alteration in eIF4E 

activation or expression following MEK inhibition.  
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Figure 4.7 Proliferation rate in RASWT cells and RASMT CRC cells
Two sets of isogenic cell lines (LIM1215 KRASWT Parental/ KRASMT
Cetuximab-resistant cells – A, and RASMT HCT116/ KRASWT HKH2 –
B) were plated in 96-well plates in triplicate. Cell density was then
determined at each timepoint using MTT reagent. Values were made
relative to basal cell density.
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Figure 4.8 Click-iT™ Plus OPP Alexa Fluor™ 488 Protein Synthesis
Assay in parental and acquired cetuximab resistant L IM1215 CRC
cells. LIM1215 cetuximab-resistant (LIM R) and parental (LIM P) cells
were seeded on rounded coverslips in a 24 well-plate. The following day,
the media was changed and cells were either drugged with 0.1μM
AZD6244 or remained untreated for a further 24 hours. The cells were
then fixed and stained utilising the ClickiT® kit (Thermo Scientific).
Cells were then subsequently visualised through confocal microscopy
(Leica) with provided LS-AF imaging software with appropriate filters
for DAPI/FITC staining.
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Figure 4.9 Click-iT™ Plus OPP Alexa Fluor™ 488 Protein Synthesis
Assay inRASMT HCT-116 cells andRASWT HKH-2 clone.
HCT116 (RASMT) and HKH2 (RASWT) CRC cells were seeded on
rounded coverslips in a 24 well-plate. The following day, the media was
changed and cells were either drugged with 0.1μM AZD6244 or
remained untreated for a further 24 hours. The cells were then fixed and
stained utilising the ClickiT® kit (Thermo Scientific). Cells were then
subsequently visualised through confocal microscopy (Leica) with
provided LS-AF imaging software with appropriate filters for
DAPI/FITC staining.
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Figure 4.10 Phosphorylation of the translation initiator eIF4E in
parental and acquired cetuximab resistant CRC and isogenic
KRASMT/KRASWT CRC cells.
HKH2, HCT116, LIM1215 parental and cetuximab–resistant cells were
seeded for 24hrs to allow for adherence of cells prior to treatment of the
RASMT cells with MEKi AZD6244 (0.1μM) for 24hrs. The cells were
then collected and proteins extracted and subsequently resolved by
Western blotting. Levels of phospho- and total EIF4E were determined
as a readout of protein production in the cells. Levels of phospho- and
total ERK were also determined to verify the on-target effect of
AZD6244. β-actin was used as a loading control. Above is a
representative image of 2 independent experiments.
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4.2.4 Cetuximab-resistant CRC cells with acquired KRAS 

mutation exhibit higher basal levels of proteins involved in UPR 

activation compared to their WT, parental counterparts 

MEK/ERK pathway activation has been shown to enhance protein 

translation/synthesis via phosphorylation of the translation initiator eIF4E, thereby 

exceeding ER protein folding capacity, resulting in ER stress and activation of the 

unfolded protein response (UPR)459. As we had identified an upregulation in eIF4E 

phosphorylation within the KRASMT LIM1215 cell line, we sought to determine if the 

levels of proteins involved in the UPR branches were also increased in comparison to 

basal levels of UPR activation within the parental KRASWT, cetuximab-sensitive 

LIM1215 cell line. 

To determine UPR activation of both the parental and cetuximab-resistant cells, we 

resolved proteins extracted from both cell lines either untreated or exposed to 

cetuximab for 24hrs (figure 4.11). As expected, treatment of cetuximab naïve 

LIM1215 cells with the mAb for 24h resulted in lower expression of many proteins 

involved in UPR activation. This is most likely as a result of the decrease of 

proliferation mediated by cetuximab within these cells as determined within the 

previous chapter. Expression of GRP78 is downregulated within the parental 

LIM1215 cells exposed to cetuximab, as is the expression and phosphorylation of the 

sensor protein IRE1α. There was no alteration in expression of the spliced form of 

XBP1 or JNK expression, however there was a slight upregulation in JNK 

phosphorylation in LIM1215 cells following treatment with cetuximab. Additionally, 

cetuximab treatment within the RASWT LIM1215 cells resulted in an upregulation of 

EIF2α phosphorylation, while there was a downregulation of expression of the protein. 

This increase in phosphorylation is indicative of a downregulation of protein 

production mediated by its inability to associate with the initiator tRNA and its 

delivery to the ribosomes for translation303. Within the parental cell lines, exposure to 

cetuximab also resulted in a marked downregulation in ATF4 expression. 

Additionally, while there was no alteration in expression of the spliced form of ATF6, 

there was a downregulation in the full length form of the transcription factor following 

exposure of the RASWT cells to cetuximab. CHOP expression was also downregulated 

following cetuximab treatment in the parental cells, which also may suggest why 



 
 

216 
 

exposure to cetuximab did not elicit an apoptotic response in these cells as established 

in the previous chapter. Cetuximab-resistant cells had higher expression of a number 

of proteins associated with UPR activation, indicative of increased (chronic) ER stress 

within these cells basally in comparison to their KRASWT counterparts. In the RASMT 

LIM1215 cells, there was a small upregulation in GRP78 expression levels compared 

to the parental cells. There was also increased expression and phosphorylation of 

IRE1α within the resistant cells compared to levels established in both untreated and 

cetuximab-treated RASWT LIM1215 cells, indicative of increased activation of the 

IRE1α /XBP1 branch of the UPR. This was corroborated by the upregulation of 

expression of the spliced form of XBP1 determined within the cetuximab-resistant 

cells in comparison to RASWT cells. JNK phosphorylation and expression were 

unchanged in the RASMT LIM1215 cells compared to the RASWT LIM1215 cell line, 

indicating that within resistant LIM1215 cells, IRE1α is preferentially signalling to 

XBP1 rather than the pro-apoptotic TRAF2/ASK1/JNK-signalling pathway. There 

were negligible changes in EIF2α phosphorylation within the cetuximab-resistant 

LIM1215 cell line, however there was an upregulation in expression levels of the 

protein within this cell line. This indicates that there is little difference in activation of 

the PERK/EIF2α/ATF4 branch of the UPR following the acquisition of the KRAS 

mutation within the LIM1215 cell line, however we have also determined that there is 

a marked upregulation in ATF4 expression within the resistant LIM1215 cells 

compared to the levels identified within the cetuximab naïve cells. Furthermore, there 

is no alteration in expression of either the full length or cleaved forms of ATF6 

following the induction of cetuximab resistance within LIM1215 cells. Finally, CHOP 

expression is slightly upregulated within the RASMT cells compared to levels 

established in their WT counterparts. Overall, these results indicate that LIM1215 cells 

with acquired resistance towards cetuximab and acquired KRAS mutation have 

enhanced protein synthesis and chronic ER stress, possibly rendering these CRC cells 

susceptible to apoptosis following treatment with acute ER stress activators, such as 

HA15455. 

 In order to test this hypothesis, we then investigated the effect of the acute ER stress 

activator and imipridone ONC-201 on induction of apoptosis in the KRASWT 

cetuximab-sensitive and KRASMT cetuximab–resistant LIM1215 cells.  
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Figure 4.11 Expression/activation of proteins in the UPR branches in
parental and cetuximab-resistant LIM1215 cells, with acquired
mutation in KRAS.
LIM1215 parental and cetuximab resistant cells were plated 24hr prior to
treatment with cetuximab (5μg/ml) for a further 24hrs. Proteins were
then extracted and resolved by Western Blotting. Above is a
representative panel from 3 independent experiments. β-Actin serves as
a loading control
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4.2.5 CRC cells with KRAS or BRAF mutations exhibit higher 

levels of sensitivity to DRD2 antagonists than KRAS/BRAFWT 

wild-type cells 

The imipridones are a novel group of molecules with anti-tumour effects of which 

ONC201 is the first in class compound. ONC201 has been shown to act as an 

antagonist of the dopamine receptor DRD2, resulting in the upregulation of cAMP and 

subsequently mediating in UPR activation via ATF4 and CHOP signalling460. We 

therefore hypothesised that due to the presence of chronic ER stress in LIM1215 CRC 

cells with RAS mutations, treatment with ONC201 would mediate an apoptotic effect 

within these as a result of induction of “unresolved” ER stress or sustained activation 

of the UPR branches.  

To compare the effects of the imipridone ONC201 within an isogenic pair of 

RASWT/RASMT cell lines, we initially compared the effect on parental and 

cetuximab-resistant LIM1215 cells (figures 4.12 & 4.13). The apoptotic effect of 

ONC201 in both cell lines was initially determined utilising flow-cytometry with 

propidium iodide-stained cells which were treated for 48hr with 10µg/ml of the 

imipridone (figure 4.12a). We then compared the percentage of cells determined to be 

in the sub-G1 population as these cells are deemed apoptotic (figure 4.12b). ONC201 

was considered to be significantly more effective in the resistant cells compared to 

their parental counterparts, with ~18% of cells undergoing apoptosis in contrast with 

7% of the RASWT cells. Despite these results indicating that the resistant LIM1215 

cells displayed increased sensitivity towards ONC201 compared to the parental cells, 

IC50 levels achieved through MTT assays were similar in the RASMT vs RASWT 

LIM1215 cells (3.4µM vs 2.63µM; figure 4.13a). In essence, MTT assays determine 

both cytostatic and cytotoxic effect of ONC201 compared with flow cytometry which 

just determines the apoptotic effect of treatment. Therefore, ONC201 may have a 

greater cytostatic effect within the parental cells, thereby resulting in similar IC50 

concentrations within the two cell lines. As ONC201 has been determined to activate 

the UPR via the activation of ATF4 and CHOP, we then established expression of 

these proteins within both parental and cetuximab-resistant cell lines following their 

treatment with increasing doses of the imipridone (1-10µM; figure 4.13b)450. Within 

both LIM1215 cell lines, treatment with ONC201 resulted in a similar upregulation of 
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both CHOP and ATF4, 24h following exposure to the drug. It is important to note 

however, that activation of the UPR is a dynamic process and therefore this increase 

in CHOP and ATF4 expression following exposure to ONC201 may not be 

sustained455. 

Due to the increased sensitivity of the RASMT LIM1215 cells to the apoptotic effect 

of ONC201 as determined through flow cytometry, we then investigated whether this 

sensitivity was mediated by the acquired mutation in KRAS within these cells. 

Cetuximab-resistant LIM1215 cells were transfected either with a scrambled control 

siRNA, or specific siRNAs targeting KRAS or ERK1/2 for 24hrs prior to exposure to 

10µM of the imipridone ONC201 (figure 4.14). Initially, we established the on-target 

effects of the siRNAs utilised through the establishment of KRAS and ERK1/2 

expression. As expected, cells transfected with siKRAS exhibited decreased expression 

of KRAS compared to cells transfected with the control siRNA, as did cells transfected 

with siERK1/2 – although to a lesser extent. Expression of ERK1/2 was also 

downregulated within cells transfected with siERK1/2 in comparison to SC-

transfected cells, while this was upregulated in cells exposed to KRAS siRNA. We 

then established levels of apoptosis induction within these cells through the 

determination of expression levels of the cleaved form of PARP. In control siRNA-

transfected cells, ONC201 resulted in a marked induction of PARP cleavage which 

was further increased within cells transfected with siRNA targeting KRAS. Consistent 

with previous literature associating ONC201 with ATF4 upregulation, treatment with 

the imipridone resulted in increased expression of the transcription factor which was 

unaltered within cells transfected with siRNAs targeting KRAS or MAPK1/2. As 

expected, CHOP expression was upregulated within RASMT LIM1215 cells treated 

with ONC201 which, again remained unchanged in cells pre-treated with ERK1/2 

siRNA. Interestingly, silencing of KRAS in combination with ONC201 treatment 

resulted in an upregulation in CHOP expression compared to cells transfected with a 

scrambled-control siRNA. This result therefore indicates that KRAS silencing 

enhanced the apoptotic effect mediated by ONC201 within the cetuximab-resistant 

LIM1215 cell line. Taken together, we have established increased apoptotic effect 

mediated by ONC201 within RASMT LIM1215 cells is not a direct consequence of 

the KRAS mutation acquired within these cells following the development of 

cetuximab resistance.  
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To determine whether the effects of ONC201 established within the cetuximab-

resistant LIM1215 model were consistent with other KRASMT cells lines which 

innately exhibited a mutation in KRAS, we determined the effects of ONC201 within 

the KRASMT HCT-116 cell line. We initially assessed basal expression/activation of 

the proteins involved in the UPR branches within the RASMT HCT-116 cells and 

compared this activation to the isogenically matched RASWT HKH2 cells (figure 

4.15)341. HCT-116 cells displayed a marked increase in GRP78 expression compared 

to levels established within HKH2 cells. With regard to phosphorylation of the UPR 

sensor IRE1α, this was also higher within RASMT HCT-116 cells, indicating a higher 

level of basal UPR activation within the RASMT cells compared to RASWT HKH2 

cells. This was further corroborated by the higher levels of XBP1 splicing seen within 

these cells in comparison to the isogenically matched RASWT HKH2 cells. Unlike 

RASMT LIM1215 cells, HCT-116 cells exhibited an increase in JNK expression and 

activation compared to their WT counterparts. These results are indicative of 

upregulated signalling via the IRE1α branch of the UPR within the HCT-116 cells 

compared to HKH2 cells. To further determine activation levels of the other branches 

of the UPR, we then determined expression and activation of various proteins involved 

with both PERK- and ATF6-mediated branches. As an indicator of the activation of 

PERK branch of the UPR, we assessed phosphorylation and expression of its 

downstream target EIF2α. While expression was upregulated in the HCT-116 cells 

compared to HKH2 cells, we determined that phosphorylation was decreased within 

the RASMT cell line. As EIF2α phosphorylation results in attenuation of global protein 

translation this may indicate as to why HKH2 cells exhibit lower protein production 

than HCT-116 cells as shown in figure 4.9. Interestingly, despite the decreased 

phosphorylation of EIF2α within HCT-116 cells, expression of its targets ATF4 and 

CHOP were upregulated within these cells compared to the levels observed within the 

HKH2 cell line. We finally determined the expression of both the full length and 

cleaved forms of the third UPR sensor - ATF6. HCT-116 cells were determined to 

exhibit increased expression of both forms of ATF6 in compared to levels established 

within the RASWT HKH2 cells. As ATF6 cleavage results in its translocation from 

the cell membrane to the Golgi to initiate translation of pro-survival genes, this 

increase in expression determined in HCT-116 cells indicates that these cells not only 

have increased activation of the UPR basally, but also decreased levels of apoptosis in 

comparison with their RASWT counterparts461.   
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Following the determination that RASMT HCT-116 cells exhibited increased basal 

activation of the UPR compared to the RASWT HKH2 cells, we then investigated the 

effectiveness of ONC201 within these cell lines (figure 4.16). Similar to what was 

performed within the LIM1215 parental/resistant models, we determined the 

sensitivity of these cells towards the imipridone by establishing IC50 concentrations 

within both cell lines using MTT assays (figure 4.16a). There was a distinct difference 

in sensitivity between HCT-116 and HKH2 cell lines, with RASMT HCT-116 cells 

exhibiting an IC50 of 2.61µM, approximately 10x lower than the IC50 concentration 

determined in the RASWT HKH2 cells (18.8µM). This result indicates the RASMT 

CRC cell lines exhibit greater levels of sensitivity towards ONC201 than RASWT cells 

– suggesting the imipridone may be an effective treatment within RASMT CRC 

tumours. We subsequently established if this increase in sensitivity identified within 

the HCT-116 cell line was as a result of increased activation of the UPR through the 

elucidation of expression of several proteins involved in ER-stress using western 

blotting (figure 4.16b). Induction of PARP cleavage indicating an apoptotic effect was 

identified only in the HCT-116 cells following treatment with ≥2.5µM ONC201, while 

there was no upregulation in PARP cleavage compared to levels determined basally 

within the HKH2 cells. We then determined expression levels of ATF4 and CHOP 

that have previously been shown to be altered by ONC201. As expected, ATF4 

expression was induced in both cell lines following treatment with ≥2.5µM ONC201, 

however there were slight differences in expression between the two cell lines. 

Induction of ATF4 mediated by ONC201 was generally more prominent within the 

HCT-116 cell line compared to HKH2 cells, however there was only a negligible 

difference in expression levels following exposure of the cells to 2.5µM of the 

imipridone. With regard to the induction of CHOP expression occurring as a result of 

ONC201 treatment, HCT-116 cells again exhibited marked increases in expression 

compared to their RASWT counterparts. CHOP expression was at determinable levels 

within the HCT-116 cells following treatment with 2.5µM of the imipridone, but 

remained undetectable at this concentration within the HKH2 cell line. At 

concentrations ≥5µM, CHOP was detected within the RASWT cells but remained 

considerably lower than the expression established within the HCT-116 cells. This 

difference in ONC201-mediated CHOP induction may account for the alteration in 

sensitivity towards the imipridone between the two cell lines with regard to apoptosis. 
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As HCT-116/HKH2 cells are an isogenic pair aside from the mutation in KRAS that is 

innately present within the HCT-116 cells, we then decided to determine if silencing 

KRAS can mitigate ONC201 sensitivity within the cells. HCT-116 cells were 

transfected with either a scrambled control or siRNAs specific for either KRAS or 

ERK1/2 for 24hr. Following this, cells were treated for a further 48hr with ONC201 

at a concentration of 10µM prior to harvesting and protein extraction (figure 4.17). To 

first verify the specificity of the siRNAs used within this cell line, we determined the 

expression of both KRAS and ERK1/2. As expected, HCT-116 cells transfected with 

siKRAS exhibited lower levels of the protein compared to SC-transfected cells. 

Interestingly, siMAPK1/2-transfected cells exposed to ONC201 exhibited higher 

expression of KRAS compared with cells transfected with a SC siRNA or cells that 

were exposed to siMAPK1/2 alone. HCT-116 cells exposed to siMAPK1/2 also 

expressed a marked downregulation in ERK1/2 expression, regardless of whether 

these cells were also treated with ONC201 or not. In all three conditions, treatment of 

the HCT-116 cells with the imipridone resulted in reduced expression of ERK1/2. 

With regard to the apoptotic effect mediated by exposure to ONC201, there was no 

alteration in expression of the cleaved form of PARP in cells transfected with either 

siKRAS or siMAPK1/2 in comparison to expression in HCT-116 cells treated with a 

scrambled control siRNA. The induction of ATF4 expression mediated by ONC201 

was downregulated following silencing of either ERK1/2 or KRAS, however the 

downregulation was more defined within siKRAS-transfected cells. ONC201 also 

induced CHOP expression in all three conditions, although the degree of this 

upregulation was slightly reduced in HCT-116 cells which had been pre-treated with 

siKRAS. Finally, unlike in RASMT LIM1215 cells, ONC201 did not induce splicing 

of XBP1 within the HCT-116 cell line, with levels remaining generally unaltered in 

all of our experimental conditions aside from KRAS-silenced cells which exhibited a 

slight reduction in sXBP1 expression. Taken together, this data suggests that while 

UPR activation meditated by ONC201 may have some dependence on the MAPK 

pathway, the apoptotic effect seen within HCT-116 following their exposure to the 

imipridone is not directly mediated by the KRAS mutation innately occurring within 

these cells. 

As we have recently shown that BRAFMT CRC cell lines display higher levels of UPR 

activation compared to BRAFWT cells, we decided to investigate if - like KRASMT 
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cells, BRAFMT CRC cell lines exhibited increased sensitivity towards ONC201 

compared to their WT counterparts455. We first determined the sensitivity of the 

BRAFMT CRC cell line VACO432 towards imipridone treatment. Utilising PI flow 

cytometry, we established the percentage of apoptotic cells both basally and following 

exposure to ONC201 (10µm) for 48hrs (figure 4.18a). We initially established that 

exposure of VACO432 cells to ONC201 resulted in a marked upregulation in 

apoptosis – as indicated by the determination of the percentage of cells classified as 

being in the ‘sub-G1’ phase of the cell cycle. Approximately 20% of untreated 

VACO432 cells were determined to be apoptotic in comparison to ~50% following 

imipridone treatment. This upregulation of ‘sub-G1’ cells also mediated a 

downregulation in cells within the ‘S‘- phase of the cell cycle, indicating that DNA 

replication is diminished following ONC201 treatment. The sensitivity of these cells 

to ONC201 was further determined through the elucidation of the IC50 of VACO432 

cells through MTT assays (figure 4.18b). We subsequently established that the 

concentration that results in a 50% inhibitory effect on cell proliferation mediated by 

ONC201 occurred following treatment with 2.7µM. 

After establishing that BRAFMT VACO432 cells were sensitive to ONC201, we then 

compared these cells to the sensitivity of the isogenically matched BRAFWT VT1 cell 

line (figure 4.19). Exposure of VACO432 cells to 1µM ONC201 mediated an 

apoptotic response as indicated through the marked increase in PARP cleavage. This 

apoptotic effect was only detectable in the VT1 cells following exposure to ONC201 

at concentrations ≥5µM – indicating that these BRAFWT cells were less sensitive than 

their BRAFMT counterparts. ATF4 expression was upregulated in the VACO432 cells 

at all concentrations of ONC201 tested in comparison to levels established within 

untreated cells. This induction of ATF4 was dose dependent, with 10µM ONC201 

eliciting the highest expression in these cells. Additionally, treatment of VACO432 

cells with the imipridone also resulted in an upregulation in CHOP expression, with 

the greatest level of expression determined following treatment with 2.5µM ONC201. 

Interestingly, despite apoptotic effect mediated by ONC201 alluding to increased 

sensitivity of VACO432 cells to the imipridone compared to VT1 cells, we determined 

that the BRAFWT cells exhibited higher levels of UPR activation compared to 

VACO432 cells. Expression of ATF4 was noticeably increased following exposure of 

VT1 cells to 5µM ONC201 compared to similarly treated VACO432 cells. This was 
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also the case with regard to CHOP expression, however the differential effect between 

the two cell lines was determined at the lower concentration of 2.5µM. Taken together, 

these results indicate that while VACO432 cells are more sensitive to the apoptotic 

effect of ONC201, the imipridone mediates higher UPR activation within the 

BRAFWT VT1 cells.  

We also determined the sensitivity BRAFMT HT-29 cells to ONC201 both through PI 

flow cytometry and elucidation of the IC50 concentration (figure 4.20). As expected, 

exposure of HT-29 cells to the imipridone resulted in apoptosis, indicated through the 

increased percentage of cells defined as ‘sub-G1’. Only 3% untreated HT-29 cells 

were deemed as apoptotic, which was increased to 20% cells following exposure to 

10µM ONC201 (figure 4.20a). This high level of sensitivity towards ONC201 

determined within BRAFMT HT-29 cells was confirmed through the determination of 

the IC50 concentration.  Following 72hr treatment of HT-29 cells with increasing doses 

of the imipridone, we established the IC50 to be 2μM using the MTT assay (figure 

4.20b). To further investigate the downstream effects mediated by ONC201 within 

HT-29 cells, we then performed protein expression analysis through western blotting 

on lysates extracted from cells treated with increasing doses of the imipridone for 

either 24hr or 48hr (figure 4.21). Following 24hr treatment, apoptosis was induced in 

HT-29 cells treated with ≥2.5µM ONC201. This induction of PARP cleavage also 

correlated with a marked upregulation in ATF4 and CHOP expression – indicative of 

UPR activation. However, at the longer timepoint of 48hr, although there was a high 

level of PARP cleavage in cells treated with either 2.5 or 5µM of the imipridone, there 

was only a small increase in CHOP expression and no alteration in levels of ATF4 

compared to expression determined in untreated cells. This may be due to the high 

levels of apoptosis occurring within these cells, as indicated by the reduced expression 

of full-length PARP determined at this timepoint. Alternatively, as UPR activation is 

a dynamic process, the lower CHOP expression determined at this later timepoint may 

just be a result of when we extracted the proteins. 

These results indicate that similar to CRC cell lines with intrinsic mutations in BRAF, 

induction of KRAS mutations as determined within cetuximab resistant cell lines can 

result in increased sensitivity to activators of the UPR including the imipridone 

ONC201. 
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Figure 4.12 Effect of the Imipridone ONC-201 on survival of cetuximab-
sensitive, KRASWT and –resistant KRASMT LIM1215 cells
Cetuximab-sensitive and -resistant LIM1215 cells were plated 24hr prior to
treatment with ONC201 (10μM) for 48hrs. Cells were then collected, fixed and
stained with Propidium Iodide (PI) solution. Cells in the sub-G1 phase were
taken as to have undergone apoptosis. Shown is the flow cytometry trace
annotated with the various stages of the cell cycle (A) and the average
proportion of cells determined to have undergone apoptosis either in the
presence or absence of ONC201 (B).
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Figure 4.13 Effect of the Imipridone ONC-201 on survival of cetuximab-
sensitive, KRASWT and –resistant KRASMT LIM1215 cells
A - Cetuximab-sensitive and -resistant LIM1215 cells were treated for 72hr
with increasing concentrations of ONC201 (0.1-20μM). Cell viability was
determined using MTT assay. IC50 values were determined through
interpolating a non-linear graph with a variable slope. Figures show a
representative image of 3 independent experiments. Shown is the mean ±
standard deviation.
B - Proteins from cells also treated with increasing concentrations of ONC201
(0.1-20μM) were extracted and resolved by Western Blotting to determine
expression of ATF4 and CHOP. β-actin was used as a loading control.
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Figure 4.14 Effect of silencing ERK1/2 and KRAS on the sensitivity
of cetuximab-resistant LIM1215 cells to ONC201
Cetuximab-resistant LIM1215 cells were reverse transfected with
siRNAs specific for KRAS, ERK1/2 or a scrambled control (SC). The
following day, they were then treated with ONC201 (10μM) for a further
48hrs. Proteins were then extracted and then resolved through Western
Blotting. The expression levels of ERK, KRAS, SXBP1, CHOP, ATF4
and PARP were determined and β-Actin was used as a loading control.
Above is a representative image of 2 independent experiments.
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Figure 4.15 Expression/activation of proteins involved in the UPR
branches in HCT-116 and HKH2 cells
Both HCT-116 (KRAS MT) and HKH2 (KRAS WT) cells were plated
24hr prior to extraction of proteins. These proteins were then resolved
through Western Blotting. The expression/phosphorylation levels of
GRP78, IRE1, EIF2α, s-XBP1, CHOP, ATF4 and JNK were determined
and β-Actin was used as a loading control. Above is a representative
image of 2 independent experiments.
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Figure 4.16 Sensitivity of isogenic pair of KRASMT/WT CRC cell 
lines to the impridone and DRD2 antagonist ONC201.
A) HCT-116 and HKH2 CRC cells were treated for 72hr with increasing 

concentrations of ONC201 (0.1-20μM).  Cell viability was 
subsequently determined using the MTT assay. IC50 values were 
determined through interpolating a non-linear graph with a variable 
slope. Figures show a representative image of 3 independent 
experiments. Shown is the mean IC50 ± standard deviation.

B) Both HCT116 and HKH2 cells lines were treated with increasing 
doses of ONC201 (1-10μM) for 48hrs after which cells were lysed 
and protein was extracted. Expression levels of PARP, ATF4 and 
CHOP were then determined through Western Blotting. Above is a 
representative image of 3 independent experiments. β-Actin was 
used to verify loading of proteins was even. 
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Figure 4.17 The effect of silencing either KRAS or ERK1/2 on the 
sensitivity to ONC201 in HCT-116 CRC cells
KRAS MT HCT116 cells were reverse transfected with siRNAs specific 
for KRAS, ERK1/2 or a scrambled control (SC). The following day, they 
were then treated with ONC201 (10μM) for a further 48hrs. Proteins 
were then extracted and then resolved through Western Blotting. The 
expression levels of ERK, KRAS, SXBP1, CHOP, ATF4 and PARP were 
determined. Above is a representative image of 2 independent 
experiments. β-Actin was used as a loading control.
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Figure 4.18 Sensitivity of the BRAFMT VACO432 cells to the DRD2
antagonist ONC201
A) Cells were plated 24hr prior to treatment with ONC201 (10µM) for
48hrs. Cells were then collected, fixed and stained with Promidium
Iodide (PI) solution. Cells in the sub-G1 phase were taken as to have
undergone apoptosis. Graph shows a combination of n=2 experiments ±
s.d. .
B) VACO432 cells were treated for 72hr with increasing concentrations
of ONC201 (0.1-20μM). Cell viability was determined through the use
of the MTT assay. IC50 values were subsequently determined through
interpolating a non-linear graph with a variable slope. Figures show a
representative image of 3 independent experiments. Shown is the mean
± standard deviation.
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Figure 4.19 Sensitivity of BRAFMT VACO432 cells and isogenic
BRAFWT clone VT1 to ONC201
BRAFMT VACO432 and their isogenically matched BRAFWT cell line
VT1 were seeded 24hr prior to treatment with increasing doses of
ONC201 (1-10μM). Cells were exposed to treatment for a further 48hrs
after which cells were lysed and protein was extracted.
Expression/phosphorylation levels of PARP, ATF4 and CHOP were then
determined through Western Blotting. Above is a representative image of
3 independent experiments. β-Actin was used as a loading control.
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Figure 4.20 Sensitivity of the BRAFMT HT-29 cells to the DRD2
antagonist ONC201
A) Cells were plated 24hr prior to treatment with ONC201 (10μg/ml) for
48hrs. Cells were then collected, fixed and stained with Promidium
Iodide (PI) solution. Cells in the sub-G1 phase were taken as to have
undergone apoptosis. Graph shows a combination of n=2 experiments ±
s.d. Significance was determined using a Student’s t test.
B) MTT assay in which HT29 cells were treated for 72hr with
increasing concentration of ONC201 (0.1-20μM). IC50 values were
determined through interpolating a non-linear graph with a variable
slope. Figures show a representative image of 3 independent
experiments. Shown is the mean ± standard deviation
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Figure 4.21 Effect of ONC201 treatment on activation of the UPR
and apoptosis in HT-29 CRC cells
BRAFMT HT-29 cells were seeded 24hr prior to treatment with
increasing doses of ONC201 (1-5μM). Cells were exposed to treatment
for a further 48hrs after which cells were lysed and protein was
extracted. Expression/phosphorylation levels of PARP, IRE1, EIF2α,
ATF6, ATF4 and CHOP were then determined through Western
Blotting. Above is a representative image of 3 independent experiments.
β-Actin was used as a loading control.
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4.2.6 Targeting the UPR in combination with taxanes results in 

marked decreased cell viability in BRAFMT CRC cells 

Following the determination that CRC cell line models with innate alterations in the 

BRAF gene exhibited higher levels of sensitivity towards the imipridone ONC201 than 

their WT counterparts, we then sought to determine if we could improve the efficacy 

of treatment through combined exposure with another approved therapy. To 

effectively determine the best candidates for this potential combinational treatment, 

we performed a drug screen utilising 46 different FDA-approved drugs (Selleckchem). 

These treatments included a wide variety of inhibitors and chemotherapies that exhibit 

specificity towards a range of targets. We compared the effects on the viability of 

BRAFMT VACO432 cells using CellTitre Glo reagent which allows for the 

determination of the number of viable cells through a luminescent signal proportional 

to the ATP levels present. The effect of these drugs at three different concentrations 

(see Appendix A8) both alone and in combination with UPR activation through either 

silencing of GRP78 (figure 4.22) or treatment with ONC201 (figure 4.23) was tested. 

The cell viability of cells under each condition was then made relative to that exhibited 

in untreated cells and a heat map created to reflect the change in viability under each 

treatment. Overall, there were 9 different treatments that elicited an increased response 

with regard to reduced cell viability following UPR activation using siGRP78 or 

ONC201 compared to that exhibited with drug treatment alone. These 9 compounds 

include RTK inhibitors including the ALK, ROS and MET inhibitor crizotinib which 

is approved for use in the treatment of late stage NSCLC patients464. Several 

compounds identified function through targeting of the MAPK pathway including the 

ERK1/2 inhibitor Ulixertinib which has been shown to display efficacy in patients 

with a variety of tumour types exhibiting activating BRAF or RAS mutations including 

CRC465. Furthermore, the MEK inhibitor AZD6244 (Selumetinib) and the BRAF-

targeting SMI Vemurafenib were also determined to significantly reduce viability of 

VACO432 cells when utilised in conjunction with activation of the UPR either through 

the silencing of GRP78 or through DRD2 activation via treatment with ONC201. In 

addition to inhibitors of MAPK activation, we also identified several of these FDA-

approved compounds function through the induction of ER stress. One such example 

is carfilzomib which prevents the degradation of proteins through the inhibition of the 

proteasome, resulting in a build-up of misfolded proteins within the ER lumen328. In a 



 
 

236 
 

similar manner with regard to its involvement in the activation of the UPR, we 

identified the microtubule stabiliser paclitaxel to be effective when combined with 

UPR activators. The taxanes (including paclitaxel and docetaxel) have been associated 

with activation of the UPR through the phosphorylation of EIF2α, resulting in the 

inhibition of global protein translation as well as ATF4 activation462. The HDAC 

(histone deacetylase) inhibitor SAHA was also identified to increase apoptosis in the 

VACO432 when used in combination with siGRP78 or ONC201. HDAC inhibitors 

function through increasing protein transcription through prolonged acetylation of 

histones. Subsequently, there is increased cellular concentrations of unfolded proteins 

within the lumen of the ER – thereby mediating activation of the UPR463. These 

compounds which mediate ER stress will result in further UPR activation when 

utilised in combination with another stress activator such as GRP78 inhibition 

resulting in heightened apoptosis compared to that determined within cells treated with 

these drugs alone. Conversely, while the IAP (inhibitor of apoptosis) inhibitor 

birinapant has been determined to enhance the apoptotic effect of various 

chemotherapeutic agents, it has also been shown to play a protective role through the 

downregulation of ER stress464. It therefore is logical that activation of the UPR 

through GRP78 silencing or treatment with ONC201 can propagate the apoptotic 

effect of this compound. Finally, we also identified Nutlin-3 as a compound which 

when used in combination with activators of ER stress can enhance cell death 

compared to levels determined with ER stress activation alone. Nutlin-3 functions 

through inhibition of the interaction between MDM2 and P53 resulting in activation 

of the pro-apoptotic P53 pathway. Stimulation of this pathway induces cell cycle arrest 

or apoptosis through the interaction of P53 with its targets including the pro-apoptotic 

PUMA and Bax465.  

As paclitaxel is not commonly utilised as a chemotherapeutic agent in CRC, we were 

interested in investigating how it can mediate an apoptotic response when utilised in 

combination with activators of ER-stress. We then sought to determine the sensitivity 

of BRAFMT VACO432 cells to a variety of regularly utilised chemotherapies. 

Sensitivity was determined by exposing VACO432 cells to increasing doses of each 

chemotherapy and determining the IC50 concentration of each treatment through the 

use of MTT (figure 4.24). High levels of sensitivity were established within the 

VACO432 cells towards SN38, paclitaxel, docetaxel, vincristine and topotecan, which 
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were all established to have an IC50 in the nanomolar range. Interestingly, three of 

these therapies that were deemed to be effective within VACO432 cells function 

through stabilisation of the microtubules, thereby preventing mitosis (paclitaxel, 

docetaxel and vincristine)466. Following the determination of the sensitivity of 

VACO432 cells to these treatments, we then established the effect within the 

BRAFMT HT-29 cells (figure 4.25). Again, these cells were found to be especially 

sensitive to SN38, paclitaxel, docetaxel, vincristine, topotecan and the antifolate 

compound pralatrexate.  

As the MEK SMI AZD6244 and the BRAFi vemurafenib also elicited an additional 

decrease in cell viability when utilised in combination with UPR activation, we 

determined the downstream effects of exposing BRAFMT cell lines with these 

inhibitors both alone and in combination with ONC201. We treated VACO432 cells 

with vemurafenib (0.25µM) or AZD6244 (0.1µM) either alone or in combination with 

ONC201 (2.5µM) for 24hrs (figure 4.26a). Consistent with previous results, exposure 

to ONC201 elicited an upregulation in ATF4 expression in VACO432 cells, however 

combination of the imipridone with BRAF or MEK inhibition resulted in a slight 

downregulation of expression of the UPR signalling protein. This effect was also 

observed for CHOP, although there was a marked downregulation in expression in 

cells exposed to a combination of AZD6244 and ONC201. This may be due to reduced 

UPR activation occurring as a result of decreased cell proliferation mediated by MEK 

inhibition. To verify the on-target effect of the MEK inhibitor AZD6244, we also 

established phosphorylation levels of ERK1/2 which were downregulated in cells 

exposed to the MEK inhibitor, as expected. In addition, we did not establish any 

alteration in ERK1/2 phosphorylation within cells treated with vemurafenib both alone 

and in combination with ONC201, which would occur as a result of the V600E BRAF 

mutation innately present within the cell line. With regard to levels of apoptosis, we 

determined an upregulation in PARP cleavage in VACO432 cells exposed to either 

MEKi or vemurafenib which was further elevated following combination with 

ONC201. To establish the synergy exhibited between ONC201 and either AZD6244 

or vemurafenib in VACO432 cells, we calculated combination indices on these dual 

treatment strategies (figure 4.26b). With regard to treatment with the imipridone and 

selumetinib in combination, at the IC50 concentration of ONC201 determined in the 

VACO432 cells (2.5µM), the CI value was determined to be 1; indicative of an 
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additive effect between the two treatments. At lower ONC201 concentrations (0.5µM, 

1µM), the CI value attained was ~0.7 – indicating moderate synergism. This 

occurrence of synergism may be occurring with regard to cytostatic effects of the 

combinational therapy rather than the cytotoxic effect arising from this combination. 

ONC201 in conjunction with vemurafenib was determined to be an additive or 

antagonistic combination depending on the concentration of the imipridone utilised. 

At a concentration of ONC201 comparable to the IC50 (2.5µM), the CI value at all 

doses of vemurafenib was determined to be >1; indicative of an antagonistic 

interaction. This result therefore indicates that within the VACO432 cell line, the 

apoptotic effect established following exposure to ONC201 is dependent on the BRAF 

mutation present intrinsically within the cell line. To further determine if this effect 

was consistent across other BRAFMT cell lines, we also tested the effect of both 

vemurafenib and selumetinib alone and in combination with ONC201 in the HT-29 

cell line (figure 4.27a). While ONC201 treatment alone resulted in an upregulation in 

PARP cleavage in the HT-29 cells, combination of the imipridone with vemurafenib 

abrogated this effect. Furthermore, vemurafenib also mitigated the upregulation in 

UPR activation mediated by ONC-201 as indicated by the reduction in ATF4 and 

CHOP expression in cells exposed to the dual treatment. We subsequently established 

the interaction between the two treatments through the determination of combination 

indices. This led us to conclude that ONC201 and vemurafenib are antagonistic as the 

CI values determined at all concentrations of either treatment was >1 (figure 4.27b). 

To further confirm the role of the constitutively active MAPK pathway in driving 

sensitivity to ONC201 in the HT-29 cells, we determined the downstream alterations 

that occur within these cells following dual treatment with the imipridone and 

AZD6244 (figure 4.28). While single treatment with ONC201 resulted in increased 

apoptosis, this effect was mitigated in cells that were treated with ONC201 in 

combination with MEK inhibition. Similar to the effect of BRAF inhibition, dual 

exposure of HT-29 cells to the imipridone and AZD6244 resulted in the abrogation of 

the activation of the UPR mediated by ONC201. Therefore, we have established with 

this data that the apoptotic effect mediated by ONC201 exposure is reliant on the 

BRAFMT present within these cell lines and by inhibiting the effect of this mutation, 

the sensitivity towards the imipridone is diminished. 
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We subsequently determined the effect of combinational therapy of these 

chemotherapeutics with the imipridone ONC201. Cells were seeded into 24 well plates 

prior to treatment with ONC201 (2.5µM) either alone or in combination with a variety 

of chemotherapies (at the IC50 concentration previously determined in figure 4.24) 

utilised in the previous experiment for 48hr. Following treatment, cells were fixed and 

stained with crystal violet and absorbance determined at 570nM. Aside from 

dacarbazine treatment, combined treatment of chemotherapies with ONC201 elicited 

a significant reduction in cell number compared to the effect determined with exposure 

to the chemotherapies alone (figure 4.29). This therefore indicates that eliciting 

activation of the UPR through ONC201 results in improved efficacy of a variety of 

chemotherapeutic treatments. This was also determined to be the case in the HT-29 

cell line, with ONC201 mediating a significant decrease in cell number in cells treated 

with 5-FU, oxaliplatin, SN38, paclitaxel, docetaxel, dacarbazine and vincristine 

compared to treatment with the chemotherapies alone (figure 4.30). There was a 

marked reduction in cell number in cells treated with paclitaxel, docetaxel and 

vincristine determined within both cell lines tested, although the effects were more 

defined in the HT-29 cells. Taken together these results show that ONC201 can result 

in higher efficacy of a variety of chemotherapies including microtubule-stabilising 

agents in BRAFMT CRC cell lines.  

To establish if this effect mediated by dual treatment of various chemotherapies and 

ONC201 was cytostatic or cytotoxic, we determined the downstream alterations 

occurring as a result of this treatment. As in previous experiments, VACO432 cells 

were exposed to a variety of chemotherapies alone or in combination with ONC201 

(2.5µM). Following 24hr treatment, the cells were harvested, proteins extracted and 

expression of a variety of proteins involved in UPR activation and apoptosis 

established through western blotting (figure 4.31). GRP78 expression was found to be 

upregulated in cells exposed to ONC201 or the various chemotherapies tested 

compared to expression established in untreated cells. However, combination of the 

chemotherapeutic agents and ONC201 did not elicit a noticeable increase in GRP78 

expression compared to levels determined in cells treated with the imipridone alone. 

With regard to IRE1α phosphorylation, there seemed to be a differential effect 

depending on the chemotherapy that the cells are exposed to. Exposure to ONC201 

alone resulted in an increase in expression of phosphorylated IRE1α, however 
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combinational therapy of the imipridone with the chemotherapies tested generally 

resulted in reduced pIRE1α expression compared to levels established in cells exposed 

to the chemotherapies alone. The most noticeable upregulation in IRE1α 

phosphorylation was established in VACO432 cells treated with oxaliplatin or 

topotecan, both of which act through the prevention of DNA replication. Treatment 

with the lower concentration of paclitaxel (5nM) resulted in a slight increase in IRE1α 

phosphorylation, which was mitigated following combination with ONC201. 

Increasing the concentration of the taxane to 10nM resulted in there being no alteration 

in phosphorylation compared to levels determined in untreated cells. This was also 

determined to be the case in cells exposed to either concentration of docetaxel used 

(5nM and 10nM), however exposure of VACO432 cells to ONC201 in combination 

with 10nM docetaxel resulted in a downregulation of IRE1α phosphorylation 

compared to levels established in cells treated with either therapy alone. In contrast to 

its effect on IRE1α phosphorylation, expression of the UPR sensor protein was 

consistently upregulated following exposure to ONC201 both alone and in 

combination with chemotherapies. Chemotherapy treatment alone did not seem to 

mediate any alterations in expression of IRE1α compared with levels seen in untreated 

VACO432 cells. For the most part, expression of sXBP1 was unchanged in cells 

exposed to the variety of chemotherapeutic agents utilised compared to levels 

determined in untreated cells. However, treatment with either oxaliplatin or 5-FU 

resulted in decreased expression of sXBP1, as did exposure of VACO432 cells to the 

higher concentration of topotecan (50nM).  Similar to its effect on IRE1α expression, 

exposure to ONC201 both alone and in combination with chemotherapy treatments 

mediated upregulation in the expression of the spliced form of XBP1. This increase in 

sXBP1 expression regulated by ONC201 was slightly mitigated in cells that dual 

treated with the higher concentrations of oxaliplatin and topotecan (1µM and 50nM 

respectively). These results therefore indicate that while treatment with the various 

chemotherapeutics alone did not elicit much effect with regard to the activation of the 

IRE1α branch of the UPR, combination with ONC201 elicted an increase in IRE1α 

activation as indicated by the upregulation of the expression of the spliced form of 

XBP1. 

With regard to the PERK branch of the UPR, EIF2α expression remained generally 

unaltered within treated cells compared to untreated cells, however levels of 
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phosphorylation were typically upregulated following exposure to chemotherapeutic 

agents. While ONC201 treatment alone resulted in a slight increase in EIF2α 

phosphorylation, combination with the chemotherapies tested resulted in a slight 

abrogation in activation in comparison to the levels determined in cells exposed to the 

chemotherapeutics alone. As these treatments generally result in abrogation of cell 

proliferation, this increase in EIF2α phosphorylation is consistent with the mechanism 

of action of these chemotherapeutics due to its role in the attenuation of global protein 

synthesis. As expected, due to its role as a DRD2 antagonist, ONC201 treatment 

mediated a marked upregulation in ATF4 expression under all conditions. However, 

expression was at its highest within cells either exposed to the imipridone alone or in 

combination with 5-FU or SN38. With regard to treatment of VACO432 cells with the 

chemotherapeutic treatments alone, ATF4 expression was unable to be determined, 

aside from cells exposed to 25nM paclitaxel which exhibited similarly low levels of 

expression of the transcription factor to that established within untreated cells. These 

results indicate that while there was little alteration in EIF2α expression and 

phosphorylation in our treatment conditions, we identified a large increase in ATF4 

expression following treatment of VACO432 cells with ONC201 both in the presence 

and absence of the various chemotherapies utilised. This result is likely due to the 

mechanism of action of the imipridone, mediating ATF4 upregulation following 

antangonism of DRD2 and subsequent upregulation of cAMP460 .   

We then determined the activation of the third branch of the UPR under these 

conditions by establishing expression of both the full length and cleaved form of 

ATF6. While there was little alteration in the expression of the innate form of the 

transcription factor, expression of the cleaved form was generally downregulated 

following exposure to ONC201 – both as a monotherapy or when combined with 

various chemotherapies. Treatment with the chemotherapies utilised within this study 

generally resulted in a small increase in expression of the cleaved form of ATF6 

compared to untreated cells. However, exposure to docetaxel at 10nM or topotecan at 

50nM resulted in no determinable expression of the cleaved form of ATF6. 

Corroborating with previous results, ONC201 elicited an increase in CHOP expression 

which was also the case when the imipridone was utilised in combination with 

chemotherapy treatment. Interestingly, while expression of CHOP was not detectible 

in cells treated with oxaliplatin, 5-FU, SN38 or topotecan alone, exposure of cells to 
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the taxanes elicited a marked upregulation in expression compared to levels 

determined in untreated cells.  

As CHOP expression is associated with the induction of apoptosis, we then determined 

the apoptotic effect of these different treatment strategies. The expression of γH2AX 

was determined due to its role as a marker of DNA damage. As expected, as their 

mechanisms of actions all mediate DNA damage, all of the chemotherapeutic 

treatments we tested mediated an upregulation in γH2AX, although to different 

degrees. ONC201 elicited an upregulation of γH2AX expression both when utilised 

as a monotherapy and when used in combination with chemotherapy treatment. The 

highest levels of DNA damage were determined in cells exposed to either of the 

taxanes, mirroring the high levels of CHOP established in these cells. To further 

evaluate the apoptotic effect of these treatment strategies, we established expression 

and levels of cleavage of the pro-apoptotic caspase-3. Caspase 3 is described as one 

of the executioner caspases, with its cleavage associated with the specific cleavage of 

many key cellular protein, resulting in the initiation of apoptosis372 . While expression 

of the full-length form of the caspase was predominately unaltered following exposure 

of the VACO432 cells with any of the treatments investigated, the cleaved form was 

differentially expressed in a treatment-dependent manner. In cells exposed to 

ONC201, either alone or in combination with oxaliplatin, 5-FU, SN38 or topotecan, 

there were low levels of expression of the cleaved form of the caspase detected. 

However, in agreement with what we had determined with regard to the expression of 

γH2AX and CHOP, paclitaxel and docetaxel treatment mediated a discernible increase 

in cleaved caspase-3 expression, which was further increased in cells concurrently 

treated with ONC201. To further verify the apoptotic effect established, we also 

determined the expression of both full length and cleaved forms of PARP. While 

ONC201 alone did not mediate a noticeable change in PARP cleavage, combined 

treatment of the imipridone with the chemotherapies tested resulted in an upregulation 

in PARP cleavage, indicative of an increase in the induction of apoptosis compared to 

levels determined in cells exposed to the DNA-damaging agents alone. Following 

exposure of VACO432 cells to either paclitaxel or docetaxel we established high 

levels of PARP cleavage, which were again further increased following combined 

treatment with ONC201. Importantly, in these cells exposed to the dual treatment of 

paclitaxel/docetaxel and ONC201, there was an acute reduction in the expression of 
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full-length PARP. This further substantiates the high level of apoptosis occurring in 

cells exposed to both ONC201 and taxanes simultaneously. Overall, this data indicates 

that in BRAFMT VACO432 cells, the combinational treatment strategy of taxanes 

with the imipridone ONC201 can effectively mediate apoptosis through the activation 

of the UPR. 

Subsequent to determining the efficacy of dual treatment of VACO432 with the taxane 

group of chemotherapeutic agents and ONC201, we then determined if this effect was 

reflected when utilising flow cytometry to assess levels of cell death (figure 4.32). 

Following exposure of VACO432 cells to either paclitaxel or docetaxel alone or in 

combination with ONC201, we determined levels of apoptotic cells through staining 

of the cells with Annexin V/PI. Exposure of cells to ONC201 increased the proportion 

of apoptotic cells from 4% within the untreated cells to 9%. While exposure to 1nM 

paclitaxel did not induce an acute upregulation in the proportion of apoptotic cells (4% 

vs 5%), the combination of the taxane with ONC201 mediated a significant 

upregulation in apoptosis, with ~17% of cells being determined as undergoing cell 

death. Unlike paclitaxel, treatment of the cells with docetaxel alone elicited a marked 

increase in apoptotic cells (27%), which was further upregulated when used in 

combination with ONC201 (34%). This data therefore further substantiates the 

effectiveness of the combination of ONC201 and taxanes in the BRAFMT VACO432 

cells. 
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Drug SC siGRP78

LOW MED HIGH LOW MED HIGH

Sorafenib (Pan-RTK inhibitor)

Lenalidomide

YM155 (Survivin Inhibitor)

Etodolac (COX2 Inhibitor)

BIRB796 (p38 MAOK inhibitor)

GSK2126458 (PI3K/mTOR inhibitor)

AZD1208 (PIM inhibitor)

Elacridar (P-gp inhibitor)

VX-680 (Aurora Kinase Inhibitor)

17-AAG (HSP90 inhibitor)

Ruxolitinib (JAK1/2 inhibitor)

RO4929097 (γ secretase/Notch inhibitor)

PF-5274857 (Hedgehog inhibitor)

EPZ-6438 (Histone Methyltransferase 
inhibitor)

Emricasan (pan-caspase inhibitor)

Olaparib (PARP inhibitor)

Paclitaxel (Microtubule Stabiliser)

Odansetron (5-HT3 receptor antagonist)

Azacitdin (DNA methyltransferase
inhibitor)

JNK-IN8 (JNK inhibitor)

NSC319726 (P53 Activator)

Ulixertinib (ERK1/2 inhibitor)

Nutlin-3 (MDM2 inhibitor)

>=0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0

Cell 
Viability

Figure 4.22 Effect of treatment of VACO432 CRC cells with various
FDA-approved drugs in combination with silencing of GRP78 on cell
viability
VACO432 cells were reverse-transfected with siGRP78 or a scrambled
control and seeded in 96-well plates. The following day, the cells were
drugged with 3 different concentrations of each of the drugs in the
screen. The treatments were used for 48hr prior to cell viability being
determined through the use of CellTiter Glo reagent. Cell viability was
then made relative to that of a DMSO control and a heatmap was created
on the basis of viability. The drugs used in the screen consisted of 43
FDA-approved drugs purchased from Selleckchem and reconstituted to a
concentration of 10mM in DMSO. Highlighted drugs indicates a
significant reduction in cell viability when the drugs were used in
combination with both siGRP78 and ONC201. Concentrations used for
each drug can be found in Appendix A8.
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Drug SC siGRP78

LOW MED HIGH LOW MED HIGH

Decitabine (DNA methyl transferase 
inhibitor)

Pralatraxate (antimetabolite)

Hydroxyurea (antimetabolite)

QNZ (TNF-α inhibitor)

Ilomastat (MMP inhibitor)

ABT199 (BCL2 inhibitor)

Vismodegib (Hedgehog inhibitor)

Dacarbazine (imidazole carboxamide)

EX527 (Sirtuin inhibitor)

Rosiglotazone (Binds to PPAR)

Birinapant (IAP inhibitor)

Idasanutlin (MDM2 inhibitor)

Bardoxolone (IKK Inhibitor)

AZD6244 (MEK Inhibitor)

Vemurafinib (BRAF Inhibitor)

ACY1215 (HDAC6 Inhibitor)

Carflizomib (Proteosome inhibitor)

SAHA (Pan-HDAC inhibitor)

CRIZOTINIB (MET/ALK Inhibitor)

Entinostat (HDAC inhibitor)

ABT737 (BCL-XL, BCL-2 and BCL-W 
inhibitor)

MK-2206 (AKT inhibitor)

MKC4485

>=0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0

Cell 
Viability

Figure 4.22 cont’d. Effect of treatment of VACO432 CRC cells with
various FDA-approved drugs in combination with silencing of
GRP78 on cell viability
VACO432 cells were reverse-transfected with siGRP78 or a scrambled
control and seeded in 96-well plates. The following day, the cells were
drugged with 3 different concentrations of each of the drugs in the
screen. The treatments were used for 48hr prior to cell viability being
determined through the use of CellTitre Glo reagent. Cell viability was
then made relative to that of a DMSO control and a heatmap was created
on the basis of viability. The drugs used in the screen consisted of 43
FDA-approved drugs purchased from Selleckchem and reconstituted to a
concentration of 10mM in DMSO. Highlighted drugs indicates a
significant reduction in cell viability when the drugs were used in
combination with both siGRP78 and ONC201. Concentrations used for
each drug can be found in Appendix A8.
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Figure 4.23 Effect of treatment of VACO432 CRC cells with various
FDA-approved drugs in combination with ONC201 on cell viability.
VACO432 cells seeded in 96-well plates and allowed to adhere
overnight. The following day, the cells were drugged with 3 different
concentrations of each of the drugs in the screen in combination with
either a DMSO control or ONC201 (2.5μM). The treatments were used
for 48hr prior to cell viability being determined through the use of
Celltitre Glo reagent. Cell viability was then made relative to that of a
DMSO control and a heatmap was created on the basis of viability. The
drugs used in the screen consisted of 43 FDA-approved drugs purchased
from Selleckchem and reconstituted to a concentration of 10mM in
DMSO. Highlighted drugs indicates a significant reduction in cell
viability when the drugs were used in combination with both siGRP78
and ONC201. Concentrations used for each drug can be found in
Appendix A8.

Drug DMSO ONC201

LOW MED HIGH LOW MED HIGH

Sorafenib (Pan-RTK inhibitor)

Lenalidomide

YM155 (Survivin Inhibitor)

Etodolac (COX2 Inhibitor)

BIRB796 (p38 MAOK inhibitor)

GSK2126458 (PI3K/mTOR inhibitor)

AZD1208 (PIM inhibitor)

Elacridar (P-gp inhibitor)

VX-680 (Aurora Kinase Inhibitor)

17-AAG (HSP90 inhibitor)

Ruxolitinib (JAK1/2 inhibitor)

RO4929097 (γ secretase/Notch inhibitor)

PF-5274857 (Hedgehog inhibitor)

EPZ-6438 (Histone Methyltransferase 
inhibitor)

Emricasan (pan-caspase inhibitor)

Olaparib (PARP inhibitor)

Paclitaxel (Microtubule Stabiliser)

Odansetron (5-HT3 receptor antagonist)

Azacitdin (DNA methyltransferase inhibitor)

JNK-IN8 (JNK inhibitor)

NSC319726 (P53 Activator)

Ulixertinib (ERK1/2 inhibitor)

Nutlin-3 (MDM2 inhibitor)

>=0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0

Cell 
Viability
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Drug DMSO ONC201

LOW MED HIGH LOW MED HIGH

Decitabine (DNA methyl transferase 
inhibitor)

Pralatraxate (antimetabolite)

Hydroxyurea (antimetabolite)

QNZ (TNF-α inhibitor)

Ilomastat (MMP inhibitor)

ABT199 (BCL2 inhibitor)

Vismodegib (Hedgehog inhibitor)

Dacarbazine (imidazole carboxamide)

EX527 (Sirtuin inhibitor)

Rosiglotazone (Binds to PPAR)

Birinapant (IAP inhibitor)

Idasanutlin (MDM2 inhibitor)

Bardoxolone (IKK Inhibitor)

AZD6244 (MEK Inhibitor)

Vemurafinib (BRAF Inhibitor)

ACY1215 (HDAC6 Inhibitor)

Carflizomib (Proteosome inhibitor)

SAHA (Pan-HDAC inhibitor)

CRIZOTINIB (MET/ALK Inhibitor)

Entinostat (HDAC inhibitor)

ABT737 (BCL-XL, BCL-2 and BCL-W 
inhibitor)

MK-2206 (AKT inhibitor)

MKC4485

>=0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0

Cell 
Viability

Figure 4.23 cont’d. Effect of treatment of VACO432 CRC cells with
various FDA-approved drugs in combination with ONC201 on cell
viability.
VACO432 cells seeded in 96-well plates and allowed to adhere
overnight. The following day, the cells were drugged with 3 different
concentrations of each of the drugs in the screen in combination with
either a DMSO control or ONC201 (2.5μM). The treatments were used
for 48hr prior to cell viability being determined through the use of
CellTitre Glo. Cell viability was then made relative to that of a DMSO
control and a heatmap was created on the basis of viability. The drugs
used in the screen consisted of 43 FDA-approved drugs purchased from
Selleckchem and reconstituted to a concentration of 10mM in DMSO.
Highlighted drugs indicates a significant reduction in cell viability when
the drugs were used in combination with both siGRP78 and ONC201.
Concentrations used for each drug can be found in Appendix A8.
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Figure 4.24 Sensitivity of BRAFMT VACO432 cells to various
chemotherapy treatments
VACO432 cells were treated with increasing concentrations of
Oxaliplatin, 5-FU, SN38, Paclitaxel and Docetaxel for 72hr. Cell
viability was then determined either using MTT or Crystal Violet
staining (for paclitaxel and docetaxel treatments). IC50 values were then
determined through an interpolating a non-linear graph with a variable
slope. Figures show a representative image of 3 independent
experiments with each chemotherapeutic agent. Shown is the mean IC50

concentration ± standard deviation.

Drug 
Treatment

IC50 +/- S.D

Oxaliplatin 0.72μM ± 0.08

5FU 21.63μM ± 1.515

SN38 4.35nM ± 0.35

Paclitaxel 2.75nM ± 0.57

Docetaxel 1.45nM ± 0.415
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Drug 
Treatment

IC50 +/- S.D

Vincristine 4.47nM ± 1.15

Topotecan 68.17nM ± 1.19

Doxorubicin 144nM ± 3

Dacarbazine 75.4μM ± 5.8

Pralatrexate 61.43μM ± 4.14

Figure 4.24 cont’d Sensitivity of BRAFMT VACO432 cells to various
chemotherapy treatments
VACO432 cells were treated with increasing concentrations of
Vincristine, Topotecan, Doxorubicin, Dacarbazine and Pralatrexate for
72hr. Cell viability was then determined using MTT. IC50 values were
then determined through an interpolating a non-linear graph with a
variable slope. Figures show a representative image of at least 2
independent experiments (Topotecan n=3, Vincristine, Doxorubicin,
Dacarbazine, Pralatrexate n=2). Shown is the mean IC50 concentration ±
standard deviation.
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Drug 
Treatment

IC50 +/- S.D

Oxaliplatin 2.88μM ± 0.54

5FU 5.44μM ± 0.36

SN38 18.1nM ± 0.25

Paclitaxel 1.65nM ± 0.65

Docetaxel 0.41nM ± 0.02

Figure 4.25 Sensitivity of BRAFMT HT-29 cells to various
chemotherapy treatments
HT-29 cells were treated with increasing concentrations of Oxaliplatin,
5-FU, SN38, Paclitaxel and Docetaxel for 72hr. Cell viability was then
determined either using MTT or Crystal Violet staining (for paclitaxel
and docetaxel treatments). IC50 values were then determined through an
interpolating a non-linear graph with a variable slope. Figures show a
representative image of 3 independent experiments with each
chemotherapeutic agent. Shown is the mean IC50 concentration ±
standard deviation.
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IC50 +/- S.D

Vincristine 3.2nM

Topotecan 395.8nM

Doxorubicin 0.28μM

Dacarbazine 32.76μM

Pralatrexate 3.34nM

Figure 4.25 cont’d Sensitivity of BRAFMT HT-29 cells to various
chemotherapy treatments
HT-29 cells were treated with increasing concentrations of Vincristine,
Topotecan, Doxorubicin, Dacarbazine and Pralatrexate for 72hr. Cell
viability was then determined using MTT. IC50 values were then
determined through an interpolating a non-linear graph with a variable
slope. Figures show a representative image of at least 2 independent
experiments (Topotecan n=3, Vincristine, Doxorubicin, Dacarbazine,
Pralatrexate n=2). Shown is the mean IC50 concentration ± standard
deviation.
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Figure 4.26 Effect of combining ONC201 with either the MEKi
AZD6244 or the BRAF inhibitor vemurafinib on the viability of
BRAFMT VACO432 cells
A) BRAFMT VACO432 cells were treated with AZD6244 (0.1μM) or
Vemurafinib (0.25μM) either alone or in combination with
ONC201(2.5μM) for 24hrs. Following this treatment, cells were lysed
and cellular protein was extracted. Protein expression of ATF4, CHOP,
pERK and PARP were subsequently determined through western
blotting. β-Actin was used as a loading control. Above is a representative
image of 2 independent experiments.
B) The interaction between AZD6244/Vemurafinib and ONC201 was
determined through combination indices (CI) studies.
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A)

Figure 4.27 Effect of BRAF inhibition in combination with ONC201
treatment on UPR activation and apoptosis in BRAFMT HT-29 cells
A) HT29 cells were seeded in P90s and treated the following day with
Vemurafinib (1μM) for 24hrs prior to a further treatment of 24hr with
ONC201 (2.5μM). Expression and phosphorylation levels of PARP, ATF4.
CHOP and ERK were determined with Western Blotting. Above is a
representitive blot of 2 independent experiments. β-Actin was utilised as a
loading control.
B) Combination indices (CI) assay in HT29 cells treated for 72hrs with
increasing concentration of both ONC201 (0.5-5μm) and Vemurafinib (5-
20μM). CI values were calculated using the method of Chou and Talalay,
where CI < 0.3, 0.3 < CI < 0.7, 0.7 < CI < 0.85, 0.85 < CI < 1, CI = 1, and CI
> 1 denotes very strong synergism, strong synergism, moderate synergism,
slight synergism, an additive interaction, and antagonism, respectively.
Representative results of multiple independent experiments (n=2). Figure
depicts a representative image of 2 independent experiments.
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Figure 4.28 Effect of MEKi AZD6244 on UPT activation and
apoptosis following ONC201 in BRAFMT HT-29 cells
HT-29 cells were seeded in P90 plates and incubated overnight to allow
adherence of cells. Cells were then pretreated with AZD6244 (0.5μM)
for 24hrs prior to further treatment for 24hrs with ONC201 (2.5μM).
Proteins were then extracted and resolved and
expression/phosphorylation levels of PARP, ATF4, CHOP and ERK were
determined. β-Actin was used as a loading control. Above is a
representative image of 2 independent experiments.
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Figure 4.29 Effect of the combination of chemotherapeutic agents
with ONC201 on cell viability of VACO432 cells
BRAFMT VACO432 cells were seeded in 24wp and allowed to adhere
overnight. They were then treated with the indicated concentrations of
Oxaliplatin, 5-FU, SN38, Paclitaxel, Docetaxel, Vincristine, Topotecan,
Doxorubicin, Dacarbazine or Pralatrexate either alone or in combination
with ONC201 (2.5μM) for 48hrs. The cells were then fixed and stained
with crystal violet. Cell viability was then determined by solubilising the
crystal violet stain with sodium citrate (0.1M) and measuring absorbance
at 570nM.

* Denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001, n.s. denotes
non-significance. Statistical analysis performed with student’s t test.
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Figure 4.30 Effect of the combination of chemotherapeutic agents
with ONC201 on cell viability of HT-29 cells
BRAFMT HT-29 cells were seeded in 24wp and allowed to adhere
overnight. They were then treated with the indicated concentrations of
Oxaliplatin, 5-FU, SN38, Paclitaxel, Docetaxel, Vincristine, Topotecan,
Doxorubicin, Dacarbazine or Pralatrexate either alone or in combination
with ONC201 (2.5μM) for 48hrs. The cells were then fixed and stained
with crystal violet. Cell viability was then determined by solubilising the
crystal violet stain with sodium citrate (0.1M) and measuring absorbance
at 570nM.

* Denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001, n.s. denotes
non-significance. Statistical analysis performed with student’s t test.
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Figure 4.31 Effect of ONC201, chemotherapeutic agents or in
combination on UPR pathway activation in VACO432 cells
BRAFMT VACO432 cells were seeded in P90s for 24hr prior to
treatment with various chemotherapies (Oxaliplatin, 5-FU, SN38,
Paclitaxel, Docetaxel or Topotechan) at two different concentrations as
shown, either alone or in combination with 2.5µM ONC201 for 24hrs.
Following treatment, proteins were extracted from cells and the
expression/phosphorylation levels of GRP78, IRE1α, SXBP1, EIF2α,
ATF4, ATF6, CHOP, γH2AX, C3 and PARP were determined through
Western Blotting. Above is a representative blot from 2 independent
experiments. β-Actin was utilised as a loading control.
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Figure 4.32 Effect of taxanes in combination with ONC201 on
apoptosis, determined by annexin V/PI staining in VACO432 cells
BRAFMT VACO432 cells were seeded in 6wp prior to treatment with
either Paclitaxel (5nM) or Docetaxel (1nM) as a monotherapy or in
combination with ONC201 (2.5μM) for 48hrs. The cells were then
stained with Annexin V and Propidium Iodide and flow cytometry
performed. Above is a representative image of multiple experiments
(n=3).

* Denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001, n.s. denotes
non-significance. Statistical significance was determined through the
application of a two-way ANOVA.
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4.2.7 The Apoptotic Effect Mediated by ONC201/Paclitaxel is 

Dependent on Caspase 8 and DR5  

As we have established the efficacy of this combinational treatment in VACO432 

cells, we subsequently elucidated the mechanism of action of this induction of 

apoptosis. We initially determined the effect of paclitaxel and docetaxel both alone 

and in combination of ONC201 on the expression and activation of caspases and the 

reliance of this caspase activation in mediating cell death (figure 4.33). Exposure of 

VACO432 cells to ONC201 alone did not mediate a noticeable alteration in the 

expression of either the full length or cleaved form of caspases 3, 7 or 9 in comparison 

to levels established in untreated cells. However, in agreement with our previous data, 

exposure of VACO432 cells to ONC201 both alone and in conjunction with the 

taxanes mediated an increase in ATF4 and CHOP expression. Treatment of VACO432 

cells with paclitaxel alone or in combination with ONC201, again did not elicit any 

alteration in the expression levels of the full-length forms of caspases 3, 7 or 9 

compared to untreated cells. However, paclitaxel mediated an upregulation in the 

cleavage of these caspases, the effect of which was further enhanced when the taxane 

was utilised in combination with ONC201. In a similar manner to what was observed 

with regard to the activation of the caspases, paclitaxel treatment resulted in the 

induction of PARP cleavage, which was further upregulated in cells exposed to both 

paclitaxel and ONC201. Paclitaxel also mediated an upregulation in UPR activation 

as indicated through increased expression of ATF4 and CHOP. Cells treated with 

docetaxel both alone and also in combination with ONC201 also exhibited increased 

levels of expression of the cleaved forms of caspases 3, 7 and 9 – although this 

upregulation was not as defined as what was determined in paclitaxel-treated cells. 

Exposure to docetaxel also mediated the induction of ATF4 expression, while CHOP 

expression was not able to be determined within these cells. Interestingly, while 

combined treatment of paclitaxel with ONC201 did not alter CHOP or ATF4 

expression compared to cells treated with ONC201 alone, combination of docetaxel 

with the imipridone resulted in a slight abrogation of both of these UPR-related 

proteins. We then subsequently determined the reliance of caspase activation in 

driving cell death in VACO432 cells exposed to paclitaxel and docetaxel either alone 

or in combination with ONC201 using the pan-caspase inhibitor ZVAD. Cells were 

pre-treated with ZVAD for 1hr prior to treatment with either paclitaxel or docetaxel 
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alone or in conjunction with ONC201 for a further 24hrs. While there was no change 

in the expression of the full-length forms of the caspases determined, exposure to 

ZVAD prior to further treatment abrogated the cleavage of the executioner caspases 3 

and 7 mediated by treatment of VACO432 cells with taxanes alone and in combination 

with ONC201. As expected, due to its role as a caspase substrate, pre-treatment with 

ZVAD also resulted in mitigation of PARP cleavage mediated by exposure of 

VACO432 cells to paclitaxel, docetaxel and ONC201. Unexpectedly, ZVAD did not 

abrogate activation of caspase-9, with expression of the cleaved form of the caspase 

actually being slightly upregulated in comparison to levels determined in cells that 

were not pre-treated with the caspase inhibitor. Pre-treatment with the pan caspase 

inhibitor did not alter ATF4 expression, however, with regard to expression of CHOP 

we determined an increase within cells treated with docetaxel and ONC201 in 

combination in comparison to levels established in cells that did not undergo caspase 

inhibition. This result therefore confirms the requirement for caspase activation for 

cell death to occur in VACO432 cells exposed to taxanes alone or in combination with 

ONC201. 

As we had now discerned that the cell death occurring in VACO432 cells following 

treatment with taxanes in combination with ONC201 is caspase dependent, we then 

sought to establish if this cell death occurred via the intrinsic or extrinsic apoptotic 

pathway. This was determined through the silencing of either caspase 8 or caspase 9 

through the use of specific siRNAs for 24hrs prior to exposure of these cells to 

paclitaxel alone or in combination with ONC201 for an additional 24hrs (figure 4.34). 

While cells transfected with the scrambled control (SC) siRNA only exhibited small 

alterations in expression of the full length form of caspases 3,7, 8 and 9 following 

exposure to paclitaxel or ONC201 either alone or in combination, silencing of either 

caspases 8 or 9 resulted in altered expression of all the caspases investigated here. 

Cells transfected with either si-C8 or –C9 exhibited decreased expression of caspase 

3, levels of which were further downregulated in cells that were also exposed to 

ONC201 or paclitaxel. While this decrease in expression was also reflected in levels 

of the cleaved form of caspase 3 in caspase 8 silenced cells, this was not the case in 

cells that were transfected with si-C9. Following caspase 9 silencing, expression of 

cleaved caspase 3 were similar to levels determined within cells transfected with the 

control siRNA, with increased expression occurring following exposure of cells to 
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paclitaxel which was further upregulated in cells treated with the taxane in 

combination with ONC201. While levels of the full length form of caspase 7 were 

generally unchanged in cells transfected with si-C8 or –C9 compared to levels 

established in the cells treated with the control siRNA, there was lower levels of the 

20kDa cleaved subunit of the caspase in cells that were exposed to caspase 8 silencing 

in combination with ONC201 alone or the ONC201/paclitaxel dual treatment in 

comparison to levels determined in SC-transfected cells. Interestingly, in cells that 

were exposed to ONC201 following caspase 9 silencing, expression of the cleaved 

form of caspase 7 was higher than expression established in control-transfected cells 

under the same conditions. To confirm the specificity of the siRNAs used, we also 

elucidated the expression levels of the full length and cleaved forms of both caspase 8 

and caspase 9. As expected, expression of the full-length form and cleaved subunits 

of caspase 8 were abolished within cells transfected with si-C8. Caspase 9 silencing 

resulted in a slight downregulation in expression levels of full-length caspase 8, while 

the expression of the cleaved forms were increased compared levels established in SC-

transfected cells under the same treatment conditions. With regard to expression of 

caspase 9, expression of both the full length and cleaved forms were downregulated 

in cells transfected with si-C9. In comparison to the expression determined in SC-

transfected cells, silencing of caspase 8 resulted in increased expression of full-length 

caspase 9, while expression of cleaved caspase 9 were unchanged following caspase 

8 silencing compared to levels established is cells transfected with the control siRNA. 

The upregulation in CHOP expression mediated by ONC201 was still found to occur 

in cells transfected with siRNAs specific for both caspase 8 and caspase 9, indicating 

that ONC201-induced increase in CHOP is not a result of increased apoptosis. In 

caspase-8 silenced cells, there was an upregulation in CHOP expression determined 

following treatment with ONC201 in combination with paclitaxel, indicative of 

increased UPR activation. In caspase-9 silenced cells, there was an upregulation in 

CHOP expression in cells exposed to ONC201 both alone and in combination with 

paclitaxel. As an indicator of apoptosis induction, we determined levels of PARP 

cleavage in cells within each treatment group. In agreement with our previous data, 

there was an upregulation in the expression of the cleaved form of PARP determined 

in cells exposed to paclitaxel, which was further increase in cells that were treated with 

paclitaxel and ONC201 in combination. Silencing of caspase 8 resulted in a marked 

decrease in PARP cleavage in cells that were subsequently exposed to the 
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taxane/imipridone dual treatment, indicating that there were lower levels of apoptosis 

in these cells following this treatment compared to the apoptotic effect determined in 

SC-transfected cells under the same conditions. Conversely, silencing of caspase 9 

resulted in increased apoptotic effect mediated by ONC201 and paclitaxel both alone 

and in combination as indicated by the increase in expression of cleaved PARP. From 

this result we have established that the induction of apoptosis mediated by dual 

treatment of VACO432 cells with ONC201 and paclitaxel occurs via the extrinsic 

apoptotic pathway. This was elucidated as a result of the reduction of the apoptotic 

effect mediated by ONC201 and paclitaxel as indicated through the downregulation in 

the cleavage of the executioner caspases (caspases 3 and 7) that occurred in caspase-

8 silenced cells. Additionally, this effect was not determined in cells transfected with 

caspase-9 specific siRNA which was indicated that apoptosis mediated by this 

treatment strategy was not dependent on the caspase-9 driven intrinsic mechanism of 

apoptotic cell death. 

We further investigated the role of the extrinsic apoptotic pathway in eliciting cell 

death mediated by the dual treatment of ONC201 and paclitaxel, through the 

determination of the expression of Death Receptor 5 (DR5). DR5/TRAIL-R2 is one 

of the core components of the Death-Inducing Signalling Complex (DISC) which is 

able to recruit pro-caspase 8 and mediate its cleavage into p43/41 and p18 subunits467. 

It has been previously shown that CHOP can mediate the expression of DR5 through 

the induction of its transcription, therefore we hypothesised that the increase in CHOP 

expression in VACO432 cells mediated by dual treatment with ONC201 and 

paclitaxel will also result in an upregulation of DR5 expression468. As in previous 

experiments, VACO432 cells were exposed to ONC201 and paclitaxel either alone or 

in combination for 24hrs prior to harvesting of the cells and protein extraction. We 

then established expression levels of DR5, DR4 and PARP through Western blotting 

(figure 4.35a). Through densitometry, we determined that exposure of VACO432 cells 

to ONC201 alone resulted in an acute upregulation in DR5 expression, while 

monotherapy with paclitaxel mediated a further increase in expression levels of the 

receptor (figure 4.35b). Interestingly, combined treatment of VACO432 cells with 

ONC201 and paclitaxel mediated an upregulation of DR5 expression that was lower 

than levels established in cells exposed to either treatment alone. This downregulation 

of DR5 expression in the dual treated cells compared to that determined in cells treated 
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with single agents may be due to high levels of apoptosis within these cells, as 

indicated by the increased expression of cleaved PARP in these cells compared to cells 

treated with ONC201 or paclitaxel alone.  

After establishing that DR5 expression was upregulated in VACO432 cells exposed 

to paclitaxel and ONC201, we further elucidated the role of DR5 in mediating 

apoptosis following ONC201/paclitaxel. We therefore investigated the apoptotic 

response in BRAFMT VACO432 cells treated with paclitaxel and the imipridone 

following transfection of the cells with a siRNA specifically targeting DR5. Cells were 

exposed to the siRNA for 24hrs prior to further treatment with the imipridone/taxane 

combination for an additional 24hrs (figure 4.36). We initially established the 

specificity of the siRNA through the determination of DR5 expression. In agreement 

with our previous data, DR5 expression was increased in cells exposed to ONC201 or 

paclitaxel alone or in combination. Cells which were transfected with siDR5 prior to 

treatment exhibited complete abolition in DR5 expression – indicative of the on-target 

effects of the siRNA. While expression of the full-length form of caspase 3 was mostly 

unaltered in cells transfected with siDR5 compared with levels established in cells 

exposed to the scrambled control siRNA, the cleaved form was acutely 

downregulated. In SC-transfected cells, paclitaxel elicited an upregulation in the 

expression of the active cleaved form of caspase 3, which was further upregulated 

when the taxane was utilised in conjunction with ONC201. Cells that were transfected 

with siDR5 exhibited a marked downregulation in caspase 3 cleavage mediated by 

paclitaxel. Additionally, DR5-silenced cells did not display a further upregulation in 

cleaved C3 expression following exposure to the dual treatment of paclitaxel and 

ONC201. Furthermore, expression of the cleaved form of PARP was also 

downregulated following silencing of DR5 in comparison to SC-transfected cells. In 

corroboration with the altered expression of cleaved caspase 3, DR5 silencing 

abolished the apoptotic effect mediated by ONC201 with regard to PARP cleavage. 

Additionally, expression of cleaved PARP was abrogated in cells transfected with 

siDR5 prior to treatment with paclitaxel compared to levels established in control-

transfected cells. As caspase 8 cleavage is dependent on DR5 and subsequent 

formation of the DISC, we also elucidated expression of both the full length and 

cleaved subunits of caspase 8 in cells that were exposed to siDR5. Expression of full-

length caspase 8 remained generally unaltered, with only a small downregulation 
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exhibited in DR5-silenced cells exposed to paclitaxel alone and in combination with 

ONC201. Interestingly, despite the lack of DR5 expression in cells that were 

transfected with DR5-targeted siRNA, we were still able to ascertain expression of the 

p43/41 and p18 subunits of caspase 8 in paclitaxel-treated cells, although the 

expression of these subunits were acutely downregulated compared to levels 

established in SC-transfected cells. In addition to the determination of the downstream 

effects of DR5 silencing in VACO432 through western blotting, we also elucidated 

levels of activation of the execution caspases 3 & 7 through a specific luminescent 

caspase assay (figure 4.36b). In agreement with what we previously determined with 

regard to expression of cleaved caspase 3, treatment of VACO432 cells with paclitaxel 

mediated stimulation of caspase 3/7 activity approximately 15-times levels established 

in untreated cells. Additionally, while ONC201 alone did not result in an acute 

increase in caspase 3/7 activation, combination of the imipridone with paclitaxel 

mediated an increase that was higher than levels determined in cells exposed to the 

taxane alone. Silencing of DR5 abolished the effect mediated by ONC201 with regard 

to caspase 3/7 activation, both when the imipridone was utilised alone and in 

combination with paclitaxel. Despite DR5-silenced cells still exhibiting caspase 3/7 

activity following taxane treatment, this was significantly decreased compared to 

levels determined in SC-transfected cells. Taken together, these results indicate that 

while apoptosis in VACO432 cells mediated by ONC201 is entirely reliant on the 

activation of DR5, the effect paclitaxel exhibits within the cells is only partially 

dependent on the death receptor. 

Overall, we have determined that ONC201 in combination with paclitaxel is an 

effective treatment strategy within the BRAFMT VACO432 cells. We have 

subsequently shown that the apoptotic effect mediated by this combination occurs 

through the extrinsic apoptotic pathway and is dependent on caspase 8 and DR5. 
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Figure 4.33 Effect of inhibition of caspases on levels of apoptosis
following treatment with ONC-201, taxanes or in combination in
VACO432 cells
BRAFMT VACO432 cells were seeded in P90 dishes prior to treatment
with Paclitaxel (5nM) or Docetaxel (5nM) either alone or in combination
with ONC201 (2.5μM) for 24hrs. In half of the P90s, cells were pre-
treated with the caspase inhibitor Z-VAD (20µM) 1hr before any other
treatments were applied. Cellular proteins were then extracted and
expression levels of both full length (f.l) and cleaved Caspases 3, 7 and 9
were determined by Western Blotting. In addition to the expression of
these Caspases, the expression of PARP, ATF4 and CHOP were also
determined. β-Actin was used as a loading control. Above is a
representative image of 2 independent experiments
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Figure 4.34 Effect of silencing of caspase 8 or caspase 9 on apoptosis
following treatment with ONC201 and paclitaxel in VACO432 cells.
BRAFMT VACO432 cells were reverse transfected with siRNAs specific
for either caspase 8 or caspase 9 or a scrambled control overnight, The
following day, cells were then treated with paclitaxel (5nM) either alone
or in combination with ONC201 (2.5μM). Cells were then lysed and
proteins extracted and subsequently resolved by Western Blotting.
Protein levels of both full length (fl) and cleavage products of Caspases
3, 7, 8 and 9 were determined as well as levels of CHOP and PARP. β-
Actin was used as a loading control. Above is a representative blot of 2
independent experiments.
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Figure 4.35 Effect of ONC201 and paclitaxel on DR4 and DR5
expression levels in VACO432 cells
A) BRAFMT VACO432 cells were seeded in P90 dishes prior to
treatment with paclitaxel (5nM) either alone or in combination with
ONC201 (2.5μM) for 24hrs. Cells were then lysed and proteins extracted
and subsequently resolved by Western Blotting. Protein levels of DR4,
DR5 and PARP were determined with β-Actin being used as a loading
control.
B) Quantification of levels of DR5 expression ERK by densitometery
normalised to band density of untreated controls at each timepoint.
Densitometery performed using ImageJ software.
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Figure 4.36 Effect of silencing of DR5 on apoptosis following
treatment with ONC201/Paclitaxel treatment in VACO432 cells
BRAFMT VACO432 cells were seeded in 6 well plates and reverse
transfected with siRNA specific for DR5 or a scrambled control
overnight, The following day, cells were then treated with paclitaxel
(5nM) either alone or in combination with ONC201 (2.5μM) for a
further 24hr. Cells were then lysed and proteins extracted
A) Expression levels of both full length (fl) and cleaved caspases 3 and 8
as well as DR5 and PARP were determined by Western Blotting with β-
Actin being used as a loading control. Above is a representative image of
2 independent experiments.
B) Activity levels of caspases 3/7 within the protein lysates were then
determined as a measure of apoptosis through Caspase-Glo® assays.
Shown is the mean caspase activity of 2 independent experiments
relative to basal levels determined in non-treated cells.

* Denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001, n.s. denotes
non-significance. Statistical analysis performed with student’s t test
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4.2.8 Sensitivity of BRAFMT CRC cells to other imipridone 

compounds and ER stress activators 

Following the determination of the effectiveness of ONC201 as a treatment within 

BRAFMT VACO432 and HT-29 cells, we subsequently elucidated the efficacy of 

other members of the imipridone family within these CRC cell line models – namely 

ONC206, ONC212 and ONC213. While the core structure of these imipridones is 

consistent between each analogue of ONC201, they differ between R1 and R2 groups, 

altering their potency as well as the differential effect elicited between tumour and 

normal cells (see figure 2.2)469. Similar to ONC201, ONC206 has been determined to 

target D2-like dopamine receptors (DRD2, DRD3 & DRD4) and therefore can elicit 

activation in a similar manner to the first-in-class imipridone. However, ONC206 has 

been found to exhibit ~10x affinity to DRD2 compared to ONC201470. ONC212 is a 

highly selective agonist of G-protein coupled receptor-132 (GPR132), driving its 

transcription. Activation of GRP132 has been determined to induce mitochondrial 

apoptosis within acute myeloid leukaemia cell lines making it a promising novel 

treatment in patients with acute haematological malignancies471. While the mechanism 

of action of ONC213 has not been fully elucidated, it has been shown to display anti-

tumour activity in both haematological and solid tumours. The imipridone has been 

determined to downregulate the BCL-2 regulator MCL-1. As MCL-1 has been 

identified as a resistance mechanism to the BCL-2 inhibitor ABT-199 (Venetoclax), it 

is therefore likely that ONC213 will exhibit synergy with venetoclax as an effective 

treatment strategy in patients with acute myeloid leukemia472. 

We initially established IC50 concentrations of ONC206, ONC212 and ONC213 

through the use of MTT assays following 72hr treatment of VACO432 cells with 

increasing concentrations of each of the imipridones (figure 4.37). We determined that 

these cells were highly sensitive to all three of these ONC compounds, with IC50 

concentrations in the sub-µM range. While we had previously established the IC50 of 

these cells to ONC201 to be 2.7µM, the concentration of ONC206 that had a 50% 

inhibitory growth effect on these cells was 0.43µM. In addition, the IC50 

concentrations established for both ONC212 and ONC213 indicated higher sensitivity 

of the VACO432 cells towards these imipridones, with IC50 concentrations determined 

as 40nM and 59nM respectively.  
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Following the determination of appropriate concentrations of these other imipridones 

to utilise in subsequent experiments, we then established the downstream effects of 

each of these imipridones with regard to activation of the UPR and induction of 

apoptosis (figure 4.38). VACO432 cells were treated with ONC201, ONC206, 

ONC212 or ONC213 for 24 or 48hr prior to harvesting and subsequent determination 

of expression of a variety of proteins through western blotting. With regard to 

apoptotic effect of each imipridone, PARP cleavage was only determinable following 

exposure for 48hrs, with ONC201, ONC206 and ONC212 eliciting cell death in the 

VACO432 cells. Expression of the cleaved form of PARP was at its highest within 

cells treated with ONC206, indicating these cells exhibit a higher level of sensitivity 

towards this imipridone compared to other members of the family. This increased 

sensitivity towards ONC206 corroborates with the function of the imipridone as a 

potent DRD2 antagonist, thereby mediating an acute upregulation in ATF4 expression. 

Each of these ONC compounds also elicited differential expression of proteins 

involved in UPR activation. GRP78 expression was upregulated following exposure 

of VACO432 cells to all imipridones following exposure for 24hr in comparison to 

untreated cells, although this increase was more defined in ONC213-treated cells. 

Longer treatment with the imipridones resulted in abolition in this increase in GRP78 

expression compared to levels determined in untreated cells at the same timepoint – 

which may be due to the induction of apoptosis occurring following exposure to the 

ONC compounds. With regard to levels of IRE1α, all of the imipridones tested elicited 

its phosphorylation following 24hr treatment. While ONC201 mediated a small 

increase in the activation of the UPR sensor protein, ONC206, ONC212 and ONC213 

treatment resulted in greater upregulation in pIRE1α expression. This effect 

determined at 24hr exposure to the imipridones was not reflected at the later timepoint 

of 48hr as the only alteration in IRE1α phosphorylation that was established at this 

timepoint was a reduction mediated following treatment with ONC213. Additionally, 

all members of the ONC family tested here elicited an upregulation in IRE1α 

expression following exposure of cells at both 24hr and 48hr timepoints, with 

ONC206 treatment resulting in the highest expression levels at both timepoints. 

Exposure to the ONC compounds also resulted in increased expression of the spliced 

form of XBP1 at both timepoints tested. Again, with regard to sXBP1, expression was 

highest in cells treated with ONC206 for either 24hr or 48hr. This increased activation 

of the UPR mediated by ONC206 in VACO432 cells was further substantiated through 
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the determination of EIF2α phosphorylation, of which maximal levels was determined 

at both timepoints in cells exposed to either ONC206 or ONC201. Cells treated with 

either ONC212 or -213 exhibited no change in phospho-EIF2α expression at 24hrs, 

however at the longer timepoint, these imipridones mediated increased activation of 

the initiation factor – indicative of attenuation of global protein translation. Expression 

of EIF2α was upregulated following exposure to any members of the ONC family 

tested for 24hr, while extending treatment length to 48hr did not elicit any alteration 

in expression in comparison to levels established in untreated cells. Similar to what 

we have previously shown within ONC201-treated cells, exposure of VACO432 cells 

to other imipridones also elicited an upregulation in ATF4 expression at both 24 and 

48hr timepoints. This expression was at its highest level at both timepoints following 

ONC206 treatment – further indicating the increased potency of these cells towards 

this analogue vs ONC201.Finally, while all ONC compounds mediated the induction 

of CHOP expression at 24hrs, ONC206 elicited the greatest increase while treatment 

with ONC212 resulted in only a small upregulation in expression. At the later 

timepoint of 48hr, all imipridones mediated an equal upregulation in CHOP 

expression. Taken together, this data suggests that while these imipridones all elicit 

activation of the UPR, ONC206 was able to induce expression of a variety of UPR-

related proteins at the early timepoint of 24hr, indicating that it exhibits most potent 

activity towards DRD2 and subsequent induction of ER-stress.  

After establishing that ONC206 may be a most effective acute ER stress inducer, we 

determined the effects of combining it with the taxanes. Induction of apoptosis was 

determined through flow cytometer of Annexin V/propidium iodide-stained 

VACO432 cells treated for 48hr with ONC206 both alone and in combination with 

paclitaxel and docetaxel (both at 1nM; figure 4.39). While ONC206 induced apoptosis 

in the VACO432 cells compared to untreated cells, combination of the imipridone 

with docetaxel mediated a significant upregulation in cell death (25% vs 40%). 

Interestingly, despite their similar mechanisms of action, paclitaxel did not induce a 

significant increase in cell death, compared to untreated cells and VACO432 cells 

treated with ONC206 alone. This result may be due to the concentration of paclitaxel 

not being high enough to induce an apoptotic effect within these cells. 

After establishing that BRAFMT VACO432 cells were sensitive to imipridones aside 

from ONC201, we further determined the apoptotic effect mediated by these ER stress 
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inducers was altered in the BRAFWT VT1 cells compared to their mutant counterparts. 

Apoptosis induction following 48hr exposure to ONC201, ONC206, ONC212 or 

ONC213 was determined through flow cytometry of propidium iodide-stained cells 

(figure 4.40). It was immediately apparent that BRAFWT VT1 exhibited much lower 

levels of apoptosis than VACO432 cells following treatment with the imipridones at 

the concentrations tested. The maximum effect within VT1 cells with regard to 

eliciting apoptosis was determined following exposure to ONC201 (5µM), ONC212 

(200nM) or ONC213 (200nM) – although all ONC compounds mediated a similar 

level of apoptosis within these cells. Apoptosis occurred at a much higher rate within 

the VACO432 following treatment with the imipridones, with ONC212 (200nM) and 

-213 (200nM) treatments each mediating apoptosis in ~45% of cells.  

We subsequently determined the downstream effects of different ER stress 

inducers/imipridones in the VACO432, VT1 and the normal colon fibroblast cell line 

CCD18 (figure 4.41). Following 24hr treatment of the BRAFMT VACO432 cell line 

with any of the imipridones tested, we determined an induction of apoptosis as 

indicated by the increase in PARP cleavage. This effect was not determined in neither 

the BRAFWT VT1 nor the normal CCD18 cell line. With regard to UPR activation, 

ATF4 expression was increased in both the tumour cell lines, however the increase 

was more defined within the VT1 cells in comparison to the VACO432 cell line. 

Similarly CHOP expression was also induced by the imipridones in both CRC cell 

lines, while the CCD18 cell line did not exhibit any detectable levels of the protein 

under any of the treatment conditions tested. Between both the CRC cell lines tested, 

each of the ONC compounds elicited a differential effect with regard to CHOP 

expression. Within the VACO432 cell line, ONC206 treatment induced the greatest 

increase in CHOP expression; while in the VT1 cells, the highest induction occurred 

following exposure to ONC212. In both of these cell lines, ONC213 did not mediate 

a significant effect in UPR activation as determined through the induction of ATF4 

and CHOP expression (figure 4.41a).  

At the later timepoint of 48hr, the difference in apoptosis induction mediated by the 

imipridones between the CRC cell lines and the normal CCD18 fibroblasts was more 

defined than at 24hr. While cell death was induced in both carcinogenic cell lines 

following exposure to the ONC compounds as determined through expression of the 

cleaved form of PARP, this effect was not determined in the CCD18 cell line, with no 
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PARP cleavage determined in any of the treatment conditions. In addition, the 

apoptotic effect identified within the VACO432 cell line was more defined that that 

determined within the VT1 cell line with regard to all imipridones tested. Furthermore, 

within both these cell lines, exposure to ONC212 and ONC213 mediated the highest 

levels of apoptosis compared to that determined following treatment with ONC201 or 

ONC206. With regard to ATF4 expression, imipridone treatment resulted in the 

induction of the transcription factor within all three cell lines tested, including the 

CCD18 fibroblast cell line. Similar to what was established in the VACO432 cell line 

with regard to the expression of the cleaved form of PARP, the induction of ATF4 

occurred at the highest levels following treatment with ONC212 and -213. While 

exposure to the ONC compounds mediated an induction in ATF4 in both the VT1 and 

CCD18 cell lines, the expression was considerably lower that what was observed 

within the BRAFMT VACO432 cell line. We also determined an increase in CHOP 

expression following ONC exposure within all three cell lines tested, however the 

induction within the CCD18 cell line was much lower in comparison to the determined 

within the two oncogenic cell lines. With regard to the two CRC cell lines, exposure 

to the imipridones mediated similar levels of CHOP induction, with ONC212 

mediating the most defined increase within either cell line at this timepoint (figure 

4.41b). Taken together, we have established that the imipridones/acute ER stress 

inducers are an effective treatment in mediating apoptosis within CRC cell lines, in 

particular with activating mutation in the KRAS/BRAF axis, while resulting in 

minimal effects within normal cells. 

As we had elucidated that there was differential response mediated by treatment with 

ONC-compounds within BRAFMT and BRAFWT cells, we established the sensitivity 

of HT-29 cells to these imipridones to verify if there was indeed a high level of 

apoptosis within BRAFMT cells (figure 4.42). Similar to results determined in 

VACO432 cells, IC50 levels established following treatment with ONC206, -212 and 

-213 in HT-29 cells were all determined to be at the sub-µM level, indicative of the 

sensitivity of the cell line towards these compounds. Following the elucidation of these 

IC50 concentrations, we then determined the downstream alterations mediated by these 

imipridones following both 24 & 48hr treatment times (figure 4.43). Exposure of HT-

29 cells for 24hrs to ONC201, ONC206 or ONC212 resulted in increased expression 

of the cleaved form of PARP, indicating an upregulation of apoptosis in these cells. 
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Longer exposure to these imipridones mediated a further increase in PARP cleavage, 

the effect of which was more defined in cells treated with ONC206 or ONC212. With 

regard to GRP78, 24hr exposure to ONC206 or -212 elicited a slight upregulation in 

expression in comparison to levels determined within untreated cells. The effect on 

GRP78 expression mediated by ONC206 and ONC212 was sustained at the longer 

timepoint of 48hrs. Sustained treatment with ONC201 also mediated a slight 

upregulation in the expression of the ER-stress sensor in agreement with our previous 

data. While treatment of HT-29 cells with any of the imipridones tested resulted in an 

increase of IRE1α phosphorylation at 24hrs, longer exposure to ONC201, -206 or -

212 resulted in only a minor  upregulation in IRE1α activation, while ONC213 

treatment resulted in no alteration in phospho-IRE1α expression compared to levels 

determined in untreated cells. Additionally, with regard to IRE1α expression, all ONC 

compounds aside from ONC212 elicited an upregulation following 24hr treatment in 

HT-29 cells. Prolonged treatment for 48hrs with ONC201 resulted in no change in 

IRE1α expression compared to levels established in untreated cells at this timepoint. 

Furthermore, treatment with ONC206, -212 & -213 resulted in slight abrogation in 

levels of IRE1α compared to levels determined basally. Exposure to the imipridones 

did not elicit any significant alterations in the expression of the spliced form of XBP1 

at the 24hr timepoint, aside from exposure with ONC201 which mediated a slight 

downregulation in sXBP1. Exposure of HT-29 cells to ONC201, ONC206 or ONC212 

for the longer timepoint of 48hrs resulted in decreased spliced XBP1 expression while 

ONC213 treatment mediated no change in sXBP1 expression at this timepoint. The 

phosphorylated form of EIF2α was induced in cells exposed to ONC201 for 48hrs, 

while ONC206 and ONC212 mediated a further upregulation in expression. ONC213 

treatment did not mediate any change in pEIF2α at this timepoint, while exposure to 

any of the imipridones tested also resulted in no change in phosphorylation levels of 

EIF2α at the earlier timepoint of 24hrs. Interestingly, phosphorylation of EIF2α 

basally was acutely downregulated at 48hr compared to levels determined at 24hrs, 

indicative of the time-dependent activation of the UPR in untreated cells. Despite this 

alteration in EIF2α phosphorylation mediated by exposure to ONC compounds, there 

was no acute changes determined in the expression levels of the protein at either 

timepoint. Reflecting the effect of imipridone treatment established in the VACO432 

cell line, all of the ONC compounds tested elicited induction of ATF4 expression -

with ONC206 treatment mediating the most defined upregulation in the HT-29 cells 
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at both 24 and 48hr timepoints. While ONC201 stimulated ATF4 acutely at the 24hr 

timepoint, the upregulation determined at the 48hr timepoint was not as distinct. 

Furthermore, ONC213 treatment within the HT-29 cells did not result in any change 

in ATF4 expression at either timepoint in comparison to levels determined in untreated 

cells. CHOP expression was only induced by the ONC compounds at the earlier 

timepoint of 24hrs within this cell line, while there was no change determined in 

expression levels at the later timepoint. While exposure to ONC201 or ONC212 

mediated only a slight upregulation in CHOP expression in the HT-29 cells following 

24hr treatment, both ONC206 and ONC212 elicited a marked upregulation of the 

transcription factor at this timepoint. This data suggests that similar to what was 

previously determined within the VACO432 cell line, ONC206 is a more potent 

activator of the UPR than the first-in-class imipridone ONC201 within the HT-29 CRC 

cell line due to its role as a more potent antagonist of DRD2. Additionally, ONC212 

was also determined to be a potent activator of the UPR as the induction of ATF4 and 

CHOP expression was found to be of similar levels to that established in cells exposed 

to ONC206.  
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Figure 4.37 Sensitivity of BRAFMT VACO432 cells to other
impridone compounds
BRAFMT VACO432 cells were treated with increasing concentrations
of ONC-206, -212 and -213 for 72hrs, Cell viability was then
determined through an MTT assay and IC50 values were calculated
using GraphPad version 5.0 through interpolating a non-linear graph
with a variable slope. Figures show representative graphs from 2
independent experiments while the table illustrates the mean IC50 value
± standard deviation.
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Figure 4.38 Effect of different members of the imipridone family on
UPR pathway activation and apoptosis in VACO432 cells
VACO432 cells were seeded in P90 dishes and subsequently treated with
ONC201 (2.5μM), ONC206 (0.25μM), ONC212 (50nM) or ONC213
(100nM) for either 24 or 48hr. Following treatment, proteins were
extracted from cells and expression/phosphorylation levels of PARP,
GRP78, IRE1α, SXBP1, EIF2α, ATF4 and CHOP were determined by
Western Blotting. β-Actin was utilised as a loading control. Above is a
representative image of 3 independent experiments.
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Figure 4.39 Effect of ONC206 when combined with taxanes on
apoptosis induction, determined by Annexin V/PI flow cytometry in
VACO432 cells
BRAFMT VACO432 cells were seeded in 6wp and allowed to adhere
overnight. They were then treated with either Paclitaxel (1nM) or
Docetaxel (1nM) either alone or in combination with ONC206 (0.25μM)
for 48hrs. The cells were then stained with Annexin V and Propidium
Iodide and flow cytometry performed. Above is a representative image
of 2 independent experiments.

* Denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001, n.s. denotes
non-significance. Statistical significance was determined through the
application of a two-way ANOVA.
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Figure 4.40 Effect of imipridones on apoptosis induction in the
BRAFMT VACO432 cells and its isogenic BRAFWT clone
BRAFMT VACO432 and BRAFWT VT1 cells were treated with
varying concentrations of ONC-201, -206, -212 and -213 for 48hrs.
Cells were then collected, fixed and stained with Propidium Iodide (PI)
solution. Cells in the sub-G1 phase were taken as to have undergone
apoptosis. Graph shows a combination of n=2 experiments.
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Figure 4.41 Sensitivity of BRAFMT/WT CRC cells and a normal
colon fibroblast cell line to the various imipridones/acute ER stress
inducers
BRAFMT VACO432, BRAFWT VT1 and normal CCD18 myofibroblast
cells were seeded in P90 dishes and subsequently treated with ONC201
(2.5μM), ONC206 (0.25μM), ONC212 (50nM) or ONC213 (50nM) for
24hr (A) or 48hr (B). Following treatment, proteins were extracted from
cells and expression levels of PARP, ATF4 and CHOP were determined
by Western Blotting. β-Actin was utilised as a loading control. Above is
a representative image of 3 independent experiments.
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Figure 4.42 Sensitivity of BRAFMT HT-29 cells to other impridone
compounds/acute ER stress activators
BRAFMT HT-29 cells were treated with increasing concentrations of
ONC-206, -212 and -213 for 72hrs, Cell viability was then determined
through an MTT assay and IC50 values were calculated using GraphPad
version 5.0 through interpolating a non-linear graph with a variable
slope. Figures show representative graphs from 2 independent
experiments while the table illustrates the mean IC50 value ± standard
deviation.
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Figure 4.43 Determination of UPR activation mediated by other
impridone compounds within HT-29 cells
HT-29 cells were seeded in P90 dishes and subsequently treated with
ONC201 (2.5μM), ONC206 (0.25μM), ONC212 (50nM) or ONC213
(50nM) for either 24 or 48hr. Following treatment, proteins were
extracted from cells and expression/phosphorylation levels of PARP,
GRP78, IRE1α, SXBP1, EIF2α, ATF4 and CHOP were determined by
Western Blotting. β-Actin was utilised as a loading control. Above is a
representative image of 3 independent experiments.
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4.2.9 KRASMT cetuximab-resistant LIM1215 cells display 

increased sensitivity towards ONC201 in combination with 

taxanes compared to their KRASWT counterparts 

As we have determined throughout the chapter the efficacy of imipridone treatment in 

combination with paclitaxel or docetaxel in BRAFMT CRC cells, we sought to 

establish the effectiveness of this treatment strategy in cetuximab-resistant RASMT 

LIM1215 that we had generated previously.  

We initially elucidated levels of UPR activation and apoptosis induction in cetuximab 

resistant LIM1215 cells following exposure to ONC201 either alone or in combination 

with paclitaxel (figure 4.44). Use of either the imipridone or taxane as monotherapies 

resulted in increased expression of the cleaved form PARP, which was further 

upregulated following combination of the two treatments. With regard to GRP78, 

while there was minimal alteration in expression in cells exposure to either of the 

compounds as single agents, combinational therapy mediated a marked increase in the 

chaperone protein. Expression and phosphorylation levels of IRE1α and EIF2α 

remained mostly unaltered in cetuximab-resistant LIM1215 cells under each condition 

in comparison to that established within untreated cells, with only a small upregulation 

in IRE1α expression determined in cells exposed to ONC201 which correlated with a 

slight mitigation in levels of phosphorylation of the stress sensor. As expected, 

ONC201 mediated increased expression of ATF4 which was further upregulated when 

KRASMT LIM1215 cells exposed to the imipridone in combination with paclitaxel. 

Exposure to paclitaxel alone mediated a small increase in ATF4, indicating that 

taxanes elicit slight UPR activation in this cell line. In agreement with our previous 

data, ONC201 treatment also induced CHOP expression. While exposure to paclitaxel 

mediated CHOP expression in the BRAFMT VACO432 cells, this did not occur within 

cetuximab-resistant LIM1215 cells, nor did paclitaxel elicit a further induction in 

CHOP expression when used in combination with ONC201. As we determined that 

combined treatment with paclitaxel/ONC201 elicited a higher level of apoptosis – as 

indicated through expression of cleaved PARP; compared to cells treated with these 

compounds as single agents, we sought to confirm this result through the use of a 

specific caspase 3/7 activity assay (Caspase 3/7 Glo) (figure 4.44b). Both ONC201 

and paclitaxel mediated a 2x increase in activation of caspase 3/7 in comparison to 
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levels of activation determined basally. Combination of the two compounds resulted 

in significantly higher caspase 3/7 activity levels compared to levels determined in 

cells treated under the other conditions, with cells exhibiting an increase of nearly 4-

fold compared to untreated LIM1215 cells. This data therefore indicates the 

effectiveness of the ONC201/taxane combination within KRASMT LIM1215 cells, in 

a manner similar to what we had previously established within VACO432 cells. 

As we had determined ONC206 as a more potent activator of the UPR activator within 

the VACO432 and HT-29 cells compared to ONC201, we also determined the 

sensitivity of KRASMT LIM1215 cells towards this imipridone by establishing the 

IC50 concentration (figure 4.45). Similar to what was determined in BRAFMT cells, 

we observed higher levels of sensitivity towards ONC206 compared to what was 

previously determined with regard to ONC201.We subsequently sought to determine 

the efficacy of combining ONC201 or ONC206 with paclitaxel. Cells were seeded 

into 12 well plates prior to treatment with ONC201 (2.5µM) or ONC206 (0.1µM) 

either as single agents in combination with paclitaxel (5nM) for 48hrs. Following 

treatment, cells were fixed and stained with crystal violet and the absorbance 

determined at 570nm (figure 4.46). Exposure of cetuximab-resistant LIM1215 cells to 

either paclitaxel or resulted in a ~25% decrease in cell number. Combination of the 

two treatments mediated a significant downregulation in number compared to what 

was determined with these treatments alone with a decrease of approximately 45% in 

cell number. With regard to ONC206, treatment with the imipridone alone elicited a 

more defined reduction in cell number than what was determined in cells treated with 

ONC201 alone, with a 50% reduction in cell number. Paclitaxel treatment again 

mediated an approximate ~25-30% reduction in cell number. Combining ONC206 

with paclitaxel resulted in an acute downregulation in cell number, which was more 

defined than the effect mediated through the ONC201/paclitaxel combination. This 

treatment combination of ONC206/taxane mediated a reduction in cell number of 

~85% in comparison to basal levels. This therefore indicates that like the BRAFMT 

VACO432 cells, KRASMT LIM1215 cells are also sensitive to ONC compounds in 

combination with taxanes. Again, similar to what we have previously determined 

within the VACO432 cells, while cetuximab-resistant LIM1215 were established to 

be sensitive to the first-in-class imipridone ONC201, ONC206 was a more potent 

inducer of apoptosis within these cells. 
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To determine if the results we have established with regard to the sensitivity of CRC 

cell lines to the imipridones were consistent when taking a variety of cell lines into 

account, we tested the sensitivity of 23 different CRC cell lines (Appendix A9)  to all 

four ONC compounds tested previously (figure 4.47). In agreement with our previous 

data, we determined that CRC cell lines are overall more sensitive to ONC206, 

ONC212, and ONC213 in comparison to the sensitivity established to ONC201. While 

the cell lines tested exhibited an IC50 towards ONC206 that was ~3x lower than the 

IC50 concentration determined following treatment to ONC201, the 23 CRC cell lines 

tested displayed the highest levels of sensitivity towards ONC212 and -213 with 

average IC50s of 0.08µM and 0.2µM respectively.  

Taken together, within this chapter we have shown that induced cetuximab resistance 

within quadruple wild-type LIM1215 cells can result in an acquired KRAS mutation. 

Additionally, these resistant cells exhibit higher basal levels of activation of the UPR 

compared to their parental counterparts, in a similar manner to that established in 

KRASMT HCT-116 cells versus the isogenically-matched KRASWT HKH2 cell line, 

as well as what was determined in the BRAFMT VACO432 cell line compared to the 

BRAFWT VT1 cells. Furthermore, we have established that both BRAFMT and 

KRASMT cells exhibited increased sensitivity towards the imipridone family of 

compounds compared to levels of sensitivity ascertained within the WT cells. This 

increased sensitivity of BRAF/RASMT cell lines is likely due to the higher intrinsic 

levels of UPR activation in comparison to WT cell lines. We then determined if 

combining imipridones with other FDA-approved drugs can improve the effectiveness 

of the treatment, allowing us to establish the combination of the taxanes paclitaxel and 

docetaxel with imipridones as a potential treatment strategy. In determination of the 

mechanism of action of this combination, we established that the increase in apoptosis 

that occurred following exposure to this combination, resulted in enhanced activation 

of the UPR in comparison to its activity determined when utilising either treatment as 

a single agent. Promisingly, this treatment strategy was also deemed to be effective in 

KRASMT cetuximab-resistant LIM1215 cells. As acquired mutations in KRAS and 

BRAF are the most common mechanisms of resistance in CRC, induction of ER stress 

(i.e. ONC206) in combination with taxanes could be a novel therapy that could be 

utilised as treatment in a broad range of CRC tumours.  
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Figure 4.44 Effect of ONC201 with paclitaxel on ER stress activation
and apoptosis in RASMT LIM1215 cells with acquired cetuximab
resistance
KRASMT cetuximab-resistant LIM1215 cells were seeded in P90 dishes
and subsequently treated with paclitaxel (5nM) either alone or in
combination with ONC201 (2.5μM) for 48hr. Cellular protein was then
extracted from the cells.
A) Expression/phosphorylation levels of PARP, GRP78, IRE1α, EIF2α,
ATF4 and CHOP were determined through Western Blotting. β-Actin
was utilised as a loading control. Shown is a representative blot from 2
experiments.
B) Activity levels of caspases 3/7 within the protein lysates were then
determined as a measure of apoptosis through Caspase-Glo® assays.
Shown is the mean caspase activity of 2 independent experiments
relative to basal levels determined in non-treated cells.

* Denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001, n.s. denotes
non-significance. Statistical significance was determined through the
application of a two-way ANOVA.
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Figure 4.45 Sensitivity of KRASMT LIM1215 cells to ONC206
KRASMT LIM1215 cells were treated with increasing concentrations
of ONC-206 for 72hrs. Cell viability was then determined through an
MTT assay and IC50 values were calculated using GraphPad version 5.0
through interpolating a non-linear graph with a variable slope. Table
illustrates the IC50 value obtained with each compound.
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Figure 4.46 Determination of the apoptotic effect of paclitaxel both
as a monotherapy and combined with the impridones ONC201 and
ONC206 in LIM1215 cells with acquired cetuximab resistance
KRASMT cetuximab-resistant LIM1215 cells were seeded in 24 well
plates and subsequently treated with paclitaxel (5nM) either alone or in
combination with ONC201 or ONC206 (2.5μM or 0.1μM respectively)
for 48hr. Cells were then fixed and stained with crystal violet. Cell
viability was then determined by solubilizing the crystal violet stain with
sodium citrate (0.1M), measuring absorbance at 570nM and make these
values relative to levels that were determined within untreated cells.

* Denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001, n.s. denotes
non-significance. Statistical significance was determined through the
application of a two-way ANOVA.
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Figure 4.47 Determination of sensitivity of CRC cell lines to the
impridone family of compounds
A variety of 23 different CRC cell lines (see Appendix A9) were treated
with increasing concentrations of ONC201, -206, -212 or -213 for 72hrs.
Cell viability following exposure of each cell line to each of the
impridones was then determined through MTT survival assays and IC50

values were calculated using GraphPad version 5.0 through interpolating
a non-linear graph with a variable slope. Shown is the IC50 values
observed for each compound within each cell line tested. The horizontal
line is representative of the average IC50 value determined for each of
the impridone tested.
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4.2.10 Clinical role of GRP78, the master regulator of the UPR, 

in CRC 

Following on from our previous work implicating UPR activation as a form of 

synthetic lethality in KRASMT and BRAFMT CRC cell lines, we then sought to 

determine if there was a prognostic role for this within a patient population. As GRP78 

has been previously identified as the master regulator of the UPR, we initially sought 

to determine if its expression can be predictive of survival within a cohort of stage 

II/III CRC patients. 

Initially, we determined GRP78 levels in a small cohort of fresh frozen primary CRC 

tissues and matched normal colon tissues (figure 4.48). Overall, we established that 

within this cohort GRP78 is consistently upregulated in CRC tissues compared to 

matched normal colon tissue in agreement with previous studies473. 

Following this determination of GRP78 expression levels in normal vs tumour patient 

samples, we utilised a larger patient cohort to determine if there was a potential role 

of GRP78 as a biomarker in CRC. This cohort was derived from a multi-centre 

collaboration which initially consisted of 363 stage II/III CRC samples collected from 

4 separate clinical sites which were sent to Almac Diagnostics (Craigavon, N.I) for 

profiling on their Xcel arrayTM platform. These samples were initially collected as part 

of a multi-site CRC taxonomy study funded by Cancer Research UK (CRUK). We 

decided to focus on the early stage II/III patient group, as this group would receive 

maximal benefit from the development of additional treatment strategies. Of these 

original 363 samples, 169 were excluded as a result of insufficient tumour content 

within the patient sample, with 194 samples reaching the minimum requirement of 

50% tumour content as determined through H&E staining and pathological review. 

RNA was then extracted from macrodissected FFPE sections of each patient sample 

and the quality of the resultant nucleic acid determined through bioanalyzer analysis. 

Following this quality control (QC) step, an additional 6 samples were excluded from 

further processing as a result of poor-quality RNA. Of the 188 samples that were 

profiled on the Xcel arrayTM, 169 samples passed the appropriate QC metrics for the 

assay. Finally, following the analysis of these samples it was determined that 13 

samples were clinically determined to be Stage I/IV and therefore were excluded from 

the generated data. Subsequently, array data was received for 156 patient samples 
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which was subjected to unsupervised clustering analysis (figure 4.49). The clinical 

pathological characteristics of the patients from which the 156 samples originated 

have been compiled within figure 4.50. In addition, information regarding the staging 

of these patients, as well as information pertinent to their treatment history was also 

accumulated (figure 4.51). From this data, we then determined the proportion of stage 

II/III patients within the cohort, as well as the ratio of treated vs untreated patients 

(figure 4.52). 54% (84/156) of the patient samples utilised within this study originated 

from stage II patients. Furthermore, 42% (66/156) of these patients had underwent 

treatment prior to removal of the tumour samples, the majority of which were 

determined to be stage III (62% of all treated patients; 41/66). 

To initially determine if this cohort was reflective of the overall population of stage II 

and III CRC patients, we established the difference in overall survival time between 

patients at both stages independent of treatment. The OS data for all stage II /III 

patients was mapped on a Kaplan-Meier curve and the statistical significance between 

the two curves determined through Mantel-Cox analysis (figure 4.53). As expected, 

patients established as stage II were determined to have significantly higher OS than 

determined within their stage III counterparts (P=0.0008; HR=0.374; 95% CI=0.211-

0.665). With regard to 5year OS rates, our cohort presented with comparable data to 

the wider patient population6. At 60 months, ~80% of stage II patients within our 

cohort were still alive, while this was decreased to ~50% when examining the 

population with stage III disease. 

Due to its central role in mitigating the activation of the UPR through its interaction 

with the three sensors of the unfolded protein response, we sought to identify a 

potential prognostic role of GRP78 in stage II/III CRC utilising our cohort of 156 

patient samples. We initially determined if there was a significant difference in OS 

between patients within our entire stage II/III (treated and untreated) cohort 

established as exhibiting high expression of GRP78 in comparison to patients 

considered to be have low levels of expression independent of their stage or treatment 

status (figure 4.54). Data analysis was performed using the R Statistical Package. All 

CEL files were loaded into R and processed using the affymetrix, package 

(GSE103479). With regard to GRP78, we utilised the ADXEC.21098.C1_at probe 

from the Xcel array identified through the affymetrix probe database. Levels of GRP78 

expression were elucidated through comparison of the expression determined within 
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the patient samples to the median expression established within the entire cohort. 

Patients identified as exhibiting high levels of GRP78 expression were defined as 

presenting with higher than the median levels of the UPR regulator. Prior to ~36 

months, patients that exhibit high levels of GRP78 were determined to have similar 

survival rates compared to those who were determined to express lower than average 

levels of GRP78. However, after three years, patients identified as presenting with low 

GRP78 expression exhibit increasingly higher levels of survival in comparison to that 

determined within patients defined as expressing high GRP78 levels. The two survival 

curves diverge progressively to a point where there is a significant difference 

identified within the two populations at 5 years (P=0.0376; HR=0.5474; CI = 0.31-

0.97).  

As we had determined that patients with high GRP78 expression levels had 

statistically lower rates of OS in comparison to patients exhibiting low levels of 

expression, we then elucidated if there was a particular sub-group within this cohort 

that perpetuated this significant difference. We initially determined if this difference 

established between high and low GRP78 expressers was influenced by the stage of 

the tumour. To investigate if this was the case, we initially separated the clinical cohort 

by tumour stage prior to mapping the survival rates of patients with high or low GRP78 

expression levels (figure 4.55). Looking first at the stage II patient cohort only, we 

identified there was not a significant difference in OS between patients described as 

exhibiting high levels of GRP78 vs low expressing patients (P=0.454; HR=1.46; 

CI=0.543-3.92). Furthermore, analysis of the stage III patient samples also did not 

result in a significant difference when scrutinising the high vs low GRP78 expression 

samples within this group (P=0.9239; HR=1.035; CI=0.513-2.09). In addition, while 

there was a slight divergence in survival curves within the stage II group of patients, 

there was very little difference between the OS of the patients with high GRP78 

expression and those with low expression, further indicating that GRP78 cannot serve 

as a prognostic indicator of survival within this population when taking only tumour 

staging into account. 

As we determined that tumour stage was not the influencing factor when we identified 

a significant decrease in OS within patients determined to have high GRP78 

expression compared to CRC patients with low expression, we sought an alternative 

element. As we also had information with regard to whether the patient received 
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observation following surgery or adjuvant chemotherapy available for the 156 patients 

within our cohort, we decided to investigate the treatment interaction effect on patient 

influence survival based on GRP78 expression levels (figure 4.56). We initially 

determined the survival of patients that had received treatment and established GRP78 

expression levels within this subpopulation. Considering first all patients within our 

cohort that had received treatment regardless of staging (n=66), we determined that 

there was a difference in OS between patients that had high levels of GRP78 

expression in comparison to individuals with low expression levels, although this 

difference was not significant (P=0.1106; HR = 0.447; CI = 0.167-1.2, figure 4.56a). 

Further separating this subpopulation by stage also did not result in a significant 

difference in OS between patients determined to exhibit high GRP78 levels and those 

which had low expression. With regard to stage II patients whom had received 

treatment (n=25), there was very little difference observed in survival rates between 

the patients with high and low GRP78 expression (P=0.381; HR=0.171; CI = 0.0033-

8.89, figure 4.56b); however this may be as a result of the low number of patients 

within this group. Moreover, stage III patients that had been exposed to treatment also 

did not exhibit a significant difference in OS when taking GRP78 expression levels 

into account (n=41; P=0.5219; HR = 0.72; CI = 0.259-1.99). We also established if 

GRP78 expression levels could be prognostic within the patient population within our 

cohort that had not been exposed to any form of treatment (figure 4.57). Taking all of 

these patients into account, we observed that while there was not a significant decrease 

in OS in patients with high GRP78 expression in comparison to those with low 

expression levels (P=0.0794; HR=0.536; CI=0.267-1.08, figure 4.57a), the difference 

was nearing significance, and may be affected again by the low patient numbers within 

each population. Similar to what was established previously within the treated 

population, further separating the untreated patient cohort by stage did not result in a 

significant difference in survival between patients with high and low GRP78 

expression (stage II P=0.4164, HR=0.657, CI=0.24-1.8; stage III P=0.7747, HR=1.16, 

CI=0.44-3.06, figure 4.57b). 

As we have previously established that the prevalence of KRAS/BRAF mutations result 

in higher basal levels of UPR activation in CRC cell lines, we also sought to determine 

if the presence of an activating mutation in KRAS/BRAF  could mediate a 

significant difference in OS when taking GRP78 expression into account. We initially 
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determined the prevalence of these alterations within our cohort (figure 4.58). 

Determination of the presence of KRAS/BRAF mutations was performed through 

sequencing of DNA obtained from both tumour and matched normal tissues utilising 

a Roche/Nimblegen Seq-Cap-EZ panel of 130 CRC clinically relevant genes. With 

regard to KRAS mutations, we considered mutations within codons 12, 13, 61, 117 and 

146 – all of which have been associated with mediating constitutive activation of the 

oncogene168, 169. As it has been the only variant that has been determined to be 

tumorigenic, we only took into account the V600E mutation with regard to BRAF. We 

first determined the potential prognostic role of GRP78 in patients established as 

KRASMT or WT (figure 4.59). In the WT population, there was very little difference 

in the OS between patients with high GRP78 expression and those with low expression 

(P=0.5955; HR=0.82; CI=0.39-1.7). However, within the group of patients defined as 

KRASMT, there was a significant decrease in OS in patients within this population that 

were also determined to exhibit high expression levels of GRP78 in comparison to 

individuals with low GRP78 expression (P=0.0286; HR=0.31; CI=0.11=0.88). We 

subsequently determined if GRP78 expression could serve as a prognostic factor 

within the BRAFWT/MT population (figure 4.60). Within the BRAFWT patients, there 

was no significance identified with regard to OS when comparing the survival of 

patients with high GRP78 expression compared to those with low expression levels 

(P=0.0994; HR=0.59; CI=0.31-1.11). However, the survival curves of both 

populations are progressively diverging and are on the way to reaching significance. 

One reason for this may be that this BRAFWT population would also include patients 

exhibiting KRAS mutations due to the mutual exclusivity between KRAS and BRAF 

alterations. With regard to the BRAFMT population, again there was no significant 

difference in OS between patients with high expression of GRP78 and those with low 

levels of expression (P=0.8507; HR=1.2; CI=0.19-7.74). One major caveat to the 

results obtained in this population is the very low number of patients deemed 

BRAFMT (15/156) which may result in inaccuracies in the data. Taken together, our 

data suggests that GRP78 may be a prognostic indicator of survival within KRASMT 

patients, with high expression of the UPR regulator being associated with decreased 

OS. 
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Figure 4.48 Expression levels of GRP78 in a cohort of CRC tissue
with matched normal colon tissue
A) Expression levels of GRP78 was determined in fresh frozen CRC
tissues and matched normal colon tissue, by Western blotting.
B) Densitometry of GRP78 levels determined by Image J and
normalized to β-actin levels.
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Multicentre
IN VIVO TRIAL RUN

363 Stage II/III CRC Samples

194 Stage II/III CRC Samples

188 Stage II/III CRC Samples

169 Samples Passed QC

156 samples unsupervised classification

50% tumour content H&E

Pass RNA Quality

Profiled on Xcel arrayTM

13 Samples Clinically Determined as 
Stage I or IV

Figure 4.49 Schematic depicting the QC steps for the 156 patient
samples utilized as stage II/III cohort
363 stage II/III CRC samples were collected initially as part of a
multicenter trial run and were sent to Almac Diagnostic Services to be
profiled on their Xcel arrayTM.
Following pathological review of the samples, 169 were excluded as a
result of insufficient tumour content. Of the 194 samples that were
further processed, an additional 6 samples were excluded due to poor
quality of extracted RNA as determined through bioanalyzer analysis. In
total, 169 samples were profiled on the Xcel arrayTM platform and data
received for 156 samples.
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Characteristic Overall Barcelona Florence St 
Vincent

Aberdeen

Numbers 156 63 17 49 27

Age at Diagnosis
Mean
≥70
≤70

Unknown

69.7
79
75
2

72.1
36
25
2

64.4
4
13
-

70.1
25
24
-

66.6
14
13
-

Sex
Female
Male

68
88

27
36

8
9

20
29

13
14

Tumour Grade
Good

Moderate
Poor 

Colloid
Unknown

6
118
29
2
1

3
40
20
-
-

-
14
-
2
1

3
40
6
-
-

-
24
3
-
-

Tumour Location
Caecum

Ascending Colon
Transverse Colon
Descending Colon

Sigmoid
Rectum

Unknown

13
41
11
8
54
23
6

-
28
-
5
22
8
-

1
2
1
2
2
4
5

9
8
6
1
15
10
-

3
3
4
-

15
1
1

Figure 4.50 Clinical pathological characteristics of the stage II/III
cohort
A table depicting a variety of clinical pathological characteristics
including age tumour grade and tumour location of the 156 patient
samples utilized within our stage II/III cohort.
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Characteristic Overall Barcelona Florence St.
Vincent

Aberdeen

Numbers 156 63 17 49 27

TNM Stage
Stage II

Stage IIA
Stage IIB
Stage IIC
Stage III

Stage IIIA
Stage IIIB
Stage IIIC

84
70
8
6
72
6
47
19

33
22
5
6
30
1
13
16

11
11
-
-
6
1
5
-

26
25
1
-

23
2
19
2

14
12
2
-

13
2
10
-

Treatment
No Treatment

Treatment

Stage II
No Treatment 

Treatment

Stage III
No Treatment

Treatment

90
66

59
25

31
41

39
24

22
11

17
13

7
10

6
5

1
5

28
21

20
6

8
15

16
11

11
3

5
8

Figure 4.51 Staging and treatment information of our stage II/III
cohort
A table depicting staging and treatment information of the 156 patient
samples utilized within our stage II/III cohort.
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156 Stage II/III CRC 
Samples

Stage II 
(n=84)

Stage III 
(n=72)

Treated 
(n=25)

Untreated 
(n=59)

Treated 
(n=41)

Untreated 
(n=31)

Figure 4.52 Dividing the 156 cohort samples by stage and treatment
status
The 156 patient samples within our cohort were divided by tumour stage
and subsequent treatment status.
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Figure 4.53 Survival curves for stage II and III patients in the
taxonomy cohort
The 156 samples within our cohort were separated by tumour stage and
the survival data mapped on Kaplan-Meier curves. The two survival
curves were subsequently compared through Mantel-Cox analysis on
Graphpad Prism (Version 5.0). OS = overall survival
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Figure 4.54 Overall survival in stage II/III CRC cohort with low and
high GRP78 expression.
The 156 samples within our cohort were separated by GRP78 expression
levels and the survival data mapped on Kaplan-Meier curves. The two
survival curves were subsequently compared through Mantel-Cox
analysis on Graphpad Prism (Version 5.0). High GRP78 expression was
defined as above average expression, while patients defined as
exhibiting lower than average GRP78 expression were considered low
expressors
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Figure 4.55 Overall survival in stage II and stage III CRC cohorts
with low and high GRP78 expression.
The 156 samples within our cohort were separated initially by tumour
stage and then further divided by GRP78 expression levels. The survival
data was mapped on Kaplan-Meier curves and the two survival curves
were subsequently compared through Mantel-Cox analysis on Graphpad
Prism (Version 5.0). High GRP78 expression was defined as above
average expression, while patients defined as exhibiting lower than
average GRP78 expression were considered low expressers
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Figure 4.56 Overall survival in stage II and stage III CRC cohorts
who received adjuvant chemotherapy treatment with low and high
GRP78 expression. The 156 samples within our cohort were separated
by treatment status. All of the treated samples (66/156) were initially
divided by GRP78 expression independent on tumour staging (A). We
subsequently subdivided this population of patients which received
treatment by tumour stage and determined if GRP78 could be a
prognostic indicator within these populations (B). The pertinent survival
data was mapped on Kaplan-Meier curves and the two survival curves
subsequently compared through Mantel-Cox analysis on Graphpad
Prism (Version 5.0). High GRP78 expression was defined as above
average expression, while patients defined as exhibiting lower than
average GRP78 expression were considered low expressers
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Figure 4.57 Overall survival in stage II and stage III untreated CRC
cohorts with low and high GRP78 expression.
The 156 samples within our cohort were separated by treatment status.
All of the untreated samples (90/156) were initially divided by GRP78
expression independent on tumour staging (A). We subsequently
subdivided this population of patients which received treatment by
tumour stage and determined if GRP78 could be a prognostic indicator
within these populations (B). The pertinent survival data was mapped on
Kaplan-Meier curves and the two survival curves subsequently
compared through Mantel-Cox analysis on Graphpad Prism (Version
5.0). High GRP78 expression was defined as above average expression,
while patients defined as exhibiting lower than average GRP78
expression were considered low expressers
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Gene Alteration Numbers

KRAS

p.Gly12Cys

p.Gly12Ala

p.Gly12Asp

p.Gly12Val

9

2

24

7

p.Gly13Asp 9

p.Gln61Lys

p.Gln61His

1

2

p.Lys117Asn 1

p.Ala146Thr 5

WT 76

Unknown 20

Total 156

BRAF

p.Val600Glu 15

WT 121

Unknown 20

Total 156

Figure 4.58 Overview of the KRAS/BRAF mutational status of the
156 patient samples within the stage II/III cohort
A table depicting the KRAS/BRAF mutations present within the cohort of
156 stage II/III CRC patients.
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Figure 4.59 Overall survival in stage II/III KRASWT and KRASMT
CRC cohorts with low and high GRP78 expression. The 156 samples
within our cohort were separated by KRAS mutational status prior to
further division by GRP78 expression levels. The pertinent survival data
was mapped on Kaplan-Meier curves and the two survival curves
subsequently compared through Mantel-Cox analysis on Graphpad
Prism (Version 5.0). High GRP78 expression was defined as above
average expression, while patients defined as exhibiting lower than
average GRP78 expression were considered low expressers.
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Figure 4.60 Overall survival in stage II/III BRAFWT and BRAFMT
CRC cohorts with low and high GRP78 expression. The 156 samples
within our cohort were separated by BRAF mutational status prior to
further division by GRP78 expression levels. The pertinent survival data
was mapped on Kaplan-Meier curves and the two survival curves
subsequently compared through Mantel-Cox analysis on Graphpad
Prism (Version 5.0). High GRP78 expression was defined as above
average expression, while patients defined as exhibiting lower than
average GRP78 expression were considered low expressers.
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4.3 Discussion 

The efficacy of many targeted inhibitors including cetuximab is acutely reduced 

through the development of secondary mutations that result in the manifestation of 

resistance, allowing tumour progression to occur. Despite genetic screening being 

implemented to identify patients that will exhibit enhanced response to treatment, 

previous studies have determined that all mCRC patients become refractory within 3-

12 months following an initial anti-tumour response437. Such aberrations that mediate 

resistance towards the EGFR mAb usually involve alterations in the MAPK pathway 

or the receptor itself. The most common acquired mutations that occur in response to 

cetuximab treatment affect KRAS which similar to cases of primary resistance, mainly 

affect codons 12 and 13 of the gene214. A study conducted by Van Emburgh et al. 

established that in a cohort of 27 CRC patients treated with cetuximab that exhibit 

tumour progression despite initial response, determined that RAS mutations 

(encompassing KRAS and NRAS) were detected in 74% patients. Additionally, 14 of 

these patients exhibited alterations in the extracellular domain of EGFR that results in 

mutation of the specific epitopes cetuximab binds to, thereby prohibiting activity of 

the mAb474.  

Similar to mechanisms of primary resistance towards EGFR-targeted therapies 

including cetuximab, BRAF mutations can also occur in an acquired fashion, however 

the incidence of this occurring is quite low. BRAF alterations have been found to occur 

within preclinical, cell line models of acquired resistance to cetuximab215. 

Amplification of other RTKs or their cognate ligands has also been established to 

occur following initial cetuximab treatment. One study determined that 13 of 233 of 

mCRC patients presented with a de novo amplification in the ERBB2 receptor, which 

mediated cetuximab resistance in a manner similar to that determined within RASMT 

patients. Furthermore, within a separate cohort of patients that became refractory 

towards cetuximab, 2 of the 9 (22%) were determined to have a significantly higher 

level of HER2 post-treatment compared to levels established prior to cetuximab-

exposure, as determined non-invasively through analysis of ctDNA. This study also 

demonstrated a role of increased expression of the ligand heregulin in mediating 

resistance towards cetuximab, with patients exhibiting EGFR mAb resistance also 

displaying increased serum levels of the ligand compared to levels established prior to 

exposure to cetuximab220. Similar to that seen with regard to ERBB2 overexpression, 
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acquired amplification of MET has also been elucidated to drive resistance towards 

EGFR mAbs. In a study led by Antonio Bardelli et al. studying a cohort of 7 mCRC 

patients whom had all become unresponsive to EGFR-targeting mAbs (panitumumab 

or cetuximab), 3 patients did not exhibit KRAS mutations as determined through 

analysis of patient sera. All 3 of these patients were subsequently established to 

possess amplification within the MET gene as confirmed through FISH analysis, 

which was not determined within patient samples obtained prior to treatment223.  

Establishing the mechanism of resistance that arises following exposure to anti-EGFR 

therapy is vital to determine the best possible combinational therapy to overcome this 

resistance. In patients that become refractory towards cetuximab following the 

development of RAS or BRAF mutations, dual targeting using EGFR-targeted therapy 

in combination with MEK inhibition have been determined to be an effective strategy 

to overcome resistance. One such study has determined that cetuximab in conjunction 

with the MEKi pimasertib is effective in mouse xenografts utilising tumour samples 

originating from cetuximab-refractory CRC patients. This MEKi/EGFRi strategy has 

been shown to be effective in patients with acquired mutations that mediate 

constitutive activation of the MAPK pathway including BRAF and RAS mutations475. 

Despite this determination of the most effective way to overcome acquired resistance 

towards cetuximab, the efficacy of these treatment is limited due to the possible 

development of further resistance towards this treatment regimen. There is therefore 

an unmet need for treatment regimens that result in prolonged efficacy in tumours that 

develop resistance towards cetuximab.  

 

4.3.1 Establishing Chronic ER Stress in CRC cell lines with 

Acute and Acquired Resistance to EGFR-targeted therapies 

As has been shown within a number of studies, cells lines can be manipulated to 

become resistant towards targeted therapies such as cetuximab through prolonged 

exposure of cells to the mAb169, 214. Within this chapter, we sought initially to develop 

our own cell lines with acquired resistance towards cetuximab which were utilised to 

elucidate effective treatment strategies within cell that displayed both innate and 

acquired resistance towards EGFR-targeted therapies. Both cetuximab-resistant cells 
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lines were found to have developed a mutation in KRAS, at codon 146 in the LIM1215 

cell line (c.436G>A), and codon 13 in the DIFI cells (c.38G>A) (table 4.1). Both of 

these mutations have been described to confer decreased sensitivity to EGFR-targeted 

therapies including cetuximab476, 477. Furthermore, the levels of resistance established 

within these cells were of a similar degree to that elucidated within cells that expressed 

innate RAS or BRAF mutations in that an IC50 concentration could not be obtained 

within any of our cetuximab resistant cell lines (figure 4.4). We subsequently 

determined that the KRASMT LIM1215 cell line exhibited higher levels of 

proliferation in addition to increased DNA synthesis in comparison to the parental 

KRASWT LIM1215 cells (figures 4.7 & 4.8). 

In our previous studies, we have determined that BRAFMT CRC cell lines exhibit 

increased basal levels of UPR activation than their WT counterparts. As a result of this 

finding, we subsequently established that these cell lines are more prone to undergo 

apoptosis when exposed to UPR activators including the GRP78 inhibitor HA-15455. 

We therefore hypothesised that cells with both innate and acquired mutations in KRAS 

will also display higher levels of UPR activation as a result of the increased rates of 

proliferation over the parental KRASWT cells. This increase in basal levels of UPR 

activation within cetuximab-resistant LIM1215 cells was subsequently confirmed 

through the establishment of the expression levels of various proteins involved in the 

induction of ER stress (figure 4.11).   

To further determine if higher basal activation of the UPR established within 

cetuximab resistant LIM1215 cells resulted in increased sensitivity to acute ER stress 

inducers, we utilised the DRD2 antagonist ONC201 and compared the resultant levels 

of apoptosis to the effect determined within the RASWT parental cells. ONC201 is the 

first-in-class member of the imipridone family of molecules that has been shown to 

induce activation of the UPR through upregulation of ATF4 expression, subsequently 

increasing CHOP transcription. Interestingly, this increase in ATF4 does not occur in 

its usual fashion (i.e. induced following phosphorylation and activation of EIF2α, 

mediated by PERK), but instead arises as a result of increased cAMP expression 

arising as a result of an upregulation of adenylate cyclase. CAMP can upregulate 

ATF4 expression through the activation of CREB (cAMP response element-binding 

protein) which is able to bind to the promoter of ATF4 and induce its transcription. 

While exposure to ONC201 did not mediate an increase in apoptotic response within 
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RASMT LIM1215 cells over their WT counterparts with regard to IC50 or expression 

of cleaved PARP, there was a higher proportion of MT cells within the sub-G1 phase 

of the cell cycle compared to the fraction of WT cells as determined by PI flow 

cytometry - indicative of higher levels of sensitivity towards the imipridone within the 

RASMT cells (figure 4.12). We subsequently established the sensitivity of the 

BRAFMT VACO432 and HT-29 cell lines towards ONC201. Both cell lines were 

determined to be sensitive to treatment with ONC201, with IC50 levels similar to what 

was established within KRASMT LIM1215 cells.  

We then sought to determine if the increase in sensitivity of LIM1215 towards 

ONC201 established in figure 4.12 was dependent on the induction of the acquisition 

of the KRASMT following chronic exposure to cetuximab. ONC201 has been 

determined elicit apoptosis through the upregulation of both TRAIL and its receptor 

DR5 through upregulation of Foxo3a and CHOP respectively478, 479. As Foxo3a is 

inhibited by ERK phosphorylation, we then hypothesised that its downregulation 

through direct silencing of ERK1/2 using siRNA or by targeting of KRAS, we could 

increase the apoptotic effect mediated by ONC201 within these cells (figure 4.14). 

While this was determined to be the case in cells exposed to siKRAS, which exhibited 

an upregulation in CHOP expression and apoptosis as indicated through expression of 

cleaved PARP, silencing of ERK1/2 resulted in no change in CHOP expression 

compared to levels determined in SC-transfected cells. Furthermore, no alteration in 

apoptosis induction was determined within these cells. This difference in response 

may be due to the ability of oncogenic KRAS to downregulate CHOP expression. 

Therefore, due to its position downstream of KRAS, silencing of ERK1/2 results in no 

alteration in CHOP expression compared to control-transfected cells, while silencing 

of KRAS abrogates its ability to downregulate CHOP, hence there is higher expression 

within these cells. However, this upregulation in CHOP expression determined 

following silencing of KRAS did not occur within the KRASMT HCT-116 cell line. 

Within HCT-116 cells, there was no alteration determined with regard to CHOP 

expression determined under any condition, while there was a marked reduction in 

ATF4 expression following silencing of KRAS which was not determined in the 

cetuximab-resistant KRASMT LIM1215 cells. This alteration between the two 

KRASMT cell lines may be due to the difference in the site at which the mutation is 

present within KRAS, with HCT-116 cells exhibiting an alteration in codon 13 and 
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the RASMT LIM1215 cells exhibiting a change at codon 146. A146 mutations have 

been shown to play a role in promoting nucleotide exchange but do not alter GTPase 

activity, unlike G13 alterations which alter hydrolysis mediated by GTPase480. One 

study that corroborates with this hypothesis established the role of oncogenic KRAS 

in mediating ATF4 expression. It was concluded that KRAS can mediate transcription 

of ATF4 through PI3K/AKT/NRF2481. As we had previously determined that 

cetuximab-resistant KRASMT LIM1215 exhibit lower levels of Akt phosphorylation 

than their WT counterparts (figure 4.5) it is likely that the alteration in codon 146 of 

KRAS does not elicit ATF4 expression in the same manner as established in cells with 

KRAS mutations at codon 13. 

As we have already previously established the increased basal UPR activation within 

BRAFMT CRC cell lines compared to WT cells, we then established if this 

upregulation in ER stress mediated differential sensitivity towards ONC201 compared 

to their WT counterparts455. We initially determined this sensitivity within VACO432 

cells due to the availability of a BRAFWT isogenic VT1 cell line. As we had 

previously elucidated that there was higher basal activation of the UPR within 

BRAFMT cells, we anticipated VACO432 cells to be more sensitive to ONC201 than 

the BRAFWT VT1 cell line448. VACO432 cells were subsequently determined to be 

more sensitive to the apoptotic effect of ONC201, displaying higher levels of PARP 

cleavage following treatment with both 1 and 2.5µM of the imipridone (figure 4.19). 

BRAFMT HT-29 cells also exhibited sensitivity towards ONC201, with a low IC50 

concentration determined of ~2µM and high levels of apoptosis induced following 

exposure to the imipridone (figures 4.19 & 4.20).  

 

4.3.2 Determination of novel therapeutic combinations that elicit 

an apoptotic effect within KRAS/BRAFMT cell lines 

After determining the sensitivity of both BRAFMT and RASMT cells towards the 

ONC201, we then elucidated if combination with an FDA-approved drug could 

improve the efficacy of the imipridone (figures 4.22 & 4.23). We subsequently 

identified 9 compounds that mediated a marked decrease on cell viability when utilised 

in combination with siGRP78 or ONC201 compared to viability levels determined 
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with the compounds or siGRP78/ONC201 as single agents. As activation of the UPR 

has previously been described to mediate resistance to various chemotherapeutic 

agents, we then sought to determine the apoptotic effect of combining current 

chemotherapies with ONC201482. This initially required us to establish the sensitivity 

of the BRAFMT VACO432 and HT-29 cell lines to each of these drugs both alone and 

in combination with ONC201.  

In addition, we also determined the efficacy of the BRAF inhibitor vemurafenib and 

the MEKi selumetinib both alone and in combination with ONC201 as these inhibitors 

were also identified in our drug screen as mediating a significant decrease in cell 

viability when utilised in combination with UPR activation (figures 4.22 & 4.23). 

Similar to what we had previously observed through silencing ERK1/2 within 

KRASMT LIM1215 cells, inhibition of MEK in the BRAFMT VACO432 cell line 

resulted in downregulated expression of CHOP compared to levels determined in 

untreated cells. This abrogation in CHOP expression is likely to be as a result of 

inhibition in ERK phosphorylation as we have also determined through the expression 

levels of the phosphorylated form of ERK. However, unlike KRASMT LIM1215 cells, 

the BRAFMT VACO432 cell line exhibited increased levels of apoptosis following 

MEK inhibition both in the presence and absence of ONC201. This result shows the 

reliance of cells with innate BRAF mutations have on MAPK activation for cell 

survival. With regard to BRAF inhibition through the use of vemurafenib, there were 

minimal alterations detected in cells exposed to the BRAF inhibitor both as a single 

agent or when utilised in combination with ONC201 compared to what was 

determined within untreated cells. This may be as a result of this cell line displaying 

resistance to BRAF inhibitors, which has previously been shown in a study conducted 

by Oddo et al.416. This intrinsic resistance to BRAF inhibition may also be why we 

have established an antagonistic interaction between vemurafenib and the imipridone. 

Furthermore, HT-29 cells also exhibited lower levels of apoptosis when exposed to 

the combination of ONC201 and vemurafenib compared to what was determined 

following exposure to either treatment alone, indicative of an antagonistic relationship 

between the two compounds. This result was confirmed by establishing combination 

indices values between the imipridone and BRAF inhibitor (figure 4.27). MEK 

inhibition using AZD6244 in combination with ONC201 also mediated a 

downregulation in apoptosis within HT-29 cells in a similar manner than exposure of 
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cells to vemurafenib with the ONC compound did (figure 4.28). This data therefore 

suggests that combination of BRAF/MAPK inhibitors with ONC201 is not an 

effective treatment strategy due to the role of the MAPK pathway on the UPR. This is 

in contrast to BRAFMT melanoma where vemurafenib in combination with MEK 

inhibition has been FDA-approved for treatment of advanced disease483. 

We subsequently determined exposure of the BRAFMT cell lines to the taxanes 

paclitaxel and docetaxel mediated high levels of apoptosis, which was further 

increased when utilised in combination with ONC201 (figures 4.29 – 4.3). There 

hav2e already been some studies that have determined the effectiveness of paclitaxel 

in combination with ONC201 in uterine serous carcinoma and breast carcinoma, but 

to our knowledge this has not been shown in models of CRC484, 485. As a result of the 

high levels of chromosomal instability (CIN) that occurs within CRC, taxanes have 

failed to demonstrate clinical effectiveness in phase II trials486. Despite this 

knowledge, we have demonstrated the effectiveness of the taxanes within BRAFMT 

CRC cells. Additionally, we have also established that combination with ONC201 can 

further improve the efficacy of taxane therapy within this cell line.  

We subsequently determined the mechanism as to how apoptosis was induced within 

VACO432 cells exposed to ONC201 in combination with paclitaxel. Silencing of 

caspase 8 mediated a marked downregulation in the induction of apoptosis mediated 

by ONC201 in combination with paclitaxel, as indicated by expression of the cleaved 

form of PARP. However, silencing of caspase 9 in combination with imipridone and 

taxane treatment, mediated an upregulation in apoptosis. This result indicates that the 

apoptotic effect induced by this treatment combination occurs via the extrinsic 

apoptotic pathway (figure 4.34). This result is consistent with previous literature 

implicating ONC201 in mediating apoptosis through the upregulation of DR5 (death 

receptor 5) in tumour cells, possibly mediated through the upregulation of CHOP, 

which was not seen to be the case in normal cells487. DR5 can interact with the adaptor 

protein FADD, resulting in the formation of the Death Inducing Signalling Complex 

(DISC) in a manner dependent on the ligand TRAIL. This complex mediates the 

activation and cleavage of the initiator caspases resulting in the induction of 

apoptosis488. Furthermore, the role of DR5 in apoptosis induction mediated by 

ONC201/paclitaxel treatment was established through the use of siDR5. As expected, 
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levels of apoptosis were diminished in cells transfected with DR5 siRNA compared to 

cell death induction under the same conditions in SC-transfected cells (figure 4.36).  

As we had established the efficacy of combined treated of VACO432 cells with 

paclitaxel/ONC201, we then elucidated the effect of replacing ONC201 in this dual 

treatment strategy with other members of the imipridone family. In agreement with 

what we had previously determined with ONC201, VACO432 cells were found to be 

much more sensitive to ONC206, ONC212 and ONC213 than the isogenic BRAFWT 

VT1 cells. Out of the 4 imipridones tested, ONC206 was determined to elicit the 

greatest apoptotic response within both HT-29 and VACO432 cells. Similar to 

ONC201, ONC206 is also an antagonist of the dopamine receptor DRD2 and therefore 

also elicits upregulation of UPR activation through increased expression of ATF4 and 

CHOP, which was confirmed in our data469. Additionally, this analogue of ONC201 

has also been demonstrated to be a potent activator of apoptosis within tumour cells, 

while exhibiting little effect in normal fibroblasts469. While there have been no studies 

investigating the combined treatment of BRAFMT CRC cell with ONC206 and 

taxanes, we have demonstrated the efficacy of ONC206 with docetaxel which 

mediated a marked increase in apoptosis compared to cells treated with either 

compound alone. 

Finally, we determined the efficacy of combining imipridones with paclitaxel in 

LIM1215 cells with acquired resistance towards cetuximab. We have shown that, in a 

similar fashion to BRAFMT VACO432 and HT-29 cells, exposure to both compounds 

in combination mediated an acute apoptotic response within KRASMT LIM1215 cells. 

Additionally, in a manner similar to that seen within VACO432 cells, ONC206 was 

determined to be more effective than the first-in-class imipridone ONC201 in the 

cetuximab-resistant LIM1215 CRC model. This result corroborates our previous 

findings that ONC compounds induce apoptosis more effectively within cells that 

exhibit high basal levels of UPR activation such as BRAFMT and KRASMT cells. We 

have therefore established that use of acute ER stress inducers (i.e. ONC206) both 

alone and in combination with taxanes could be an effective treatment strategy for 

CRC with acquired resistance to cetuximab. 



 
 

316 
 

4.3.3 GRP78 as a prognostic marker in stage II/III CRC 

Due to the increased levels of hypoxia and cellular proliferation exhibited by tumour 

cells, there is innately higher basal levels of UPR activation within malignant cells 

compared to normal cells. Furthermore, as a result of the ability of UPR activation to 

induce apoptosis, cancer cells present with altered expression of the various proteins 

associated with ER stress in order to maintain the fine balance between survival and 

cell death mediated by the UPR.  

Activation of the UPR has been associated with poor OS in various tumour types 

including breast and prostate cancer as it is widely considered to propagate tumour 

progression. In addition, activation of the UPR has also been associated with drug 

resistance in breast cancer, where expression of GRP78 and XBP1 have been 

implicated. In CRC, GRP78 expression has been determined to have a predictive role 

in the determination of sensitivity towards various chemotherapeutic agents including 

cisplatin and 5-fluorouracil473. Moreover, silencing of GRP78 utilising a specific 

siRNA resulted in an increase in drug sensitivity. 

Within this study, we sought to determine if GRP78 expression could play a prognostic 

role in a cohort of 156 stage II/III CRC patients. We have subsequently identified that 

GRP78 can indeed play a prognostic role in patients that present with an alteration in 

KRAS, with patients that exhibit high levels of the UPR regulator having statistically 

lower survival rates than individuals with low GRP78 expression. Our identification 

of GRP78 as an indicator of prognosis is supported by previous studies that have 

suggested this role exists in gastric cancer, with high levels of expression associated 

with increased malignancy and decreased survival489. With regard to CRC, GRP78 

expression as determined through IHC within a cohort of 396 patient samples was 

associated with increased invasive potential. Furthermore, this cohort demonstrated a 

correlation between GRP78 expression and tumour staging, with expression levels 

becoming more defined within patient samples derived from late stage tumours490. 

These studies have also indicated that combinational therapy inclusive of GRP78 

inhibition can be utilised as an effective treatment in patients that basally exhibit high 

levels of expression491. This treatment strategy would be effective as GRP78 inhibition 

would result in an upregulation of UPR activation. As malignant cells exhibit higher 
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levels of UPR activation in comparison to normal cells, this upregulation in ER stress 

levels would result in enhanced apoptosis in the cancer cells.  

 

4.3.4 Conclusion 

To conclude, we present strong evidence within this chapter that the combination of 

taxanes and acute ER stress inducers such as the imipridone compound ONC206 is an 

effective treatment strategy for both BRAFMT and KRASMT CRC tumours – the most 

common secondary mutations following treatment with the EGFR mAb cetuximab in 

CRC. Additionally, with this combinational treatment, we are able to selectively 

induce apoptosis within these cells through the exploitation of the higher basal levels 

of UPR activation within BRAF/KRASMT cell lines. This novel treatment strategy has 

also been determined to be effective within an in vitro model of acquired resistance to 

cetuximab, with an enhance apoptotic effect identified within these resistant cells in 

comparison to the effect established within cetuximab-naïve parental cells. 

We have subsequently identified a novel prognostic role for GRP78 expression in a 

cohort of KRASMT stage II/III CRC patients, independent of implementation of 

treatment. Elucidation of GRP78 expression within CRC patient samples may also be 

beneficial in the determination of the most effective treatment strategy as high 

expression is suggestive of sensitivity towards GRP78 inhibitors including HA-15. 
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Chapter 5: Discussion and Future 

Directions 
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5.1 Discussion 

On average, there are 42,000 new cases of CRC each year within the UK. With regard 

to the survival rates of the disease, staging at diagnosis is an important factor, with 5-

year survival rates decreasing from 90% if diagnosed at stage I to <10% for patients 

that are diagnosed with late stage IV disease6. 

The mainstay of treatment of CRC with regard to chemotherapeutic intervention for 

over 50 years is infusional 5-FU with folinic acid (F-A – also known as leucovorin); 

which elicits a response rate in late stage IV CRC of 10-15%. Combination of 5-FU 

with other agents such as oxaliplatin or irinotecan as a first line treatment has resulted 

in a slight increase in response to ~40-50%33. Furthermore, the combination of targeted 

therapies (including cetuximab) with current chemotherapy regimens such as 

FOLFOX and FOLFIRI has been shown to further improve response rates. As these 

therapies confer their effect on a specific target, it is important to identify patients that 

are likely to exhibit the best response through determination of the genetic background 

of the tumour with regard to particular biomarkers. In addition to these biomarkers 

which can be predictive of response to therapy, there are also a group of biomarkers 

which assist in determining patient prognosis. 

Examples of these biomarkers include several proteins that constitute the MAPK 

survival signalling pathway.  EGFR, the main driver of this pathway, has been 

identified as one of the main drivers of CRC initiation and progression. This signalling 

pathway controlled by EGFR signalling was subsequently determined to be the first 

oncogenic driver recognised in epithelial tumours and targeted therapies were then 

developed to inhibit this survival signalling492.  

Similarly, constitutive activation of the PI3K/Akt survival pathway as a result of 

mutations of its counterparts can also propagate resistance to EGFR-targeted therapies 

with alterations in PIK3CA and PTEN being associated with decreased response to 

EGFR mAbs206. Despite establishing ‘quadruple negative’ (RAS, BRAF, PIK3CA and 

PTEN wild-type) patients as exhibiting the highest levels of response towards EGFR 

mAbs including cetuximab, there are still a subset of approximately 20% of patients 

that remain unresponsive to cetuximab – indicating a need to establish further 

mechanisms of intrinsic resistance199, 210.  
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5.1.2 Chapter 3 

In chapter 3 of this study, our main focus was to establish a novel mechanism of acute 

resistance towards cetuximab treatment and subsequently derive a potential treatment 

strategy to combat this resistance. The initial experiments within this chapter 

established the LIM1215 CRC cell line to be resistant to the apoptotic effect of 

cetuximab despite exhibiting no alterations in RAS, BRAF, PIK3CA or PTEN (section 

3.2.3). We subsequently elucidated that the reactivation of the MAPK signalling 

pathway through ERK1/2 phosphorylation was involved in the cetuximab resistance 

mechanism present within the LIM1215 cell line. This was subsequently confirmed 

through the use of a specific siRNA targeting ERK2 which elicited apoptosis; as 

indicated through PARP cleavage – when utilised in combination with cetuximab, 

indicative of re-sensitization to the EGFR mAb (figure 3.12). Due to its role in survival 

signalling, reactivation of ERK1/2 phosphorylation is often implicated in acute 

resistance towards EGFR targeted therapies including cetuximab. As such, ERK 

targeted therapies have been developed and subsequently tested for treatment of solid 

tumours including CRC. While the majority of patients displaying efficacy to these 

inhibitors exhibit a primary alteration in BRAF, there is also evidence that ERK 

inhibition can be effective within KRASMT CRC patients. One such example of a 

targeted therapy against ERK1/2 is the SMI ulixertinib. Ulixertinib (BVD-523) has 

previously been shown to reduce tumour growth and induce tumour regression in CRC 

xenograft models that had been determined to display resistance to both MEK and 

BRAF inhibition. Within an initial phase I study performed on a cohort of 135 patients 

with a variety of solid tumours including CRC and melanoma, ulixertinib was 

determined to have an acceptable safety profile. Additionally, ERK1/2 inhibition also 

exhibited early evidence of anti-tumour activity within BRAFMT and BRAFWT solid 

malignancies, which had previously been identified to be refractory towards BRAF 

and/or MEK inhibition493. Additionally, the dual inhibitor of ERK1/2 GDC-0994 

(Ravoxertinib) has also been established to display efficacy in KRAS and BRAFMT 

CRC cell line models through decreased levels of proliferation and increased 

apoptosis. Within this study, GDC-0994 was not only tested as a monotherapy, but 

also in combination with the MEKi cobimetinib which was determined to result in a 

further anti-tumourigenic effect in comparison to that identified with either therapy 

alone494. With regard to clinical trials studying the effects of GDC-0994, a phase Ib 
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dose escalation study was performed on a cohort of 23 patients exhibiting either local 

or metastatic solid tumours utilising the combination of ERK1/2 and MEK inhibition. 

This study concluded that although adverse effects were established for either 

treatment alone, these were of a low severity (grade ½) and included nausea, diarrhoea 

and fatigue. However, combination of these inhibitors resulted in cumulative toxicity 

and intolerability of the combination, restricting further investigation into this 

combination495. It should however be noted that when utilised as a monotherapy, GDC-

0994 displayed efficacy within mCRC patients with BRAFMT tumours with 

manageable adverse effects496. The results reported from use of either of these ERK1/2 

inhibitors suggest that inhibition of these kinases may be an effective target, however 

more studies are required to identify a tolerable combination. 

Following on from the identification of the reactivation of MAPK signalling occurring 

within the LIM1215 CRC cell line following exposure to cetuximab, we then sought 

to elucidate the driving mechanism for this constitutive signalling. As our previous 

studies have established a role for ERK1/2 phosphorylation in ligand shedding via 

activation of the sheddase ADAM17, we then determined if addition of exogenous 

recombination EGF-like ligands such as TGFα can mediate resistance to cetuximab. 

Following confirmation that treatment with recombinant TGFα can abolish the anti-

proliferative effects of cetuximab, we then hypothesised that exposure to cetuximab 

within the LIM1215 cells would result in reactivation of ERK1/2 and subsequently 

mediate upregulation in ADAM17 activity and increased ligand shedding. To confirm 

our hypothesis, we established levels of soluble TGFα present in the media of 

LIM1215 cells following exposure to cetuximab. Promisingly, we established that 

levels of soluble TGFα were upregulated in the conditioned media of LIM1215 cells 

following treatment with cetuximab and that this increase was abolished within cells 

that were also exposed to a specific siRNA targeted ADAM17 – indicative that this 

increase in TGFα was dependent on the sheddase. We subsequently sought to 

determine if inhibition of ADAM17 within the LIM1215 cell line could re-sensitize 

the cells to the apoptotic effect of cetuximab.   

Although ADAM17 has been clearly determined to play a role in tumourigenesis in 

CRC and other disease settings including sepsis and rheumatoid arthritis (RA), the use 

of specific inhibitors have thus far been unsuccessful in a clinical setting due to issues 

with efficacy and toxicity profiles. These high levels of toxicity identified following 
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inhibition of ADAM17 may be due to the role of the protease in normal cellular 

homeostasis. Physiologically, the ADAM17 metalloproteinase has been described to 

regulate cellular phenotypes through modulation of a variety of characteristics 

including cellular migration and adhesion through their role in cleavage and activation 

of ligands for a variety of receptors with roles in proliferation and cell survival 

including EFGR497. With regard to its expression profile, ADAM17 is widely 

expressed in a variety of tissues including brain, heart and skeletal muscle. In addition, 

expression levels of the sheddase alters during embryonic development and adult life, 

with highest levels exhibited in foetal kidney and lung tissue237, 240. This essential role 

of ADAM17 in the developmental process was initially demonstrated through the 

development of ADAM17 KO mouse models. It was determined that loss of ADAM17 

was lethal at birth with progeny displaying similar characteristics to mice lacking 

TGFα expression such as being born with open eyes – an indication of ocular 

degeneration101. As a result of the extensive role of ADAM17, the use of specific SMIs 

has not progressed further than phase III clinical trials due to lack of efficacy and 

significant toxicities. These toxicities include high grade hepatotoxicity, although the 

origin of side effect remains unclear. One potential reason for the high levels of 

toxicity associated with ADAM17 inhibition may be the high degree of similarity that 

ADAM17 has with other members of the family of ADAM proteases, resulting in off-

target effects. To minimise these off-target effects, the use of monoclonal antibodies 

with higher levels of specificity was then investigated. The mAb D1(A12) was shown 

to elicit in vivo anti-ADAM17 activity within a model of ovarian cancer. Despite the 

on-target effect of this mAb as determined through the abrogation of release of EGF-

like ligands including TGFα and AREG, there was no significant reduction in TNFα 

shedding, indicative of another enzyme compensating in this role498. With regard to 

D1(A12) in CRC, preliminary studies have indicated efficacy within a H630 CRC 

xenograft model through lower levels of soluble AREG within the plasma of treated 

animals and reduced tumour volume in comparison to PBS vehicle – treated 

animals499. While these data look promising with regard to an on-target ADAM17 

inhibitor, currently no clinical studies have been performed to establish the toxicity 

profile of this mAb. Aside from the use of mAbs to directly inhibit ADAM17, an 

additional means to abrogate ADAM17 activity with limited off-target effects would 

be indirect inhibition through targeting of the MAPK pathway due to the role that 

ERK1/2 has in the phosphorylation of ADAM17 at its cytoplasmic domain500. Various 
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studies have determined that targeting MEK1/2 using the SMI AZD6244 can also 

abrogate ADAM17 activity (established through levels of soluble TGFα) in CRC cell 

line models and mouse xenografts391. In addition, a subsequent study determined that 

resistance to MEK inhibition occurred through activation of the MET RTK due to the 

role of ADAM17 in the inhibition of MET through cleavage and release of a ‘decoy’ 

soluble form of the receptor. Use of MEK inhibitors therefore prevented the 

ADAM17-mediated release of this decoy receptor, thereby resulting in increased c-

MET/JAK/STAT3-mediated tumour survival. An effective treatment strategy to 

overcome this development of resistance through MET activation following indirect 

targeting of ADAM17 through MEK inhibition, may therefore be dual targeting of 

MET in combination with MEK (i.e. crizotinib in combination with AZD6244)399. 

 Due to its defined role within the context of CRC and other diseases including RA, 

ADAM17 remains a feasible drug target, however more studies need to be conducted 

to establish a method of targeting ADAM17 effectively while also minimising off-

target effects and mitigating resistance. 

Within our study, we utilised the SMI IK682 to inhibit ADAM17 activity which was 

first developed by Duan et al. in 2002 and was subsequently identified as a potent and 

selective inhibitor of ADAM17398. Interestingly, when we tested this combination of 

cetuximab with IK682, while the increase of TGFα shedding determined in LIM1215 

cells exposed to cetuximab alone was abrogated, we did not identify an increase in cell 

death in comparison to apoptosis levels determined in untreated cells. This result 

therefore indicates that while ADAM17 activation did play a role in driving cetuximab 

resistance in the LIM1215 cell line with regard to preventing the apoptotic effect of 

the EGFR mAb, it was not the sole driver of resistance. 

We subsequently elucidated if there may be any other drivers which may partake in 

the propagation of cetuximab resistance within this cell line. As ERK1/2 

phosphorylation is commonly reliant on transduction of signalling mediated by RTK 

activation, a commercially available phospho-RTK was performed which identified 

HER3 as a potential candidate for the driver of resistance. With regard to previous 

studies, HER3 has only recently been investigated as an effective target due to its 

overexpression in several tumour types, and subsequently has been associated with 

mediating resistance towards the HER2 TKI trastuzumab in ovarian epithelial 
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adenocarcinomas501.  Additionally, HER3 has been previously implicated in resistance 

to cetuximab in head and neck squamous cell carcinoma (HNSCC), with combination 

of the HER3 inhibitor MM-121 and cetuximab restoring sensitivity towards cetuximab 

through reduced HER3 activity502. With regard to CRC, testing of simultaneous 

inhibition of EGFR, HER3 and HER2 using the triple RTK inhibitor AZD8931 

(Sapitinib) was tested in within the phase 2/3 FOCUS4-D trial. This trial is one of the 

molecular cohorts of the multisite FOCUS4 trial programme. CRC patients exhibiting 

late-stage disease were enrolled onto the programme to allow for molecular 

characterisation of their tumour based on the mutational status of several validated 

biomarkers including BRAF and RAS. The cohort FOCUS4-D focused on patients 

that were determined to exhibit no alterations in BRAF, PIK3CA, PTEN or RAS (both 

KRAS and NRAS) and sought to test the efficacy of AZD8931503, 504.  Sapitinib was 

selected for testing within this study to build on the data obtained from the COIN-B 

trial which identified an improvement in progression free survival when stage IV CRC 

patients with no KRAS mutations were treated with cetuximab without chemotherapy 

when an intermittent strategy with regard to chemotherapeutic intervention was 

taken505.  Unfortunately, the study was terminated early as a result of a lack of activity, 

as such the FOCUS4 trial programme is hoping to open a replacement study arm for 

this cohort of WT patients. Median survival of patients within the experimental arm 

was 2.96 months vs 3.48 months in patients that were only treated with placebo. 

However, one of the main caveats of this study was the number of patients recruited 

to the study – with only 32 patients enrolled to the study, which may have led to 

unreliable results. Additionally, while all patients enrolled were determined to exhibit 

RAS, BRAF and PIK3CA WT tumours, there was no elucidation of HER3 expression. 

It is therefore possible that this treatment strategy would be effective in patients that 

acutely exhibit overexpression or increased basal activation of HER3503. Following the 

elucidation that silencing of HER3 using a specific siRNA can re-sensitize LIM1215 

cells to the apoptotic effect of cetuximab, we sought to confirm if HER3 directly 

mediated the increase in ADAM17 activity that was found to occur following exposure 

to the EGFR mAb. Interestingly, despite the reduction of ERK1/2 phosphorylation we 

determined that there was a significant increase in levels of soluble TGFα following 

silencing of HER3 in combination with cetuximab compared to levels established in 

cells treated with cetuximab alone – indicative of an increase in ADAM17 activity 

when reducing HER3 expression.  
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We therefore established that the acute cetuximab resistance identified within the 

LIM1215 cell line occurs as a result of the activation of simultaneous multiple parallel 

resistance mechanisms that include increased ADAM17 activity and an upregulation 

in HER3 phosphorylation. This reprogramming of the cell to drive resistance to 

various mAbs including cetuximab has been described previously. One such example 

describing the molecular reprogramming of breast carcinoma cells following exposure 

to the HER2 mAb trastuzumab identifies overexpression of both HER3 and EGFR to 

elicit resistance506. Additionally, an article providing an overview of multiple 

examples of cellular reprogramming describes the induction of bypass pathways to 

elicit resistanc507. Ware et al. identified the induction of both FGFR2 and FGFR3 

expression – but not amplification; in response to EGFR-specific TKIs in combination 

with cetuximab within a cohort of EGFR-dependent lung carcinoma cells resulting in 

phosphorylation of ERK1/2 and ultimately cell survival508. An additional driver of 

cellular reprogramming following challenge with cetuximab in xenograft models of 

HNSCC is the stimulation of production and secretion of TGF-b into the tumour 

microenvironment. This release of TGF-b  can result in cetuximab resistance through 

phosphorylation of AKT and induction of survival signalling, as well as suppression 

of the expression of key mediators of apoptosis including TRAIL and granzyme B509. 

Furthermore, TGF-b expression within tumour-bearing xenografts was also 

determined to be indicative of cetuximab resistance and dual treatment with cetuximab 

and a TGF-b  antagonist (TGFβRII-Fc) reversed the TGF-b - mediated increase in 

AKT phosphorylation and promoted the anti-tumour efficacy of cetuximab509. It would 

therefore be advantageous to determine if cetuximab treatment within the LIM1215 

cell line mediates the induction of EMT and an upregulation of TGF-b expression and 

secretion. 

In conclusion, although this study is not the first to associate HER3 activity with 

cetuximab resistance, it is, to our knowledge, the first to define this association within 

CRC and the first to link ADAM17 activity with acute resistance to EGFR monoclonal 

antibody inhibition. In addition, this study has also further demonstrated that innate 

resistance to EGFR mAbs including cetuximab can arise through a variety of 

mechanisms and as such, it is important to define the driver of resistance on an 

individual basis to identify the most effective treatment strategy (figure 5.1). 
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Figure 5.1 Mechanisms of innate resistance to cetuximab 

An overview of the wide variety of mechanisms that drive innate cetuximab resistance 

including mutation and amplification of a variety of RTKs and downstream kinases199, 

200, 210, 212. Also detailed is how amplification of HER3 and resulting upregulation in 

ADAM17 expression can arise as described within this study. 
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5.1.3 Chapter 4 

It is well documented that one of the caveats to the use of targeted therapies such as 

cetuximab is the inevitable development of acquired resistance towards the treatment 

as a result of the ability of the tumour to adapt and overcome these therapeutic 

challenges. Regarding anti-EGFR mAbs including cetuximab, acquired resistance 

occurs ~3-18 months following initial challenge. In a similar manner to the induction 

of innate resistance, the most common mechanism of acquired resistance is the 

development of KRAS mutation – occurring in approximately 60% of cases214. It is 

therefore vital to assess mutational status of patients throughout the duration of 

cetuximab treatment to establish if resistance has occurred. While surgical biopsy from 

a metastatic lesion can be utilised to establish mutational status, this is an invasive 

procedure for patients to undergo and repeat sampling is not feasible. One method of 

mutational screening in a less invasive manner is through the analysis of circulating 

tumour DNA (ctDNA) within plasma samples of patients. One study establishing the 

effectiveness of this method concluded that analysis of ctDNA may be more sensitive 

than testing of biopsies. Due to the heterogeneity of tumours a biopsy may not provide 

an accurate overview of mutational status resulting in a potential of false negatives, 

whereas ctDNA allows for scrutinization of a variety of metastatic sites and the tumour 

as a whole resulting in more accurate data510. An additional study established ~82% 

concordance between data obtained from the analysis of liquid biopsy vs solid tissue 

biopsy511. As such, the lower levels of invasiveness in conjunction with increased 

sensitivity therefore allows for the conclusion that liquid biopsy is a viable testing 

method for mutation analysis. While the uptake of this non-invasive method of ctDNA 

analysis has allowed for the continuous assessment of mutational status to identify the 

induction of resistance, there are still a subset of patients that do not present with 

alterations in known drivers of resistance (i.e. KRAS or BRAF), but become refractory 

to anti-EGFR mAbs and hence there is a need to determine novel mechanisms of 

acquired resistance. Within chapter 4 of this study we sought to identify a novel 

mechanism of acquired resistance towards EGFR mAbs and subsequently establish a 

therapeutic target with efficacy in cetuximab resistant cell lines.  

To mimic the induction of acquired resistance towards cetuximab we chronically 

exposed LIM1215 and DIFI CRC cell lines to the EGFR mAb until resistance 

occurred, as determined through MTT assays. Following the onset of acquired 
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resistance, as identified by an inability to achieve an IC50 concentration of cetuximab 

protein lysates extracted from both cell lines were scrutinised to identify any 

alterations in expression or activation of RTKs and downstream signalling compared 

to their parental counterparts. Analysis of RTK activation within the cetuximab 

resistant LIM1215 cell line in comparison to the cetuximab naïve cell line did not elude 

to any alterations and as such, we analysed DNA extracted from either cell line through 

Sanger sequencing.  Similar to its prevalence within cases of acute cetuximab 

resistance, the most common alterations that occur within acquired resistance are 

mutations in KRAS, with ~50% patients with acquired resistance presenting with an 

alteration in the kinase. It therefore was not surprising that both of our cell line models 

of secondary cetuximab resistance exhibited mutations in KRAS, although within 

different codons.  

Previously, we have investigated the role of UPR activation within a panel of 

BRAFMT CRC cell lines as a therapeutic target which allowed us to establish that cells 

exhibiting acute alterations in BRAF basally exhibit higher levels of ER stress and 

increased sensitivity towards activators of the UPR including carfilzomib and the 

GRP78 inhibitor HA15. We established that this increase in basal UPR activation that 

was determined within these BRAFMT cells occurred as a result of increased 

phosphorylation of the translation initiator eIF4E which is mediated by MEK/ERK 

pathway activation. Increased nascent protein production would therefore exceed the 

ER-protein folding capacity resulting in ER stress and activation of the UPR455. 

Further activation of the unfolded protein response following treatment of these cells 

with exogenous activators such as HA15 then lead to the induction of apoptosis in a 

caspase-dependent manner. 

We then considered if the acquired RAS mutation identified in our models of secondary 

cetuximab resistance also influenced basal activation of the UPR in the same manner 

as our BRAFMT models. In addition to the elucidation of basal UPR activation within 

CRC cell lines exhibiting innate KRAS mutations, including the HCT-116 cell line. We 

therefore established that this increase in UPR activation does not occur exclusively 

within CRC cell lines exhibiting BRAF mutations but also occurs in the presence of 

alterations in KRAS. Subsequently, we therefore hypothesised that cells with an innate 

or acquired KRAS mutation will therefore exhibit increased apoptosis following 

therapeutic challenge with UPR activators compared to their wild-type counterparts.  
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To further establish this, we utilised the first-in-class compound ONC201, a member 

of the imipridone family. ONC201 has been determined to elicit activation of the UPR 

through direct antagonism of the dopamine receptor DRD2. Antagonism of the 

receptor with ONC201 results in an upregulation in cAMP and activation of cAMP-

dependent protein kinase (PKA). This PKA activation can subsequently mediate the 

increase in transcriptional activity of ATF4 through phosphorylation at Ser251, 

increasing levels of UPR activation451, 512. In addition, this dopamine receptor has been 

determined to be overexpressed in a variety of cancer types including CRC compared 

to normal tissue and is associated with poor survival outcomes in patients exhibiting 

high levels of DRD2. The expression of DRD2 has also been associated with 

sensitivity towards ONC201. Taken together this suggests that ONC201 sensitivity 

will be increased in our CRC cell line models compared to normal cells. Furthermore, 

with regard to DRD2 expression within CRC in comparison to other tumour types, 

mRNA expression of various CRC tumours are, on average, higher than levels 

established within other tissue types using data from the TCGA resource 479, 513.  

We initially elucidated the sensitivity of KRASMT cell lines to ONC201 compared to 

their WT counterparts, which allowed us to identify that cell lines that exhibited 

constitutive activation of the kinase also presented with increased sensitivity towards 

ONC201 compared to KRASWT cell lines. In addition, as we had also previously 

established that BRAFMT cells had higher basal UPR activation compared to WT 

cells, we decided that it would also be beneficial to determine if this hypothesis 

regarding ONC201 sensitivity in KRASMT cells was also reflected in BRAFMT CRC 

cell lines. 

Following this determination that both KRASMT and BRAFMT CRC cell lines exhibit 

a higher degree of sensitivity towards ONC201 than WT cell lines, we then sought a 

treatment combination to further increase apoptosis following treatment with ONC201 

in these models. A combinational approach was sought as while exposure to ONC201 

alone mediated an apoptotic effect as determined through expression of the cleaved 

form of PARP, only ~20% cells were confirmed to be apoptotic (in sub-G1 phase of 

the cell cycle) when established using flow cytometry using propidium iodide (PI). To 

maximise the apoptotic effect of ONC201, we performed a drug screen of 46 different 

FDA-approved drugs and further testing of 10 chemotherapeutic compounds to 

identify appropriate candidates. The data from this screen allowed us to identify the 
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taxanes as eliciting the highest apoptotic effect in BRAFMT CRC cell lines when 

utilised in combination with UPR activation mediated by ONC201. 

As previously discussed, the taxanes are not currently utilised in the treatment of CRC 

due to a lack of clinical benefit identified through several phase II trials. One of the 

published phase II studies investigating the efficacy of docetaxel in metastatic CRC 

identified only one case of a partial response within 35 patients tested with the taxane. 

It is thought that this poor efficacy within CRC is as a result of the high incidence of 

chromosomal instability (CIN) within the tumour type. The taxanes function by 

stabilising microtubules thereby preventing chromosome segregation during mitosis 

resulting in mitotic arrest. In CRC, the high prevalence of CIN can result in 

overexpression or inhibition of spindle checkpoint regulators such as Aurora kinase A, 

thereby resulting in resistance towards microtubule stabilisers such as the taxanes. 

Furthermore, APC mutations, which commonly occur within CRC, can impair the 

mitotic arrest meditated by taxanes482. Despite this lack of clinical benefit established 

following exposure of CRC to taxanes alone, we have established an effective 

combination of taxanes and ONC201, which has been shown to display efficacy in 

several other tumour types including NSCLC and TNBC485, 514. This treatment 

combination is effective within our CRC cell line models as well as other tumour types 

as a result of the release of Ca2+ mediated by taxanes through their interaction with the 

calcium sensor NCS-1, resulting in a further upregulation in UPR activation515. Ca2+ 

can elicit the ER stress response by interfering with the protein-folding capacity of the 

ER, resulting in accumulation of misfolded proteins and activating the UPR516. This 

induction of the UPR mediated by the taxanes is then enhanced even further when 

utilised in combination with ONC201517. 

Promisingly, we had identified that combination of the imipridone ONC201 with 

taxanes mediated a marked apoptotic response within BRAFMT CRC cell lines, which 

are representative of a subgroup of CRC patients which have limited treatment options 

and a median OS rate of <12 months. To further understand the mechanism of action 

of this combination, we then sought to determine the apoptotic pathway that was being 

activated. This led us to establish the involvement of caspase 8 activation through the 

extrinsic apoptotic pathway implicating the involvement of the death receptor DR5. 

Expression of DR5 has been previously determined to be induced through the 

interaction of the transcription factor CHOP through the CHOP binding element 
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present on the DR5 promoter, further confirming the involvement of the UPR 

following treatment of CRC cell lines with ONC201 and taxanes in combination468, 

518. 

Following the discovery of the imipridone ONC201, several other analogues were 

subsequently developed which shared the same imipridone core structure as ONC201 

but differed through the side groups present. Of these analogues, ONC206 has been 

established to also target DRD2 but with an affinity 10x greater than that determined 

with ONC201519. It was therefore unsurprising that we identified ONC206 as a more 

potent activator of the UPR compared with ONC201 and subsequently that ONC206 

was more effective when utilised in combination with taxanes than its analogue 

ONC201. Whether this combination functions only because both therapies elicit UPR 

activation or if there is a separate mechanism of action remains unknown. However, 

several other groups have described utilisation of a UPR activator to sensitise cells 

towards taxane treatment in a variety of tumour types. One such study has established 

UPR activation through GRP78 inhibition via siRNA knockdown or treatment with 

the plant compound EGCG can sensitise breast cancer cells to taxanes, indicating that 

the induction of UPR signalling is required to allow the apoptotic effect of taxanes to 

occur within these cells520. With regard to CRC, ONC201 has been shown to display 

efficacy when utilised in combination with the VEGF-inhibitor bevacizumab within 

CRC xenograft and PDX models. The mechanism of action established in this study 

determined that ONC201-driven UPR activation resulted in the induction of ATF4 and 

CHOP expression, resulting in apoptosis via DR5 and TRAIL upregulation. This 

apoptotic response was then shown to function in a complementary fashion with the 

anti-angiogenesis mediated through VEGF antagonism, resulting in decreased tumour 

volume521. 

Finally, we established the efficacy of the combinational treatment of ONC206 and 

taxanes on LIM1215 CRC cells with an acquired mutation in KRAS induced through 

chronic exposure to cetuximab. Promisingly, the combination elicited an apoptotic 

effect within the cetuximab-resistant LIM1215 cell line, indicating that this may be an 

effective treatment strategy in patients with both innate and acquired resistance to 

cetuximab. As a number of mechanisms of acquired resistance towards EGFR targeted 

therapies evoke an induction of chronic ER stress including KRAS and BRAF 
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mutations, it is therefore possible that this treatment combination may display efficacy 

to a variety of CRC patients that have become refractory to EGFR inhibition.  

Due to the role of GRP78 as the master regulator of UPR activation, we elucidated if 

the protein displayed a prognostic role within a cohort of stage II and III CRC patients. 

Previous studies have evaluated a role for GRP78 as a biomarker for response to 

treatment within breast cancer patients, with high GRP78 expression associated with 

higher risk of tumour recurrence491. An additional study investigating the prognostic 

role of GRP78 expression in gastric adenocarcinoma within a cohort of 328 patients 

identified high expression levels in 57% patients and was found to be significantly 

associated with tumour aggressiveness and progression. Furthermore, it was 

established that GRP78 was an independent prognostic factor for predicting OS in 

patients with early stage disease522. With regard to CRC, overexpression of GRP78 

has been reported to confer resistance towards a variety of compounds including 

cisplatin, doxorubicin and paclitaxel. Furthermore, inhibition of GRP78 has been 

determined to evoke increased sensitivity towards these compounds and mediate 

chemotherapy-induced apoptosis523. Within our cohort of 156 stage II/III CRC 

patients, we identified a significant prognostic role of GRP78 expression, with 

increased expression linked to decreased OS. In addition, when disseminating the data 

further, we also established a more significant role of GRP78 expression in predicting 

OS when taking the patients exhibiting KRAS alterations into account.   

In conclusion, within this chapter, we have identified a novel and effective use for 

taxane treatment in CRC. Through the combination of taxanes with DRD2 antagonists 

such as ONC201 and ONC206, we have established this treatment strategy elicits 

apoptosis through activation of the UPR in CRC cell lines displaying both innate and 

acquired resistance towards cetuximab. In addition, we have also elucidated a potential 

prognostic role of GRP78 expression in a population of stage II/III CRC patients 

presenting with alterations in KRAS, with increased GRP78 expression associated with 

poorer prognosis. We also hypothesise that stage II/III CRC patients exhibiting with 

KRAS mutations in combination with high GRP78 expression levels may exhibit 

increased response when treated with UPR activators such as the DRD2 antagonists 

ONC201 or ONC206. However, this conclusion requires further investigation with the 

use of larger patient cohort for confirmation.  
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5.2 Final Conclusion 

The EGFR-targeting mAb cetuximab  has been shown to display efficacy in a  variety 

of patients displaying stage III/IV CRC. Despite this, as with other  methods of targeted 

therapies, there is an underlying issue with resistance towards the mAb, arising as a 

result of both innate and acquired  resistance mechanisms. While several drivers of 

this resistance have been elucidated, there remains a population of patients that remain 

refractory towards cetuximab treatment,   presenting  a requirement for the 

determination of novel drivers of resistance. Within this study, we have uncovered a 

novel role for ADAM17 and HER3 in promoting cetuximab resistance  within a 

RASWT, BRAFWT, PIK3CAWT and PTENWT CRC cell line model. In addition, we 

have identified the unfolded protein response (UPR) as a potential therapeutic target 

which can be exploited in CRC cell line models displaying both innate and acquired 

cetuximab resistance. Finally, we have also identified a potential prognostic role of the 

UPR driver GRP78 in KRASMT stage II/III CRC patients, with high expression of 

GRP78 associated with poorer prognosis within these patients.
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5.3 Future Directions 

5.3.1 Regulators of Acute Resistance to Cetuximab 

Within chapter 3 of this study we identified HER3 and ADAM17 as driving acute 

cetuximab resistance within the LIM1215 cell line as a novel mechanism of resistance. 

However, more investigation is required as to how these two drivers mediate resistance 

and what other factors may be involved. 

ERK2; As previously discussed in chapter 3, we have potentially found a role for 

ERK2 re-activation in the induction of acute resistance to cetuximab within the 

LIM1215 CRC cell line. Unfortunately, we were unable to transfect LIM1215 cells 

with a constitutively active ERK2 plasmid to verify this. As such, it will be vital to 

optimise the transfection protocol utilising different vector backbones as well as 

changing the approach towards induction of constitutive activation of ERK2 through 

site-directed mutagenesis. While the amino acids T185 and Y187 have been implicated 

in transducing the catalytic activity of ERK2 following phosphorylation at these sites, 

it has also been determined that alteration at an amino acid within the helix C domain 

of the kinase (R65S) can mediate an upregulation in ERK2 activity524. It would 

therefore be beneficial to determine if an upregulation in ERK2 activation can mediate 

cetuximab resistance within an innately sensitive CRC cell line such as OXCO-2, 

which would thereby confirm a role for ERK2 in primary cetuximab resistance. 

Furthermore, it would also be worthwhile to investigate if stable knockdown of ERK2 

with shRNA or CRISPR can reintroduce cetuximab sensitivity within the LIM1215 

cell line.  

TGF-ß: The involvement of a variety of factors within the inception of cetuximab 

resistance within the LIM1215 cell line is indicative of the induction of cellular 

reprogramming. Rapid cellular reprogramming has previously been established to 

occur in several tumour types following initial exposure to treatment including 

chemotherapy, resulting in the occurrence of residual disease507. One of the most 

described mechanisms of cellular reprogramming is the induction of EMT and an 

upregulation in expression and secretion of TGF-ß into the tumour microenvironment. 

Additionally, inhibition of TGF-ß has been described to elicit increased sensitivity to 

EGFR-targeted therapies in HNSCC cell lines, however this association has yet to be 

described in the context of CRC509. As such it would be interesting to determine if 
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cetuximab treatment mediated an upregulation in TGF-ß secretion which could be 

elucidated through the use of a commercially available ELISA. Furthermore, we could 

investigate if inhibition of TGF-ß results in increased cetuximab sensitivity within the 

LIM1215 cell line. To inhibit TGF-ß, we could utilise a blocking antibody such as 

1D11 which has been shown to inhibit all three isoforms in vivo525 .  

EphA2; We have previously published a study on the role of EphA2, a member of the 

Eph RTK family, and its role as a prognostic biomarker in stage II/III CRC. We 

ultimately establish an association between increase expression of EphA2 and an 

upregulation in cell migration and invasion. EphA2 overexpression was also 

determined to occur in KRASMT CRC cell lines, regulated by the KRAS-driven 

RalGDS/RalA pathway526. Due to the prominent role established for KRAS alterations 

in driving resistance towards cetuximab and other EGFR-targeted therapies, there may 

be a potential role of EphA2 in both acute and acquired cetuximab resistance. 

Overexpression of EphA2 in the context of cetuximab resistance has been previously 

described in mCRC, with several studies suggesting overexpression of the receptor 

driving resistance to cetuximab. One such investigation concluded that activation of 

the receptor through interaction with its ligand ephrin-A1 and subsequent 

downregulation of the EphA2 receptor mediated re-sensitization to cetuximab in 

NRASMT CRC cell lines527. Association of ephrin-A1 with EphA2 results in 

internalisation and downregulation of the receptor, therefore denoting an anti-

tumourigenic role of the Ephrin ligands528. A recent study conducted by Martinelli et 

al., concluded that EphA2 is a predictive biomarker of resistance towards EGFR 

targeted therapies. This predictive role was established in a cohort of FFPE tumour 

specimens originating from 82 RASWT mCRC patients that were treated with 

FOLFIRI in combination with cetuximab as a first line therapy within the CAPRI-

GOIM trial. EphA2 expression was subsequently determined through IHC and 

correlated with the efficacy of the treatment received. Ultimately, this study 

determined that EphA2 may therefore be an effective therapeutic target in mCRC529. 

Preliminary data we have developed suggests a possible link between ADAM17 and 

EphA2 as the addition of recombinant TGF-α to both KRASMT HCT-116 and 

KRASWT HKH2 cell lines resulted in an upregulation of EphA2 protein expression 

(figure 5.2). As TGFα is one of the major targets of the sheddase ADAM17, it is 
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therefore possible that there may be a role for ADAM17 in the regulation of EphA2. 

In the context of our findings within this study with regard to acute resistance to 

cetuximab mediated in part by ADAM17, EphA2 may be upregulated through 

increased ADAM17 activity and subsequent shedding of ligands. Furthermore, as we 

have identified a reactivation in MAPK signalling, as determined through increased 

ERK1/2 phosphorylation in the LIM1215 cell line following exposure to cetuximab, 

it will be advantageous to determine if there was also an upregulation in EphA2 

expression. 
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Figure 5.2 Acute effect of recombinant human (rh) EGFR, c-MET
and AXL ligands on RTK phosphorylation and activity of
downstream effectors
HCT-116 (KRASG13D) and HKH2 (KRASWT) CRC cells were incubated
with TGFα (25ng/ml), EGF (25ng/ml), HGF (20ng/ml) or GAS6
(20ng/ml) for 24hr and expression/phosphorylation levels of EGFR and
EphA2 determined by Western Blotting. β-Actin was used as a loading
control.
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5.3.2 Investigation into the upregulation of ADAM17 activity following 

treatment of CRC cell lines with cetuximab  

As we established within chapter 3 of this study, LIM1215 CRC cells exhibit acute 

resistance to the apoptotic effect of cetuximab. We subsequently determined that this 

resistance was mediated by both HER3 and ADAM17 and there is a compensatory 

role of ADAM17 when the activity of HER3 was reduced through the use of specific 

siRNAs. As direct targeting ADAM17 through the use of SMIs has been previously 

been described as difficult due to the level of homology within the family of ADAM 

sheddases and their normal role within homeostasis, it would be beneficial to identify 

the driver of this ADAM17 upregulation. Establishing this mediator of ADAM17 

activity would be beneficial as it would provide an additional drug target which may 

have less side effects compared to those established when directly targeting ADAM17. 

One such potential regulator of ADAM17 activity which may be an effective target 

are the iRhoms iRhom1 and iRhom2. Both iRhom1 and iRhom2 have been determined 

to be essential in the regulation of ADAM17 but both homologues have been 

determined to be expressed within different cell types. IRhom1 is more prominent 

within epithelial cells whereas iRhom2 is more commonly expressed in macrophages 

but not in skin or other epithelium. IRhoms are both essential in the regulation of 

ADAM17 as they are both involved in the trafficking and maturation of the 

metalloproteinase.  

With regard to expression levels in colorectal cancer, it has been determined that 

iRom1 expression is highly upregulated in tumour tissue in comparison to levels 

identified in normal tissue530. The inhibition of iRhoms has previously been suggested 

in the treatment of Lupus nephritis in the context that inhibition of iRhom1 can 

mitigate the cleavage of ADAM17 targets within inflammatory cells thereby 

preventing the release of particular ligands which may act on nearby cells in a 

paracrine manner. This particular study demonstrated knockdown of iRhom2 mediated 

reduced TNF-α signalling in conjunction with diminished EGFR activity531. The idea 

of targeting iRhoms in a therapeutic manner to indirectly target ADAM17 in cancer 

has only started to be investigated in recent times. One study that establish the potential 

clinical benefit of targeting iRhom1 determined that knockdown of the iRhom1 using 

a specific siRNA in HNSCC cell lines and xenograft models resulted in reduced EGFR 

activation, indicative of decreased ADAM17 activity532. It may therefore be beneficial 
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to investigate the outcome of targeting the iRhoms in combination with HER3 

inhibition to establish if this treatment strategy can re-sensitize LIM1215 cells to the 

apoptotic effect mediated by cetuximab treatment. 

 

5.3.3 Further investigation of other UPR activators in combination with 

taxanes to elicit apoptosis in cetuximab resistant KRASMT/BRAFMT cell 

lines 

As established in chapter 4, activation of the UPR in combination with taxanes was 

found to elicit apoptosis in CRC cell lines with both acute and acquired resistance 

towards cetuximab treatment. Within this study we identified the imipridone ONC201 

and subsequently ONC206 mediate activation of the UPR through the antagonism of 

the dopamine receptor DRD2. Following on from these results, it will be advantageous 

to determine if this effect can be mimicked utilising other activators of the UPR. 

With regard to other UPR activators aside from the imipridones, it would be beneficial 

to explore the effects of several different classes of UPR inducers to determine if there 

is any difference in effect when utilised in combination with taxanes. One example of 

an alternative class of UPR activator that could be tested is the histone deacetylase 

(HDAC6) inhibitor ACY-1215 (Ricolinostat). ACY-1215 functions through 

hyperacetylation of tubulin, resulting in reduced cellular proliferation and subsequent 

accumulation of misfolded proteins. GRP78 subsequently uncouples form the drivers 

of the three branches of the UPR, resulting in the induction of ER stress533. With regard 

to the efficacy of ACY-1215, it has been demonstrated that the HDAC6 inhibitor 

enhances the apoptotic effect mediated by the proteasome inhibitor carfilzomib within 

mouse xenograft models of multiple myeloma534. Moreover, carfilzomib and other 

proteasome inhibitors including bortezomib have also been described to elicit UPR 

activation through the build-up of misfolded proteins. In normal circumstances, 

misfolded proteins are ubiquitin-tagged and subsequently degraded by the proteasome. 

Inhibition of the proteasome result in a build-up of misfolded proteins within the ER, 

propagating UPR activation. Proteasome inhibitors have displayed efficacy in multiple 

myeloma (MM) patients in various phase II/III trials, resulting in the approval of 

Bortezomib by the FDA for use in chemorefractory MM patients within a clinical 

setting336, 535. While both proteasome and HDAC inhibitors function through the 
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accumulation of misfolded proteins within the ER lumen, resulting in the uncoupling 

of GRP78 from the three UPR sensors (and eliciting UPR activation, direct targeting 

of GRP78 can also mediate the induction ER stress. HA15 is a SMI that functions 

through direct targeting of GRP78, mediating its dissociation from PERK, IRE1α and 

ATF6. Additionally, HA15 has been determined to display efficacy in melanoma cells 

and murine models with minimal toxicity329. Testing the effect of taxanes in 

combination with these types of UPR activators will therefore allow us to determine if 

the apoptotic effect determined when utilising ONC206 in combination with taxanes 

is dependent on the antagonism of DRD2 mediated by the imipridones or if it is only 

reliant on propagation of the UPR. 

 

5.3.4 Role of DRD2 in the induction of ER stress mediated by 

ONC201/ONC206 

As previously discussed, ONC201 and ONC206 function through antagonism of the 

dopamine receptor DRD2. We have determined that both of these imipridones elicit 

induction of apoptosis through activation of the UPR mediated by ATF4 upregulation, 

however further investigation needs to be performed to determine if inhibition of 

DRD2 can directly invoke ER stress. In a previous study utilising an in vivo model of 

pancreatic ductal adenocarcinoma, it was determined that inhibition of DRD2 activity 

both through RNA interference or inhibition utilising pharmacologic antagonists 

(pimozide and haloperidol) mediates reduction in tumour size and UPR activation via 

induction of PERK536.  

To further establish how downregulation of DRD2 activity results in induction of ER 

stress, we would first determine the effects of DRD2 inhibition/silencing has on the 

expression and activity levels of each of the three branches of the UPR. It would also 

be interesting to determine if there is a feedback mechanism in place and whether 

inhibition of ATF4 can result in decreased basal levels of DRD2 activation.   
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5.3.5 The role of DRD2 in the apoptotic effect mediated by the 

combination of ONC201/ONC2016 and taxanes  

In addition to determining if other UPR activators can elicit the apoptotic effect 

mediated within cetuximab-resistant CRC cell lines through combination of taxanes 

with the imipridone ONC206, it would also be beneficial to investigate if this effect is 

reliant on the dopamine receptor DRD2.  

One way to determine if this effect is mediated by the antagonism of the dopamine 

receptor is to establish if silencing of DRD2 or inhibition using a pharmacological 

antagonist can elicit the same effect with regard to UPR activation as the imipridone 

ONC206. Furthermore, it would be advantageous to determine if overexpression of 

DRD2 prior to the use of this combinational treatment to establish if sensitivity is 

reduced.   

 

5.3.6 Determination of the translational relevance of combining 

ONC201/ONC206 with taxanes within in vivo models of CRC 

The data presented in chapter 4 identifies a therapeutic role of UPR activation within 

CRC cell lines that exhibit both acute and acquired resistance towards cetuximab. To 

provide further evidence that this will be an effective treatment combination within a 

clinical setting of CRC, it is imperative that in vivo experiments are performed. As we 

have determined that this treatment strategy mediates an apoptotic effect in both 

RASMT and BRAFMT cell line models, the same approach should be taken when 

planning in vivo studies i.e. VACO432 (BRAFMT) and HCT-116 (KRASMT) 

xenograft models should both be utilised to determine the effectiveness of ONC206 in 

combination with taxanes. These models should be treated with both ONC206 and 

paclitaxel as monotherapies as well as in combination to establish if the synergetic 

effect we have determined within our in vitro studies remain within xenograft models. 

As both the HCT-116 and VACO432  models innately exhibit KRAS/BRAF mutations 

respectively, it may also be worthwhile establishing the effect of this combination 

within a model with an acquired KRAS mutation to identify if there is any difference 

in response following exposure to ONC206/taxane combination. 
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5.3.7 Investigation into combinational treatment of ONC206 and taxanes 

in other tumour types 

As all of our data with regard to the combination of ONC206 and taxanes is in the 

context of CRC, it would be interesting to determine if this combination could function 

as an effective therapy in other cancer types.  

As constitutive activation of the MAPK pathway through the presence of BRAF 

mutations occurs within ~50% patients diagnosed with melanoma, it is not surprising 

that there are high basal levels of UPR activation in a similar manner than we have 

previously identified within BRAFMT CRC cell lines537. With regard to the use of 

UPR activators to elicit an apoptotic response within BRAFMT, the GRP78 inhibitor 

HA15 has been identified to mediate upregulation in ER stress resulting in cell death. 

Furthermore, there have also been studies conducted to determine the efficacy of the 

imipridone compounds within melanoma. One particular study concluded that while 

ONC201 demonstrated inhibition of cell migration within both in vitro cell line models 

and in vivo xenograft models, ONC212 was determined to elicit increased efficacy 

with regard to increase apoptosis and reduced tumour burden469. Unlike ONC201 and 

ONC206 which function through inhibition of the dopamine receptor DRD2, ONC212 

targets the tumour suppressor GPR132 and has been determined to possess high levels 

of anti-tumour activity in a p53-independent manner471. Despite the difference in 

mechanism of action between ONC206 and ONC212, ONC212 has also been 

determined to elicit activation of the UPR and therefore it may still be beneficial to 

determine the therapeutic effect of ONC212 in combination with taxanes– suggesting 

this treatment strategy may be effective within melanoma538.  

Additionally, ONC201 has been established to elicit apoptosis through activation of 

the UPR in several other tumour types including pancreatic, NSCLC and prostate 

cancers484, 538, 539. Furthermore, the treatment strategy of combining paclitaxel with 

ONC201 has already been observed to be a promising combination within uterine 

serous carcinoma cells in vitro, reducing the migratory and invasive potential of these 

cells in addition to propagation of apoptosis484. These data suggest that this treatment 

combination may be effective across several tumour types and as such further 

investigation is required. Similar to CRC, NSCLC tumours also exhibit a high 

prevalence of KRAS mutations (~30% prevalence), and as such several EGFR-targeted 
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therapies have been approved for use in the treatment of metastatic tumour540, 541 . As 

such, the presence of acute resistance and development of acquired resistance also 

limits the efficacy of EGFR-targeted therapies within the setting of NSCLC and, 

similar to CRC, there remains an unmet requirement to identify mechanisms to 

overcome this resistance 

5.3.8 Further establishing the prognostic role of GRP78 in stage II/III CRC  

As mentioned previously, GRP78 has been established as exhibiting a prognostic role 

within patients exhibiting early stage gastric carcinoma522. We have established within 

our study a potential prognostic role of GRP78 within a small cohort of 156 stage II/III 

CRC patients which was even more defined when isolating patients exhibiting KRAS 

mutations. It is therefore important to confirm this role of GRP78 within CRC through 

the scrutinization of data from a larger patient cohort such as GSE39582 which 

consists of mRNA expression data from 556 CRC patients542. This will also allow us 

to determine if this prognostic role of GRP78 is more defined within a population of 

KRASMT patients or if it is also reflected within a cohort of BRAFMT CRC patients – 

something that we were unable to conclude in this study as a result of insufficient 

patient numbers.   

Previous studies have also linked GRP78 expression to response to chemotherapies 

with low expression being associated with increased OS in a cohort of stage II/III 

breast cancer patients543. Conversely in CRC, high GRP78 expression has been linked 

to increased response to chemotherapy treatment inclusive of 5-FU within population 

of stage III CRC patients490. Although transcriptional data as determined within this 

study through RNAseq did not establish a significant correlation between GRP78 

expression and response to chemotherapy within our cohort (figure 4.56), this result 

may be influenced by small cohort numbers. To confirm this result, we again must 

consult data from a larger cohort of stage II/III CRC patients for whom we have 

treatment information for. In addition, we could also investigate if GRP78 could serve 

as a predictive biomarker for response to targeted therapies including cetuximab. 
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Appendix A1: General Buffers 

 

1X Phosphate Buffered Saline (PBS) 

One PBS table (Oxoid) was dissolved per 100ml ddH2O and autoclaved. 

 

1M Sodium Fluoride (NaF) (BDH) 

0.42g  NaF 

10ml  ddH2O 

Stored at -20°C in 1ml aliquots 

 

1M Sodium Orthovanadate (Na2VO3) (Sigma-Aldrich) 

1.83g  Na2VO3 

10ml  ddH2O 

Stored at -20°C in 1ml aliquots 

 

Radio-Immunoprecipitation (RIPA) Buffer 

0.606g  0.5M Tris 

4.383g  Sodium Chloride 

0.186g  EDTA 

5ml  Triton X-100 

5ml  10% SDS 

Made up to 500ml in ddH2O, adjusted to pH 7.4 and stored at 4°C. 
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RIPA-PI Lysis Buffer 

EDTA-free protease inhibitor cocktail was added to RIPA buffer to a final dilution of 

1:1000. 1M NaF/100nM Na2VO3 was also added to a final dilution of 1:100. 

 

MTT (5mg/ml) 

1g  MTT (Sigma) 

Made up to 200ml in sterile 1XPBS 

 

PBS/ 1% FCS 

5ml  FCS 

500ml  1X PBS 

Stored at 4°C 

 

PBS/ 1% EDTA 

1g  EDTA 

Made up to 500ml in sterile 1XPBS and stored at 4ºC. 

 

PBS/ 0.1% Sodium Azide/ 0.2% BSA 

0.5g   Sodium Azide (Sigma) 

1g   BSA (Sigma) 

Made up to 500ml in sterile 1XPBS and stored at 4ºC. 
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Propidium Iodide / RNase A Solution  

100µl of 1mg/ml propidium iodide (PI) (Sigma) and 25µl RNase A (Qiagen) were 

added to 10ml PBS/1% FCS 

 

Annexin V/ Binding Buffer Solution 

30µl Annexin V (BD Biosciences) and 400µl Binding Buffer (BD Biosciences) were 

diluted to 4ml with ddH2O. 400µl was added to each sample. 

 

Crystal Violet Solution  

0.5g of crystal violet powder (BDH) was added to 25ml methanol and made up to 

100ml with ddH2O 

 

0.1M Sodium Citrate 

2.94g  Sodium Citrate (BDH) 

50ml  ddH2O 

Sorted at room temperature away from light. Prior to use, diluted 1:1 in ethanol 

 

10mM dNTPs (Life Technologies) 

10µl  100mM dATP 

10µl  100mM dTTP 

10µl  100mM dCTP 

10µl  100mM dGTP 

Made up to 100µl with RNase-free DNase-free H2O 
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Appendix A2: Tissue Culture and Transfection Reagents 

 

10X Trypsin-EDTA 

Purchased as 100ml bottle (Life Technologies) and diluted 1:10 in sterile 1XPBS and 

stored at 4ºC 

 

DMEM Media 

Purchased as 500ml bottles (Life Technologies) and stored at 4ºC. 

 

McCoys Media 

Purchased as 500ml bottles (Life Technologies) and stored at 4ºC. 

 

RPMI-1640 Media 

Purchased as 500ml bottles (Life Technologies) and stored at 4ºC. 

 

Ham’s F12 Media 

Purchased as 500ml bottles (Lonza) and stored at 4ºC. 

 

Foetal Calf Serum (FCS) 

Purchased as 500ml bottles (Life Technologies), and stored at -20ºC as 50ml and 10ml 

aliquots 
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Dialysed Foetal Calf Serum (dFCS) 

Purchased as 500ml bottles (Sigma-Aldrich), and stored at -20ºC as 50ml and 10ml 

aliquots 

Sodium Pyruvate 

Purchased as 100ml bottles (Life Technologies) and stored at 4ºC. 

 

L-Glutamine 200nM 

Purchased as 100ml bottles (Life Technologies) and stored at -20ºC 

 

Penicillin-Streptomycin (5mg/ml) 

Purchased as 100ml bottles (Life Technologies) and stored at 4ºC 

 

Freezing Medium 

9ml  Foetal Calf Serum (FCS) 

1ml  Sterilised DMSO (Sigma) 

 

Optimem 

Purchased as 500ml bottles (Life Technologies), and stored at 4ºC as 50ml aliquots 

 

Hiperfect Transfection Reagent 

Purchased as 1ml aliquots (Qiagen) and stored at 4ºC. 

 

X-tremeGENE Transfection Reagent 

Purchased as 400µl aliquots (Sigma-Aldrich) and stored at -20ºC. 



 
 

350 
 

Recombinant TGFα 

Purchased as 100µg lyophilized powder (R&D Systems). Reconstituted to 100µg/ml 

in 10mM Acetic Acid as per manufacturer’s instructions and stored at -20ºC. 

 

Recombinant EGF 

Purchased as 200µg lyophilized powder (R&D Systems). Reconstituted to 500µg/ml 

in sterile 1XPBS as per manufacturer’s instructions and stored at -20ºC. 

 

Recombinant Amphiregulin 

Purchased as 100µg lyophilized powder (R&D Systems). Reconstituted to 100µg/ml 

in PBS/0.1% BSA as per manufacturer’s instructions and stored at -20ºC. 

 

Recombinant HGF 

Purchased as 25µg lyophilized powder (R&D Systems). Reconstituted to 50ng/ml in 

PBS/0.1% BSA as per manufacturer’s instructions and stored at -20ºC. 

 

Recombinant Epiregulin 

Purchased as 25µg lyophilized powder (R&D Systems). Reconstituted to 100µg/ml in 

PBS/0.1% BSA as per manufacturer’s instructions and stored at -20ºC. 

 

Recombinant Epigen 

Purchased as 25µg lyophilized powder (R&D Systems). Reconstituted to 100µg/ml in 

PBS/0.1% BSA as per manufacturer’s instructions and stored at -20ºC. 
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Recombinant Beta-Cellulin 

Purchased as 10µg lyophilized powder (R&D Systems). Reconstituted to 100µg/ml in 

PBS/0.1% BSA as per manufacturer’s instructions and stored at -20ºC. 

 

Recombinant Hb-EGF 

Purchased as 50µg lyophilized powder (R&D Systems). Reconstituted to 250µg/ml in 

PBS/0.1% BSA as per manufacturer’s instructions and stored at -20ºC. 

 

Cetuximab (Erbitux®) 

Generously provided by Merck and stored at 4ºC. 

 

Selumetinib (AZD6244) 

Obtained through MTA from AstraZeneca as lyophilized powder. Reconstituted to 

10mM in sterile DMSO as per manufacturer’s instructions. Aliquoted and stored at     -

20ºC. 

 

Vemurafenib 

Obtained from Genentech (San Francisco, CA, USA) as lyophilized powder. 

Reconstituted to 10mM in sterile DMSO and stored at -20ºC. 

 

Oxaliplatin 

Obtained from Belfast City Hospital Pharmacy. Stocks were diluted in injection water 

to a 1mM working stock. Stored at 4ºC and covered in foil to protect from light. 
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5-Flurouracil (5-FU) 

Obtained from Belfast City Hospital Pharmacy. Stocks were diluted in injection water 

to a 10mM working stock. Stored at 4ºC and covered in foil to protect from light. 

 

SN-38 

Obtained from Abatra Technology Co. (China). Stocks were diluted in injection water 

to a 2mM working stock. Stored at -20ºC and covered in foil to protect from light. 

 

Paclitaxel 

Obtained from Belfast City Hospital Pharmacy. Stocks were diluted in sterile DMSO 

to a 1mM working stock and stored at -20ºC. 

 

Docetaxel 

Obtained from Belfast City Hospital Pharmacy. Stocks were diluted in sterile DMSO 

to a 1mM working stock and stored at -20ºC. 

 

Topotecan 

Purchased as part of a cherry pick library of FDA approved drugs from Stratech as a 

lyophilized powder. Reconstituted to a 10mM working stock in sterile DMSO and 

stored at -80ºC. 

 

Dacarbazine 

Purchased as a 100mg lyophilized powder (AdooQ Biosciences). Reconstituted to a 

concentration of 20mM in sterile DMSO and stored as aliquots at -20ºC. 

Pralatrexate 



 
 

353 
 

Purchased as a 5mg lyophilized powder (AdooQ Biosciences). Reconstituted to a 

concentration of 10mM in sterile DMSO and stored as aliquots at -20ºC. 

 

Vincristine Sulphate 

Purchased as a 10mg lyophilized powder (AdooQ Biosciences). Reconstituted to a 

concentration of 20mM in sterile DMSO and stored as aliquots at -20ºC. 

 

ONC Compounds 

ONC-201, -206, -212 and -213 were obtained from Oncoceutics (Philadelphia) as 

lyophilized powders. They were reconstituted in sterile DMSO to concentrations of 

20mM, 10mM, 10mM and 10mM respectively and stored at -20ºC. 

 

Appendix A3: Western Blotting 

 

SDS-PAGE Gel 

Reagent 20ml 10% Resolving Gel 10ml Stacking 

Gel 

ddH2O 7.9ml 6.8ml 

30% (w/v) acrylamide/bisacrylamide 

mix 

6.7ml 1.7ml 

1.5M Tris pH 8.8 5ml - 

1M Tris pH 6.8 - 1.25ml 

10% SDS 200µl 100µl 

10% APS 200µl 100µl 

TEMED 8µl 10µl 
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1.5M Tris pH 8.8 

90.75g  Tris (Invitrogen) 

500ml  ddH2O 

pH of solution adjusted to 8.8 using HCl and stored at room temperature. 

 

 

1M Tris pH 6.8 

60.5g  Tris (Invitrogen) 

500ml  ddH2O 

pH of solution adjusted to 6.8 using HCl and stored at room temperature. 

 

10% Sodium Dodecyl Sulphate (SDS) 

1g  SDS (Invitrogen) 

10ml  ddH2O 

Stored at room temperature. 

 

10% Ammonium Persulphate (APS) 

1g  APS (Sigma) 

10ml  ddH2O 

Stored at 4ºC. 
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10X Western Running Buffer 

60.6g  Tris (Invitrogen) 

288g  Glycine (Merck) 

20g  SDS (Invitrogen) 

2L  ddH2O 

Diluted 1:10 with ddH2O prior to use 

 

10X Western Transfer Buffer 

60.6g  Tris (Invitrogen) 

288g  Glycine (Merck) 

2L  ddH2O 

Diluted 1:10 with ddH2O prior to use with the addition of methanol at 1/5 the total 

volume of buffer required 

 

2x Western Loading Buffer 

2.5ml  1.5M Tris (pH 6.8) 

10ml  10% SDS 

5ml  Glycerol (Sigma) 

2mg  Bromophenol Blue (Sigma) 

25ml  ddH2O 

   

PBS/0.1% Tween 

1L  1XPBS 

1ml  Tween-20 (Sigma) 
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Milk Blocking Solution (5% Milk) 

5g  Powdered Milk (Marvel) 

100ml  PBS/0.1% Tween 

 

BSA Blocking Solution (5% BSA) 

1g  BSA (Sigma) 

20ml  PBS/0.1% Tween 
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Appendix A4: Antibodies 

Antibody 
Catalogue 

Number 
Supplier Secondary 

pEGFR 324867 Calbiochem Rabbit 

EGFR 610016 BD Biosciences Mouse 

pHER2 sc-21791 Santa Cruz Rabbit 

HER2 e2-4001 Neomarkers Mouse 

pHER3 4791 Cell Signalling Technology Rabbit 

HER3 12708 Cell Signalling Technology Rabbit 

pMET 3077 Cell Signalling Technology Rabbit 

MET 8198 Cell Signalling Technology Rabbit 

pERK1/2 9102 Cell Signalling Technology Rabbit 

ERK1/2 4370 Cell Signalling Technology Rabbit 

pAKT 4060 Cell Signalling Technology Rabbit 

AKT 9272 Cell Signalling Technology Rabbit 

pSTAT3 ab76315 Abcam Rabbit 

STAT3 9139 Cell Signalling Technology Rabbit 

Cyclin D1 2922 Cell Signalling Technology Rabbit 

Caspase 3 9662 Cell Signalling Technology Rabbit 

PARP 9542 Cell Signalling Technology Rabbit 

FLAG (HRP-Conjugated)   N/A 

ADAM17 ab19027 Millipore Rabbit 

pIGFRY1135/1136 3024 Cell Signalling Technology Rabbit 

pIGFRY980 4568 Cell Signalling Technology Rabbit 

IGFR 9750 Cell Signalling Technology Rabbit 
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pEIF4E 9741 Cell Signalling Technology Rabbit 

EIF4E 9742 Cell Signalling Technology Rabbit 

GRP78 3177 Cell Signalling Technology Rabbit 

pIRE1α ab124945 Abcam Rabbit 

IRE1α 3294 Cell Signalling Technology Rabbit 

s-XBP1 12782 Cell Signalling Technology Rabbit 

pJNK 9255 Cell Signalling Technology Mouse 

JNK 9252 Cell Signalling Technology Rabbit 

pEIF2α 9721 Cell Signalling Technology Rabbit 

EIF2α 9722 Cell Signalling Technology Rabbit 

ATF4 11815 Cell Signalling Technology Rabbit 

ATF6 ab122897 Abcam Mouse 

CHOP 2895 Cell Signalling Technology Mouse 

β-Actin A2228 Sigma Mouse 

Caspase 7 9492 Cell Signalling Technology Rabbit 

Caspase 8 
ALX-804-

242-C100 
Enzo Mouse 

Caspase 9 9502 Cell Signalling Technology Rabbit 

DR5 8074 Cell Signalling Technology Rabbit 

DR4 42533 Cell Signalling Technology Rabbit 
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Appendix A5: Phospho-RTK Array Targets 

 

ALK/CD246 EphB4 MuSK 

Axl EphB6 PDGF R alpha 

DDR1 ErbB2 PDGF R beta 

DDR2 ErbB3 c-Ret 

Dtk ErbB4 ROR1 

EGF R FGF R1 ROR2 

EphA1 FGF R2 alpha Ryk 

EphA2 FGF R3 SCF R/c-kit 

EphA3 FGF R4 Tie-1 

EphA4 Flt-3/Flk-2 Tie-2 

EphA5 HGF R/c-MET TrkA 

EphA6 IGF-I R TrkB 

EphA7 Insulin R/CD220 TrkC 

EphA10 M-CSF R VEGF R1/Flt-1 

EphB1 Mer VEGF R2/KDR 

EphB2 MSP R/Ron VEGF R3/Flt-4 

EphB3   
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Appendix A6: Site Directed Mutagenesis Primers 

 

ERK2 185T>E 

Forward: 

GAT CAC ACA GGG TTC CTG GAA GAA TAT GTG GCC ACA CG 

Reverse: 

CG TGT GGC CAC ATA TTC TTC CAG GAA CCC TGT GTG ATC 

 

ERK2 185T>E & 187Y>E 

Forward: 

CAC ACA GGG TTC CTG GAA GAA GAA GTG GCC ACA CGT TGG 

TA 

 

Reverse: 

TA CCA ACG TGT GGC CAC TTC TTC TTC CAG GAA CCC TGT GTG 
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Appendix A7: Site Directed Mutagenesis PCR Conditions 

Stage Temperature Time Cycles 

Polymerase 

Activation 
94ºC 2 mins x1 

Denature 98ºC 10s 

x30 Annealing 50-60ºC* 30s 

Extension 68ºC 1 min 

*Temperature gradient created to identify most effective annealing 

temperature* 
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Appendix A8: Chemotherapy concentrations for Drug 

Screen 

Compound 
Concentrations 

Low Medium High 

Sorafenib 0.25µM 0.5µM 1µM 

Lenalidomide 0.5µM 1µM 2µM 

YM155 5nM 10nM 20nM 

Etodolac 0.5µM 1µM 2µM 

BIRB796 0.5µM 1µM 2µM 

GSK2126458 25nM 50nM 100nM 

AZD1208 0.5µM 1µM 2µM 

Elacridar 0.5µM 1µM 2µM 

VX-680 0.25µM 0.5µM 1µM 

17-AAG 25nM 50nM 100nM 

Ruxolitinib 0.5µM 1µM 2µM 

RO4929097 0.5µM 1µM 2µM 

PF-5274857 2.5µM 5µM 10µM 

EPZ-6438 0.25µM 0.5µM 1µM 

Emricasan 2.5µM 5µM 10µM 

Olaparib 2.5µM 5µM 10µM 

Paclitaxel 5nM 10nM 20nM 

Odansetron 0.5µM 1µM 2µM 

Azacitidine 0.5µM 1µM 2µM 

JNK-1N8 1.25µM 2.5µM 5µM 

NSC319726 1.25µM 2.5µM 5µM 

Ulixertinib 5nM 10nM 20nM 

Nutlin-3 1.25µM 2.5µM 5µM 

Decitabine 0.125µM 0.25µM 0.5µM 

Pralatrexate 0.5µM 1µM 2µM 

Hydroxyurea 2.5µM 5µM 10µM 

QNZ 1.25µM 2.5µM 5µM 

Ilomastat 2.5µM 5µM 10µM 

ABT199 0.5µM 1µM 2µM 

Vismodegib 2.5µM 5µM 10µM 
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Dacarbazine 2.5µM 5µM 10µM 

EX527 0.5µM 1µM 2µM 

Rosiglotazone 1.25µM 2.5µM 5µM 

Biriniapant 1.25µM 2.5µM 5µM 

Idasanutlin 0.5µM 1µM 2µM 

Bardoxolone 25nM 50nM 100nM 

AZD6244 0.125µM 0.25µM 0.5µM 

vemurafenib 0.25µM 0.5µM 1µM 

ACY1215 0.5µM 1µM 2µM 

Carfilzomib 2.5nM 5nM 10nM 

Entinostat 0.5µM 1µM 2µM 

ABT737 0.5µM 1µM 2µM 

MK-2206 1.25µM 2.5µM 5µM 

MKC4485 1.25µM 2.5µM 5µM 
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Appendix A9: Panel of 23 CRC cell lines Screened for 

Sensitivity to ONC compounds 

 

Cell line KRAS BRAF PIK3CA PTEN MSI TP53 
VT1 WT WT WT positive MSI WT 
VACO432 WT p.V600E WT positive MSI WT 
COLO320 WT WT WT positive MSS p.R248W 
RKO WT p.V600E p.H1047R positive MSI WT 
HT-29 WT p.V600E WT positive MSS p.R273H 
DLD-1 p.G13D WT p.E545K positive MSI p.S241F 
LS513 p.G12D WT WT positive MSS WT 
LOVO p.G13D WT WT positive MSI WT 
SW620 p.G12V WT WT positive MSS p.R273H 
LIM2405 WT p.V600E WT null MSI WT 
KM12 WT WT WT null MSI p.H179R 
CACO2 WT WT WT positive MSS p.E204X 
LIM1215 WT WT WT positive MSI p.P72R 

COLO205 WT p.V600E WT positive MSS 
p.Y103 R110 
del 
YQGSYGFR 

HCC2998 p.A146T WT WT positive MSS p.R213* 
DIFI WT WT WT positive MSS p.K132R 
LS174T p.G12D WT p.H1047R positive MSI WT 
HCT116 p.G13D WT p.H1047R positive MSI WT 
OXCO-2 WT WT WT positive MSI p.P72R 
LIM2099 p.G12C WT WT positive MSS ? 
SNU254 p.G12D WT p.E545A positive MSS ? 
GP5D p.G12D WT p.H1047R positive MSI WT 
RW7213 p.G12C WT WT positive MSS p.L257R 
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