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Abstract 

 Introduction and Aims: Malignant mesothelioma is a rare and aggressive 

cancer that affects the mesothelial cells of mainly the pleural cavity.  The current 

treatment standard relies on cisplatin/pemetrexed combination chemotherapy, and 

whilst this is the most effective option currently, it only improves life expectancy by 

two months. Small-molecule and gene-based therapy has been a potential hot spot in 

research over the past 20 years. However, significant limitations mean many of these 

therapies have failed to move past pre-clinical trials. The discovery of the HIV-TAT 

protein and its ability to translocate across the cell membrane unassisted has created 

avenues to using cell penetrating peptides for the delivery of biologically active 

molecules into the cell. The aim of this project was to establish a viable novel 

treatment option by identifying kinase targets that were essential in mesothelioma 

cells by use of a siRNA screen, and then utilising cell penetrating peptide drugs to 

inhibit the activity of these targets.   

Methodology: An initial primary siRNA screen was used to identify potential target 

options in pathological NCI-H28 cell lines, using non-malignant MET5A cell lines as 

a control. These targets were then validated individually by use of siRNAs. Cell 

viability and knockdown were quantified using an MTT. Once targets were validated, 

cell penetrating peptide molecules were used to inhibit the target proteins, and MTT 

analysis was used to quantify cell viability. One peptide was selected for further 

analysis. This included introducing two more malignant cell lines, MM-Miller, and 

IST-Mes2, as well as investigating the activity of its target after treatment using 

phospho-specific Western blot analysis of the downstream substrates. Finally the 
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uptake efficiency of the selected peptide was tested by conjugating a fluorescent 

molecule to it and using flow cytometry to analyse the uptake into the cells.  

Results: The primary siRNA screen identified four kinases (LMTK3, MAP3K11, 

PI4K2A, and PI4KB) as targets for treatment of malignant mesothelioma. These 

results were validated in the individual siRNA experiments which showed the siRNA 

targeting MAP3K11 resulted in the most significant magnitude of cell death in the 

NCI-H28 cell lines. From this a series of cell penetrating peptides were generated to 

target the four identified protein kinases. A peptide targeting MAP3K11, 

KFF:MAP3K11.H2 resulted in the highest level of cell death for the NCI-H28 cells, 

however this same level of cell death was not observed in the other two malignant cell 

line IST-Mes2 and MM-Miller. Western blot analysis of the phosphorylation state of 

MAP2K4 and JNK, phosphorylation targets of MAP3K11, revealed that treatment 

with KFF:MAP3K11.H2 resulted in a decreased level of phosphorylation in both 

MeT-5A and NCI-H28 cells, inferring the treatment peptide was reducing the activity 

of the target. This was not consistent for the IST-Mes2 and MM-Miller cell lines. 

Finally uptake analysis display that the peptide was highly efficient at cell 

internalisation. 

Conclusion: KFF:MAP3K11.H2 resulted in a high degree of cell death for the 

malignant cell line NCI-H28.However, this effect was not similarly potent in the other 

malignant cell line IST-Mes2, and MM-Miller. This in conjunction with the Western 

blot data suggests that MAP3K11 inhibition and the downregulation of the 

MAPK/JNK pathway can result in a decrease in cell viability for the NCI-H28 cells. 

However, this was not consistent for MM-Miller and IST-Mes2 cells. Finally, KFF3K 

was shown to have a highly efficient uptake profile, whilst being non-cytotoxic.  
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1.1 Introduction  

Malignant mesothelioma (MM) is an incurable malignancy of the mesothelial 

tissue of the pleura, peritoneum and on rare occasions, the tunica vaginalis1-3. MM is 

caused primarily by a rigid fibre known as asbestos4,5, which imbeds itself in the soft 

tissue of the pleura, where consistent inflammation can, over the years, lead to a 

malignant growth6. The slow development of the disease leads to an elongated latency 

period of fifty years, on average7.   Diagnosis is often in the later stages of the disease 

and must meet a series of criteria where all other lung ailments are ruled out8,9. In 

conjunction with late diagnosis, MM is very resistant to most forms of chemotherapy, 

with the current gold standard of treatment only increasing life expectancy by twelve 

weeks10. This emphasises how difficult it is to identify treatment targets and gain 

consistent results in vivo and in vitro. With an increase in mesothelioma cases and 

deaths each year globally11, the urgent need for a cure is more important now than 

ever. Without reliable treatment options, patients and their families will continue to 

suffer the consequences of an industry that exploited people for profit. It is expected 

that by the time asbestos is banned completely worldwide, billions of dollars will go 

towards treatment and compensation costs12.  

With an increase in incidence and a continued lack of therapy options, new methods 

of targeted treatment are being utilised. A novel method of treatment being 

investigated in the current research landscape is protein inhibition by use of drug 

molecules conjugated to a cell-penetrating peptide motif13. For the last few decades, 

the rapid uptake of small peptide molecules such as HIV-1 TAT  protein and HSV-1 

protein has been widely studied for the use of therapeutic applications14,15. After 

researchers had proved their ability to translocate efficiently into the cell, they proved 

they were also capable of delivering small molecules, the first of which was a small 
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endogenous peptide16. Since their discovery, they have been utilised to deliver RNA17, 

small drug molecules18, and peptides19. As a novel drug delivery method, they have 

shown promise in both in vitro19 and in vivo20 cancer models. 

This project aims to explore the use of a cell penetrating peptide (CPP) motif known 

as KFF3K (KFFKFFKFFK ), which has been widely studied in bacteria for the use in 

overcoming antibiotic resistance21-23. The CPPs in question have been conjugated to 

an inhibitory peptide targeting an intracellular kinase previously identified as a 

therapeutically relevant molecule for MM.  These targets were identified using a 

siRNA screen. The screen identified four targets that will be investigated in this 

thesis.  
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1.2 Malignant Mesothelioma 

1.2.1 Cancer Incidence Globally  

Cancer is the leading cause of death worldwide, with approximately 8.2 million 

deaths attributed to the disease in 2012. Each year, 14 million new cases are 

diagnosed across the globe, and this is expected to rise to 22 million in the next two 

decades 24. In Australia alone, there are 322.98 cases per 100,000 people 25 Cancer has 

become the number one cause of fatality in Australia creating an incredible burden on 

both the healthcare system and economy 26. The future burden in the developing 

world is expected to rise with the adoption of the Western lifestyle, including physical 

inactivity, smoking and an unhealthier diet.  

Figure 1.1 Distribution of new cancer diagnosis in 21 global areas in 2012 colour key 

define different global areas. Cancer incidence has risen globally and continues to increase 

as non-western countries partake in western world habits, such as a sedentary lifestyle and 

high-fat diet. As globalisation and industry continue to grow this trend is expected to continue 

and even worsen. Figure reproduced from 27. 
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1.2.2 Global Mesothelioma Incidence   

 The percentage incidence of mesothelioma in comparison to the global cancer 

incidence is relatively low. However, due to the aggressive nature of the disease, as 

well as in the increasing incidence, it remains a significant health burden28. The World 

Health Organisation (WHO) estimates that 125 million people globally are exposed to 

asbestos each year in the workforce, and thus 107,000 people die from a related 

disease. However, the actual number of mesothelioma diagnoses is unclear due to 

poor reporting in a number of developing nations. Very few countries keep an active 

registry tracking mesothelioma, despite 83 countries documenting cases of 

mesothelioma since 199429. 

With the incidence of mesothelioma expected to rise over the next 20 years in the 

western world (later in the developing world) an effective standard of care is 

paramount. The current treatment standard relies on cisplatin/pemetrexed combination 

chemotherapy. While this is the most effective option currently, it only improves life 

expectancy by 2 months10. For this reason, many patients are admitted to palliative 

care rather than undergoing chemotherapy. Other treatment options like surgery and 

radiation therapy have proven to be just as ineffective. The National Institutes of 

Health estimates that at least 11 million people were exposed to asbestos between 

1940 and 1978 in America30. Of those 11 million, 2-10% of them will develop pleural 

mesothelioma. The median survival of these patients is 26 months, with age and 

health affecting this life expectancy greatly.   

Asbestos as a construction material was widely used until the late 1970's in Australia. 

It is estimated that after World War II  until 1954, in New South Wales alone, 70,000 

houses were built using asbestos31. As the materials were cheap and abundant, their 

use was extensive across the country.  Consumption of asbestos peaked in the 1970's. 
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From the period of 1945-2000 6329 cases of mesothelioma were documented, of 

which a majority was reported post-1980. 

 

 

 

 

Figure 1.2 Countries with a full or partial ban of asbestos Countries coloured blue are 

countries that do have a prohibition of asbestos. It is worth noting that the United States of 

America does not currently have an asbestos ban, but does regulate its distribution.32 Diagram 

reproduced from Asbestos Nation. 

1.2.3 Causes of Mesothelioma  

1.2.3.1 Asbestos  

Malignant mesothelioma is  primarily related to asbestos 4, with 90% of cases 

being linked directly to its exposure 4. While there are other underlying causes have 

been implicated, such as the Simian Virus 40 infection (SV40) and radiation, their 

incidence is so low they are considered “idiopathic” 33. The incidence of 

mesothelioma is increasing with a peak expected within the next decade in developed 

countries which have implemented asbestos control measures. However many 

developing countries still utilise asbestos as a building material 34, and actively mine 

it.  Therefore, mesothelioma and other asbestos-related diseases will be a continuous 
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problem in many of our lifetimes. The asbestos cancer pandemic is set to claim 10 

million lives before a complete worldwide ban on asbestos is implemented 35.  

Asbestos is a naturally occurring silicate mineral fibre with six primary sub-

classifications, and two groups known as the amphibole or serpentine family. 

Chrysotile asbestos, a type of amphibole, commonly known as white asbestos, is the 

most used type36. Globally, 95% of all asbestos used is chrysotile37 36. It is considered 

a group 1 carcinogen38. Other types of asbestos such as amosite and crocidolite, 

brown and blue asbestos respectively, are less common overall, but are mostly used 

industrially39. While its durability is what makes it such an effective building material, 

it also contributes to its ability to cause disease in humans. Once inhaled the rigid 

fibres embed in the soft tissue of the respiratory system or abdominal cavity, where 

they remain intact and continuously cause inflammation, which can eventually lead to 

malignant growth40.  

1.2.4 Pathophysiology of Mesothelioma  

Mesothelioma carcinogenesis is a long multi-step progression due to a series 

of genetic alterations that result in the transformation of normal mesothelial cells into 

MM cells. There are several stages of this process, beginning with tumour cell 

initiation. This is associated with chronic inflammation that occurs from the asbestos 

fibres being embedded in the mesothelial cells of the pleura following inhalation. 

Following this damage, the exposed mesothelial cells necrotise and release High 

Mobility Box 1 (HMGB1) protein, a nuclear damage associated molecular pattern 

(DAMP). Following its release HMGB1, a known mediator of inflammation, binds to 

the receptor for advanced glycation end products (RAGE)41 and several Toll-like 

receptors, mainly TLR2 and TLR442. These interactions initiate the inflammatory 

process43,44. By interactions with macrophages, HMGB1 triggers the secretion of 
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TNF-α and the activation of NF-κB which have highly oncogenic activities45. NF-κB 

activation promotes cell proliferation and downregulates apoptosis, which can cause 

enhanced survivability of the mesothelial cells. Additionally, HMGB1 activates the 

resident monocytes that lead to the release of reactive oxygen species (ROS), as well 

as reactive nitrogen species (RNS), that cause further DNA damage to mesothelial 

cells. These cells are specifically vulnerable as they have accumulated genetic 

mutations from the asbestos exposure, all of which leads to a malignant 

transformation. Cytokines are released due to inflammation, which can result in both 

sustained and chronic inflammation in the mutated cells. Over time the mutated cells 

transform into pre-malignant cells. Mesothelial cells then overexpress HMGB1 and 

secrete it themselves, establishing an autocrine circuit46.  
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Figure 1.3 The processes of tumour initiation of malignant mesothelioma through HMGB1 

and TLR4. HMGB1 is released from the necrotic mesothelial cells and binds to TLR4 on the 

neighbouring cells. This activates a series of downstream signalling pathways that eventually 

leads to the activations of NFκB, JNK and IRF3.This figure was reproduced from 47. 

1.2.5 Diagnosis of Mesothelioma  

A mesothelioma diagnosis can be difficult and until the current epidemic it 

was not often considered by most pathologists 48. Less than 5% of patients are 

diagnosed in the early stages of mesothelioma as the symptoms do not manifest until 

later. Early detection is linked to an improved survival rate and better response to 

therapy 49. The three sub-types, epithelioid, sarcomatoid, and biphasic all come with 

their challenges in both diagnosis and predicting the outcome of disease 50. The 
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symptoms seen in many patients include weight loss, dyspnoea and chest pain make it 

difficult to confirm mesothelioma as a diagnosis from other pleural effusions both 

related to and separate from asbestos 51. The limitations in biomarkers and imaging 

can delay this diagnosis even further 51. Diagnosis usually involves several 

procedures, including CT scans, X-rays, MRIs, and biopsies. Biopsies of the 

malignant tissue often show high levels of inflammation as well as an increase in 

tumour-associated macrophages46.  Diagnosis is both a costly and timely procedure 

undertaken by several medical professionals for which there is no standard procedure, 

especially for early stage malignant mesothelioma52. Due to this, many patients would 

not receive a diagnosis until two to three months after their initial consultation.  

1.2.5.2 Lack of Biomarkers  

 The lengthy diagnosis process of malignant mesothelioma is due to many 

factors. Current research in the field is centred towards the identification of a viable 

biomarker as one does not currently exist. It is well established that a biomarker 

detectable in blood would significantly reduce the time it takes to diagnose a patient53. 

Several potential biomarkers have been investigated including osteopontin 54 and 

fibulin-3 55. However, there is a concern in regards to the validity of these markers in 

a clinical setting, as there has been variation in their sensitivity and specificity. 

Currently, the most promising biomarker candidate being researched is high mobility 

box protein 1 (HMGB1). HMGB1 overexpression has been linked to several cancers 

and is postulated to affect replication, angiogenesis, autocrine growth signal 

behaviours56, and is involved in autophagy and apoptosis57. Clinical trials using 

patients with varying degrees of asbestos exposure, and pleural effusions show that 

HMGB1 serum levels can reliably differentiate between malignant mesothelioma 

patients, asbestos-exposed individuals and healthy controls 58,59. The hyperacetylated 
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form of HMGB1 has also demonstrated clinical significance as a potential biomarker 

for malignant mesothelioma58. This discovery could help asbestos-exposed 

individuals to be diagnosed earlier on, to improve the general outcome of malignant 

mesothelioma. 

 

 

 

 

 

 

 

Figure 1.4 The many roles of HMGB1. HMGB1 has several functions and is elevated in 

serum in many patients with malignant pleural mesothelioma. It works as a pro-inflammatory 

cytokine in both and autocrine and paracrine manner. Figure reproduced from 60 

1.2.6 Treatment options for Mesothelioma  

1.2.6.1 Cytotoxic Chemotherapy 

As diagnosis is usually made in the later stages of the cancer many patients 

seek palliative care rather than aggressive surgical options 61. Cytotoxic chemotherapy 

remains the most effective treatment for mesothelioma despite the multitude of 

research in recent years exploring other treatment options 53. Originally, patients 

received just cisplatin, a platinum-based anticancer drug that causes DNA 

crosslinking.  In a Phase III clinical trial in 2003 researchers demonstrated that a 

combination of both cisplatin and pemetrexed, a drug that inhibits purine and 
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pyrimidine formation,  delivered every 21 days improved median overall survival 

from 9.3 months to 12.1 in comparison to just cisplatin-only treatment 10. This trial 

shifted the standard of care to this particular combination therapy, as it is the only 

current therapy to improve the prognosis 10.  

1.2.6.2 Radiotherapy  

Radiotherapy use in malignant mesothelioma is often utilised to alleviate 

symptoms and pain in palliative care patients62. There is no current evidence to 

suggest that radiotherapy improves prognosis in patients with MM63. Hemi-thoracic 

irradiation can result in toxicity, including radiation-induced pulmonary fibrosis, 

radiation pneumonitis, and bronchopleural fistula, all while providing no real survival 

benefit64. Hemithoracic radiotherapy is often administered post-extrapleural 

pneumonectomy (EPP). Specificity of treatment proposes an issue, as avoiding vital 

thoracic structures while targeting disease is difficult post-operation53. Substantial 

toxicity is commonly observed in post-operation radio-therapy naïve patients given 

high doses65. To combat the issue of toxicity and specificity, a new technique known 

as intensity modulated radiotherapy (IMRT) is used as a more accurate response to 

post-operation disease. A small study of 28 patients who had an EPP followed by 

IMRT displayed a 100% control of the tumour region nine months following the 

treatment inception66. However, overall survivability was not affected. Radiotherapy 

has also been used as a prophylactic to prevent tumour seeding in thoracoscopy or 

thoracotomy. However, there is little evidence to support this practice, and it is not 

encouraged by most health practitioners67. 

1.2.6.3 Surgery  

 The use of surgery in Malignant pleural mesothelioma (MPM) can vary from 

use in the diagnostic process to more complex procedures with treatment or “cure” 



13 
 

 

Prof. Nigel McMillan      Ms. Isabella Gore  
 

intentions53. The two main procedures used on MPM patients are 

pleurectomy/decortication (P/D) and EPP. Pneumonectomies are often undertaken to 

ease symptoms for palliative care patients and rarely performed with curative intent. 

Complete removal of the pleura itself is not a viable procedure as it is practically 

impossible to do within an adequate margin which successfully removes the cancer 

without damaging vital structural areas.  

An EPP is an aggressive procedure which intends to remove the tumour from the 

hemithorax. It involves the excision of pleura, lung, pericardium, diaphragm, and 

lymph nodes. In specialist centres in Australia, Europe, and North America, it can be 

an effective debulking procedure for the clearance of tumours68. However, the 

survival of patients who receive an EPP is questionable. The pilot Mesothelioma and 

Radical Surgery (MARS) trial randomised 24 patients to receive an EPP, and 26 

patients to forgo it. At the conclusion of the trial, those that received the surgery had a 

median survival of 14.4 months and patients who did not get the surgery had a median 

survival of 19.5 months69. As this study would suggest, radical EPP surgery has no 

obvious benefit in trimodality therapy, and can harm patients. However, it may be 

worth noting that the MARS trial has since been criticized70.  

1.2.6.4 Trimodality Therapy  

 This treatment strategy employs the three previously discussed treatment 

options (chemotherapy, radiotherapy, surgery)71.The typical chain of events often 

begins with administering chemotherapy, followed by surgery and Hemithoracic 

radiotherapy over approximately six months. This method of treatment is supported 

mainly by retrospective and prospective observational studies, and thus far no 

randomised control trial has proven the effectiveness of this strategy. In conjunction 
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with this, the most likely to benefit from this treatment cycle are those with the lowest 

burden of disease. 

1.2.7 Novel Treatment Approaches  

 Currently there have been few successful studies identifying targetable 

mutations of MPM. Targeted immunotherapy has been the subject of many studies 

recently with many aims. Some studies have attempted to reduce proliferative 

signalling between cancer cells by developing drugs that inhibit growth factors release 

by MPM cells, or by limiting the cells ability to induce angiogenesis53.  

New treatment studies aim to develop or identify a novel agent that can either 

be used on its own or in conjunction with the current chemotherapy standard of 

cisplatin and pemetrexed. Potential targets generally have a function related to growth 

or survival. Therefore proteins such as Platelet-derived growth factor receptor 

(PDGFR) and colony stimulating factor 1 (c-fms) are viewed as potential targets 72. A 

previous study targeted PDGFR, as it is often overexpressed in malignant 

mesothelioma cells73, and used an inhibitor, imatinib mesylate, to hinder the activity 

of PDGFR and disrupt growth in malignant cell lines 74. Imatinib successfully kills the 

malignant cells by disrupting receptor phosphorylation of the PDGFR and thereby 

interfering with the Akt pathway 74. A synergistic effect was observed when imatinib 

was used in conjunction with pemetrexed in a reduction of cell viability in 

mesothelioma cell cultures. In another study, MPM cells were shown to overexpress 

the c-MET receptor, a tyrosine kinase receptor that is activated by the ligand 

hepatocyte growth factor (HGF)75. Researchers utilised tivantinib, a small molecule 

tyrosine kinase drug that targets c-MET, and tested it in conjunction with 

Pemetrexed76. This research showed that tivantinib has a synergistic effect with 

pemetrexed that resulted in an inhibition of growth across four malignant cell lines. 
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Clinical trials on this combination therapy are currently active, and findings have yet 

to be published. Using novel treatments in conjunction with the current standard of 

care to better the overall effect of the drugs, is more likely to progress to a clinical 

phase trial than just a novel treatment on its own.  

1.2.7.1 Limitations in Treatment  

The complete lack of viable treatable targets in mesothelioma has presented a 

unique challenge when developing drugs. This project utilises data from siRNA 

screening to identify possible therapeutic targets that present the most potential to 

inform future drug development. Nine "hits" were chosen due to their ability to inhibit 

the growth of malignant MM cells and not control cells. These targets were run 

against three controls in several mesothelial cell lines. Graphical data from this screen 

indicated four protein targets. These four proteins were: phosphatidylinositol-4-kinase 

type 2 alpha (PI4K2A), phosphatidylinositol-4-kinase catalytic beta (PI4KB), 

mitogen-activated kinase kinase kinase 11 (MAP3K11), and lemur tyrosine kinase 3 

(LMTK3). 

1.3 The Molecular Targets 

1.3.1 Phosphatidylinositol 4-Kinase 2-α 

The first candidate, PI4K2A (Figure 1.5) is a member of the 

phosphatidylinositol four kinase (PI4K) family and functions as one of the 

phosphoinositide kinases involved in the sorting of the endosome. PI proteins play an 

integral role in membrane trafficking by altering the physical structure of the 

membranes and facilitating interactions between the membrane and proteins with PI-

binding domains 77.  PI4K2A functions to catalyse the synthesis of PI4P in 

conjunction with the enzyme PI4K2B, as well as the enzymes PI4KA and B. 

However, PI4K2A is by far the most diverse, being present in both the Golgi and 
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trans-Golgi network as well as various endosomal compartments 78. PI4P plays a 

major role in protein sorting, endocytosis, and Golgi function, and is essential for 

neuron survival79,80. When the function of PI4K2A is lost, it leads to neuronal 

degeneration 81. PI4K2A  has also been linked to having an important role in the 

degradation of the epidermal growth factor (EGF) receptor 82, as well as in Wnt 

signalling 83. Wnt signalling activation is through phosphorylation of the Wnt 

receptor, low-density lipoprotein receptor-related protein 6 (LRP6), at its serine1490 

residue 83. Wnt is theorised to have proto-oncogenic abilities, with both its under-

expression and over-expression being documented in human cancers 84. 

 

 

Figure 1.5 PI4K2A in endosome formation. PI4K2A is essential in the formation of the 

endosome, it is an essential kinase for the generation of PI4P. PI4P allows for the recruitment 

of trafficking complexes. This then targets the endosome. Figure reproduced from 85. 
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1.3.2 Phosphatidylinositol-4-kinase catalytic beta 

The next target is PI4KB, which is involved in the production of the second 

messenger protein inositol 1, 4, 5-triphosphate (PIP) (see figure 1.6). In humans, PIP 

mobilises the release of Ca2+ which regulates cell proliferation and is, therefore, an 

integral featureof cancer formation86. PI4KB itself may have a role in the regulation 

of Golgi-reorganisation and disintegration, potentially via phosphorylation of PI4KB. 

Its action is via the synthesis of PI4P on the Golgi membrane, which is essential for 

the rapid remodelling of membranes containing PI4P, including the replication of 

many viruses87,88. The activity of PI4KB has been linked to carcinogenesis as its 

overexpression can result in a decrease in cell adhesion in invasive cancer potentially 

by a reduction in cell to cell signalling 89.  

 

 

Figure 1.6 PI4KB in PiP pathway PI4KB is an essential host factor required for the 

replication of many viral genomes, specifically enteroviruses. Its natural function is PI 

metabolism. Figure is a schematic representation of the phosphoinositides (PiP), their seven 
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varieties and the kinases and phosphatases involved. (Kinases = black arrows, phosphatases = 

red arrows). Figure reproduced from 90. 

1.3.3 Mitogen-activated protein kinase kinase kinase 11 

The third potential target, Mitogen-activated protein kinase kinase kinase 11 

(MAP3K11), also known as a mixed lineage kinase three, is a member of the 

serine/threonine kinase family. It activates MAPK8/JNK kinase and is a positive 

regulator of the C-Jun N-terminal kinase (JNK) signalling91 (Figure 1.7). It has also 

been shown to activate IB kinase (IKK) through phosphorylation and plays a role in 

the transcription of nuclear factor B (NFB). MAP3K11 is involved in the initiation 

of serum-stimulated cell proliferation and for the activation of several cell growth 

regulatory factors92. Its involvement in many cancers has been extensively researched 

due to is pivotal role as a node for stress signalling pathways 93. Its activation has been 

linked to the progression of prostate cancer 92. The existing inhibitor URMC-099, a 

general MLK inhibitor, has been shown to elicit both neuroprotective and anti-

inflammatory effects in models of HIV. This is done by altering the ability of the 

immune effector cells to damage axons 94. Its use in cancer, however, has not been 

previously documented. 
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Figure 1.7 MAP3K11 in JNK pathway MAP3K11 is vital in the activation of JNK. 

MAP3K11 phosphorylates and activates MAP2K7 which directly activates MAPK8 which 

leads to transcription of the Jnk nuclear targets. MAP3K11 also directly interacts with Jnk and 

is involved in its regulation. Figure reproduced from 95.  

1.3.4 Lemur tyrosine kinase 3   

The last protein of interest is LMTK, a protein kinase which, via phosphorylation, of 

ESR1 (Estrogen-Receptor 1) protects it (figure 1.8) from proteasomal degradation. It 

exhibits this function by decreasing the activity of protein kinase C (PKC) and 

therefore the phosphorylation of Akt. This increases the binding of Forkhead box O3 

(FOXO3), a likely trigger of apoptosis, to the promoter for Oestrogen receptor alpha 

(ESR1). This has identified it as a therapeutic target and biomarker for  ERα+ breast 

cancer, with its silencing leading to a decrease in tumour size 96.  
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Figure 1.8 LMTK3 is involved in the ESR1 pathway for Breast cancer. LMTK3 positively 

regulates the transcription of ESR1, increasing its protein levels and phosphorylation. This 

promotes high resistance to most endocrine-based therapies. LMTK3enhances transcriptional 

activation of ESR1 by inhibiting PKC which is responsible for Akt phosphorylation. LMTK3 

also directly interacts with ERα which has been linked to endocrine treatment resistance. 

Figure reproduced from 97. 

These molecular targets have few, or no, available inhibitors on the market. As such, a 

novel method of inhibition is required to target these kinases and their pathways. 

Several gene-based knockdown therapies have fallen short when it comes to 

therapeutic applications for a variety of reasons, and thus, new, more discrete methods 

of delivering biologically active molecules into the cell were explored. With Dr Yaoqi 

Zhou from the Institute of Glycomics, Griffith University, the idea of using a small 

peptide inhibitor with a cell-penetrating motif attached was proposed to allow for cell 

penetration without the use of a vector. 
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1.4 Cell Penetrating Peptides 

Small-molecule and gene-based therapy has been a popular focus in research over the 

past 20 years. However, significant limitations mean many of these therapies have 

failed to move past pre-clinical trials98. One of the reasons for this is an inability to 

transport therapeutically active molecules across the cell membrane. In response to 

this, there has been an increase in therapies that do not follow Lipinski’s rule of five99. 

These rules state that for an orally administered drug to be active it must:  

1. Have no more than five hydrogen bond donors  

2. Have no more than ten hydrogen bond acceptors  

3. Have a molecular mass less than 500 daltons  

4. have an octanol-water partition coefficient log P no greater than five100 

 Drugs that do not follow these rules include larger molecules such as proteins and 

peptides. Many proteins have been shown to be efficient at entering the cell without 

causing significant damage to the membrane14. This innate ability has been 

theoretically linked to potential future therapeutic methods.  

The study of peptides as therapeutic agents has yielded a few pathways of interest. 

The most significant of these studies applies to the use of peptides as carriers of 

biologically active molecules that otherwise would not penetrate the membrane, or 

using them as a way of increasing or decreasing the activity of an identified protein 

target101. The use of peptides as vessels has shown significant advantages in 

comparison to other lipid-based vectors due mainly to the ability to modify the 

sequence. Therefore, the efficiency of delivery can be optimised depending on the 

type of cargo as well as the target domain102. The pathway of this delivery, however, 

is somewhat contended. The nature of membrane penetration is currently unknown 

and believed to be linked to the individual structures of each type of peptide.103.  
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1.4.1 Classes and Mechanism of Uptake 

After the advent of small molecule and gene-based therapies, it became 

evident that a lack of potency and instability in a clinical environment limited these 

new treatments greatly. To overcome these limitations, there has been an increase in 

the synthesis of large therapeutic molecules that do not follow Lipinski’s rules99. 

These include proteins, nucleic acids and peptides. These exciting new potential 

therapies were, however, rife with specific issues such as instability in 

vivo, insufficient cellular uptake, and a reduced ability to reach their target. In recent 

years, this has shifted the research focus in the field to circumvent the problem of 

delivery. 

Currently, there is a high demand for an efficient drug delivery system that satisfies 

the major rules for drug delivery. These are (i) delivery efficiency in different and 

challenging cell lines; (ii) rapid endosomal release; (iii) ability to reach the target; (iv) 

activity in low doses; (v) lack of toxicity; and (vi) facility of therapeutic application99. 

Efforts have been focused on new technologies to increase cellular uptake efficiency 

of therapeutically active compounds. Several strategies have been explored or are 

currently being researched, including non-viral methods such as lipid, polycationic, 

and nanoparticles; however, few of technologies have seen success in in vivo at either 

preclinical or clinical levels. 

Protein transduction domains (PTDs) also known as cell-penetrating peptides (CPPs) 

are short amino-acid sequences, discovered in 1988, that have demonstrated an ability 

to mediate intracellular delivery of biologically active molecules104. The first 

observations of CPPs were by Frankel and Pabo104, who demonstrated the HIV-TAT 

proteins ability to enter cells and translocate into the nucleus to activate the HIV-1 

specific genes. Further research revealed that only a small, positively charged region 

of amino acids on the TAT protein (47-57), was required for translocation across the 
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membrane105. These initial discoveries led to subsequent observations of additional 

types of CPPs. In 1991 one group observed that the Drosophila Antennapedia 

homeodomain could be translocated into neuronal cells106,107. This discovery resulted 

in the first cell penetrative peptide sequence, a 16-mer-peptide derived from 

Drosophila Antennapedia called penatratin108,109. Following this, CPPs were then 

used as vectors for drug delivery when penetratin was shown to be capable of 

delivering a small exogenous peptide into the cell16,109.  Since then, TAT and 

penatratin-conjugated molecules have been studied for use in in vitro and in vivo to 

deliver therapeutic molecules110. Madani, F et al have demonstrated the ability to 

transfect non-dividing primary cell lines with rapid cellular uptake and significantly 

low toxicity while maintaining drug potency in comparison to other methods111. This 

provides a distinct advantage over traditional viral-vector-based delivery 

systems.  There are a number of different CPP’s which vary in amino acid 

composition and polarity. Most CPPs can, however, be classified into three major 

groups per the physiological and chemical properties. These are cationic, amphipathic, 

and hydrophobic112.  

1.4.1.1 Classes of cationic cell-penetrating peptides 

Cationic CPPs tend to be rich in positively charged amino acids such as lysine 

and arginine113. The cellular uptake of cationic CPP’s requires at least eight arginines 

and increasing the number of arginines enhances cellular uptake114. Increasing the 

lysine content of the peptide does not affect uptake as lysines have a poor uptake 

profile114. There are no specific structural requirements for this type of CPP as the 

secondary structure of the peptide has no impact on cellular uptake115. It is 

hypothesised that the electrostatic interaction between the positively charged peptide 

and the negatively charged aspects of the cell membrane allow for initial membrane 
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binding116-118. Therefore the anionic lipids of the membrane provide a much better 

binding site for the cationic CPP than more neutral areas of the membrane119.  

Amphipathic CPPs can be either primary amphipathic or secondary amphipathic. 

Many primary amphipathic CPPs are chimeric peptides that have been covalently 

bonded to a hydrophobic domain. This allows for accurate targeting to cell 

membranes115. Other primary amphipathic CPPs are derived completely from natural 

proteins such as peptide vector (pVEC)120. The second type of amphipathic CPP can 

manifest in a series of secondary structures. Some of these are α-helices in which 

hydrophobic and hydrophilic residues are grouped in separate faces of the helix121. 

These CPPs have a highly hydrophobic area on one face, whereas the other face can 

be cationic, anionic, or polar115. Even though most secondary amphipathic CPPs are 

cationic, evidence suggests that they do not translocate through the membrane the way 

cationic CPPs are theorised to do so122. It is suggested that membrane translocation is 

via amphiphilicity, not positive charges. The minimal length required for membrane 

entry for amphipathic CPPs is not known, but some studies on the CPP mitogen 

activated protein (MAP) suggested at least four-helix turns are essential123. However, 

shorter amphipathic CPPs are known today124. Secondary amphipathic CPPs can also 

be β-sheets, which rely on one hydrophobic and hydrophilic stretch of amino acids125. 

Proline-rich amphipathic CPPs are also reported which can form the secondary 

structure polyproline which is a left-handed extended helix126. However, these 

secondary structures are less commonly utilised in comparison to α-helices. 
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Figure 1.9 Illustration of the potential mechanisms of uptake for cell penetrating 

peptides. While currently no definitive answers are known, several mechanisms of uptake 

have been proposed. These include receptor-mediated and macropinocytosis. Direct 

penetration has also been suggested in which the structure, polarity, and 

hydrophobic/hydrophilic aspects of the peptide are thought to interact directly with the 

membrane for cell entry. This means that each class of peptide may then have a different 

process of membrane localisation and penetration. Figure reproduced from 127. 

The mechanism of uptake of CPPs into the cell, despite extensive research, is still 

relatively unclear. Many theories have been put forward as to how exactly they enter 

the cell, including endocytosis and direct penetration through electrostatic 

interactions, none have currently been proven (Figure 1.9). Several methods have 

been employed to track the entry of CPPs into the cell and their activity once inside. 

While it is possible to visualise peptide entry into the cell, there is no available 
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method to determine the mechanism of entry110. The most commonly used method to 

evaluate CPP entry is by attaching a fluorescent molecule to the peptide and then 

measuring the fluorescence of the treated cells128. While convenient and capable of 

providing information on the efficiency of entry and localisation once in the cell, it 

provides little information on the actual mechanism of entry.  

1.4.2 KFF3K A Potential Synthetic Drug Delivery Molecule 

 This project utilised a type of synthetic peptide first created by Vaara and 

Porro129 in 1996 called KFF3K. It consists of cationic lysine residues as well as 

hydrophobic phenylalanine residues130. Researchers developed this peptide with the 

aim of sensitising bacterial cells to antibiotics to combat the growing issue of 

antibiotic resistance129. These peptides were synthesised on the solid phase with 9-

fluorenly methoxycarbonyl amino acid derivatives in an automatic peptide synthesiser 

and purified by reversed-phase high-pressure liquid chromatography (HPLC)131. The 

delivery of drugs into bacteria such as E. coli proposed a significant problem due to 

the impermeable cell wall. However, bacteria can be permeabilised by a cationic 

peptide132, which can then act in conjunction with compounds that are biologically 

active but have a poor uptake profile. The peptides were shown to have the desired 

properties of a cell penetrating peptide and ability to translocate across the cell wall. 

KFF3K was then used to deliver nucleic acid drugs in peptide-nucleic acid conjugates, 

in both bacteria and yeast21,133-136.  

These initial discoveries were then applied in vivo in a mouse intraperitoneal infection 

model that showed that mice that were treated with peptide nucleic acids (PNA) 

conjugates 30 minutes before infection with bacteria had significantly reduced 

bacterial load in the blood137. In addition to this, there was a significant reduction in 

serum concentrations of pro-inflammatory cytokine tumour necrosis factor alpha, 
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interleukin-1β, Interleukin-6, and interleukin-12. After the experiment treatment with 

PNA conjugates rescued 100% of mice from the infections. When PNA treatment was 

introduced post bacterial infection, the serum concentration of bacteria was 

significantly lower, with a moderate reduction in pro-inflammatory cytokines in the 

serum. Post-infection treatment was capable of rescuing 60% of the mice from 

infection. This was the first example of usage of cell penetrating peptide-nucleic acid 

conjugates in vivo. From the success KFF3K showed as an antibacterial agent, its 

potential as a therapeutic vector in mammalian cells was then explored. In 2006 a 

study aimed at identifying a more accurate method of assessing cellular uptake of cell-

penetrating peptides showed that KFF3K was capable of translocating across 

mammalian cell membranes with relative efficiency134.  However, the use of KFF3K 

as a molecular vector for the transport of biologically active molecules into the cell 

has not been fully researched, especially in the treatment of cancer.  

This project aims to identify whether or not KFF3K can deliver peptide 

inhibitors capable of decreasing the viability of malignant mesothelioma cells and 

potentially other cancer cell types. It is expected that this project will validate the 

legitimacy of the proposed targets as well as the effectiveness of the peptide drugs 

themselves, as well as the motif used to deliver them. Work from this project will 

increase the understanding of which molecular pathways are relevant to malignant 

mesothelioma cell lines, as well as potential avenues for future treatment options. 

KFF3K will be conjugated to nine peptides each targeting one of the four kinases 

identified in the siRNA screen to be biologically significant to malignant cell lines. 

Each of these kinases has a major role in the cell, and all have previously been linked 

to the development of cancer.   
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2.1 Aims and Objectives  

The siRNA screen performed prior to this project identified four potential 

targets for treatment of malignant mesothelioma. Based on this information, Dr Yaoqi 

Zhou produced a series of peptide-based inhibitors conjugated to a cell-penetrating 

motif, previously shown to be capable of mammalian cell membrane penetration. This 

study aimed to explore the capability of this novel method of treatment, as well as the 

validity of the selected targets. In this project we utilised the mesothelioma cell lines 

MeT-5A and NCI-H28 cells. MeT-5A is a non-malignant transformed cell line. NCI 

H28 is a malignant cell line. In addition, MM-Miller and IST-Mes2 cell lines are both 

malignant cell lines. 

1. To validate the previous screened siRNA targets  

The first aim was achieved by designing individual siRNAs that target areas 

differing from those in the initial screen. These siRNAs were transfected into 

MeT-5A and NCI-H28 cells at a concentration of 40nM. At 48 hours’ post 

transfection an MTT assay were used to assess cell viability. 

2. Assess the ability of the peptides to decrease cell viability of malignant 

cell lines with minimal cytotoxicity 

The second aim of this study was achieved by assessing the capabilities of all nine 

peptides at a concentration of 10M in both NCI-H28 and MeT-5A cell lines. 

Following this, the peptide with the highest potency relative to each target kinase 

was used to create a dose-response curve with concentrations ranging from 100nM 

to 20M. The most potent of these peptides were then tested on two more 

malignant cell lines to ensure it is not an NCI-H28-specific effect. 
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3. To investigate the molecular effects of peptide inhibition downstream of 

the kinases of the target and peptide cell uptake efficiency 

The third aim of this project was achieved by first identifying downstream 

phosphorylation targets of the selected peptide. Then by use phosho-specific 

antibodies, Western blot analysis was used to observe the effect on the pathway 

overall from treatment with the selected peptide. Finally, the capability of the 

treatment to enter the cell was tested by using a FAM-conjugated version of the 

peptide and flow cytometry to determine the percentage of cells that have 

achieved uptake.  

2.3 Research Hypotheses  

Hypothesis for Aim One: 

Hypothesis (H1):  We hypothesise that transfection of individually designed 

siRNAs will result in a significant reduction is cell viability of the NCI-H28 cells 

while sparing the MeT-5A cell lines. Furthermore, treatment with the 9 peptides will 

result in significant decrease in cell viability of the NCI-H28 cells without harming 

the MeT-5A cells 

Hypothesis for Aim Two 

Hypothesis (H1): The most potent peptide will have an equivalent effect in the MM-

Miller and IST-Mes2 cell lines as the NCI-H28 Cell lines 

Hypothesis for Aim Three:  

Hypothesis (H1): The downstream targets of the protein of interest will be 

significantly less phosphorylated after treatment with the selected peptide. 
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Hypothesis (H1): The fluorescence of the cells treated with the FAM-conjugated 

peptide will be significantly increased in comparison to the cells that are untreated. 
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3.0 Materials and Methods 
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3.1 Materials  

The medium used in this study can be found in Appendix A1.1 Table 9.1. 

Table 3.1. 

Cell lines included  

cell Line  Description Source/Reference 

MeT-5A (ATCC® 

CRL-9444™) 

Mesothelium tissue derived from the 

pleural fluids obtained from non-

cancerous individuals. The cells were 

virus transformed using SV40 Virus.   

1989 by R.R 

Reddel et al.138  

NCI-H28 [H28] 

(ATCC® CRL-

5820™) 

A Stage 4 Mesothelioma derived from a 

metastatic site from a 48-year-old male 

Caucasian. 

1976 by JL 

Mulshine et a..139 

MM-Miller  Clinical Samples of Malignant 

Mesothelioma 

 

IST-Mes2  Clinical Samples of Malignant 

Mesothelioma 

 

3.2 Methods  

3.2.1 Cell Culture Protocols  

3.2.1.1 Cell Maintenance  

 Specifications of the used culture media can be found in Table 9.1 in 

Appendix A.1.1 The included cell lines are described in Table 3.1 Cell lines were 

acquired from the American Type Culture Collection (ATCC). All Cell lines were 

maintained at 37⁰C and 5% CO2. Culture media was supplemented with 20% Foetal 
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Bovine Serum (FBS) and 100units/ml Penicillin G, 100µg/ml Streptomycin sulphate 

and 0.29mg/ml L-glutamine (P/S/G). Dulbecco’s Modified Eagle Medium (DMEM, 

GIBCO) was used for both cell lines. 

3.2.1.2 Cell Propagation and Subculturing  

 Confluent cell lines in T-75 tissue culture flasks were washed twice with 

10mL of 1X phosphate buffered saline (PBS) before the addition of 2mLs of 1X 

0.25% Trypsin-EDTA. This was incubated at 37⁰C and 5% CO2 for 5 minutes to 

allow cell detachment from the flask. Trypsin was inactivated by 8mLs of complete 

DMEM culture medium, and then diluted and returned to the incubator (37⁰C and 5% 

CO2) until another passage was required.   

3.2.1.3 Indefinite cell storage  

 For long-term cell storage, cells were detached from the flask and subcultured 

as previously described (Section 3.2.1.2). They were moved to 10mL tubes and 

centrifuged at 400 xg for 5 minutes and washed with 1X PBS. This was repeated 

twice to ensure all traces of culture medium were removed. The pellet was then 

resuspended in 1mL of freezing media containing 3% dimethyl sulfoxide (DMSO), 

and 97% FBS. This was transferred into freezing cryovials (Greiner Bio-one, USA), 

with approximately 1 x 106 cells per phial. Cryovials were stored for 24hrs in a -80⁰C 

freezer before being transferred to liquid nitrogen. To revitalise stored cells, they were 

thawed at 37⁰C and placed in a T-25 tissue culture flask with 4mL of complete 

DMEM medium.  

3.2.1.4 Cell Counting 

 Cells were counted using a haemocytometer as previously described140. 10µL 

of cell suspension derived from methods previously described (3.2.1.2), was 

transferred to a tube containing Trypan Blue (0.4%) at a 1:5 dilution, this is to allow 
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differentiation between viable and non-viable cells. 10mLs of this solution was 

transferred into the haemocytometer chamber. The cells were then counted in each of 

the five fields (the four corners and the centre square in the chamber). The average of 

the five fields was multiplied by five (as per the Trypan Blue dilution factor) and then 

by 1x104. This number was the estimation of cells per 1mL of cell culture. 

3.2.1.5 Detection of Mycoplasma  

 Mycoplasma is known to interfere with multiple experimental procedures141. 

Mycoplasma was detected monthly by taking 500µL of cell culture which was then 

heated to 95⁰C for 10 minutes. Cyclic amplification of the template DNA was 

performed on the Kyratec SuperCycler in 25µL reaction, reaction content is outlined 

in Table 3.2. The cycle consisted of two minutes of 95⁰C, followed by 30 cycles of 

denaturation beginning with denaturation at 95⁰C for 60 seconds, annealing at 60⁰C 

for 30 seconds, and extension at 72⁰C for 30 seconds. A final extension was done at 

72⁰C for 5 minutes. The amplified DNA fragments were separated by use of 

electrophoresis using a 1% agarose 1X TAE gels with ethidium bromide (0.05µL/mL) 

gel. DNA template (15µL) was loaded, and the gels were run at a constant 100 Volts 

for 60 minutes. The DNA was visualised by UV illumination on Gel Doc (Biorad), 

with the size of the DNA products determined by comparison to 100bp DNA ladder 

(500µg/ml) (Biolabs). (Primers in Appendix A.1.1 9.5) 

 

 

Table 3.2 

PCR reaction components  
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Component  

Final Volume (per 

reaction) 

Final 

Concentration  

2X GoTaq Hot Start Green Master 

Mix (Promega)  

12.5 µL 1X 

Mycoplasma Forward Primer 0.5 µL 1µM 

Mycoplasma Reverse Primer 0.5 µL 1µM 

DNA template  0.5 µL ≤ 100ng/reaction 

Nuclease-free dH20  9.5 µL - 

 Final Volume: 25µL  

 

3.2.2 siRNA screen and Transfection of siRNA  

3.2.2.1 Initial siRNA screen  

The primary siRNA screen was run in two parts analysing 1099 different 

genes. First, cells were seeded into 96 well plates, at a density of 600 cells/well. 

Reverse transfection was performed on day 0 at a concentration of 50nM of siRNA 

per well. The first run involved the Druggable Genome of 320 sample genes, and 

controls on NCI-H28 and MeT5A cell lines run in triplicate plates. The second run 

involved the kinome sub-library which includes 779 sample genes and control. As 

with the first run, the screen involved triplicate plates of both NCI-H28 and MeT5A 

cell lines. On day three, 100µL of Resazurin (Sigma Aldrich) was added to each well 

and plates were read two hours post addition. 



37 
 

 

Prof. Nigel McMillan      Ms. Isabella Gore  
 

3.2.3 Optimisation of siRNA Screening Conditions  

3.2.3.1 siRNA Transfection efficiency of MeT-5A and NCI-H28 cell lines 

 Confluent MeT5A and NCI-H28 cells were seeded in a 6-well plate at a 

density of 4x104 cells/well and transfected in duplicate with siGlo transfection 

efficiency reagent (Dharmacon) at 40nM with 3µL of Oligofectamine™. A negative 

control and vehicle only control was used to establish background fluorescence. The 

number of cells effectively transfected with siGlo were counted on the BD 

LSRFortessa™ Flow Cytometer.  

3.2.3.2 siRNA transfection of target genes in MeT-5A and NCI-H28 cell lines 

 Confluent MeT-5A and NCI-H28 cells were seeded into a 96-well plate at a 

density of 10,000 cells/well with DMEM medium containing 10% FBS and 1% L-

Glutamine. siRNA for each of the target genes (LMTK, MAP3K11, PI4K2A, PI4KB 

Sequences in Appendix A.1.1 Table 9.2) was diluted in Opti-MEM™ Serum Reduced 

Media (Gibco), for a final concentration of 40nM, and 3µL of Oligofectamine™ 

(Thermo Fisher Scientific) diluted in Opti-MEM™, was added for each well to be 

transfected. Incubation at room temperature (15-20°C) for twenty minutes was done 

to allow complexes to form. The transfection solution was added to the cells using 

200µL pipette tips, 24 hours post seeding. The transfected cells were incubated in 

Opti-MEM™ for four hours at 37°C and 5% CO2. After incubation, the transfection 

medium was removed and replaced with DMEM medium supplemented with 10% 

FBS and 1% L-Glutamine (Antibiotic-free). Cells were then incubated at the 

previously described conditions for a further 48 hours before further analysis. 
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3.2.3.3 Cell viability analysis of treated cells 

 Following treatment, the media was discarded and cells were washed twice 

with 100µL of 1X PBS. Then 12mM of MTT powder diluted in 110µL of PBS was 

added to each well of the 96-well plate. Cells were then incubated for four hours at 

37°C and 5% CO2 before the solution was discarded and 100µL of DMSO was added. 

This was incubated at the previously described conditions for ten minutes before 

absorbance was read on a FLUOstar OPTIMA microplate reader (BMG LabTech, 

Germany) at a wavelength of 544nm. This data was then analysed using GraphPad 

Prism 6.0.  

3.2.4 Inhibition of Kinases using Cell-Penetrating Peptides  

3.2.4.1 Peptide Generation  

 Peptides were designed computationally. The target proteins were analysed 

and areas of high phosphorylation action were targeted. The targeted areas were then 

mapped and a peptide was developed based on the sequence of the target. The 

resulting peptides were then analysed for efficiency and stability, and the ones with 

the most potential were chosen to be developed and bound to the cell penetrative 

motif  KFF3K. This process resulted in nine peptides in total for the four protein 

targets. Sequences for these peptides can be found in Appendix A.1.1 Table 9.3. 

3.2.4.2 Peptide Inhibition on Cells  

  Confluent MeT5A and NCI-H28 cells were seeded into a 96 well plate at a 

density of 15,000 cells/well in antibiotic-free DMEM supplemented with 10% FBS 

and 1% L-Glutamine. The dried peptide pellet was dissolved in DMSO to a 

concentration of 10mg/mL. Further dilutions were done using serum free DMEM. 24 

hours post seeding the media was removed from the cells and each well was washed 

three times with Hank's Balanced Salt Solution (HBSS) (GIBCO®). Serum-free 
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DMEM supplemented with 1% L-glutamine was added to each well. The peptides 

were added to the wells in various concentrations ranging from 100nM to 20µM in 

quadruplicates. The cells were incubated in the serum free-peptide containing medium 

for 3 1/2 hours. The media was removed and replaced with 100µL of DMEM 

containing 10% FBS and 1% L-Glutamine. Cells were then incubated for a further 48 

hours before cell viability testing was performed as described earlier by MTT (Section 

3.2.2.3), or 30 minutes post serum supplementation for further analysis. 

3.2.5 Phosphorylated Protein Expression Analysis 

3.2.5.1 Protein Extraction using the Radioimmunoprecipitation assay (RIPA) Buffer  

 Cells were scraped from wells and placed in 10mL tubes. Each sample was 

then centrifuged for 5 minutes at 400 xg at 4°C. The pellet was resuspended in cold 

1X PBS and re-pelleted as mention twice more. The supernatant was then discarded, 

and the pellet was resuspended in 500µL of RIPA buffer (Thermo Fisher Scientific) 

and 5µL each of Halt Protease Inhibitor and Halt Phosphatase Inhibitor (Brand, 

Origin). Samples were then stored at -30°C until use for Western blotting.   

3.2.6.3 SDS-PAGE Gel Separation and Western blotting  

Protein Quantification via Pierce BSA Protein Assay was performed as per 

manufacturer's instructions.  Proteins were separated on a SDS-PAGE gel of 10-15% 

depending on the protein of interests size. Protein extracts were placed in 4X 

NuPAGE LDS Sample Buffer (Thermo Fisher Scientific) with 100nM dithiothreitol 

(DTT) before being incubated at 95°C for 5 minutes and spun at 13,000 xg for 1 

minute. Running and blotting of the gel was done as previously described. 

Specifically, SDS-PAGE running buffer was added to the gel and 30µL of each 

sample were loaded into a separate well, with 6µL of Precision Plus Western C 

Standards MW marker (Bio-rad) used to determine protein sizes. The gel was then 

pre-run at 100V for 10 minutes to ensure all samples passed the stacking gel, and then 
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run for 60 minutes at 150V. The protein gel was transferred onto a polyvinylidene 

fluoride (PVDF) membrane (0.22µM Pore, EMD Millipore). The cassette holder was 

loaded with fibre pads, Whatmann filter paper, polyacrylamide gel, PVDF membrane 

(pre-washed in methanol), Whatman filter paper, fibre pad, and transfer buffer. The 

assembled cassette was then placed inside the transfer apparatus which was filled with 

transfer buffer. The transfer was run at 100V for 60 minutes.After transfer, the 

membranes were blocked in blocking solution (5% BSA in TBS-T (0.05%)) for one 

hour with gentle agitations to prevent non-specific binding. The membrane was then 

washed three times for 5 minutes in 1X TBS-T at room temperature. The primary 

antibody specific for the protein target was diluted to 1:1000 in 10mL of blocking 

solution and added to the membrane for overnight incubation at 4°C with gentle 

agitation. The primary antibodies used in this project are Anti-Phospho-MAP2K4 

(Ser257/Thr261) (St Johns Biolabs), and  Anti-phospho-SAPK/JNK (Thr183/Tyr185) and 

The membrane was then incubated in a 1:10,000 dilution of horseradish peroxidase 

conjugated anti-Rabbit IgG secondary antibody, or anti-rabbit IgG (Cell Signalling 

Technologies) in 10mL of blocking solution for 1 hour (Antibodies found in 

Appendix A.1.1 Table 9.4). The membrane was then washed three times in TBS-T for 

5 minutes each and once in dH20. The bands were visualised by use of the ECL 

detection reagent. which was added to the membrane and visualised on the Chemidoc 

XRS Visualiser (Biorad) set to read chemiluminescence Hi Sensitivity. 

3.2.8 Analysis of Cellular Uptake of Peptide  

3.2.8.1 Flow Cytometry Analysis of FAM-Conjugated Peptide in Cells  

Confluent NCI-H28 and MeT-5A cell lines were seeded into a six-well plate at a 

density of 4x105. 24 hours, post-seeding, cells were treated with the FAM-conjugated 

peptide targeting MAP3K11(GenScript) as per previously described (see section 

3.2.5.2). More specifically, the peptide was added to the wells of a 6-well plate in 
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duplicates in DMEM media without serum and antibiotics. This was incubated at 

37°C for three ½  hours, then the treatment media was removed and DMEM 

containing 10% FBS and 1% L-Glutamine was added to the cells. 30 minutes after 

this cells were trypsinized and collected into 10mL tubes. Cells were spun down at 

400 xg for 5 minutes and washed twice with 1X PBS. Samples were then analysed at 

530nm on th FITC laser using the BD LSRFortessa™ Flow Cytometer. 

3.2.9 Statistical Analysis  

Statistical analyses were carried out using GraphPad Prism 6.0 (GraphPad 

Software, La Jolla, CA, USA) To compare between malignant and non-malignant cell 

lines, the values were analysed using an unpaired, two-tailed multiple t-test, showing 

significance if the P-value is < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001).  Results are expressed as means ± standard deviation (SD), unless stated 

otherwise. An example of statistical analyses used is included in Appendix A2. 

ImageJ was used to assess the band intensity in Western blot analysis.  
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4.0 Results  
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4.1 siRNA knockdown of target proteins in vitro 

4.1.1 Initial siRNA screen    

  To identify therapeutic targets for malignant mesothelioma, an initial 

siRNA screen was undertaken by Dr. Alexander Stevenson, Prof Brian Gabreilli and 

Prof Nigel McMillan. Large-scale siRNA knockdown screening was performed on 

non-malignant MeT-5A cell lines and malignant NCI-H28 cell lines. Malignant 

pleural mesothelioma has shown to have several clinical barriers preventing effective 

treatment and patient longevity53, due to the long latency period, late diagnosis, the 

lack of biomarkers, and an absence of discernible therapeutic targets. As such, a 

siRNA screen analysing the cell viability consequences of the knockdown of 1099 

different genes was performed to identify the targets that would be used in this 

project. The siRNA screen using two cell lines, non-malignant MeT-5A and 

malignant NCI-H28 cells, identified several potential targets from the kinome sub-

library and the ‘Druggable’ genome. Of these identified targets PI4K2A, PI4KB, 

LMTK3, and MAP3K11 were selected. Each then had a selection of cell penetrating 

peptides designed for them targeting a series of phosphorylation sites on the target 

proteins.  Each of the target proteins have previously been identified as having 

therapeutic potential either directly, or indirectly in other cancers.  

4.1.2 Validation of siRNA screen with individually designed siRNAs  

4.1.2.1 siRNA design  

 To validate the selected protein targets from the primary screen, individual 

siRNAs were designed to target an area on the mRNA different to that in the initial 

screen. These siRNAs were developed by use of the Integrated DNA Technologies 

(IDT, USA) siRNA design tool and primers were run against the basic local alignment 

search tool (BLAST) on National Centre for Biotechnology Information. Four 
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siRNAs each targeting one of the identified targets was subsequently developed 

(Appendix A.1.1 Table 9.2) 

4.1.2.2 Transfection Efficiency of MeT-5A and NCI-H28 cell lines  

 Before an siRNA assay could be undertaken optimisation of the uptake of 

siRNA was necessary. To assess the transfection efficiency of both cell lines to be 

used in the validation screen, an analysis of the uptake of the transfection indicator 

siGLO with the chosen transfection agent, OligofectamineTM (Thermo Fisher 

Scientific) was performed using flow cytometry. The efficiency of siRNA uptake 

differed between the cell lines, with 80% of NCI-H28 cells being transfected, and 

52.4% of MeT-5A cells being transfected (Figure 4.1 and 4.2). This is a 27.6% 

difference in uptake between the cell lines. These results indicate that transfection for 

the NCI-H28 cells was excellent and transfection was acceptable for the MeT-5A 

cells. 
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Figure 4.1. Efficient transfection of NCI-H28  cells with siRNA.MeT-5A and  NCI-H28 Cell lines were transfected with 40nM of siGlo and incubated for 24 hr before being analysed using 

flow cytometry (570nm PE Laser). A. Untreated cells MeT-5A. B. MeT-5A cells transfected with commercial transfection reagent OligoFectamine™alone. C. MeT-5A Cells transfected with 

40mM siGlo siRNA D. Untreated NCI-H28 cells. E. NCI-H28 cells transfected with commercial transfection reagent OligoFectamine™. F. NCI-H28 cells transfected with 40mM siGlo 

siRNA. Overall transfection efficiency of MeT-5A cells was 52.4% and transfection efficiency of NCI-H28 cells was 80%. This experiment was performed (n=1) 
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4.1.2.3 siRNA knockdown of target mRNA resulted in decrease cell viability for the 

NCI-H28 cells 

Now as it was established that both NCI-H28 and MeT-5A cell lines were 

transfectable, target validation with siRNA was undertaken. RNA interference (RNAi) 

of all the targets was performed with siRNA transfection into cells via 

OligofectamineTM. Cell viability was assessed by the MTT assay. The siRNA was 

used at a concentration of 40nM as this is equivalent to 2mg/kg which is the standard 

concentration used in mice for in vivo experimentation142.  Whilst there was an 

observable trend of the siRNA treatment decreasing the viability of NCI-H28 cells, 

but not MeT-5A cells, only one of the siRNAs displayed a statistically significant 

outcome (Figure 4.2). SiLMTK3, siPI4K2A, and siPI4KB decreased the cell viability 

of the NCI-H28 cells by 20% (80.18 ± 28.034, p > 0.05), 32% (68.37 ± 26.72, p > 

0.05), and 13% (87.7 ± 32.44, p > 0.05) respectively, but this was not statistically 

significant when compared to the MeT-5A cells. On the other hand, siMAP3K11 

displayed a 53% (47.7 ± 15.01, p < 0.05) decrease in cell viability compared to the 

MeT-5A control.  The viability of MeT-5A cells were not significantly affected by 

any of the targeting siRNAs. Importantly, the positive control siRNA, targeting polo-

kinase 1 (siPLK), which is known to induce apoptosis143, decreased NCI-H28 cell 

viability to levels comparable to siMAP3K11 treated cells (Figure 4.2), underlining 

the potent effect of siMAP3K11 treatment.  Importantly, this result showed the lower 

transfection efficiency of Met-5A cells was not a barrier to siRNA-induced loss of 

viability. It also suggested that loss of MAP3K11 resulted in significantly greater loss 

of viability in malignant cells compared to control mesothelial cells. 
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Figure 4.2 siRNA against previously determined targets in mesothelial cell lines have a 

more potent effect on malignant (NCI-H28) than non-malignant (MeT-5A) cells. NCI-

H28 and MeT-5A cells were transfected with 40nM of siRNA and incubated for 72 hours. 

Cell viability was measured by use of MTT cell viability assay and absorbance was measured 

by a spectrophotometer. siPLK was used as a positive control for cell death, and siGFP was 

used as a negative control. Statistical analysis was performed using Graphpad Prism software 

and an unpaired t test. Mean, and the Standard deviation is graphed. α = 0.5, * = p<0.05, ** 

=p<0.01, *** = p<0.001, **** = p<0.0001 Experiment was performed (n=3). 
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4.2 Analysis of Peptide Treatment and Effectiveness  

4.2.1 Peptide generation and selection 

 As there are few inhibitors available on the market for the identified targets a 

novel treatment method was needed. Cell-penetrating, protein-disrupting, peptides 

were utilised in this project, as developed by Dr Yaoqi Zhou. These peptides use a 

motif of ten amino acids rich in arginine and phenylalanine that allows penetration of 

the cell membrane, conjugated to a specifically designed disrupting peptide sequence 

of 18-20 amino acids long to interrupt the targeted proteins activity, generally by 

binding into the active pocket of the kinase domain. These peptides were 

computationally designed by first identifying the structure of the proteins in question 

and regions within them that are most likely to result in protein disruption. Six 

peptides were designed for each protein; these were then narrowed down to the two or 

three most effective based on disruption predictions (Figure 4.5). This resulted in nine 

peptides generated by GenScript Biology (NJ, USA) to be tested against the four 

targets in different mesothelioma cell lines. (Appendix A.1.1 Table 9.3)  
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Figure 4.3 Peptides were successfully designed against the target protein Graphs display 

protein structure prediction with the highlighted regions being the residues targeted by the 

peptide sequences. Figures on the right display physical protein structure with highlighted 
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regions correlating with the peptide targeting region. A PI4KB B. PI4K2A C. MAP3K11 D. 

LMTK3. Data generated by Dr Yaoqi Zhou, Institute of Glycomics. 

4.2.1 Initial analysis of all peptides in MeT-5A and NCI-H28 Cell lines 

Due to the time constraints of this project all nine of the provided peptides 

could not be studied. Therefore, only the most promising candidates were selected for 

this work. To identify the cell penetrating peptide that had the most potent effect, both 

MeT-5A and NCI-H28 cell lines were treated with a high concentration (10µM) of 

each CPP. This concentration was determined based on a previous work done in 

bacteria and adjusted accordingly to suite mammalian cells.  Most of the peptides had 

a significant effect on the viability of the NCI-H28 cells, but not the non-malignant 

MeT-5A cells (Figure 4.5). The two CPPs targeting MAP3K11, MAP3K11.H2 and 

MAP3K11.H3, reduced the viability of NCI-H28 cells by 57% (37.24 ± 4.54, P = < 

0.001) and 44% (54.43 ± 5.88, P = < 0.001) respectively when compared to the non-

malignant MeT-5A cells.  This was consistent with the siRNA results above. There 

was also a significant decrease in viability of the NCI-H28 cells observed by both the 

CPPs targeting PI4K2A, PI4K2A.H6 and PI4K2A.H4 by 60% (32.7 ± 2.14. P = < 

0.01) and 44% (47.03 ± 4.20, P = < 0.01) when compared to the MeT-5A cells. In 

regards to the CPPs targeting LMTK3, only one CPP, LMTK3.H3, had a significant 

effect, decreasing viability of the NCI-H28 cells by 58% (32.269 ± 2.137, P = < 0.01) 

in comparison to the MeT-5A cells, whilst LMTK3.H4 did not change viability 

significantly at all. Two of the peptides targeting PI4KB resulted in significant cell 

death of the NCI-H28 cells, with one, PI4KB.H6 causing a moderate, 44% (46.2 ± 

5.138, P = < 0.01) decrease in cell viability in comparison to the MeT-5A cells. 

PI4KB.H4 had a highly significant effect on the NCI-H28 cells with a 55% (39.34 ± 

3.8, P = < 0.001) decrease in cell viability in comparison to the NCI-H28 cells. 
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PI4KB.H5 had no significant effect on the NCI-H28 cells. None of the CPPs 

significantly decreased the viability of the MeT-5A cells. An unconjugated version of 

the cell penetrating motif, KFF3K, and non-targeting peptide, KFF-EcH3, were used 

as controls to test the cytotoxicity of the motif itself. Neither of these controls had a 

significant effect on either cell lines. Overall, this data showed that many of the CPPs 

do result in cell death of the NIH-H28 cell line, while the controls indicated that the 

CPP motif itself is not cytotoxic, suggesting the protein targeting portion of the 

peptides were exerting the observed effect in cell viability by protein inhibition. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Most KFF3K Bound Peptide Inhibitors have a significantly more potent effect 

on cell viability of NCI-H28 cell lines in comparison to MeT-5A cell lines. NCI-H28 and 

MeT-5A cell lines were treated with 10µM of each peptide inhibitor. Cell viability was 

measured via MTT assay 48 hours’ post-treatment. Unbound KFF3K and a non-specific target 

KFF-EcH3 were used as controls to assess the cytotoxic effect of KFF3K. Error Bars are 
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standard deviation (SD) from three independent experiments.  Statistical analysis was 

performed using Graphpad Prism software and an unpaired t test. Mean, and the Standard 

deviation is graphed. α = 0.5, * = p<0.05, ** =p<0.01, *** = p<0.001, **** = p<0.0001. The 

experiment was performed (n=3).  

4.2.2 Dose-Response for Screened Peptides in different Mesothelioma Cell Lines  

 

One peptide for each target with the most potent cell death effect on NCI-H28 

cells (Figures 4.5-4.8) was selected to perform a dose-response analysis. This 

selection was based on the data in figure 4.4, where for each of the target proteins, the 

peptide with the most significant effect on cellular viability was chosen. If there was 

more than one peptide that showed a similar level of potency then the selection was 

applied randomly.   The selected CPPs were MAP3K11.H2, PI4K2A.H6, 

LMTK3.H3, and PI4KB.H4. Additional malignant mesothelioma cell lines, MM-

Miller, and IST-Mes2 were also included to further investigate the potency of the 

selected CPPs. Cells were treated with varying concentrations of each peptide ranging 

from 100nM to 20µM. From this data, a half maximal inhibitory value (IC50) value, 

the concentration of a drug required to result in 50% cell death, was calculated. 

MAP3K11.H2 displayed the most potent effect across the malignant cell lines.  

However, it was noted that the NCI-H28 cell line was by far the most sensitive to 

treatment (Figure 4.5), a trend noted for most of the peptides examined. The IC50 

value for the NCI-H28 cells was 4.5µM; the only other cell line to reach a 50% 

reduction in viability was the MM-Miller cells which had an IC50 Value of 16.2µM.  

The other CPPs were less potent across cell lines and showed minimal difference 

between the malignant and non-malignant cell lines. PI4KB.H4 (Figure 4.7) (had an 

IC50 of 10.1µM whilst none of the other three cells lines reached 50% viability. In 
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regards to LMTK3.H3 (Figure 4.8) the most potent effect was seen on the MM-Miller 

cell line which had an IC50 8.53µM, however the effect plateaued after this point. 

Finally, PI4K2A.H6 (Figure 4.6) affected NCI-H28 cells the most potently with an 

IC50 of 9.4µM. From these results, the most potent molecule in our screen is 

MAP3K11.H2, consistent with our siRNA results. As it is now understood that 

MAP3K11.H2 can decrease the viability of NCI-H28 cells, the next phase was to 

examine which pathway this cell death may be operating through. 

 

 

 

 

 

 

 

 

Figure 4.5 Treatment with MAP3K11.H2 resulted in the loss of cell viability in NCI-H28 

cells and MM-Miller cells, but not MeT-5A cells. NCI-H28, MM-Miller, IST-Mes2 and 

MeT-5A cell lines were treated with MAP3K11.H2 in varying concentrations ranging from 

100nM to 20µM of each peptide inhibitor Cell viability was measured via MTT assay 48 

hours’ post-treatment. NCI-H28 IC50 = 4.5µM, MeT-5A IC50 = not determined, MM-Miller 

IC50 = 16.2µM, IST-Mes2 IC50 = not determined. Data points represent concentrations. The 

mean and standard deviation  of the mean are graphed (figure representative of n = 3 

independent experiments). 
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Figure 4.6 Treatment with PI4K2A.H6 resulted in the loss of cell viability in NCI-H28 

cells but not MeT-5A, IST-Mes2, and MM-Miller cells. NCI-H28, MM-Miller, IST-Mes2 

and MeT-5A cell lines were treated with PI4K2A.H6 in varying concentrations ranging from 

100nM to 20µM of each peptide inhibitor Cell viability was measured via MTT assay 48 

hours’ post-treatment. NCI-H28 IC50 = 9.4µM, MeT-5A IC50 = not determined, MM-Miller 

IC50 = Not determined, IST-Mes2 IC50 = not determined. Data points represent concentrations. 

The mean and standard deviation  of the mean are graphed (figure representative of n = 1 

independent experiments). 
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Figure 4.7 Treatment with PI4KB.H4 resulted in the loss of cell viability in NCI-H28 

cells and, but not MeT-5A, MM-Miller, and IST-Mes2 cells. NCI-H28, MM-Miller, IST-

Mes2 and MeT-5A cell lines were treated with PI4KB.H4 in varying concentrations ranging 

from 100nM to 20µM of each peptide inhibitor Cell viability was measured via MTT assay 48 

hours’ post-treatment. NCI-H28 IC50 = 10.1µM, MeT-5A IC50 = not determined, MM-Miller 

IC50 = Not determined, IST-Mes2 IC50 = not determined. Data points represent concentrations. 

The mean and standard deviation  of the mean are graphed (figure representative of n = 1 

independent experiments). 
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Figure 4.8 Treatment with 

LMTK3.H3 resulted in the loss of cell viability in MM-Miller cells, but not NCI-

H28, IST-Mes2, and MeT-5A cells. NCI-H28, MM-Miller, IST-Mes2 and MeT-5A 

cell lines were 

treated with LMTK3.H3 in varying 

concentrations ranging from 100nM to 20µM of each peptide inhibitor Cell viability was 

measured via MTT assay 48 hours’ post-treatment. NCI-H28 IC50 = Not determined, MeT-5A 

IC50 = not determined, MM-Miller IC50 = 8.3µM, IST-Mes2 IC50 = not determined. Data 

points represent concentrations. The mean and standard deviation  of the mean are graphed 

(figure representative of n = 1 independent experiment. 

 

4.2.3. Analysis of MAP2K4 Ser/Thr Phosphorylation state  

 As MAP3K11.H2 is a chemical inhibitor, there should be no effect on the 

protein expression of the MAP3K11 itself after treatment.  However, the downstream 

pathway it is involved in may be affected. MAP3K11 is an activator of many 

downstream kinases in the MAP kinase pathway (Figure 1.7). For example, MAP2K4 

has previously been identified as a direct target of MAP3K11144. Whilst there are 

many other targets, the exact phosphorylation site targeted by MAP3K11 for 

MAP2K4 (Ser257/Thr261) is known144,145. Therefore, an antibody specific for this site 

was used to identify changes in the phosphorylation status. Cells were treated in 

serum-free media for three hours before 10% FCS was added for 30 minutes before 
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protein was extracted for analysis by Western blot. As the peptides are not serum 

stable, treatment occurred in serum-free media.  Band intensity was then quantified 

using ImageJ software. MAP2K4 Ser257/Thr261 had a slightly higher basal level of 

phosphorylation in the NCI-H28 cells in comparison to the MeT-5A cells. Serum-free 

media decreased phosphorylation in all cell lines in comparison to controls except of 

MM-Miller, where it was relatively unchanged. Treatment with KFF:MAP3K11.H2 

generally decreased phosphorylation of MAP2K4 in comparison to the control for that 

cell line  (MeT-5A = 48%, NCI-H28 = 70%, IST-Mes2 = 23%, MM-Miller =27%). In 

conclusion, treatment with MAP3K11.H2 reduces the phosphorylation state of 

MAP2K4, indicating the peptide was specifically inhibiting the ability of the target 

protein to phosphorylate downstream targets.  
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Figure 4.9 Treatment with KFF:MAP3K11.H2 decreased phosphorylation of MAP2K4 at  

Ser257/Thr261 Cells were treated as previously described in serum free media for three ½ 

hours, then serum supplemented (10% FBS) 30 minutes before extraction with RIPA buffer. 

An untreated control and an untreated control also in serum-free media were utilised. A. MeT-

5A and NCI-H28 cells showed a decrease in phosphorylation of MAP2K4 in both the serum 

free control and the treated extracts. B. IST-Mes2 and MM-Miller Cells showed a decrease in 
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phosphorylation for serum free for the IST-Mes2 Cells, but an increase in the Miller cell lines. 

The treated samples both showed a reduction in phosphorylation. B-Actin was a loading 

control. Images are from one separate experiment. Each cell line was stripped and re-probed 

for both phospho-antibody resulting in the use of one loading control. Experiment was done 

once. 

4.3.4. Analysis of SAPK/JNK Thr/Tyr Phosphorylation state  

  As established, MAP3K11 is an upstream regulator of the JNK 

pathway, and as the CPP MAP3K11.H2 influences the phosphorylation of a direct 

activator of JNK, MAP2K4, this effect may translate to a decrease in phosphorylation 

of JNK. JNK has two splicing isotypes, a 46kD and a 54kD which are both 

phosphorylated MAP2K4 at Thr183/Tyr185144. JNK is strongly implicated in many 

cancers due to both its pro-survival and pro-apoptotic functions.  We therefore 

investigated the phosphorylation status of JNK in MeT-5A, NCI-H28, MM-Miller, 

and IST-Mes2 cells. There is a distinctive difference in phosphorylation of both 

isotypes in the untreated cells (Figure 4.10). The 54kD isotype was expressed 5.7 fold 

more in the MeT-5A than in NCI-H28 cells. In regards to the 46kD isotype the MeT-

5A similarly showed a higher expression basally being 6.4 fold more expressed than 

the NCI-H28 extract, Serum-free media decreased phosphorylation in all cell lines for 

the 54kD isotype in comparison to their respective controls (MeT-5A = 94%, NCI-

H28 = 75%, IST-Mes2 = 25%, MM-Miller = 27%). Similarly this was seen for the 

46kD isotype (MeT-5A = 96%, NCI-H28 = 14%, IST-Mes2 = 8%, MM-Miller = 

81%). Treatment with KFF:MAP3K11.H2 decreased phosphorylation of JNK for both 

isotypes in the MeT-5A (54kD = 94%, 46kD = 95%) and the NCI-H28 cells (54kD = 

75%, 46kD = 53%)  in comparison to the control . However, this was not the case for 

the MM-Miller and IST-Mes2 cell lines. These results demonstrate that the inhibition 

of MAP3K11 by the inhibitor MAP3K11.H2 results in a decrease in phosphorylation 
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of JNK in the MeT-5A and NCI-H28 cells; however this effect is not seen for the 

MM-Miller and IST-Mes2 cell lines. 
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Figure 4.10 Figure 4.7 Treatment with KFF:MAP3K11.H2 decreased phosphorylation of 

JNK at  Thr183/Tyr185 Cells were treated as previously described in serum free media for three 

½ hours, then serum supplemented (10% FBS) 30 minutes before extraction with RIPA 

buffer. An untreated control and an untreated control also in serum-free media were utilised. 
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A. MeT-5A and NCI-H28 Cell showed a decrease in phosphorylation JNK in both the serum 

free control and the treated extracts for both isotypes. B. IST-Mes2 and MM-Miller Cells 

showed a reduction in phosphorylation for serum-free for the MM-Miller, but an increase in 

the IST-Mes-2. The treated samples IST-Mes2 showed an increase in phosphorylation of the 

54kD isotype and decrease in the 46kD isotype. The treated MM-Miller sample had an 

increase in both isotypes. β-Actin was used as a loading control. Images are from one 

experiment. Each cell line was stripped and re-probed for both phospho-antibody resulting in 

the use of one loading control. Experiment was done once..  

4.3 Peptide Uptake  

4.3.1 Uptake efficiency of KFF3K into MeT-5A and NCI-H28 Cell Lines  

Next, we wanted to assess the ability of the peptide to penetrate the cell 

membrane and enter the cytoplasm. This was done by conjugating Fluorescein (FAM) 

to KFF:MAP3K11:H2. The peptide that had previously been shown to effect cell 

viability and decrease the phosphorylation of two downstream inhibitors in some cell 

lines (Figures 4.9 and 4.10). MeT-5A and NCI-H28 cell lines were treated with the 

FAM-conjugated peptide in the same manner as the non-conjugated peptide. After 3 

½ hours post treatment, cells were trypsinised and washed with 1X PBS to remove 

any peptide bound to the membrane. Both cell lines were very efficient at taking up 

CPPs, with >98% of cells doing so for both peptides (Figure 4.10). There was a 

distinctive difference in the level of cell debris between the two cell lines with the 

NCI-H28 cells having a higher level of cell death. This was not surprising as NCI-

H28 cells were more sensitive to the peptide treatment (Figure 4.4). This high 

efficiency can be attributed to the high level of cell death as well as the harsh gating 

performed on the analysis. However, the data still displays that KFF3K is efficient in 

its internalisation into the cell and therefore the previously seen effects of the selected 

peptide can be verified. In conclusion this shows the cell penetrating motif KFF3K is 
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capable of internalisation into the cell with cargo. This confirms that the inhibitory 

molecule KFF:MAP3K11.H2 is being internalised.  
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D 
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F 

Figure 4.11. Efficient Uptake of KFF3K:MAP3K11:H2 into NCI-H28 Cells. NCI-H28 Cell lines were treated with 4.5uM of FAM:MAP3K11.H2 and measured using flow 

cytometry 4 hours post treatment. A. MeT-5A Untreated cells. B. MeT-5A Cells transfected with the non-fluorescing peptide. C. MeT-5A Cells treated with fluorochrome conjugated 

peptide D Untreated cells. E. Cells transfected with the non-fluorescing peptide. F. Cells treated with fluorochrome conjugated peptide Overall uptake efficiency of MeT-5A cells was 

99.1%. Overall uptake efficiency of NCI-H28 cells was 97.8%. This experiment was repeated once..  
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Malignant Mesothelioma is an incurable malignancy of the pleura1,2. It is 

intrinsically linked to exposure to asbestos4, a mineral fibre still found in many 

buildings and homes to this day and has yet to illicit a worldwide ban34. With the 

incidence of asbestos expected to rise over the next twenty to one hundred years, a 

viable treatment option is more pertinent than ever. Currently, no treatment, whether it 

is chemotherapy, radiotherapy, or surgery can significantly improve prognosis or life 

expectancy, and currently works only to alleviate symptoms10. Therefore, effective 

therapeutic targets are necessary to identify new methods and applications of 

treatment.  

A major struggle in the treatment of MM is a difficulty in identifying treatment 

targets. The use of siRNA screens has been integral to the identification of targets 

across a variety of diseases. As tumour cell initiation is generally the result of 

overexpressed or under expressed genes due to a genetic mutation, the use of siRNA 

screens has been of a great benefit to the field of research. Once targets have been 

identified, the method of inactivation/activation is the next major hurdle to the 

development of a treatment protocol. For many proteins implicated in cancer, there 

are no specific drugs available, or there are great challenges involved with delivery of 

drugs into the cell. 

 To address the lack of therapeutic targets, a functional siRNA screen of 1099 

different genes was performed on two cell lines, a malignant cell line (NCI-H28) and 

a non-malignant transformed cell line (MeT-5A). This yielded four potential kinases 

to be used in this work that would be investigated for their potential as therapeutic 

targets. None of these targets have been previously identified for malignant 

mesothelioma, but all have been implicated, either directly or indirectly, in some form 

of cancer. From the initial screen, a secondary screen with individually designed 
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siRNAs was performed to validate these proteins as therapeutic candidates. To 

address the lack of verified specific inhibitors for these targets, Dr Yaoqi Zhou from 

the Institute of Glycomics, Griffith University developed nine peptide inhibitors with 

a cell penetrating motif (KFF3K) to attempt to inhibit these proteins, to ultimately 

result in cell killing. This panel of nine CPPs were screened for the most effective 

candidate. Phospho-specific antibodies for the downstream targets of the selected 

peptide were utilised to study the effect on the pathway involved by Western blotting. 

Flow cytometry was then utilised to analyse a fluorochrome tagged version of the 

peptide, and its uptake efficiency into the cell. 

5.1 Secondary siRNA results showed trend towards initial screen data  

The siRNA screen performed prior to the beginning of this thesis identified 

four proteins, MAP3K11, LMTK3, PI4KB, and PI4K2A. Therefore, the first aim of 

this project was to validate the results of this siRNA screen and determine the 

legitimacy of these proteins as therapeutic targets. To accomplish this, four individual 

siRNAs were designed using the siRNA design tool of IDT. This resulted in four 

siRNAs designed to target different areas of the mRNA transcript than the ones 

utilised in the screen. Prior to treatment with these siRNAs, siGLO was used to 

understand the transfectability of the two cell lines MeT-5A and NCI-H28. This 

showed the both cell lines were transfectable. However, there was a 27% discrepancy 

between the cell lines. The MeT-5A cells had lower transfection efficiency than the 

NCI-H28 cells. This discrepancy may be due to mycoplasma141, which is an 

intracellular bacterial infection that is known to reduce the transfectability of the cells. 

However, cells were frequently tested for mycoplasma throughout experimentation, 

including post-revival from liquid nitrogen, prior to any experimental work, and as 

such, this possibility is insignificant. It is theorised, however, there can be a variation 
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in siRNA transfection efficiency between cancerous and non-cancerous cells, but the 

mechanism behind this is currently unknown. Despite the lower transfection 

efficiency, the MeT-5A cells were significantly more affected by siPLK1, than the 

NCI-H28 cell lines. This confirms that the siRNA machinery is functional within the 

MeT-5A cells. This higher level of cell death is interesting with the knowledge of 

lower transfection efficiency for the MeT-5A cells. This suggests that the NCI-H28 

cells may be more resistant to cell death by the knockdown of PLK-1. This could be 

linked to its malignant profile.  

Once the transfectability of the cells was confirmed, the validation screen was 

performed. This was done with siRNAs designed separately from the ones in the 

initial screen, and effectiveness was quantified by analysing cell viability with an 

MTT assay. Overall, only one of the siRNAs, MAP3K11, produced a significant level 

of cell death in the NCI-H28 cells in comparison to the MeT-5A cell lines (Figure 

4.2). Though not significant, a definite trend is evident across all the targeting siRNAs 

which shows a general decrease in the viability of the NCI-H28 cell lines. The MeT-

5A cells were unaffected by all targeted siRNA treatment. This further confirms that 

MAP3Kll important to the maintenance of the malignant NCI-H28 cells as previously 

suggested from the primary siRNA screen.  

Variability in siRNA potency is a well-observed phenomenon, in which some 

siRNAs, targeting the same gene, even near of each other, may differ drastically in 

effectiveness146,147. Usually, only a small pool of randomly selected siRNAs will 

result in a significant knockdown146. This variation in siRNA potency has been linked 

to a potential decrease in recognition due to the secondary and tertiary structure of the 

RNA of the target site147. Furthermore, a single mismatched nucleotide can render the 

siRNA silencing effect obsolete148. This highlights a need to select several conserved 
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target sites to reduce mRNA inhibition. To truly test the validity of each of the targets 

a panel of siRNAs targeting different regions in the genome would be required. Since 

this was not explored in this work, the discrepancy between the initial screen data and 

secondary screen data cannot definitively identify all the proteins as targets, but can 

also not rule them out. In addition to this, due to time constraints Western blot 

analysis was not performed to confirm that the siRNAs used resulted in the reduction 

of the expression of the target protein. Due to this, it is not accurate to say that the 

perceived cellular effects are definitively caused by RNAi of the targets. True 

validation of this data would require this control figure.  

5.2 Most CPPs reduced the cell viability of the NCI-H28 Cells 

Whilst the siRNA validation screen did not produce significant results for all 

the targets, there was a distinct trend towards cell death for all the siRNAs in NCI-

H28 cells. Furthermore, the effectiveness of siRNAs is linked to many variables not 

considered for this study. Therefore, it was decided to continue investigation of these 

kinases as therapeutic targets. To achieve the second aim of this thesis, the 

effectiveness of the panel of nine peptides was assessed based on their ability to 

reduce cell viability in NCI-H28 cell lines quantified using an MTT assays. However, 

it was noted early on, by Dr Yaoqi Zhou, that the peptides are relatively unstable and 

their stability in serum is less than seven minutes before they begin to break down and 

lose their biological activity. For this reason, experiments with the peptides had to be 

carried out in serum free media.  The purpose of this screen was to identify four 

peptides, one for each of the molecular targets to pursue for further investigation. 

Most of the peptides induced a significant level of cell death in the NCI-H28 cell 

lines, and none reduced the cell viability of the MeT-5A cells (Figure 4.4). There was 

some variability within targets. For example, two of the peptides targeting PI4KB 
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were highly effective at reducing cell viability of NCI-H28 cells compared to MeT-

5A, while the third peptide had no effect on either cell line, despite these all targeting 

the same kinase.  It is important to note that the full structure of the proteins in 

question is not entirely understood. Phosphorylation specificity for protein kinases is 

dependent on the primary amino-acid sequences adjacent to the phosphorylation 

site149. Peptides that mimic these sequences can act as competitive inhibitors for the 

substrate site. This may suggest that the positions for both PIK4B.H5 and LMTK3.H4 

are ineffective at reducing the activities of the proteins. Alternatively, the targets may 

not be correct as the siRNA data was not validated with Western blot analysis of 

protein expression after transfection. Due to this the targets cannot be definitely 

confirmed and it is not possible to rule out unintended and off target effects as a 

possibility.  

5.3 KFF.MAP3K11.H2 is the most potent inhibitor  

Across the results, the siRNAs and CPPs targeting MAP3K11 resulted in a 

more significant magnitude of cell death than any other inhibitor used.  Initially, in the 

validation siRNA screen, it was the only knockdown to result in cell death. 

Furthermore, in the initial peptide screen, both CPPs targeting MAP3K11 resulted in a 

highly significant reduction in cell viability. To validate the effectiveness of the 

peptide inhibitors, KFF: MAP3K11.H2 was selected to assess whether it is dose-

responsive. This experiment demonstrated that it is both highly potent at relatively 

low concentrations, as well as being dose effective to a degree of 90% loss in cell 

viability in NCI-H28 Cell lines. These results suggest that MAP3K11 is critical to the 

sustainment of NCI-H28 cancer cells, and not for the MeT-5A cell lines. Due to time 

constraint the other peptide inhibitor for MAP3K11, KFF:MAP3K11.H3, was not 

analysed, this may be an interesting avenue for future research.  
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The MAPK pathway consists of several components and phosphorylation events that 

have been linked to tumorigenesis150 (Figure 1.7). This pathway regulates several 

critical cell functions, including proliferation, apoptosis, and senescence151.  

MAP3K11, also known as Mixed-lineage kinase (MLK3), is a member of a 

serine/threonine kinase family that is a positive upstream regulator of the 

MAPK8/JNK pathway144. Furthermore, it is known directly activate IκB kinase and is 

believed to be involved in the transcriptional activity of NF-κB152.  It also is indirectly 

involved in mitogen-stimulated phosphorylation and activation of B-RAF153. Thus, 

functions as an important aspect of the mitogen and stress signalling pathway. It 

potentially serves a role in the survival and sustainment of cancer cells, and as such 

has been implicated as a regulator of cancer growth. Previously Whitmore et al. 

Reported that MAP3K11 knockdown with siRNA decreased the growth of prostate 

cancer cell lines at levels similar to those seen in this project93. This suggest the 

results from this project further establish MAP3K11 as a potential oncogene. 

Three other peptides were tested for their dose-effectiveness, and despite causing 

significant cell death in the peptide screen in the NCI-H28 cells, they were found not 

to be particularly potent when tested in a dose-responsive manner. These peptides 

were PI4KB.H4, LMTK3.H3, and PI4K2A.H6. The reason for this discrepancy may 

be the lack of repeats performed on the dosage curves for these CPPs, as attention was 

drawn immediately to MAP3K11.H2 when it was shown to be potent.   

5.4 Treatment with KFF:MAP3K11.H2 reduces phosphorylation of downstream 

substrates 

CPPs targeting MAP3K11 proved to influence cell viability for the malignant 

cell line NCI-H28. However, this does not confirm that this is due to a 

downregulation of the enzymatic activity of the protein itself. MAP3K11 has many 
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downstream phosphorylation targets including MAP2K4, MAP2K7, and JNK155. 

Therefore, the enzymatic activity of MAP3K11 can be investigated by analysing the 

phosphorylation state of the downstream targets post treatment with 

KFF:MAP3K11.H2. To do this, phosphospecific antibodies for MAP2K4 and JNK 

were used to understand the effect that MAP3K11 inhibition has on the 

phosphorylation state of these substrates. These results (Figure 4.7 & 4.8) showed that 

in both the MeT-5A and NCI-H28 cells phosphorylation of MAP2K4 and JNK were 

reduced. Whilst serum starvation also reduced phosphorylation; this was not as 

significantly reduced as the treated cell lines. Multiple bands were present in both 

blots. This is common when probing with phosphospecific antibodies, as they tend to 

also bind to other post-translational events in the cell of the same protein, which will 

often appear heavier. 30 minutes prior to extraction, both the treated and serum-free 

control cells were supplemented with serum. As the serum starved extract displayed a 

higher level of phosphorylation, this suggests that serum deprivation reduces the 

phosphorylation of MAP2K4 and JNK, but serum re-addition may trigger normal 

phosphorylation in the untreated cells. However, 30 minutes may not have been long 

enough for the cells to recover fully. This is contrary to results obtained in human 

kidney cells which Condorelli et al. showed serum starvation did not affect the 

phosphorylation154. This may highlight the difference between cancer cells and non-

cancer cells in their activation and expression of JNK.  JNK has been implicated as 

both a pro-apoptotic and pro-survival kinase, and its activity seems to rely on the 

duration of over/under expression, stimulus, as well as the cell type156. The effect of 

serum starvation on the phosphorylation state of MAP2K4 has not been extensively 

researched; however, these results suggest a decrease in phosphorylated MAP2K4. As 

with JNK, MAP2K4 has been described as both pro-oncogenic, and pro-apoptotic, 
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depending on cancer type and stimulus. Treated extracts for both cell lines revealed a 

reduction in phosphorylation of both MAP2K4. A study by Cunningham et al. 

showed that the deletion of MAP2K4 created a more sensitive cancer phenotype that 

produced fewer lung metastases in vivo, however, this effect was not visible in 

vitro157.  Evidence suggests however, that malignant mesothelioma tumour initiation 

is linked to the inflammatory cytokines produced as a result of MAP2K4 activation of 

JNK via TLR442,59. This is contradictory for many cancers, as it is thought that JNK 

and its substrates and activators are tumour suppressors, and often under-expressed in 

malignant phenotypes158. The reduction in phosphorylation of MAP2K4 is likely 

linked to the decrease in phosphorylation of JNK. Furthermore, this reduction in 

phosphorylation was also seen in the MeT-5A cell lines, which suggests the activity 

of MAP3K11, and therefore MAP2K4 and JNK is not necessary for the maintenance 

of growth in these cells. This may infer differential expression; however, that was not 

investigated in this thesis. This lack of cell death in the MeT-5A cell lines may be 

linked to the many roles and activators of the MAPK pathway. Knocking down 

certain aspects of the pathway have been linked to both a decrease and increase in 

proliferation153. This may indicate that the malignant phenotype of MM is linked to 

changes in this pathway. This correlates with the theory that TLR4 activation by 

HMGB1 is intrinsically linked to tumour initiation of MM cells. The TLR4 pathway 

leads to the activation of JNK and the release of inflammatory cytokines, which 

eventually leads to DNA damage and a malignant phenotype in mesothelial cells42. 

Overexpression of HMGB1 then establishes an autocrine loop that increases the 

survival of these malignant cells. The decrease in cell viability of the treated cells in 

this study may represent a disruption in this cycle that ultimately results in death of 

the malignant cells.  
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Whilst MLK3 positively regulates JNK, it is also essential for the activation of the 

ERK pathway. Chadee et al. reported that knocking down MLK3 using RNAi resulted 

in a reduction in activation of the ERK1 protein159. Sustained ERK 1/2 activation is 

required for cell proliferation160 and overactive ERK1 protein may be linked to cancer 

sustainment161. This study investigating MLK3 knockdown with RNAi also reported a 

decrease in phosphorylated JNK. In conjunction with a general decline in 

phosphorylation events for the MAPK/ERK pathway, and reported that silencing of 

MLK3 also prevented serum-stimulated cell proliferation. The work of this thesis 

project did not explore the effect of KFF:MAP3K11.H2 on ERK1 and 2, but the 

inhibition of this pathway may also be responsible for cell death in the NCI-H28 cell 

lines. The results from this project further confirm that the MAPK pathway is 

incredibly complex in its role in cancer. It seems that inhibition of certain aspects of 

the MAPK pathway can lead to proliferation, where other aspects may lead to cell 

death.  

5.5 KFF:MAP3K11.H2 did not significantly reduce the viability of MM-Miller 

and IST-Mes2 Cells 

Heterogeneity in cancer is the existence of varied subpopulations of cells with 

distinctive phenotypes and genotypes that may differ from the understood biological 

activity of the cancer162. As gene sequencing has become more popular and 

accessible, the extent of both intra-, and inter-tumour heterogeneity has become more 

understood. Recently, tumour heterogeneity has been increasingly relevant as an 

explanation for chemo-resistance, as well as variability in cancer prognosis. In vitro163 

and in vivo164 work has shown that tumours of the same cancer type can vary wildly in 

expression profile, this is thought to be linked to treatment response.  It is becoming 

more and more evident that cancer treatment needs to become more versatile patient 

to patient to continue effectiveness.   
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In regards to malignant mesothelioma, prognosis is usually linked to the 

morphological phenotype of the tumour; however, the molecular mechanisms of 

tumour regulation are poorly understood. Furthermore, drugs that prove success in 

cell lines, very rarely translate this success in animal experiments, and clinical trials53. 

This may be due to variability in the phenotype and genotype between cell lines. 

Morphologically, there were distinctive differences seen between the malignant cell 

lines. NCI-H28 cell lines appeared larger, and longer in shape, whilst the IST-Mes2 

and MM-Miller cells were visibly smaller and rounder. There was also a variation in 

time between cell propagation with the NCI-H28 cells taking significantly longer to 

reach confluency (Data not shown). This suggests a variation in the phenotype 

between these cell lines, which may infer a genetic variation. Morphological 

differences in mesothelioma cell lines have been previously documented. For 

example, two cell lines established from the same patient displayed differing in vitro 

growth patterns165. Genetic analysis then revealed differing genomic structures that 

may have been linked to this growth pattern. This suggests that a morphological and 

phenotypical difference in cell lines may be linked to a variation in the genome. 

 In figure 4.6 A, there is a noticeable difference in dosage-response between cell lines 

for MAP3K11.H2. Whilst it is shown to be significantly potent in NCI-H28 cell lines, 

both the MM-MMiller and IST-Mes2 cell lines response more closely resembles that 

of the non-malignant MeT-5A cell line. This infers that whilst MAP3K11 is a potent 

inhibitor of NCI-H28 cell growth; this is not translatable to other malignant cell lines. 

Similarly, it can be noted, that phosphorylation patterns of the downstream inhibitor 

after treatment were far less consistent that that of the MeT-5A, and NCI-H28 cell 

lines. This may suggest a difference in protein expression between cells. However, 

this cannot be confirmed without further protein and gene expression analysis. In 
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addition, the delivery vehicle, KFF3K, might be cell type-selective, and therefore it 

did not efficiently deliver the treatment into MM-MMiller and IST-Mes2 cells. This 

cannot be ruled out without a thorough characterisation of the affinity and the 

penetration capacity of KFF3K across all mesothelioma cell lines. Whilst 

MAP3K11.H2 may be a strong inhibitor of NCI-H28 cell growth, its potential as a 

therapeutic must be closely scrutinised. MAP3K11 as a molecular target may have 

potential. However, it is important to note that tumour heterogeneity plays a 

significant part in treatment success. The data from this thesis highlights that 

molecular targets can vary significantly between cell lines of the same malignancy 

and that this may suggest a personalised medicine approach to the treatment of 

malignant mesothelioma, as has been suggested for many other cancer types166. 

5.6 KFF, A potential delivery vehicle 

 In principle, an ideal delivery system should selectively deliver the maximal 

amount of the cargo to the target organ with a minimal systemic retention. Hence, 

designing an effective delivery system seemed to be the bottleneck for most therapies. 

Several viral and non-viral delivery methods have previously been evaluated; with a 

few advantages and disadvantages associated with each method167, 168. Most 

importantly, the limited packaging capacity169, toxicity170, and the low efficiency of 

treatment delivery171, were among the most limiting factors. Therefore, the final aim 

of this project was to assess the efficiency of KFF3K as a vehicle for drug delivery. 

The data from this thesis suggests that MAP3K11 is a potential target for 

mesothelioma NCI-H28 cell lines, and that the inhibitor KFF:MAP3K11.H2 is 

effective in reducing cell viability of NCI-H28 cells. Furthermore, treatment with 

KFF:MAP3K11.H2 decreased the phosphorylation of MAP2K4 and JNK, which are 

directly downstream from MAP3K11. This suggests a significant inhibition of 
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MAP3K11, and the JNK pathway overall, which also reflects the effective delivery of 

MAP3K11 inhibitor to the target cells.  

As a vehicle for drug delivery into the mammalian cells, the potential of KFF3K has 

not been fully studied. Since its first synthesis, it has been mainly studied in bacteria 

to deliver nucleic acid based drugs for sensitising bacterial cells to antibiotics23. 

Whilst it has been shown to enter mammalian cells, it has rarely been utilised in 

delivering drugs for this purpose. In this thesis, it was demonstrated that KFF3K 

conjugated to a peptide drug, as well as the fluorochrome fluorescein, can enter NCI-

H28 cells and MeT-5A cells at an efficiency of over 95% in both cell lines, which is a 

similar uptake efficiency seen in yeast.  However, this high efficiency can be 

explained by the high level of cell death, as well as harsh gating performed on the 

analysis. Despite this, the data still displays that there is a high efficiency of uptake of 

the peptide into the cell. Previous studies have shown that the type of fluorochrome 

used does impede uptake, or drug activity172. Furthermore, this uptake was more 

efficient than that observed for the siGLO experiment in the same cell lines, and far 

more consistent between cell lines. Additionally, as represented in the initial peptide 

screen, unconjugated KFF3K as well as a non-specific KFF3KEcH3 conjugate, 

displayed no significant level of cytotoxicity. This may suggest that as a molecular 

vehicle, it is both safe in vitro and highly efficient in uptake CPPs containing cationic 

residues can bind to the membrane of the cell resulting in a false positive fluorescent 

signal110. This suggestion can be eliminated in this project; as prior to flow-cytometry 

analysis, the cells were trypsinised and washed with PBS. Therefore, the large amount 

of cell death seen in the flow-cytometry analysis of the NCI-H28 cells can be 

attributed to the cytotoxic effects of MAP3K11.H2, which is equally seen in the FAM 

conjugated peptide. Whilst human, yeast, and bacterial cell uptake efficiency of 
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KFF3K has been previously observed133,136, its efficiency in mammalian cells has not 

been thoroughly explored. 

Apart from their high efficiency of treatment delivery, some CPPs have been 

previously criticized for lacking cell specificity173. In other words, these peptides may 

deliver the treatment to non-target cells, which might mediate unwanted immune 

response. Several improvements were made to increase their targeting specificity; 

such as the coupling of cell-specific antibodies to CPPs to increase cellular 

internalization in vitro174, exploiting matrix metalloproteases to avoid interaction with 

anionic charges in blood stream and concentrate CPP-transported molecules into 

tumor cells175, and the identification of some cell-targeting peptides that are cell 

specific with a high affinity for certain receptors which are normally overexpressed in 

the target cells176. To the best of our knowledge, the specificity of KFF3K to various 

mesothelioma cell lines has not been thoroughly explored. However, our findings are 

encouraging; KFF3K showed a high efficiency of delivery with a minimal cytotoxicity 

when tested as a delivery vehicle in different mesothelioma cell lines. As previously 

described with other CPPs to successfully deliver genome-editing molecules with 

high specificity and efficiency177, and once characterized and profiled, the KFF3K 

might be utilized as a candidate delivery system for mesothelioma cells.  

5.7 Summary of Findings  

The results presented in this thesis show that MAP3K11 is effective at 

reducing the cell viability of NCI-H28 cells. Subsequently treatment with a CPP 

targeting MAP3K11 results in a reduction in phosphorylation of its substrates 

MAP2K4 and JNK. However, this decrease in cell viability was not translated to other 

cell lines, suggesting that overall this pathway may not be a consistently effective 

target pathway between cancer cell lines. This variation in response to the treatment 
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may be due to heterogeneity between cell lines, that is a well-observed phenomenon. 

Finally, uptake studies investigating a FAM-conjugated version of KFF: 

MAP3K11.H2 showed that as a delivery molecule, KFF3K has proven to be both safe 

and efficient. For future studies, it could turn out to be a great asset in the continuing 

search for an effective delivery vehicle. 
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6.0 Limitations and Future 
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6.1 General Limitations 

This study examined the effect of using cell penetrating peptides drugs to 

inhibit novel therapeutic targets in malignant mesothelioma. Whilst great care was 

taken in the design and execution of the work of this research, there are limitations 

that must be disclosed.  

Novel investigations in medical science are generally carried out in vitro in 

immortalised cell lines. These cell lines are a great asset to cancer research as they are 

generally low cost, easily attainable and can be maintained for significant periods of 

time. However, these cell lines are immortalised through a virus-transformation 

process. This process can mean that in comparison to primary cell lines, they are less 

clinically translatable. Furthermore, immortalised cell lines tend to have defects in 

p53, which is a tumour suppressor gene found to be mutated in cancer,  which can 

increase the chance of mutation over prolonged periods178. This results in 

heterogeneity within the cell line that can skew results. It is also noteworthy that while 

both continuous and primary cell lines are useful tools in novel research, they only 

offer a snapshot of the system at whole. Cancer relies on both autocrine signalling, 

and paracrine signalling from the surrounding cells. This can have a profound effect 

on the activity of a drug. Additionally, the control, non-malignant cell line used in this 

study was the MeT-5A lines which underwent transformation using the SV40 virus. 

While it is a useful tool for investigating the cell specificity of drugs, it does not 

mimic normal pleural epithelial cells.  

There was a variation in cell passage number between the cell lines used in this study. 

The MeT-5A and NCI-H28 cells were used to perform the initial screens of both the 

siRNAs and CPPs. These cells were previous maintained prior to the commencement 

of this project at different times. This resulted in a vastly different passage number, in 
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which the NCI-H28 cells had been passaged twice as much as the MeT-5A cells. It is 

well understood that variation in passage numbers between cell lines can affect 

experimental results. The extended maintenance of cells can lead to both genotypic 

and phenotype variation in the cells179. Furthermore, the two other malignant cell 

lines, IST-Mes2, and MM-Miller were revived and introduced into the study with 

significantly lower passage numbers. The results revealed that generally, these cells 

were far less sensitive to treatment than the NCI-H28 cells, which may be due to this 

difference in passage number.  

The initial screens of both the siRNAs and peptides did not involve the IST-Mes2 and 

MM-Miller cells (Figure 4.2 & 4.4). This data may have helped identify a more 

broadly effective molecular target for malignant mesothelioma. Furthermore, siRNA 

analysis of all the involved cell lines may reveal genetic variation that may be 

responsible for the phenotypic differences observed between the cell lines. This could 

provide insight into heterogeneity between clinical mesothelioma, and why the NCI-

H28 cell lines are more sensitive to treatment.  

The difference in siRNA transfection efficiency is also noteworthy. The MeT-5A cell 

lines were had a transfection rate that was 30% less than that of the NCI-H28 cells 

(Figure 4.1) While there is evidence to suggest that there is variation between 

transfection efficiency of cancerous and non-cancerous cells, due to this discrepancy, 

it is difficult to conclude the total effect the siRNAs had on the non-malignant cell 

lines. This transfection efficiency discrepancy may have also been due to mycoplasma 

infection, which is known to effect siRNA transfection. However, mycoplasma testing 

using PCR analysis was carried out throughout the experimental process, all of which 

returned negative, so this possibility is small. Additionally, the MeT-5A cell lines 

showed some sensitivity to siRNA treatment with OligofectamineTM which may have 
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affected the results.  In conjunction with this, there was a lack of optimisation for the 

siRNA experiments. OligofectamineTM was the only transfection reagent used, and no 

other lipid vehicles were considered for this process. Such data may have reduced 

cytotoxicity from the vehicle, as well as bettering transfection efficiency.  

A major limitation of this study was the serum instability of the CPP molecules 

themselves. Due to this instability, all treatment had to be performed in serum free 

media. Serum starvation for an extended period of time can result in changes in 

mRNA expression, phosphorylation events, and cellular morphology165, 180. Cells were 

only left in serum free media for 3 1/2 hours, as this was theorised to be adequate time 

to allow peptide uptake. Serum starvation however, is known to affect the 

phosphorylation status of cell lines.  This may explain the higher sensitivity of the 

NCI-H28 cell lines. Serum starvation was also shown to effect the phosphorylation of 

the downstream substrates analysed in this study, MAP2K4 and JNK. This made it 

more difficult to discern the full effect the inhibitor KFF: MAP3K11.H2 had on the 

activity of MAP3K11.   

Another limitation of this project is a lack of controls in some of the experiments. 

When performing the initial peptide screen, an unconjugated version of KFF3K as 

well as it linked to a non-specific peptide were used to test the cytotoxicity of the 

vehicle itself. However, no positive control peptide was used to confirm uptake and 

activity. It would have been valuable to the results to include a peptide inhibitor 

known to cause cell death, Polo-kinase 1 for example. This would confirm uptake of 

the peptide, as well as maintenance of its bioactivity once in the cell. This can also be 

said for the Western blot experiments (Figure 4.9 and 4.10) which did not include 

non-targeting peptide to confirm the decrease in phosphorylation was indeed due to 

the addition of KFF:MAP3K11.H2. Additionally, as phosphorylation was 
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downregulated in the absence of serum, no control was used to verify that three hours 

post-serum supplementation would return the phosphorylation status to normal. The 

presence of these controls would confirm whether there is a different basal level of 

phosphorylation between the cell lines, which may alter the potency of the treatment.  

Finally, in the uptake efficiency study of KFF: MAP3K11.H2 (Figure 4.11) there was 

also a lack of a positive control to confirm uptake. Cationic peptides, such as KFF3K 

are known to bind to the cell membrane, which may lead to false positive results134. 

Trypsinisation was performed to prevent this, however, it is unknown if this is an 

entirely effective strategy to preventing false positives.  

Lastly, there were experiments in this study that were not repeated adequately. The 

dose-response curves for the peptides targeting LMTK3, PI4KB, and PI4K2A, were 

only performed once.  Replications are important for adding statistical value to the 

results achieved, as well as confirming the effect of a novel treatment.  The lack of 

repeated experiments is in part due to time constraints and the difficulty involved in 

the propagation of the mesothelial cell lines used in this study. Several months in the 

beginning of this study were devoted entirely to overcoming the growth issues of the 

NCI-H28 cell lines. This resulted in less time being dedicated to the data generation 

aspect of this study. 

6.2 Future Directions 

 The results from this project allude to some promising possibilities for the 

future of treatment for malignant mesothelioma. As such, there are many avenues for 

future researcher endeavours to grow.  

Future research into malignant mesothelioma should incorporate several different 

malignant cell lines to determine molecular targets that are common amongst a 
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majority of them. There are limited studies available analysing the genetic variability 

between malignant cell lines, and this knowledge could help further understand the 

incidence of heterogeneity that is among patients. This could lead to a more 

personalised approach to the treatment of MM which would most likely improve 

prognosis and survival for future and current patients.  

This researched demonstrated that the activity of the stress kinase MAP3K11 may be 

important to the survival of malignant mesothelioma cell lines. The peptide inhibitor 

KFF:MAP3K11.H2 was very effective at reducing the viability of the NCI-H28 cell 

lines. Due to time constraints, the other MAP3K11 inhibitor KFF:MAP3K11.H3 was 

not fully studied. This peptide should analysed in the same way as the one focused on 

in this study, to confirm if it is just as effective as KFF:MAP3K11.H2. MAP3K11 has 

shown to be important to the migration and invasion abilities of breast cancer cells181, 

as well as the survival of prostate cancer cells93. Therefore it may function as a 

potential therapeutic target. Recently, a general MLK inhibitor known as URMC-099 

was introduced, and has specificity towards MAP3K11. Current research has been 

utilising URMC-099 as an antiviral drug, and it has shown success in the therapeutic 

outcomes for HIV94, 182. It has also been shown to block the in vitro migratory abilities 

of breast cancer cells183. Therefore, it may be beneficial to investigate the capabilities 

of URMC-099 as a potential therapeutic for malignant mesothelioma. This would also 

increase the knowledge of the role of MAP3K11 in the progression malignant 

mesothelioma. 

Other inhibitors presented in this study did show some potential in the NCI-H28 cell 

lines, however due to a lack of repeat experiments, these could not be confirmed in 

this project. It would be beneficial to investigate the inhibitory capabilities of 

LMTK3, PI4KB, and PI4K2A, and the CPPs designed for them. This could determine 
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whether they are biologically relevant to MM cell lines.  However, the stability of 

these peptides needs to be addressed in order to progress the use of them into in vivo 

experiments. To increase the stability of the peptides in the cell, they can be converted 

to D-amino acids. This would prevent recognition by the cellular proteases. However, 

the issue of serum stability will be a more difficult limitation to circumvent, but is 

important in the future of this treatment method. It is important to note that several 

clinically relevant drugs have short half-lives generally related to serum albumin 

interactions. In past research, different methods have been applied to address this 

widespread issue. Previously, the use of serum albumin antibodies that mimic the 

half-life of serum albumin itself has proved successful in increasing the half-life, and 

therefore potency of an interleukin-1 receptor antagonist184. This shows that serum 

instability can be overcome to allow for longer half-lives for drugs that previously 

would not have clinical significance due to their instability. Investigating such 

avenues would be beneficial for progressing the use of the CPP drugs used in this 

study to pre-clinical, and clinical trials. 

KFF3K should be further investigated as a molecular vehicle for the delivery of 

bioactive molecules into mammalian cells. The results of this project showed that it 

had minimal cytoxicity as well as being highly efficient in uptake. In conjunction with 

this, its synthetic nature means it is relatively easy to link to other molecules, as well 

as being fairly simple to procure. Delivery is one of the most complex problems 

facing the inception of novel treatment. The CRISPR/Cas9 gene editing system is one 

of the most accomplished discoveries of the 21st century185. However, plasmid-

mediate delivery of the components of the system into cells can result in integration of 

the plasmid sequence into the hosts genome as well as unwanted immune 

responses186. Recently, CPPs were used to deliver the CRISPR/Cas9 system into 
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mammalian cell lines176. The use of CPPs to deliver bioactive molecules into the cell 

has been steadily increasing over the past twenty years since their discovery in 

1988104. As KFF3K has proven to be an effective vehicle, it may work as a potential 

delivery molecule for the Cas9 system as well as many other drug molecules that are 

unable to facilitate their own uptake.  
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7.0 Conclusion 
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 Malignant Mesothelioma is a rare incurable malignancy of the pleura, which 

has a general lack of biomarkers and treatment targets. A siRNA screen displayed that 

the knockdown of four kinases: LMTK3, MAP3K11, PI4KB, and PI4K2A were 

capable of inducing cell death in the malignant cell lines while sparing the non-

malignant MeT-5A cell lines. The first aim of this project was to verify these targets 

with individually designed siRNAs. The results from this secondary screen showed a 

distinct trend towards cell death for the malignant cells when treated with the 

targeting siRNAs, establishing them as potential targets. Following this, nine peptide 

drugs with the cell penetrating motif KFF3K were created to target these kinases. It 

was hypothesised that the uses of the CPPs in the malignant cells should result in 

significant cell death. Analysis using MTT assay showed the one of the peptides 

targeting MAP3K11, KFF:MAP3K11.H2 resulted in a high degree of cell death for 

the malignant cell line NCI-H28, confirming this hypothesis, however, this effect was 

not similarly potent in the other malignant cell line IST-Mes2, and MM-Miller. From 

this, it was postulated that if the peptide inhibitor was exerting its effect on the correct 

target, there should be a decrease in phosphorylation of the substrates of said target. 

Western blot analysis revealed that treatment with KFF:MAP3K11.H2 resulted in a 

downregulation of phosphorylation for MAP3K11 substrates, MAP2K4 and JNK in 

NCI-H28 and MeT-5A cells. However, this was not consistent for MM-Miller and 

IST-Mes2 cells. These results were under the assumption of cell uptake of the peptide, 

so to confirm this, KFF3K was shown to have a highly efficient uptake profile, whilst 

being non-cytotoxic. In conclusion MAP3K11 is effective in reducing the cell 

viability of NCI-H28 cell lines and KFF3K has potential as a delivery mechanism for 

future research.  
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Appendix A1 

A.1.1 Materials  

All chemicals and reagents were acquired from GIBCO, Invitrogen, 

(Mulgrave, Victoria, Australia), unless stated otherwise.  

 

Table 9.1.   

List and composition of media used in this study 

Media Composition 

Dulbecco's Modified Eagle 

Medium) DMEM 

DMEM supplemented with 10% FCS and 1% 

penicillin/streptomycin/glutamine  

Freezing Media  3% DMSO and 97% FCS 

Opti-MEMTM Reduced 

Serum Media 

No supplementation 
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Table 9.2.  

siRNAs used in this study 

siRNA 

(Supplier)  

Sequence (5’-3’) 

siGLO 

(DharmaconTM)  

Red 

PROPRIETARY  

siGLO 

(DharmaconTM)  

Red _as 

PROPRIETARY 

hs.Ri.PI4KB.13.

1 (IDT)  

rCrCrCrCrArArCrUrGrUrUrUrGrUrUrArGrUrArUrUrArUTA 

 

rUrArArUrArArUrArCrUrArArCrArArArCrArGrUrUrGrGrGrGr

ArA 

hs.Ri.MAP3K1

1.13.1 (IDT) 

rArCrCrGrUrGrArUrCrUrCrArArGrUrCrCrArArCrArArCAT 

 

rArUrGrUrUrGrUrUrGrGrArCrUrUrGrArGrArUrCrArCrGrGrUr

GrG 

hs.Ri.LMTK3.1

3.1 (IDT) 

rGrGrUrUrGrArGrArArUrGrGrArArUrCrCrUrCrUrGrUrGGA 

rUrCrCrArCrArGrArGrGrArUrUrCrCrArUrUrCrUrCrArArCrCrC

rC 

hs.Ri.PI4K2A.1

3.1 (IDT) 

RArArArGrUrCrCrCrArArUrGrCrUrCrUrGrArArArArCrCAA 

rUrUrGrGrUrUrUrUrCrArGrArGrCrArUrUrGrGrGrArCrUrUrUr

Gr 

siGFP GCACGACUUCUUCAAGUCCUU [dT][dT] 

siPLK CAACACGCCUCAUCCUCUAUU [dT][dT] 
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Table 9.3. 

 

Peptides used in this study  

siRNA 

(Supplier)  

Amino Acid Sequence  

KFF3K KFFKFFKFFK 

MAP3K11.H2 KFFKFFKFFK PHVLVNWAVQIARGMHYLHC 

MAP3K11.H3  KFFKFFKFFK GSDVWSFGVLLWELLT 

PI4K2A.H4 KFFKFFKFFK ENTNRQLLLQFERLVVLDYI 

PI4K2A.H6 KFFKFFKFFK FHKQIAVMRGQILNLTQALK 

PI4KB.H4 KFFKFFKFFK RQELLAFQVLKQLQSIWEQ 

PI4KB.H5 KFFKFFKFFK SAQRNFVQSCAGYCLVCYLL 

PI4KB.H6 KFFKFFKFFK DMFNYYKMLMLQGLIAAR 

LMTK3.H3 KFFKFFKFFK LRTLQRMGLEIARGLAHLHS 

LMTK3.H4 KFFKFFKFFK RESNIWSLGVTLWELFE 

 All Peptides acquired from GenScript Biotech Corporation  
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Table 9.4.  

Antibodies used in this study  

Antibody (Supplier) Species  Dilution  

Anti-Phospho-MAP2K4 (Ser257/Thr261) (St 

Johns Biolabs) 

Rabbit 1:1000 

Anti-phospho-SAPK/JNK (Thr183/Tyr185) Rabbit 1:1000 

anti-HRP-rabbit IgG (Cell Signalling 

Technologies) 

Rabbit 1:5000 

Monoclonal Anti-β-Actin antibody (#4970) Rabbit 1:1000 

 

 

Table 9.5. 

Primer sequences used to detect presence of mycoplasma  

Primer  Sequence (5’-3’) Amplicon 

Myco_Universal_F GTGGGGAGCAAAYAGGATTAGA 425 bp 

Myco_Universal_R GGCATGATGATTTGACGTCRT 
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Appendix A2 

A.2.1. Example of statistical output using GraphPad Prism 6.0 

 

1.  Standard deviation and mean were determined for each peptide for each cell 

line. 

 

 

Figure A2.1 Graphpad Prism 6.0 Row Means with SD 

 

 

1. Multiple T-Test function was used to determine significant between cell lines 

for each peptide  
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Figure A2.2 Example of T-Test selection  
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The resulting output is shown in Figure A2.3, with significance for each row signified  

 

 

 

 

 

 

 

 

Figure A2.3 Example o f Statistical Output from GraphPad Prism 6.0  




