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Abstract  

 

Prostate cancer (PCa) is the second most common cause of cancer-related death in men.  

Aurora kinase A (AURKA) is commonly overexpressed in PCa and when active is bound to its 

activating cofactor, Targeting protein for Xklp2 (TPX2), preventing the dephosphorylation and 

degradation of AURKA.  AURKA interacts with the IκB kinase (IKK) proteins, IKKα, IKKβ, and 

IKKγ or NF-kappa-B essential modulator (NEMO). From mapped binding studies an IKKβ-

derived NEMO-binding domain (NBD) peptide was developed as a competitive disruptor of 

IKK-AURKA signalling and was hypothesised to allosterically modulate AURKA-TPX2 status.  

The NBD peptide in a cell-permeable (CPP) Wild-type form (WT; 100µM), also known to inhibit 

canonical NF-κB activation, was identified to significantly (p<0.05) accelerate AURKA 

dephosphorylation/degradation through mitosis and had a similar effect on TPX2, Polo-like 

kinase-1 (PLK1) status in PC3 prostate cancer cells. Pharmacological and molecular 

techniques alongside genetically modified cell models (wild type and ikka-/-/ikkb-/--double 

‘knockout’ (KO) murine embryonic fibroblasts (MEFs)) were used to target/characterise 

different aspects of IKK signalling and so elucidate the mechanism of disrupting IKK-AURKA 

signalling. Small molecule inhibitors and siRNA targeting IKKα/β had minimal effect upon 

AURKA and TPX2 status.  The NBD WT CPP caused mechanistic disruption of AURKA-TPX2-

PLK1 status and phenotypic characteristics in different solid tumours; LNCaP AIs (AR+ve 

prostate cancer); MCF7 (ER+ve breast cancer), T98G (glioblastoma).  NBD WT CPP plus 

ATP-competitive AURK inhibitors significantly (p<0.05) accelerated AURK 

dephosphorylation/degradation and TPX2 degradation in PCa cells which correlated with a 

synergistic (CI < 1) inhibition of phenotypic outcomes - rank order of potency:  VX-680 > 

ZM447439 > Aurora kinase/CDK inhibitor > Aurora kinase inhibitor II > Aurora kinase inhibitor 

III.  Hence, the NBD peptide may support two-site targeting of AURKA-TPX2 signalling, 

potentially improve access to the AURKA catalytic site and therefore be an advance towards 

pre-clinical molecules/mimetics that can potentially enhance the efficacy and clinical outcome 

of AURK inhibitors. 
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Chapter 1:  Introduction
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1.1. Cancer. 

 

Cancer is an illness which affects around 18.1 million people and causes around 9.6 million 

deaths each year (based on studies by the WHO in 2018).  It is defined by the aberrant division 

of cells in the body and this can affect a host of different organs of the body with the most 

prevalent being lung, bowel, breast and prostate (Bray et al., 2018)   Cancer was classified as 

displaying six distinct features which were known as the six hallmarks of cancer.  These 

involve; avoiding growth suppressors, sustaining proliferative signalling, permitting replicative 

immortality, promoting angiogenesis, resisting cell death and  activating invasion and 

metastasis (Hanahan and Weinberg, 2000).  These were later re-established as the 10 

hallmarks of cancer with the aforementioned above plus additional characteristics; Genome 

instability and mutation, deregulated cellular energetics, avoiding immune destruction and 

tumour promoting inflammation (Hanahan and Weinberg, 2011).  Cancers can be termed as 

either benign or malignant tumours with both possessing the ability of uncontrolled growth, but 

malignant tumours differ by their capacity to dedifferentiate, invade and undergo metastasis 

(i.e. move to other bodily tissues to form secondary independent tumours).  It is this process 

that is the main cause of death due to cancerous tumours spreading to vital organs and 

resulting in subsequent failure of organ function (Bray et al., 2018, Hanahan and Weinberg, 

2011). 

There is no definitive cause of cancer, although there are a variety of elements which 

predispose for or increase the risk.  There are also a wide range of cancers each of which 

differ in their biology and pathophysiology (Hanahan and Weinberg, 2011).  There has been 

for example, strong relationship between the smoking and lung cancer as well as external UV 

radiation (e.g. from direct sunlight, tanning beds, etc.) and skin cancer (Narayanan et al., 2010, 

Sasco et al., 2004).  Although cancer can also be caused externally by so-called chemical 

carcinogens and biological agents each can lead to the advancement of other independent 

tumours (Bansal et al., 2016, Wogan et al., 2004). 

Ultraviolet radiation (UVR) and ionising radiation are what are known as physical risk 

factors which can lead to cancer (Narayanan et al., 2010).  In particular UVR is the main agent 

responsible for the progression of skin cancer; ~ 99% of non-melanoma skin cancers and 95% 

of melanoma (Narayanan et al., 2010).  Exposure to ionising radiation can cause a disruption 

of stable atoms, leading to an imbalance of charge (ionisation), leading to chemical changes 

(formation of free radicals and reactive oxygen species) and damage to genetic material 

present in cells, both of which can cause damaging mutations (Gilbert, 2009).  Also, radiation 

therapy used to treat cancer may also cause another type of cancer, e.g. chest radiation 

therapy for lymphomas can lead to the development of breast cancer (De Bruin et al., 2009). 
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Various chemical agents such as, those found in tobacco smoke, arsenic (water 

contamination) and aflatoxin (found in certain moulds on food) are what’s known as chemical 

carcinogens and can lead to the onset of cancer.  Tobacco smoke is believed to contain over 

4000 chemicals with Nicotine-derived nitrosamine ketone (NNK) and Polycyclic aromatic 

hydrocarbons (PAH) as specific tobacco carcinogens, although many of the chemicals are 

believed to be able to cause cancer (Sasco et al., 2004, Wogan et al., 2004).  Aflatoxin on the 

other hand is a highly carcinogenic mould that can increase the risk of primary liver cancer 

(Wogan et al., 2004). 

Lastly, cancer can also be cause biologically through viral/bacterial infection 

(Radosevich, 2012).  A well-known example of this is by infection with the Human Papilloma 

Virus (HPV) (Butz et al., 1999).  HPV is a virus which affects the skin and mucosa and can be 

associated with cancer of the; cervix, vulva, vagina, anus, penis, head and neck (Radosevich, 

2012).  There also several other viral infections which can lead to different types of cancers 

such as Hepatitis B and C and the Epstein-Barr Virus (Liao, 2006). 

As well as these external risk factors, there are also genetic risk factors which elevate 

the risk of cancer in an individual.  There are two important genetic changes in cancer. Firstly, 

the conversion of a proto-oncogene into an oncogene, these are genes that  control normal 

cell division, apoptosis, etc. and can be induced to undergo malignant action through 

endogenous mutation (Chial et al., 2008, Vogelstein et al., 2000).  Examples of these include 

the mutant K-RAS in pancreatic cancer and Human epidermal growth factor receptor 2 (HER-

2) in breast cancer (Chial et al., 2008).  Secondly, the inactivation of tumour suppressor genes 

(also known as anti-oncogenes) and this loss of function can be the vital incident leading to 

the formation of cancer.  These include the BRCA1 and BRCA2 genes (loss of which leads to 

impairment of homologous recombination, a normally accurate repair process which fixes 

breaks in DNA) which when present in an inactive form drastically increase the risk of 

developing breast cancer as well as mutation of the p53 gene (which leads to loss of cell cycle 

checkpoint control and inhibition of apoptosis which then leads to uncontrollable cell growth) 

which is involved in a variety of cancers including bone and brain cancer among others (King 

et al., 2003, Vogelstein et al., 2000). 

    Profoundly, cancer is a combination of environmental risk factors, which contribute to 

a lesser degree, with genetic mutations and these tend to work in tandem over a long period 

of time and eventually lead to the development of cancer.  Different cancers have different risk 

factors and introduction to one or a combination of these factors leads to detrimental genetic 

mutation and eventual development of carcinogenesis (Hanahan and Weinberg, 2011).   

 Cancer is divided into two main subcategories, blood cancers and solid tumours.  

Firstly, blood cancers are divided into 3 main categories: Leukemia (a cancer which is found 

in the blood and bone marrow, Lymphoma (a blood cancer which affects the lymphatic system) 

and Myeloma (a cancer that affects the plasma cells in the blood) (Allart-Vorelli et al., 2015).  

Solid tumours on the other hand can be classified as either benign (non-cancerous) or 
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malignant and can be categorised in to two cancer types based on where the cancer originates 

from.  These are; carcinoma (when a cancer starts in the cells that line or cover internal organs) 

or sarcoma (this is a tumour that manifests itself in bone, cartilage, fat, muscle, blood vessels 

or other connective or supportive tissue) (El‐Deiry et al., 2019).  The 5 main solid tumours by 

incidence and death rate are; Lung, Colorectal/Bowel, Prostate, Breast and skin cancer 

(Priestley et al., 2019).  Of these, this thesis will mainly focus on Prostate cancer. 

 

 

1.2. Prostate cancer. 

 

Cancer of the prostate is characterised as an adenocarcinoma or glandular malignant 

neoplasm which occurs most commonly in the peripheral zone of the prostate as a result of 

ordinary semen-secreting prostate gland cells mutating into cancer cells (Algaba et al., 2007).  

Prostate cancer is the 2nd most common cause of cancer-related mortality, behind only lung 

cancer.  In the initial stages, there is an imbalance between the level of proliferation and the 

rate of cell death, and this leads to tumorigenesis.  This manifests itself in patients as; urinary 

incontinence, blood in the urine, blood in the seminal fluid, erectile dysfunction, pain during 

urination and discomfort/pain when seated due to an enlarged prostate (Cuzick et al., 2014)  

The cancer is termed androgen-dependent and is localised to the prostate and is therefore 

easily treatable (Ghosh et al., 2005).  This is due to an increase in a protein called Prostate-

Specific Antigen (PSA) which allows the cancer to be easily identifiable in its initial stages 

when it is localised within the gland with a typical 5-year survival in 100% of patients 

(Ammirante et al., 2010, Ghosh et al., 2005).  Once Prostate cancer progresses or reoccurs it 

is recognised to often be independent of androgen for growth and if develops to sites beyond 

the prostate gland itself is known as metastatic prostate cancer (castration-resistant) and is 

incurable with an average poor prognosis of 16-18 months (Karantanos et al., 2013). 

In its early stages, prostate cancer is driven primarily through one main mechanism, 

activation of the gonadal-testosterone-androgen receptor (AR) as it is a hormone-dependent 

cancer.  The prostatic epithelial cells which mainly comprise the tumours in prostate cancer 

are reliant on the presence of androgens which activate the AR (Lu et al., 1997, Sharifi, 2013).  

Prostate cancer cells are reliant on a balance between the rate of cell proliferation and a 

number of cells undergoing apoptosis and a transcriptional pathway is activated by the AR 

which has an important role in maintaining this balance for a healthy prostate as well as being 

involved in cancerous prostate tissue (Dehm and Tindall, 2006, Feldman and Feldman, 2001).  

Shown in Figure 1.1 is the pathways underlying AR signalling.  
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Figure 1.1. Androgen receptor (AR) signalling (Girling et al., 2007). Testosterone/DHT binds 

to the AR with high affinity and induces dimerisation of the receptor and subsequent 

translocation to the nucleus and binding to target genes in order to regulate expression.  In 

androgen-independent activation the AR can also be transactivated in the absence, or in very 

low levels of circulating androgens.  Activating signals arise from several, non-mutually 

exclusive mechanisms including alternative signalling pathways such as the MAPK pathway 

and PI3K-Akt pathway.  (AR – Androgen receptor, DHT – dihydrotestosterone, MAPK – 

Mitogen-Activated Protein Kinase, PI3K-Akt - phosphatidylinositol 3-kinase- protein kinase B). 

 

     Progression of prostate cancer to the latter stages, i.e. establishment of metastatic 

castration-resistant prostate cancer (CRPC), can be characterised by one or a combination of 

the subsequent features; increase in PSA present in serum, development of pre-existing 

disease and/or the presence of new metastases (Hotte and Saad, 2010).  Activation of the AR 

signalling axis can also otherwise transpire through an androgen independent mechanism of 

modulating AR activity which involves the autocrine synthesis of growth factors and/or their 

receptors, tumour-suppressor gene inhibition and stimulation of oncogenes (Mahato et al., 

2011, Soucek et al., 2007).   Ras and MAPK, which are oncogenes, have been shown to 

trigger altering of the tumour microenvironment through; recruitment of leukocytes, 
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upregulation in tumour-promoting chemokines and cytokine expression and/or initiation of 

angiogenesis (Mahato et al., 2011, Soucek et al., 2007, Sparmann and Bar-Sagi, 2004).  The 

Ras-MAPK (both Ras and MAPK are oncogenes) pathways, as well as the 

phosphatidylinositol 3-kinase-Akt (PI3k-Akt) pathways (shown in Fig 1.1), are phenotypically 

linked to invasive cell signalling (Gao et al., 2005, Mahato et al., 2011). There is an immediate 

inflammatory response where the tumour starts to die when the androgens are removed and 

IKKβ has a role in the production of cytokines like lymphotoxin-α (LT-α), B2 and Receptor 

activator of nuclear factor kappa-B ligand (RANKL).  This results in the reactivation of the 

tumour through a switch over from IKKβ to IKKα.  In this study by Ammirante et al. (2010) the 

androgens are removed surgically by castration of the male gonads whereas in the clinic via 

androgen deprivation strategies delivered pharmacologically.   A study (Shu et al., 2010) also 

suggested that the AR is a substrate for Aurora-kinase A (AURKA) and is trans-activated 

through phosphorylation at Thr 282 and Ser 293.  An increase in expression of AURKA results 

in induction of PSA expression and cell survival whilst knocking it down (by siRNA silencing) 

sensitises cells to apoptosis and the halting of cell growth.  These studies mentioned above 

indicate that prostate cancer cells grow and survive through utilising a diverse range of 

mechanisms of AR stimulation and in the case of CRPC without the requirement of androgens.  

As a result of this, there is substantial therapeutic potential in the AR signalling axis, and this 

may be extended to Aurora kinases-IKK/NF-κB signalling. 

 

1.3 Current treatments of Prostate Cancer 

 

Early Prostate Cancer is diagnosed by a variety of factors including; an increased serum PSA 

level, digital rectal examination (DRE) and by the Gleason score (2-10) method (Ghosh et al., 

2005).  Firstly, patients undergo blood tests, usually prompted due to age (as a check-up) or 

by displaying urinary symptoms, to determine the amount of PSA present in the blood, this is 

a protein which is produced both by healthy prostate cells and cancer cells.  The amount of 

PSA in the blood normally increases with Prostate Cancer, a level of 4ng/ml or more and 

patients may be referred for other tests such as biopsy of the prostate (Hayes and Barry, 

2014). Next, in DRE, this involves the doctor gently inserting a lubricated finger into the rectum 

and feeling the prostate to check that it is smooth.  DRE is an essential medical test when 

assessing for Prostate Cancer and can predict prostate cancer independently in the situation 

of a normal PSA level (Walsh et al., 2014).  Lastly, the Gleason score method links to analysis 

of patients samples and grades tumours on whether they are; well-differentiated (score 2-4), 

moderately differentiated (score 5-7) or poorly differentiated (score 8-10) and a score of >=7 

indicates a lowly outlook for disease progression (Algaba et al., 2007, Ghosh et al., 2005, 

Hayes and Barry, 2014).  In the early stages of prostate, the first-line treatments consist of; 

active surveillance or watchful waiting, radical prostatectomy, external-beam radiation therapy 

(EBRT), Brachytherapy or Cryotherapy.  Androgen Deprivation therapy (ADT) is also used as 
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soon as the patient is diagnosed (Shafi et al., 2013, Shore, 2014). 

 

1.3.1. Active surveillance/Watchful waiting. 

 

Watchful waiting and active surveillance are both preventative forms of treatment which aim 

to avoid other potentially more invasive forms of treatments or interventions such as EBRT or 

radical prostatectomy (Shore, 2014).  It involves waiting for those patients whose cancer is 

unlikely to progress and waiting for them to present with any advanced signs of disease 

(Shore, 2014).  Active surveillance on the other hand is the extra observation of patients 

(normally with PSA, DRE and re-biopsy) towards the aim of curing the disease should it 

progress (Dall'era et al., 2008).  It was shown by (Xia et al., 2012) that by remaining on active 

surveillance for a number of years compared to receiving immediate surgery, possibly 

conserved the quality of life.   

 

1.3.2. Radical prostatectomy (surgery). 

 

An alternative method of treatment is what is known as radical prostatectomy, this is defined 

as the comprehensive removal of the prostate gland by means of surgery (Bill-Axelson et al., 

2005, Shore, 2014, Xia et al., 2012).  The surgical procedure can be performed in a number 

of ways; open perineal (incision made in the perineum between the anus and the scrotum), 

open retropubic (incision made in the lower stomach) and more emerging procedures such 

laparoscopic (small incisions made in the stomach and prostate viewed using a laparoscope) 

and robotic-assisted techniques (robotic arms are used to assist the surgeon and make his 

actions more precise) (Shore, 2014).  Due to it being an invasive surgical procedure there are 

a variety of risks and complications associated with it.  These include; erectile dysfunction, 

urinary incontinence, risk of bleeding, risk of infection at the incision site and a risk of blood 

clot (Bill-Axelson et al., 2005, McCullough, 2005, Zhang et al., 2014).  A study by (Wilt et al., 

2012) showed that radical prostatectomy had no advantage over watchful waiting when 

treating low-risk prostate cancer and in comparison radical prostatectomy was associated with 

a statistically significant rise in erectile dysfunction (p<0.01) and urinary incontinence (p<0.01).   

 

1.3.3. External beam radiation therapy (EBRT). 

 

EBRT is the delivery of multiple quantities of radiation and this is done across numerous days 

to weeks in order to destroy the prostate cancer cells.  EBRT includes conventional radiation 

therapy and the more specific intensity modulated radiation therapy (IMRT) (Shore, 2014).  

This technique permits the application of multiple doses of radiation locally to tumour as the 
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radiation beams are matched specifically to the shape, position and size of the prostate and 

this helps to reduce any potential harmful side effects (Bauman et al., 2012, Shore, 2014).  

Common side effects include, gastrointestinal and genitourinary toxicity (Bauman et al., 2012).  

In order to improve response in those patients with more advanced prostate cancer that are 

still localised to the prostate, radiation can be used in combination with hormone therapy 

(Bauman et al., 2012, Shore, 2014).  The hormone therapy can be used to shrink the tumour 

and make the radiation treatment more effective.  (Sooriakumaran et al., 2014) showed that in 

patients with localised prostate cancer the survival rate was greater in patients treated with 

radical prostatectomy rather than radiation therapy alone.   Therefore, the combination 

approach has been recommended as one of two treatment options (the other being radical 

prostatectomy) to be used with intention to cure the disease (Bohmer et al., 2016).  So, the 

combination approach with EBRT and ADT or treatment with radical prostatectomy are the 

best interventions in patients with localised prostate cancer. 

 

1.3.4. Brachytherapy. 

 

Another method used in the treatment of prostate cancer (as well as other cancers such as; 

cervical, breast and skin) is what is called brachytherapy, which involves the use of radioactive 

implants that release radiation to cancer cells (Shore, 2014, Zhang et al., 2014).  This can 

either be in the form of Permanent, low dose rate (LDR) or temporary, high dose rate (HDR) 

brachytherapy and can be used in combination with EBRT and chemotherapy (Pieters et al., 

2009).  The actual technique of brachytherapy involves injection of a radioisotope which is 

enclosed in protective capsule and placed precisely at the site of the tumour. The purpose of 

the capsule allows the radiation to escape to destroy the surrounding cancerous tissue but 

prevents it from dissolving in bodily fluids or moving and therefore reducing potential harm to 

healthy tissues (Challapalli et al., 2012).  Common side effects when treating prostate cancer 

with brachytherapy include; localised bruising, swelling and bleeding within the region of 

implantation as well as urinary and digestive problems such as; urinary retention, urinary 

incontinence, diarrhoea, constipation and minor rectal bleeding (Doust et al., 2004, Fieler, 

1997, Frank et al., 2007).  Brachytherapy displayed a similar effect on controlling tumour 

growth and survival rates to EBRT but has the advantage due its focussed effect at the 

prostate, which reduces the risk of side effects (Chao et al., 2015).  Although this localised 

approach has the disadvantage in that it is ineffective if the cancer has spread beyond the 

prostate (Chao et al., 2015).  This is an effective and minimally invasive therapy for treating 

localise prostate cancer but also further highlights the lack of treatments for advanced 

metastatic prostate cancer.  
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1.3.5. Cryotherapy. 

 

An additional technique is what is known as cryotherapy, rapid freeze-thawing to destroy 

cancer cells and is used in localised prostate cancer (Shore, 2014).  Cryotherapy works by 

essentially causing the cells to become “dehydrated” by drawing water from the cell and given 

enough time in this dehydrated state, the resultant increase in intracellular electrolyte 

concentration is normally enough to destroy the cells (Theodorescu, 2004). If this does not kill 

the cells then the development of intracellular ice which occurs at temperatures below -20oc, 

is nearly always fatal for target cells (Mazur, 1984, Theodorescu, 2004).  During the thawing 

out, a process called recrystallisation occurs, which is essentially ice crystals fusing to form 

large crystals. These are able to disrupt the cell membrane and cause added damage to the 

cell (Theodorescu, 2004).  There also several side effects when it comes to the use of 

cryotherapy in prostate cancer, including; erectile dysfunction, frequent difficulty or pain in 

passing urine, blood in urine, urinary incontinence and bleeding or infection in the area treated 

(Aus, 2008, Cho and Kang, 2014).  Again, like brachytherapy, this treatment is minimally 

invasive and can be used in the treatment of localised prostate cancer but is ineffective once 

the cancer has metastasised and further highlights the lack of treatment options in this disease 

setting. 

1.3.6. High Intensity Focal Ultrasound (HIFU). 

 

This is a technique which involves the application of high energy sound waves that are used 

to heat and destroy cancer cells. It is also used in the treatments of other cancer types 

including; bladder, liver, pancreatic and kidney and has the advantage that it is minimally and 

locally invasive (Hu et al., 2016).  It was also shown in the study by (Hu et al., 2016) that High 

Intensity Focal Ultrasound can be useful in treating patients who have relapsed and their 

prostate cancer has re-occurred following treatment with external beam radiation therapy. 

1.3.7. Immunotherapy. 

 

Immunotherapy is a technique which uses the body’s own immune system to attack cancer 

cells and is normally used in the treatment of advanced prostate cancer.  The 

immunotherapies currently under investigation and use to treat different types of cancer are; 

administration of immunomodulatory cytokines/effectors, vaccines as well as antibody 

therapies (Risk and Corman, 2009). 

 The 1st method, immunomodulatory therapy, involves administration of cytokines or 

other immunomodulatory agents to illicit an immune response.  The main advantage of this is 

the fact that it is relatively easy and quick to administer (Risk and Corman, 2009).  Various 

clinical trials have used Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF), due 

to it’s stimulation of antigen uptake and processing by dendritic cells, which recruits more T 
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cells and brings about an anti-tumour response (Risk and Corman, 2009).  A trial by (Small et 

al., 1999)  demonstrated decreases in prostate-specific antigen (PSA) levels at the end of two 

14-day cycles in a 28 day period.  It has also been demonstrated in both pre-clinical and human 

studies that Fms-related tyrosine kinase 3 (FLT3) ligand can increase levels of a variety of 

haematopoietic cell types, including dendritic cells (Higano et al., 2004).  In this study by 

(Higano et al., 2004), all patients who completed the trial showed increased levels of dendritic 

cells and 50% showed disease stabilisation.  The last immunomodulatory therapy to mention 

is the utilisation of interleukin-2 (IL-2), a key cytokine for the recruitment and activation of T-

cells and which has been well studied in the therapy of renal cell carcinoma (Risk and Corman, 

2009).  A study by (Dieli et al., 2007) demonstrated a combination therapy of IL-2 and 

zoledronate (novel therapy targeting stimulation of the γδ T-cell subset) in the treatment of 

advanced castration-resistant prostate cancer (CR-PC).  18 patients were involved in the trial, 

9 received zoledronate alone and the other 9 received zoledronate plus low-dose IL-2.  Of the 

9 in the single agent therapy, only 3 survived and only 2 remained free from disease 

progression. Whereas in the combination therapy, 7 of the 9 survived and 6 were free from 

progression. 

 As opposed to immunomodulatory agents, which cause a general stimulation of the 

immune system, a vaccine-based approach causes an immune response against a specific 

antigen(s) (Risk and Corman, 2009).  A trial by (Perambakam et al., 2006) used a prostate-

specific antigen peptide to bind human leukocyte antigen (HLA)-A2 and cause a T-cell 

response in vitro.  It was then used in 28 patients, in which delayed-type hypersensitivity was 

observed in 50% of the patients and this was indicative of the mechanism being feasible for 

immunotherapy.  In contrast, tumour vaccines use autogenic (isolating tumour cells and 

formulating into a vaccine before administering to the same person the cells were isolated 

from) or allogenic (isolating tumour cells from one person and formulating into a vaccine before 

administering to another person to which the cells were isolated from) tumour cells to illicit an 

immune response (Risk and Corman, 2009).  An early study involved the use of autologous 

tumour cells which had been harvested during a radical prostatectomy (Simons et al., 1999).  

These cells were expanded and transfected with GM-CSF complementary DNA which was 

irradiated and administered intra-dermally.  Of the 11 patients that were engaged with in the 

trial, 8 had successful cultures that were eligible for analysis and at least 7 of these went on 

to develop some sort of hypersensitivity, which allowed them to determine that the results were 

viable. 

 Lastly, an area of immunotherapy which is attracting great attention nowadays, is 

antibody therapies.  In this setting antibodies can be used to direct destruction of the tumours 

cells through macrophages and neutrophils or alternatively conjugate toxins or radioactive 

substances that lead to cell death (Risk and Corman, 2009).  The 1st example of this is an 

antibody therapy directed against HER-2/neu (trastuzumab) which has shown clinical benefit 

in patients with advanced breast cancer, may be of use in advanced prostate cancer (HER-



 

12 
 

2/neu is expressed in some).  Two studies, (Lara et al., 2004) and (Ziada et al., 2004), 

demonstrated this antibody therapy in HER-2/neu positive advanced prostate cancer had 

limited benefit.  The mechanism behind the therapy was to use a chimeric antibody known as 

MDXH210 which recognises HER-2/neu and the IgG Fc receptor and try and recruit the Fc-

expressing cells (monocytes, neutrophils) to the HER-neu positive cancer cells. Cytotoxic T-

lymphocyte-associated protein 4 (CTLA-4) antibody therapy is different from conventional 

antibody therapies in that instead of trying to bring about the induction of cell death, it’s aim is 

to improve the immune response (Risk and Corman, 2009).  Antibody therapies to CTLA-4 

aim to prevent Cluster of Differentiation 28 (CD28) from blocking the CTLA-4 receptor that is 

expressed in T cells from binding to B7-1 on the Adenomatous polyposis coli (APC) and thus 

allowing T-cell activation (Risk and Corman, 2009).  An anti-CTLA-4 antibody (ipilimumab) 

was trialled by (Small et al., 2007) in 14 patients with CR-PC, these showed promising results 

with up to 50% decrease in PSA levels.  Lastly and probably the most recent discovery 

(November 2019) in terms of antibody therapies, is the use of the humanised antibody 

Pembrolizumab against programmed death ligand 1 (PD-L1).  The study by (Antonarakis et 

al., 2020) in advanced metastatic castration-resistant prostate cancer patients showed an 

increased survival time of 2 years in 1 in 20 patients.  This is FDA approved in advanced 

prostate cancer and immunotherapy represents a more targeted approach to specifically kill 

cancer cells compared to the unspecific nature of chemotherapy in targeting dividing cells. 

1.3.8. Prostate cancer vaccine. 

 

Following on from the vaccine immunotherapy mentioned previously, the FDA approved a 

cancer vaccine specifically to target prostate cancer cells in 2010.  This is used differently from 

a traditional vaccine in that it is used therapeutically to stimulate an immune response rather 

than prevent an infectious disease (Drake, 2011).  The drug which was approved is Sipuleucel-

T (Provenge) and it is made specifically for each prostate cancer patient by harvesting the 

patient’s blood leukocytes and mixing with an antigen known as protein acid phosphatase 

(PAP).  The mixture is then given intravenously back into the blood and this is then used to 

bring about an immune response in the patient (Drake, 2011).  It is approved to treat people 

with asymptomatic or minimally symptomatic metastatic castration-resistant prostate cancer, 

it’s not been shown to prevent the growth of the tumour but only prolong the life of the patient 

by several months (Drake, 2011).  This is one of only two FDA approved immunotherapy 

treatments along with Pembrolizumab.  Unlike the substantial clinical improvement observed 

in some patients treated with Pembrolizumab, treatment with Sipuleucel-T (Provenge) 

produced minimal approvement and is less likely to serve as a choice of treatment in prostate 

cancer. 
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1.3.9. Androgen deprivation therapy (ADT)/Hormone deprivation therapy (HDT). 

 

The most commonly utilised and best recognised treatment management strategy is hormone 

replacement therapy (HRT) or androgen deprivation therapy (ADT).  This technique involves 

either the surgical removal of the testicles or injection of ‘anti-androgens’ to lower the levels of 

circulating androgens (Schrijvers, 2007, Sharifi et al., 2005, Shore, 2014).  The objective of 

this technique is to reduce the amount of testosterone and other androgens to castration levels 

(i.e. loss of ability to produce testosterone) as androgens are one of the main elements that 

progress prostate cancer (Sharifi, 2013).  ADT can be tackled in two ways, either by surgical 

castration (i.e. removal of the testes) or by drugs based methods such as luteinizing hormone 

(LH) releasing hormone (LHRH) agonist and antagonists which both act to reduce the amount 

of testosterone released from the testes (Huggins et al., 1941, Perlmutter and Lepor, 2007).  

The LHRH agonists act by reducing the amount of LH released by the pituitary gland whereas 

LHRH antagonist have a direct effect on decreasing the amount of testosterone (Perlmutter 

and Lepor, 2007).  The LHRH agonist can also be used in combination with a drug known as 

an anti-androgen to achieve maximal androgen blockade (MAB) in patients with advanced 

prostate cancer (Chodak, 2005, Perlmutter and Lepor, 2007).  This is because androgens are 

produced by both testes (90-95%) and the adrenal gland (~5-10%).  LHRH agonists act on 

reducing the levels of androgens produced by the testes, whereas anti-androgens act on the 

AR blocking the effects of adrenal androgens and thus these in combination can 

pharmacologically produce MAB (Perlmutter and Lepor, 2007).  There are numerous side 

effects that are associated with ADT such as; reduction in libido, erectile dysfunction, 

osteopenia with an increased risk of fracture, metabolic alterations and changes in mood and 

cognition (Kumar et al., 2005, Perlmutter and Lepor, 2007, Shore, 2014). 

Unfortunately the majority of patients treated with ADT eventually progress to CRPC 

within 2-3 years of treatment, this involves reengagement of AR signalling pathway (indicated 

by a rise in PSA) but it is now insensitive to androgens and therefore ADT (Augello et al., 2014, 

Hotte and Saad, 2010, Sridhar et al., 2014, Sundararajan and Vogelzang, 2014). The exact 

mechanisms of resistance are debated but there is substantial evidence from a variety of 

studies that the AR persists and is upregulated despite resistance to ADT (Dehm and Tindall, 

2006, Hotte and Saad, 2010, Marques et al., 2010, Shafi et al., 2013, Sharifi et al., 2005).  This 

post-castration stimulation of AR involves a number of cellular and molecular modifications 

including; inadequate blockage of AR-ligand signalling, AR amplifications, AR mutations, 

abnormal AR co-regulator activities and AR splice-variant expression (Karantanos et al., 

2013).  
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1.4. Genetic and molecular basis of prostate cancer.  

 

Whilst the AR has been recognised as a key driver the development of molecular 

studies at the genetic level have allowed the further development of knowledge regarding the 

genetic background(s) that underlie these well recognised characteristics.  Prostate cancer is 

recognised to have an extremely complicated genetic makeup including; somatic copy number 

alterations, point mutations, structural rearrangements and changes in chromosomal number 

(Wallis and Nam, 2015).  Somatic copy number alterations (SCNAs) cause a gain or loss of 

genetic material that plays a role in activation of oncogenes and the inactivation of tumour 

suppressor genes (Wallis and Nam, 2015).  This includes genes like phosphatase and tensin 

homologue (PTEN) tumour suppressor gene in which loss of function is associated with 

activation of the PI3K-Akt pathway and tumorigenesis in 20% of primary tumours and 50% of 

castration-resistant prostate cancers (Jamaspishvili et al., 2018, Wallis and Nam, 2015).  In 

primary prostate cancer tumours, loss of function of the p53 tumour suppressor is associated 

with avoidance of apoptosis and oncogenic activity.  Conversely, the oncogene MYC was 

frequently overexpressed at the transcriptional level in the majority of metastatic-castration 

resistant prostate cancer (mCRPC) cases (Rebello et al., 2017)  The activity of MYC 

cooperates with the aberrant signalling in the PI3K/AKT/mTOR pathway to promote the 

survival of prostate cancer cells (Rebello et al., 2017).  Improper repair of DNA breaks can 

result in both intra- and inter- chromosome rearrangements, with transmembrane protease 

serine 2:v-ets erythroblastosis virus E26 oncogene homolog gene (TMPRSS2-ERG) being the 

most frequently occurring in prostate cancer, present in about 40-80% of cancers in humans 

(Wallis and Nam, 2015).  TMPRSS2-ERG has been demonstrated to be linked to AR signalling 

and is aberrantly expressed in androgen-dependent prostate cancer but down-regulated in 

androgen-independent prostate cancer cells (Wallis and Nam, 2015).  It was also recently 

demonstrated by (Zhou et al., 2019) that TMPRSS2-ERG gene fusion causes aberrant activity 

in the ERG pathway which impacts on nitric oxide (NO)-cGMP signalling, causing an elevation 

in cGMP synthesis, leading to an increase in Protein kinase G (PKG) activity/expression and 

cell proliferation.  It was also shown in this study that an sGC (the major mediator of NO-cGMP 

signalling) inhibitor in combination with the potent AR antagonist enzalutamide synergistically 

reduced tumour growth in TMPRSS2-ERG-positive prostate cancer xenograft models (Zhou 

et al., 2019).  The studies detailed above highlight the diverse and complex nature of the 

genetic background and signalling pathways involved in prostate cancer and the increased 

need to target multiple markers to improve clinical outcome.  The signalling pathways can 

include; RAS, PI3K-Akt, integrin-FAK, MAPK, STAT3 and NF-κB signaling. 
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1.5. Regulation of the NF-κB signalling pathway.  

1.5.1. NF-κB family members.  

 

Nuclear Factor kappa B (NF-κB) proteins are a family of transcriptional factors that play a vital 

role in regulating a variety of cellular procedures including; inflammation, cell survival/death 

and the cell cycle (Gamble et al., 2012a, Liu et al., 2017).  There are five constituents of the 

NF-κB family recognised in mammalian cells; p65 (Rel A), c-Rel, RelB, NF-κB1 (p50) and NF-

κB2 (p52) (Gamble et al., 2012a, Liu et al., 2017). These 5 proteins share a common domain 

of high sequence homology, called the Rel Homology Domain (RHD), which is a vital element 

in the dimerisation process as well as DNA binding, inhibitor binding and nuclear localisation 

(Hoesel and Schmid, 2013).  This RHD domain is approximately 300 residues long and 

positioned near the N-terminus and its immunoglobulin-like C-terminal, which is around 100 

amino acids in length, is solely responsible for the process of dimer formation (Hoesel and 

Schmid, 2013). NF-κB activity is primarily controlled through its ability to bind DNA and in most 

cells which are unstimulated the NF-κB subunit dimers are situated in the cytoplasm as they 

are bound to a family of inhibitors known as inhibitors of NF-κB (IκBs), which prevents 

translocation of the NF-κB complex to the nucleus, rendering them inactive (Hoesel and 

Schmid, 2013).  These inhibitors possess several copies of the Ankyrin repeat domain.  These 

permit the IκBs to mask the nuclear localisation sequences (NLS) by association with the DNA-

binding domains of the NF-κB proteins and thus they remain transcriptionally inactive in the 

cytoplasm (Hoesel and Schmid, 2013).  Both p105 and p100, which act as precursors for p50 

and p52 respectively, also contain Ankyrin repeats and these are removed by cleavage upon 

processing – therefore they function as their own inhibitors (Gamble et al., 2012a, Hoesel and 

Schmid, 2013).  Perhaps more crucially though is the fact that both p50 and p52 do not have 

a transactivation domain (TAD) and are therefore transcriptionally inactive and as such p50-

p52 homodimers are said to be repressors of transcription (Gamble et al., 2012a, Liu et al., 

2017).  On the other hand, when p50 or p52 form hetero-dimers with p65 or RelB respectively, 

which both contain a TAD, they form a transcriptional activator (Hoesel and Schmid, 2013).  

These TAD and RHD domains can also both undergo post-translation modifications and this 

is important for activation and potential cross-talk with other pathways (Gamble et al., 2012a, 

Liu et al., 2017).  In a  grander scheme, activation occurs following the release of NF-κB from 

the IκB proteins (these act as gatekeepers of the pathway) or by removal of Ankyrin repeats 

from p100 and p105 (Hayden and Ghosh, 2012).  This is mediated either by proteasomal 

degradation of IκB by the 26S proteasome or by partial processing (degradation) of the 

precursors to p52 and p50 respectively (Hoesel and Schmid, 2013).  The ubiquitination and 

subsequent degradation which these proteins are subjected to is initially driven by 

phosphorylation by the inhibitory kappa B kinases (IKK) as part of IKK complexes, allowing 

NF-κB to translocate to the nucleus and be able to bind DNA (Gamble et al., 2012a, Liu et al., 

2017). 
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1.5.2. Inhibitory kappa B Kinases (IKKs) in regulation of the canonical and non-

canonical NF-κB pathways. 

 

IKKα and IKKβ (catalytic kinases) as well as the regulatory NF-κB essential modulator 

(NEMO)/IKKγ are the three subunits that form the proto-typical catalytically active multimeric 

IKK complex and this 700-900kDa multiprotein is believed to act as the “master co-ordinator” 

controlling NF-κB activation (Rushe et al., 2008).  Both kinases, IKKα and IKKβ share around 

52% homology and contain a leucine zipper (LZ) motif through which both IKKs dimerise and 

form different combinations of either homo- or heterodimers.  They also both possess a helix-

loop-helix domain, followed by a C-terminal tail, which unphosphorylated, interacts with NEMO 

(Rushe et al., 2008, Zandi et al., 1997).  Common to both IKKα and IKKβ is a conserved 

sequence which is known as the NEMO-binding domain (NBD), which has the following 

sequence: L-D-W-S-W-L (Leu-Asp-Trp-Ser-Trp-Leu) and this sequence is used to control the 

interaction between IKKα/IKKβ and NEMO (IKK complex) (May et al., 2000a). 

Whether the IKK complex forms a homo- or hetero- dimer between IKKα and IKKβ 

determines which pathway is taken as the route to the liberation of activated NF-B complex  

(Gamble et al., 2012a, Liu et al., 2017) – (see Figure 1.2).  In canonical (classical) NF-κB 

signalling, the IKK complex is believed to exist predominantly in a ratio of 1:1:2 

(IKKα:IKKβ:NEMO) – and this enhances the idea that the catalytic IKKs exist in a hetero-dimer 

with dimers of NEMO bound (Hacker and Karin, 2006, Liu et al., 2012).  Activation of the 

canonical pathway can occur through the action of a variety of stimuli, including; Tumour 

Necrosis Factor α (TNFα), lipopolysaccharides, found in bacterial cell walls and interleukin-1β 

(IL-1β) (Hoesel and Schmid, 2013, Schmid and Birbach, 2008).  
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Figure 1.2. The canonical (classical) and non-canonical (alternative) NF-κB signalling 

pathways.  Adapted from (Jost and Ruland, 2007). 

 

 

Upon activation of Toll-like receptors (TLRs), Tumour Necrosis Factor Receptor (TNFR) and 

IL-1R by these stimuli leads to subsequent activation of the IKK complex, primarily through 

phosphorylation of both IKKα (S176 and S180) and IKKβ (S177 and S181), which in turn leads 

to a conformational change that drives kinase domains to a catalytically active confirmation 

(Liu et al., 2012, Mercurio et al., 1997).  The active IKK complex then phosphorylates IκBα at 

two critical serine residues (S32 and S36) which are located in the NH2-regulatory domain of 

IκBα (Brasier, 2006).  This leads to polyubiquitination and subsequent degradation by the 26S 

proteasome.  Upon degradation, the NF-κB complex can then rapidly translocate to the 

nucleus and activate specific genes that possess NF-κB DNA-binding sites by recruiting 

coactivators and inducing assembly of active promoters to the gene promoters and therefore 

upregulate gene expression (Brasier, 2006, Hoesel and Schmid, 2013, Sheppard et al., 1999).  

IKKβ has a crucial role in canonical NF-κB signalling but in its absence IKKα can in specific 

scenarios (e.g. Il1b-stimulated Murine Embryonic Fibroblasts (MEFs)) substitute for its 

functions but in the majority is not required to activate the pathway.  This has been 

demonstrated in a variety of animal and cellular knockout (KO) models that have lethal 

phenotypes, which are then used to generate cells.  Cell-based studies in MEFS generated 

IKKa KO, IKKb KO and IKKa / IKKb double KO with varying end results in terms of phenotypic 
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outcome  Firstly, in the IKKβ KO mouse model it was shown that they underwent massive liver 

apoptosis which ultimately led to death in the embryonic stage as is the case in both RelA and 

ikky KO mice (Beg et al., 1995, Liu et al., 2012).  Whereas, in ikka KO mice the embryonic 

mice survive up to a month but they have severe developmental defects including 

underdeveloped limbs (Liu et al., 2012).  Lastly, in ikka/ikkb double KO mice they experience 

mortality fairly early on in the embryonic stage (E12) as a result of greater apoptosis and liver 

defects and they did not display any measurable NF-κB activity (Liu et al., 2012).  These 

studies detailed above indicate that the two catalytic IKK proteins show some crossover in 

terms of function but in general play different roles in transcription and resultant physiological 

and pathological response.  It was also demonstrated in Mouse Embryonic Fibroblasts (MEFs) 

cells lacking IKKa/b/y that IKKβ and NEMO were required in a ‘full IKK complex’ for TNFα 

induced NF-κB activation (Solt et al., 2007).  In contrast, it was also shown by (Solt et al., 

2007) that following IL-1 induced NF-κB activation in ikkb KO MEFs, IKKα and NEMO form a 

functional IKK complex in which IKKα rescues IL-1 induced NF-κB activation.   

However, in non-canonical (alternative) NF-κB signalling both IKKβ and NEMO (key 

components in canonical activation) are not required for activation of this pathway (Paul et al., 

2018).  Activation occurs through exposure of cells to the following stimuli; B-cell activation 

factor (BAFF), lymphotoxin β (LTβ), CD40 ligand (CD40L), receptor activator for nuclear factor 

kappa B ligand (RANKL), TNF and Tumor necrosis factor ligand superfamily member 12 

(TNFSF12) also known as TNF-related weak inducer of apoptosis (TWEAK)(Hoesel and 

Schmid, 2013, Paul et al., 2018).  In this pathway, p100 is the main component and binds to 

RelB and acts like an IκB molecule by virtue of its C-terminal tail having a sequence of Ankyrin 

repeats, preventing RelB from translocating to the nucleus (Hoesel and Schmid, 2013, Paul et 

al., 2018).  Upon agonist binding to one of the receptors listed above, NF-κB inducing kinase 

(NIK) is stabilised (as a result of TNF receptor-associated factor 3 (TRAF3) degradation) and 

activated, leading to the phosphorylation and activation of IKKα.  This leads to phosphorylation 

of p100 and resultant ubiquitination and partial degradation to its mature form – p52 (Hoesel 

and Schmid, 2013, Paul et al., 2018).  This then localises to the nucleus where it interacts with 

promoter regions on DNA to increase expression of genes regulated by NF-κB (Paul et al., 

2018).  It was also demonstrated by (Gray et al., 2014) in the relevant KO MEF models that 

binding of NEMO to IKKα was not required for the ligand-dependent stabilisation of NIK and 

consequent non-canonical NF-κB activation.  However, an intact IKK complex was required to 

suppress basal NIK activity in cells which hadn’t undergone agonist stimulation and hence 

highlighted a role for the classical NF-κB pathway in suppressing basal non-canonical NF-κB 

signalling (Gray et al., 2014). 
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1.6. NF-κB signalling in the regulation of cancer hallmarks. 

 

The roles of the NF-κB signalling pathways in cancer are an area in which a large amount of 

research has already taken place and is still ongoing (Gamble et al., 2012a).  The NF-κB 

pathway has shown to overexpressed in the most common solid tumours; lung (Chen et al., 

2011), prostate (Jin et al., 2013), breast (Smith et al., 2014), colorectal (Wang et al., 2009) 

and blood cancers such as leukaemia, multiple myeloma (MM) and lymphoma (Jost and 

Ruland, 2007, Liu et al., 2011).  Increased activity of the NF-κB pathway has shown to be 

involved in both the formation and growth of tumours by virtue of the diverse number of gene 

transcription events the pathway regulates, ones that underpin the development of key critical 

phenotypes; stimulation of cell proliferation, prevention of apoptosis, tumour angiogenesis and 

metastasis as well as remodelling of the tumour metabolism (Dolcet et al., 2005, Xia et al., 

2014)  – thus the increase in activity of the NF-κB pathways has bearing on what are defined 

by (Hanahan and Weinberg, 2011) as the hallmarks of cancer, considered below. 

 Angiogenesis is the process of new blood vessels forming from the vasculature which 

is already present (Nishida et al., 2006).  This is an essential part of both the growth and the 

progression of the tumour because due to the increase in cell mass, the tumour eventually 

surpasses the capacity of the bodies blood supply and hence must supply new vasculature for 

adequate blood supply and therefore nutrients and oxygen (Naugler and Karin, 2008). The 

cytokines TNF-α, IL-1 and Il-6 (which can activate the NF-κB pathway) can also stimulate the 

expression of what is known as the main regulator of angiogenesis, vascular endothelial 

growth factor (VEGF) – due to it being a target gene for NF-κB (Bassères and Baldwin, 2006, 

Naugler and Karin, 2008).  The expression of VEGF is also regulated by HIF-1α under hypoxic 

conditions and basic fibroblast growth factor (bFGF), IL-8, matrix metalloproteinase-9 (MMP-

9) among other NF-κB target genes, play a role in various steps of angiogenesis (Huang et 

al., 2001, Xia et al., 2014).   

 Evasion and prevention of apoptosis is probably the best characterised and most 

apparent way in which the NF-κB pathway is involved in the development of cancer and has 

long been recognised to inhibit apoptosis (Van Antwerp et al., 1996).  Apoptosis is the process 

by which cells die as a regulated, controlled part of an organism’s growth and development 

(Elmore, 2007).  This is the normal mechanism by which the body’s surveillance eradicates 

pre-cancerous or cancerous cells and there are a number of NF-κB target genes which prevent 

tumour death (or in cancer, support survival); inhibitors of apoptosis proteins (IAPS), c-IAP1/2 

and XIAP, the caspase-8 inhibitor FLIP and Bcl-2 family of apoptosis regulators such as Bcl-

xL (Karin, 2006, Xia et al., 2014).  Collectively, the regulatory influence of NF-B signalling upon 

the evasion and prevention of apoptosis highlights another way by which the signalling of this 

family of transcription factors is closely linked with tumour progression. 

Cancer is recognised to have progressed from the early local stage to the more 
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progressive late-stage when it becomes metastatic (Xia et al., 2014). Activation of the 

canonical NF-κB pathway is involved in an initial incident in metastasis known as Epithelial-

Mesenchymal Transition (EMT) and this event is thought to lead to invasion of tissue and bring 

about metastasis (Kang and Massagué, 2004).  A key transcriptional regulator, which 

regulates EMT, is known as Twist-related protein 1 (Twist1) and NF-κB has been detailed to 

promote metastasis through transcriptional activation of this protein (Horikawa et al., 2007).  

Stimulation of what is known as the mesenchymal program, which involves cell adhesion 

molecules; selectins, integrins and the ligands they bind too (MMP2/9, VCAM-1, ICAM-1, 

Cathepsins B and Z).  These were found to be NF-κB dependent, especially in the breast 

cancer model (Collins et al., 1995, Huber et al., 2004, Naugler and Karin, 2008).  These are 

vital in promoting the extravasation of cancer cells to distant sites (Naugler and Karin, 2008).   

An hallmark that has emerged over the last 10 years in the fight against cancer is the 

ability of the tumour to re-model its energy metabolism (Hanahan and Weinberg, 2011, Xia et 

al., 2014).  Several studies have discussed the role of the NF-κB pathway in direct regulation 

of cell energy metabolism and it has been shown that both non-canonical and canonical NF-

κB pathways are involved in energy metabolism, as demonstrated in sarcoma cells (Londhe 

et al., 2018).   

Inflammation acts as a key defence mechanism in the immune response’s weaponry 

but chronic inflammation is also involved in promoting tumorigenesis through altering genetic 

sequences and its microenvironment (Xia et al., 2014).  At the heart of this is NF-κB, the so-

called “master regulator”, which controls cross-talk between innate immunity/inflammation and 

cancer at a variety of levels and in tumours with an elevated NF-κB level, accumulation of pro-

inflammatory cytokines at the tumour site has an influence on the pro-tumorigenic 

microenvironment (Xia et al., 2014).   

Another hallmark that has emerged over the last few years is the ability of cancer cells 

to avoid detection and destruction by our immune system.  This is also built on the hypothesis 

that the tumour is creating this chronic inflammatory environment but as well as this 

inflammation driving tumour growth, it also allows the tumour to suppress the immune system 

and evade detection – a sort of ‘double-edge sword’ of inflammation (Xia et al., 2014).  A 

cancer-related chronic inflammatory microenvironment can also promote tumour infiltrating 

macrophages (TAM) to switch state from M1 to M2-polarised (this state favours low 

tumouricidal activity, increased angiogenesis and tissue re-modelling).  Alternatively, 

downregulating NF-κB in TAMs can cause them to shift back to the M1-polarised state 

(Hagemann et al., 2008).  The NF-κB family member, p50 has been known to inhibit M1- and 

encourage M2-polarisation of TAMs, therefore promoting a microenvironment that is immune 

suppressed (Porta et al., 2009) and represents a good target in this setting. 

Another consequence of chronic inflammation that promotes tumorigenesis is 

genomic instability and mutation (Elinav et al., 2013).  At the inflammation site, neutrophils and 

macrophages release reactive oxygen species (ROS) and this can lead to DNA damage.  
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These cells of the immune system can also activate the NF-κB pathway by releasing ROS and 

cytokines and creating a positive feedback loop to enhance NF-κB levels in cells at the 

inflammation site (Xia et al., 2014).  A study by (Matsumoto et al., 2007) demonstrated that 

activating NF-κB induced the expression of activation-induced cytidine deaminase (AID), this 

is an enzyme that causes mutations in multiple cellular genes including p53 and Myc and again 

promotes the tumour development process. 

The upregulation of growth which is uncontrolled and is widely associated with cancer 

occurs through either; stimulation of so called “pre-malignant” cells to undergo development 

into cancerous cells or microenvironment cells which are recruited to the tumour 

microenvironment where a combination of cytokines, growth factors, proteases, etc. work to 

degrade the extracellular matrix and shift towards malignant progression (Inoue et al., 2007).  

Pre-malignant cells are acted on by circulating cytokines such as TNF-α and IL-1β and this 

causes activation of the NF-κB pathway and expression of genes involved in prevention of 

apoptosis and upregulation of proliferation (Inoue et al., 2007).  Examples of these genes and 

their protein products  include; Cyclin D1, Cyclin E, CDK2 and c-Myc and these are vital for 

correct cell cycle regulation (Naugler and Karin, 2008).  Genes which are targeted by NF-κB 

also include growth signals such as; Granulocyte macrophage colony-stimulating factor (GM-

CSF) and interleukin-6 (IL-6).  Also, in breast cancer, growth and development of the 

mammary gland is reliant on Cyclin D1 expression which is dependent on the activation of 

IKKα.  In this setting, an ErbB2/Her2 model with inactive IKKα showed inhibition of breast 

cancer development (Cao et al., 2007). 

The wide scope of literature gathered above serves to highlight the distinct and 

complex role that both the IKKs and the NF-κB pathways play in both the development and 

progression of cancer. 

 

1.7. IKK-NF-κB in prostate cancer. 

 

As mentioned earlier, the NF-κB pathway and in particular IKKα and IKKβ have a role in the 

re-emergence of prostate cancer recognised as the transition from hormone responsive– to 

castrate resistant-disease through an inflammatory response. As part of the inflammatory 

response the key participants are  B cells (Ammirante et al., 2010).  Upon hormone deprivation 

there is an immediate inflammatory response where the tumour starts to die undergoing 

apoptosis and as a rebound response IKKβ has a role in the production of cytokines like 

lymphotoxin-α (LT-α122 and Receptor activator of nuclear factor kappa-B ligand (RANKL).  

This results in the reactivation of the tumour through a switch over from IKKβ- to IKKα-

mediated signalling (Ammirante et al., 2010). This inflammation is an important factor in the 

progression of growth in the absence of androgens and eventually CRPC (Ammirante et al., 

2010).  This occurs through activation of a transcription factor known as STAT3 which 
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possesses pro-tumorigenic and anti-apoptotic properties and is induced by IKKα (Abdulghani 

et al., 2008).   In a study by (Jain et al., 2012), it was shown that reduced in vivo AR 

phosphorylation following treatment with the IKK inhibitor BMS345541 and in vitro AR 

phosphorylation by IKKα or IKKβ, implicates the AR as an IKK target in prostate cancer cells.  

In prostate cancer cell lines where the AR wasn’t present, constitutive activation of NF-κB was 

observed, whereas AR positive prostate cancer cell lines have a very low basal level of NF-κB 

activity (Suh et al., 2002).  This suggests that the presence of the AR potentially inhibits NF-

κB activity in prostate cancer cells or alternatively, there is a correlation between constitutive 

NF-κB activity and loss of AR and this may play a role in compensatory cellular changes which 

allow cell survival and growth in absence of AR activation (Suh et al., 2002).  Furthermore it 

was demonstrated that constitutive activation of NF-κB in vivo, by the absence of IκBα, 

alleviates the regression of the prostate post-castration by sustaining high nuclear levels of 

AR, which maintains differentiated function and renewed proliferation of the epithelium (Jin et 

al., 2008).  This was achieved through activation of the NF-κB pathway in the prostate of an 

ARR2PB-myc-PAI (Hi-myc) mouse model which was cross-bred into a  ikba+/− haploid 

insufficient line (Jin et al., 2008).  In this disease model, the mouse prostate continued to 

proliferate post-castration and this implicates that NF-κB activation is sufficient to maintain 

androgen-independent growth of the prostate and prostate cancer through regulation of the 

AR and highlights the NF-κB pathway as a potential target for therapy (Jin et al., 2008).  The 

downstream catalytic IKK proteins represent attractive targets for therapeutic intervention with 

small molecule ATP-competitive inhibitors and furthermore the emergence of potential 

Protein-protein interactions (PPIs) inhibitors/mimetics which disrupt the PPIs within the IKK 

complex (Gamble et al., 2012a, Prescott and Cook, 2018).  Because of this, the full IKK 

complex has been considered as a prime target for pharmacological inhibition in drug 

development and as such a wealth of research has been pursued and remains ongoing into 

potential therapeutics. Unfortunately, despite these treatments the disease does still tend to 

progress and therefore other pathways may act as targets (Hagemann et al., 2008).  These 

studies highlight the shortage of pharmacological target-based treatments associated with 

CRPC. 

 

 

 

1.8. IKK inhibitors.  

1.8.1. ATP-competitive inhibitors.  

 

As described in the previous section, the NF-κB pathway is involved in almost all aspects of 

tumorigenesis both in terms of tumour initiation and development.  It is for these reasons that 
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the NF-κB pathway, and the IKKs (IKKα and IKKβ) that regulate them, make for attractive 

therapeutic targets. 

 The best recognised inhibitors that have received significant resource in terms of 

development are ATP-competitive IKK inhibitors, molecules that competitively interfere with 

binding of ATP at the ATP-binding site in close proximity to the ‘gatekeeper’ residue within the 

kinase domain. Bayer ‘Compound A’, one of the first described inhibitors was identified an 

ATP-competitive compound that has been tested both in immortalised cell lines as well as in 

vivo and targets both IKKα (IC50 135nM) and IKKβ (2nM) (Gamble et al., 2012a).  It was 

demonstrated in a study by (Ziegelbauer et al., 2005) that ‘Compound A’ inhibited NF-κB 

transactivation, expression of chemokines, cytokines and adhesion molecules as well as the 

proliferation of T cells and B cells.  It was also shown to terminate carrageenan-induced 

leukocyte trafficking in mice and dampened down the formation of oedema in response to 

arachidonic acid.  A study by (Yemelyanov et al., 2006) showed that the potent IKKβ inhibitor 

(IC50 150nM) PS-1145, blocked both basal and induced NF-κB activity in prostate cancer cells.  

They also showed that the inhibitor prevented cell proliferation as well as cell invasion in a 

highly invasive prostate cancer cell line and was a chemical forerunner to the Millennium 

Pharmaceuticals compound, ML120B, a selective, reversible ATP-competitive IKKβ inhibitor 

(IC50 50nM) (Lee and Hung, 2008).  It was shown in a study by (Wen et al., 2006) that ML120B 

inhibited TNFα-induced IκBα phosphorylation and NF-κB transcriptional activity and was also 

found to disrupt TNFα and IL-1β-induced IL-6, RANTES and MCP-1 expression.  It also had 

no real effect on other kinases, including IKKα (>100µM) (Lee and Hung, 2008).  Lastly, SC-

514 is selective, reversible, weak ATP-competitive inhibitor of IKKβ (IC50 6.9-15.9µM) and has 

little effect on other IKK isoforms or any other cellular protein kinases (Lee and Hung, 2008).  

A study by (Kishore et al., 2003) indicated that SC-514 inhibits the phosphorylation and 

degradation of IκBα and thus the production of IL-6 and IL-8 through blocking induction of IL-

1β.  SC-514 was also shown to inhibit RANKL-induced osteoclastogenesis and NF-κB 

activation and has also been suggested as a ROS-inducing IKKβ inhibitor with potential 

implications in the treatment of melanoma (Liu et al., 2013, Tse et al., 2017).  The various 

studies detailed above of different IKKβ inhibitors highlights their benefits in off-setting pro-

inflammatory responses.  Unfortunately IKKβ targeting wit KIs generates normal cell death 

and sensitisation to TNFα-stimulated apoptosis, so not a good target in cancer as will impact 

on normal cells, no differential between cancer and normal cells. 

 To date, there are currently no selective IKKα inhibitors used clinically or published in 

the literature towards that goal apart from the “in-house” selective inhibitors of IKKα which are 

currently under development at the University of Strathclyde.  Early generation molecules 

considered pharmacological tools have been generated which are selective for IKKα and able 

to inhibit key markers of the IKKα-driven non-canonical NF-κB signalling in the U2OS cancer 

cell line (Anthony et al., 2017a). 
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 The issues with these inhibitors that hamper their progress, like all ATP-competitive 

inhibitors, is they have certain limitations in a disease setting.  Even though most have good 

oral bioavailability and block the protein they are intended to target, due to the high sequence 

homology between individual kinases or families of kinases through the kinome, they can ‘hit’ 

other kinases generating ‘off-target’ effects (Gamble et al., 2012a, Garber, 2006).  It also been 

observed that in cancer, ATP-competitive inhibitors as a treatment strategy can be ineffective 

as tumours and their kinases develop resistance. This can occur through mutation of the ATP 

binding pocket which prevents drug binding and stops its effects (Gamble et al., 2012a).  An 

example of this being the emergence of drug resistance by the epidermal growth factor 

receptor in response to tyrosine kinase inhibitors (TKIs) (Minnelli et al., 2020, Yun et al., 2008).  

There are two mutations involved here; the oncogenic L858R mutation which causes aberrant 

activation of tyrosine kinase domain and the T790M mutation which is the one which confers 

resistance to TKIs and also increases the affinity of the oncogenic L858R mutant (Minnelli et 

al., 2020, Yun et al., 2008). That said, there is no data available to appraise this with respect 

to assessing the targeting of IKKs. 

 

1.8.2. Allosteric inhibitors.  

 

To overcome the limitations which are associated with ATP-competitive IKK inhibitors, one 

method which is explored to try and overcome this is the use of so-called “allosteric inhibitors”.  

The advantages of these over conventional ATP-competitive inhibitors is the fact that they 

offer a higher degree of selectivity and avoid competition with high concentrations of 

substrates and ligands such as ATP (Liu et al., 2018). 

 The first allosteric inhibitor and probably the most well-known and well researched in 

relation to targeting the catalytic activity of IKKs is the BMS-345541 (4(2’-aminoethyl) 

amino1,8-dimethylimidazo(1,2-a) quinoxaline) compound.  This shows an average selectivity 

for IKKβ over IKKα (IC50 = 0.3μM vs 4μM), an around 13-fold difference in selectivity (Burke et 

al., 2003, Prescott and Cook, 2018).  BMS-345541 binds to IKKβ in a mutually exclusive 

manner to phosphorylated IκBα and in a non-mutually exclusive manner with regards to ADP.  

The opposite effect was seen on IKKα (Burke et al., 2003, Prescott and Cook, 2018).  

Collectively, this is viewed as an allosteric inhibitor. Another example of an allosteric inhibitor 

is the natural product ainsliadimer.  This covalently binds to a conserved cysteine residue 

(C46) that is present in both IKKα and IKKβ, resulting in inhibition of both through what is 

known as a putative novel allosteric effect with an IC50 = 30nM (Dong et al., 2015, Prescott 

and Cook, 2018).  Ainsliadimer also caused the inhibition of the LPS-induced inflammatory 

response and tumour growth in an in vivo setting and therefore has therapeutic potential in the 

treatment of cancer and inflammatory disorders (Dong et al., 2015, Prescott and Cook, 2018).  

In a study by (Liu et al., 2018) using a virtual screening approach, a library of inhibitors which 
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targeted a potential novel allosteric domain situated between the kinase domain (KD) and the 

ubiquitin-like domain (ULD) in IKKβ was identified.  There were a total of 133 inhibitors tested 

in the screen and 16 of these were identified to block NF-κB activity by >50% at a concentration 

of 50μM in a NF-kappaB-linked luciferase reporter assay.  Following on from this, additional 

quantitative and cytotoxic studies allowed the discovery of a ‘lead compound’ – compound 124 

v(3,4-dichloro-2-ethoxy-N-(2,2,6,6tetramethylpiperidin-4-yl)benzenesulfonamide), which 

displays a specificity for targeting IKKβ in its inactive form (Liu et al., 2018).  Through this 

selective targeting of the inactive form of IKKβ by blocking IKKβ S177/S181 phosphorylation, 

this results in the inhibition of IκBα phosphorylation and TNFα-induced NF-κB transcriptional 

activity with an IC50 of 35μM in cells (Liu et al., 2018, Prescott and Cook, 2018).  Lastly and 

most recently in terms of discovery, (Elkamhawy et al., 2020) optimised the development of 

thiazolidine-2,4-dione lead compounds into potential in vivo anti-inflammatory therapeutics 

with the most potent compound producing an IC50 = 0.2μM.  These lead compounds were first 

assessed in vitro in macrophages which were stimulated with LPS before then studying further 

in vivo in a murine model of LPS-stimulated septic shock, in which compound 7a demonstrated 

that it could protect against death from septic shock in mice (Elkamhawy et al., 2020). So, 

collectively the benefits of pursuing an allosteric mechanism is they confer a higher degree of 

specificity in comparison to conventional ATP-competitive inhibitors and also have less ligands 

to compete with for binding. 

 

 

1.8.3. Targeting protein-protein interactions of the IKKs – the use of cell-permeable 

peptides (CPPs) challenging IKK-NEMO binding.  

 

Protein-protein interactions (PPIs) are important in signalling and are involved in a wide range 

of biological functions including; cell-to-cell interactions and metabolic and development 

control (Braun and Gingras, 2012, Rao et al., 2014).  Non-covalent bonding between residue 

side chains form the basis of PPIs and these bonds introduce a variety of interactions which 

PPIs can be classified based on these contacts (Nooren and Thornton, 2003, Rao et al., 2014).  

These include; based on their interaction surface, they can be homo- or heterooligomeric; as 

judged by their stability, they may be obligate or nonobligate; as measured by their 

persistence, they may be transient or permanent (Nooren and Thornton, 2003, Rao et al., 

2014).  Transient interactions form signalling pathways, while permanent interactions will form 

stable protein complexes (Nooren and Thornton, 2003, Rao et al., 2014)  PPIs play a role in; 

modifying the kinetic properties of enzymes, acting as a general mechanism to allow for 

substrate channelling, constructing a new binding site for small effector molecules, inactivation 

or suppression of a protein, changing the specificity of a protein for its substrate through 

interaction with different binding partners and serving a regulatory role in either an upstream 
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or downstream signalling level (Pedamallu and Posfai, 2010, Rao et al., 2014).  PPIs can also 

inform in the identification of potential drug targets (Pedamallu and Posfai, 2010, Rao et al., 

2014).  Disruption of PPIs are considered an alternative, though challenging approach to 

generating inhibition.  A well-characterised approach in the literature is the disruption of the 

p53-Mdm2 interaction using the nutlin molecules.  Murine double minute 2 (Mdm2) negatively 

regulates the tumour suppressor protein p53 and it has been shown that nutlins can displace 

p53 from Mdm2 in vitro with nanomolar potency by occupying the p53-binding pocket of Mdm2 

in a way that mimics the molecular interactions of p53 (Shen and Maki, 2011, Trino et al., 

2016, van Leeuwen et al., 2012).  Although nutlin molecules represented a promising 

alternative approach, they do have a number of disadvantages; they haven’t been approved 

for clinical use, have low efficacy in vivo,  high doses required to exert an effect in mice (200 

mg/kg orally administered nutlin-3) and its selectivity for p53 is linked to a narrow therapeutic 

window, with doses above 10µM leading to DNA damage and doses below 2µM causing no 

measurable effect (Trino et al., 2016, van Leeuwen et al., 2012). 

This approach of targeting PPIs has also been utilised for the IKK-NF-kB signalling 

and the IKKs directly using a peptide-based approach.  An example of this has been 

demonstrated by (Collins et al., 2015) which described the development of a peptide mimetic 

which mimicked the IκB family protein BCL3 causing a stabilisation of the NF-κB p50 

homodimer complex through inhibition of the ubiquitination of p50.  This leads to inhibition of 

Toll-like receptor induced cytokine expression in vitro and the prevention of inflammation in 

vivo (Collins et al., 2015).   Another example and with particular relevance to this thesis, is the 

use of cell-permeable peptides (CPPs) derived from the NEMO-binding domain (NBD) of 

IKKα/IKKβ which can disrupt the interaction between the IKKs and NEMO as mentioned but 

also has a non-selective effect on inhibiting IKKα and IKKβ (Prescott and Cook, 2018).  It was 

first shown by (May et al., 2000b) that the catalytic IKK proteins (IKKα and IKKβ) contain a 

carboxyl-terminal segment within their NEMO-binding domain (NBD) which associates with 

NEMO through an amino terminal α-helical region.  They also demonstrated that using the 

hexapeptide (6 amino acid sequence) sequence derived from the NBD of IKKβ to design cell-

permeable peptides (CPPs), they could disrupt the interaction between the IKK complex and 

NEMO and hence block NF-κB activation. NBD CPPs also caused inhibition of cytokine-

stimulated NF-κB activation, NF-κB-dependent gene expression and off-set inflammatory 

responses in murine models of acute inflammation (May et al., 2000a).  

 Since their seminal discovery and use, the NBD CPPs have been shown to inhibit NF-

κB activation in a variety of different disease models, mostly linked to inflammatory diseases 

but also including cancer.  In the cancer setting, NBD peptides have shown useful treatment 

results in both human melanoma (Ianaro et al., 2009) and an aggressive form of canine cancer 

known as Activated B-cell Diffuse Large B-Cell Lymphoma (ABC-DLBCL) (Gaurnier-Hausser 

et al., 2011, Habineza Ndikuyeze et al., 2014).  In the melanoma setting, the NF-κB pathway 

has been demonstrated to be constantly aberrantly expressed and it was shown that a short 
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NBD CPP derived from IKKβ inhibited the proliferation of A375 human melanoma cell line 

which show increased NF-κB activity (Ianaro et al., 2009).  This was also linked to direct 

blockade of NF-κB DNA-binding activity and induction of apoptosis by caspase-3 activation 

(Ianaro et al., 2009).  It was also demonstrated that, in dogs with relapsed B-cell lymphoma, 

the NBD causes inhibition of NF-κB target gene expression as well as a reduction in tumour 

burden (Gaurnier-Hausser et al., 2011).  Finally, in a Phase 1 clinical trial conducted by 

(Habineza Ndikuyeze et al., 2014) it was shown that systemic administration of NBD CPP is 

safe and inhibits aberrant NF-κB activity and reduces malignant B cell proliferation in canines 

with ABC-DLBCL and this could potentially be translated to humans. 

 The NBD is also shown to be effective in a variety of models of inflammation and 

disease both cellular and in vivo. Firstly, it was shown in a study by (Dai et al., 2004) that a 

NBD peptide may block NF-κB stimulated osteoclastogenesis and bone erosion in 

inflammatory arthritis.  They demonstrated that the peptide may inhibit osteoclast formation 

stimulated by cytokines and it was also shown in a murine arthritic inflammatory model that 

administration of NBD ‘wild type’ peptide before inducing inflammatory arthritis, caused a 

blockade in osteoclastogenesis, focal bone erosion and amends inflammatory responses in 

the joints (Dai et al., 2004).  A ‘mutant type’ NBD peptide did not exert any of these effects.  A 

study by (Dave et al., 2007) demonstrated the effects of a NBD peptide in a IL-10 knockout 

(IL-10-/-) mouse model of spontaneously occurring chronic murine colitis.  This study used an 

“8K” (8 lysine residues in transduction domain to enable entry into cells) NBD peptide which 

inhibited both the TNFα stimulated activation of NF-κB and the translocation to the nucleus of 

NF-κB family members.  Systemic treatment of the mouse models with the 8K-NBD resulted 

in improvement of established colitis and a reduction in NF-κB activation in the lamina propria 

and hence the 8K-NBD could be of therapeutic value in the treatment of inflammatory bowel 

disease (IBD) (Dave et al., 2007).  Most recently, a group (Zhao et al., 2018a) used virtual 

screening to identify so-called “NBD mimetics” of the original 11-amino acid NBD peptide 

derived from IKKβ.  From this screen, two lead “hit” NBD mimetics were produced, SR12343 

and SR12460, both of which caused inhibition of TNF-α and LPS-stimulated activation of NF-

κB by disrupting the IKKβ-NEMO interaction (Zhao et al., 2018a).  They also downregulated 

LPS-stimulated pulmonary inflammation in a murine model (Zhao et al., 2018a).  Treatment 

with both ‘hit mimetics’ for a chronic period in a murine model of Duchenne muscular dystrophy 

(DMD) resulted in a reduction in inflammatory mediators, necrosis and muscle degeneration, 

implicating a role for these NBD mimetics in different disease types (Zhao et al., 2018a). 

To summarise, CPPs offer an alternative approach to targeting PPIs and may 

present greater specificity than the more often targeted kinase domain and this method could 

be explored further in the targeting of other PPIs, though it is recognised that there is a 

required development process to in build drug-like features to make them effective in vivo. 
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1.9. NF-κB-independent IKK-dependent substrates.  

 

As well as in the NF-κB pathway, IKKs have shown to be involved in regulation of 

alternative cellular substrates beyond IB molecules– so called NF-κB-

 

Figure 1.3.  NF-κB independent IKK dependent substrates.  Diagram showing some of the 

NF-κB independent proteins which are regulated by the catalytic IKK proteins.  IKKα 

activation phosphorylates/stimulates – SMRT (De-repression of NF-κB target genes, 

increases NF-κB dependent transcription), ERα (Enhances estrogen receptor-mediated gene 

activation, hormone response) and cyclin D1 (Triggers cyclin D1 degradation, cell cycle 

regulation).  IKKβ activation phosphorylates/stimulates– FOXO3a (Promotes degradation of 

FOXO3a, growth control/cancer) and AURKA (Induces proteasomal degradation, Genome 

integrity).  IKKα and IKKβ phosphorylate/stimulate - β-catenin (Interferes with ubiquitination 

mediated degradation and increases β-catenin-dependent transcription respectively, cell cycle 

regulation/cancer) (Hinz and Scheidereit, 2014). 

 

independent substrates.  These are shown above in Figure 1.3 with the role IKKα and IKKβ 

plays in the regulation of each protein detailed along with their biological function.  IKKα has 

also been shown to regulate a number of downstream molecules - including; ERα (Estrogen 

receptor alpha), β-catenin and depression of silencing mediator for retinoic acid and thyroid 

hormone receptor (SMRT), Forkhead box O3 (FOXO3) and by phosphorylating cyclin D1 – 

and these cellular regulators changes are also implicated in prostate cancer prognosis 

(Mahato et al., 2011, Perkins, 2007).  As well as targeting the IKK proteins and the IKK 

complex in the NF-κB pathway, NF-κB-independent substrates are also emerging as 

pharmacological targets, such as the Aurora kinases.  These are regularly overexpressed in 

a variety of different cancers due to their vital role in the regulation of mitosis and cell 
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proliferation (Tang et al., 2017b). 

 

 

1.10. Aurora Kinase Family.  

 

The Aurora kinase family of cell cycle proteins are a group of conserved mitotic 

serine/threonine kinases which are involved in several steps in cell division by controlling the 

segregation of chromatids (Bolanos-Garcia, 2005, Tang et al., 2017a).  These proteins were 

discovered over 20 years ago (1998) and give the names Aurora A, B and C in Drosophila 

(Bischoff et al., 1998).  In humans and other mammalians their genomes encode for three 

Aurora kinases (AURKs), while in other animals including Xenopus and Drosophilia and the 

nematode, AURKA and AURKB are only present.  In yeast, both S. cerevisiae and S. pombe 

they contain only one Aurora-like homolog, which suggests that the functions that Auroras 

deliver have evolved and diverged from one common ancestor (Bolanos-Garcia, 2005, Brown 

et al., 2004). The mammalian Aurora kinase subtypes vary in amino acid length from 309-

403aa long and they share around 71% sequence homology in their catalytic domain, which 

is approximately 251 residues long.  They also share across the three kinases, a C terminal 

domain of 15-20 residues long and an N-terminal domain of 39-129 residues long (Bolanos-

Garcia, 2005, Kollareddy et al., 2008), as shown in Figure 1.4.  

 

Figure 1.4.  Schematic representing the structure of all three Aurora kinase family members. 

N and C terminal domains contain most of the regulatory sequences. The central domain 

consists of the kinase domain and activation loop.  KEN box is a sequence motif targeted by 

the APC with the consensus KENxxxN (K is lysine and E is glutamate).  D-Box at the C-

terminal domain is the destruction box.  The D-Box-activating domain within the N-terminal 

domain of AURKA confers the functionality to the second, a silent D-Box, present within the 

C-terminus of the kinase.  Two different degradation signals which are required for the 
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proteolysis of AURKA (Kollareddy et al., 2008).  TPX2 binding site:  TPX2 binds to AURKA at 

two different sites in the catalytic core [aa 123 – 387]; at the N-terminal lobe [aa 7-21TPX2] and 

between the N- and C-terminal lobes [aa 30-43TPX2] (Bayliss et al., 2003). 

 

The conserved catalytic domain also contains a very important structure known as the 

activation segment or loop and is necessary for these enzymes to carry out their function.  

Each member of the AURK family contains a key threonine residue in the activation segment 

which is vital for complete activation of the kinase Thr288 (AURKA), Thr232 (AURKB) and 

Thr195 (AURKC), through auto-phosphorylation of each of these residues (Bayliss et al., 2003, 

Tang et al., 2017a).  On the other hand, the N-terminal domain of the AURKA-C is of very low 

sequence conservation and it has been proposed that this is a part of the protein structure that 

may confer selectivity towards regulation of protein-protein interactions, differing for each 

subtype (Bolanos-Garcia, 2005, Carmena and Earnshaw, 2003).  In AURKA and B, both 

contain an A-box (or D-activating box) in the N-terminus and in the C-terminus there is a 

destruction box (D-box) – both of these work in tandem for recognition of AURKA by the E3 

ubiquitin ligase, Anaphase Promoting Complex/cyclosome and its partner Cdh1(APC/cdh1).  

This maintains the low level of AURKA in G1 phase at the start of the cell cycle and then again 

upon mitotic exit (Katayama H, 2003, Tang et al., 2017a).  Lastly, in all three subtypes, the 

ATP binding site is of very high sequence homology in the 26 amino acids that it is composed 

of, with only three differences present which are unique to AURKA and occur at the residues 

L215, T217 and R220 (Brown et al., 2004, Kollareddy et al., 2008).  Although the AURKs have 

high sequence homology, they differ in both their cellular localisation and functions.  AURKA 

is expressed in many different tissues in the body including; thymus, testis, and fetal liver as 

well as lower expression in bone marrow, lymph node and spleen among many others -  

expressed ubiquitously in a cell cycle-dependent manner (Bischoff et al., 1998)  

 

1.9. Regulation and function of Aurora kinases  

1.10.1. AURKA.  

 

The cellular levels of the AURKs are regulated mainly by phosphorylation and 

dephosphorylation by various interacting protein kinases and phosphatases (Katayama H, 

2003).   

The expression profile of AURKA is at a low level through the start of the cell cycle in 

G1 and S phase before it peaks during the G2/M.  Its protein expression then returns to a low 

level again upon exit from mitosis, when degradation by the APC/C complex occurs (Farruggio 

et al., 1999, Katayama H, 2003).  AURKA is localised to the centrosomes during duplication 

of centromeres until final exit from mitosis (Carmena and Earnshaw, 2003).  This was 

demonstrated by (Bischoff et al., 1998) who utilised antibody-based indirect 
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immunofluorescence to determine the exact localisation of AURKA.  In the mitotic phase of 

the cell cycle, AURKA is localised to the centrosomes, spindle poles and spindle during 

transition from prophase to metaphase but primarily to the spindle in telophase (Bischoff et al., 

1998, Kollareddy et al., 2008).   

      Upon localisation to the centrosomes, AURKA undergoes activation by the LIM protein 

ajuba at the N-terminus (Carmena and Earnshaw, 2003, Tang et al., 2017a).  This protein is 

phosphorylated by AURKA and this causes AURKA to undergo autophosphorylation and 

hence complete activation (Hirota et al., 2003).  After peaking at G2/M phase, the activated 

AURKA recruits pericentriolar proteins including γ-tubulin and TACC/MAP215 to microtubule 

organising centres (MTOCs) where they are involved in the maturation of centrosomes and 

speedy microtubule nucleation (Giet et al., 2002, Tang et al., 2017a).  Following this, the 

breakdown of the nuclear membrane occurs in prometaphase and activation of AURKA by 

TPX2 occurs (Kufer et al., 2002).  TPX2 is the best known and researched cofactor or co-

activator of AURKA where it targets it to the mitotic spindle and activates it. This is also 

necessary for spindle assembly and correct confirmation of bipolar spindle microtubules (Tang 

et al., 2017a).  Once bound, TPX2 has two roles in the activation of AURKA.  The N terminal 

region of TPX2 binds the AURKA, causing a change in confirmation that induces the auto-

phosphorylation of the critical Thr288 residue in the T-loop of the activation segment (Kufer et 

al., 2002).  TPX2 also protects this phospho-threonine residue from dephoshorylation and 

consequent deactivation by the phosphatase PP1a upon entry into mitosis (Carmena and 

Earnshaw, 2003, Kufer et al., 2002).  A study by (Bayliss et al., 2017) and (Xu et al., 2011) 

elaborated further on the mechanism of AURKA-TPX2 binding.  The Bayliss group described 

AURKA as closely related to a group of kinases known as the AGC family of Ser/Thr kinases.  

A feature of their activation is through a hydrophobic (HF) motif in a C-terminal extension to 

the kinase domain, this then fits into a hydrophobic surface on the N-lobe which is situated 

between the β-sheet and C-helix called the PDK1 interacting fragment (PIF) pocket (Bayliss 

et al., 2017).  In the case of AURKA, the hydrophobic (HF) motif is provided by a binding 

partner, TPX2, where short extended peptides interact with the hydrophobic pocket in AURKA 

(Bayliss et al., 2017).  It was also shown that there are two TPX2-dependent “switches” that 

are closely associated with the activation of AURKA (Xu et al., 2011).  These are; switch 1 

(Lys-143) and switch 2 (Arg-180) which are bound via hydrogen bonds to ADP, upon TPX2 

binding, the forced “opening” of the binding site through switch 1 occurs, pulling ADP away 

from AURKA (Xu et al., 2011).  No TPX2 binding causes the switch to exist in an “open” 

confirmation which allows for this described outward flipping motion of the phosphothreonine 

residue (p-Thr288) in the active conformation, this leaves the p-Thr288 residue exposed 

readily accessible for deactivation by protein phosphatases (Xu et al., 2011).  On the other 

hand, once TPX2 is bound to AURKA, switch 2 is enforced to a “closed” motion, capturing and 

burying the crucial phosphothreonine (p-Thr288) residue into its locked active confirmation (Xu 

et al., 2011).  Lastly and crucially, a study by (McIntyre et al., 2017) quantified the binding 
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contributions of individual residues of TPX2 in the AURKA-TPX2 interaction.  They detailed 

there were four key residues found to be crucial for AURKA/TPX2 complex formation: Tyr8, 

Tyr10, Phe16 and Trp34 and they hypothesised that the binding could be disrupted by blocking 

any of the pockets that correspond to these residues (McIntyre et al., 2017).  There are also 

other proteins which interact with AURKA and control its activation and expression.  Another 

important cofactor is the protein Bora, which like AURKA was originally discovered in 

Drosophilia for its role in this context in asymmetric cell division (Hutterer et al., 2006).  The 

binding of Bora to AURKA and the subsequent phosphorylation of Bora is similar with that of 

TPX2, and is also required for complete activation of AURKA (Carmena et al., 2009).   

Both Bora and AURKA are also involved in the regulation of another important cell 

cycle kinase known as Polo-like kinase 1 (PLK1), which is activated at the centrosome in the 

G2 phase of the cell cycle (Bruinsma et al., 2014, Carmena et al., 2009).  Bora controls the 

access of AURKA to the T-loop (activation loop) of PLK1, where it undergoes phosphorylation 

by AURKA (Thr210), resulting in complete activation (Seki et al., 2008).  Upon degradation of 

Bora, this instigates a negative feedback loop where phosphorylation of Bora by PLK1 

generates a site on Bora which can be recognised by the E3 ubiquitin ligase SCF-betaTrCP 

(Chan et al., 2008).  There are also three further proteins which have been shown to localise 

with and regulate AURKA and these normally play a role in focal adhesion (Carmena et al., 

2009).  Firstly, the binding of HEF-1 activates AURKA and this causes activation of HDAC6 

through phosphorylation – this protein is a tubulin deacetylase and its role is in the upregulation 

of ciliary assembly (Pugacheva et al., 2007).  This highlights a role for AURKA out with mitosis.  

The remaining two focal adhesion proteins which are involved in the regulation of AURKA are 

protein kinases (Carmena et al., 2009).  The first of the two, Integrin-like kinase (ILK), when 

suppressed, results in faults in mitotic spindle assembly by interfering with the interaction 

between AURKA and TACC3/ch-TOG (Fielding et al., 2008).  The last of these focal adhesion 

proteins, PAK1, forms part of the PAK-PIX-GIT complex which is required for centrosome 

maturation and becomes activated here and stimulates activation of AURKA by 

phosphorylating it at Thr288 and Ser342 (Zhao et al., 2005).  Lastly, the tumour suppressor 

p53 also can regulate the expression of AURKA by localising along with AURKA at the 

centrosome and inhibiting it directly (Carmena et al., 2009), although, AURKA is protected 

from p53 inhibition by TPX2 binding by hiding the activation loop (Eyers and Maller, 2004). 

 

1.10.1.1 TPX2.  

 

TPX2 is a microtubule-associated protein that was 1st discovered as a factor in the extracts 

from mitotic eggs, where it was required for dynein-dependent localisation of Xklp2 (a plus-

end kinesin) to the spindle poles (Wadsworth, 2015).  Thus, the name Targeting Protein for 
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Xklp2, or TPX2, was coined (Wadsworth, 2015).  Although, ironically we still don’t understand 

fully how TPX2 actually targets Xklp2 (Wadsworth, 2015).   

The TPX2 protein possesses a nuclear localisation sequence (NLS) and is therefore 

localised to the nucleus during interphase prior to its localisation at the spindle microtubules 

during mitosis (Wadsworth, 2015).  Indeed, TPX2 possesses two NLS-containing domains 

that controls its localisation to the microtubules; an amino (N) terminal domain and another in 

the carboxy (C) terminal domain (Vos et al., 2008). The N-terminal region of human TPX2 [aa 

1-480] binds directly to microtubules and also consists of the 43aa sequence that binds and 

activates AURKA (Brunet et al., 2004).  The C-terminus crosses over with the N-terminus 

slightly (aa 319-715) and is essential but not sufficient on its own to encourage microtubule 

nucleation (Brunet et al., 2004).  However, the C-terminal region does function in spindle 

assembly and can rescue depleted levels of TPX2 in egg extracts (Brunet et al., 2004).  The 

C-terminal domain of TPX2 also contains tandem repeats that are predicted in silico to be 

comprised mostly of α-helical structures (Sanchez-Pulido et al., 2016).  This region of the C-

terminal domain can be further sub-divided into five clusters of conserved residues which are 

separated by unstructured regions (Alfaro-Aco et al., 2017).  TPX2 also contains a KEN box 

motif at amino acid 87 and three D-box (R-X-X-L) motifs at amino acids 119, 341 and 708 

(Alfaro-Aco et al., 2017).  These motifs are said to be involved in the regulation and 

degradation of the TPX2 protein by the APC/C, as mutations in these motifs tend to render 

substrates resistant to APC/C-dependent ubiquitination (Alfaro-Aco et al., 2017, Stewart and 

Fang, 2005).  Furthermore, it has been shown in vitro that only the first 83 amino acids [aa 1-

83 ]of the N-terminal region of TPX2 as well as the KEN box were required for recognition by 

cdh1, a well-known activator of the APC/C (Alfaro-Aco et al., 2017, Stewart and Fang, 2005).  

Finally, the last 35 amino acids [aa 680-715] of the C-terminal region of TPX2 are involved in 

its interaction with the kinesin Eg5 (Alfaro-Aco et al., 2017, Stewart and Fang, 2005). 

 The naming of TPX2 as a ‘targeting factor’ is appropriate as the TPX2 has now been 

shown to target several proteins to the spindle, suggested to be like spindle flypaper 

(Wadsworth, 2015).  TPX2 is a mitotic microtubule-associated protein (MAP) that is found to 

be localised to the nucleus during interphase before migration to the spindles in mitosis, with 

a particular abundance near the spindle poles (Balchand et al., 2015).  During the process of 

spindle formation, TPX2 is essential for microtubule formation near kinetochores, this requires 

GTP-bound RAs-related Nuclear protein (Ran), results in the inhibitory action of importin α/β 

on TPX2 being abolished (Balchand et al., 2015).  It has also shown that TPX2 targets the 

bipolar kinesin Eg5 to microtubules and this has an essential role in the establishment of 

spindle bipolarity (Balchand et al., 2015).  Indeed, TPX2 protein with the 35 C-terminal amino 

acids critical for Eg5 binding absent, causes defects in spindles with a reduction in Eg5 

accumulation on spindle microtubules, unfocussed spindle poles and distorted microtubules 

(Balchand et al., 2015, Ma et al., 2011).   
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 The N-terminal domain of TPX2 is responsible for the binding and activation of AURKA 

and is also required to localise AURKA to microtubules (Balchand et al., 2015).   TPX2 binds 

to AURKA in the presence of RanGTP (Brunet et al., 2004).  It was firstly demonstrated by 

Bayliss et al. (2003) that the first 43 amino acids (aa 1-43) of the N-terminal domain of human 

TPX2 could be characterised as the AURKA binding domain.  Furthermore, this was expanded 

on and the binding of TPX2 to AURKA was shown to be required for full activation of the kinase 

and protection from dephosphorylation (Bayliss et al., 2003).  When TPX2 isn’t present, the 

AURKA activation domain remains in an inactive conformation, where the critical 

phosphothreonine residue (T288) is exposed and readily available for dephosphorylation 

(Bayliss et al., 2017).  Following TPX2 binding, conformational changes in AURKA pulls on 

the activation domain, swinging the T288 residue into buried position and locking in an active 

conformation (Bayliss et al., 2017).  TPX2 has been shown to bind AURKA at two distinct sites: 

amino acids 7-21 of TPX2 bind at the N-terminal lobe of AURKA, whereas amino acids 30-43 

bind in an α-helical conformation between the N- and C-terminal lobes (Bayliss et al., 2017).  

In short, the two proteins exist as a polypeptide model composed of the catalytic core of 

AURKA [aa 123-387] and two sections of TPX2 [aa 7-21 and aa 30-43] (Bayliss et al., 2017).  

Furthermore, the N-terminal lobe [aa 123-210] consists of a β-sheet and two α-helices, 

including the prominent helix αC whereas the C-terminal [aa 217–387] is mostly α-helical and 

as such the active site is situated at the interface between these two lobes (Bayliss et al., 

2017).  Moreover, it was also demonstrated that a single amino acid difference in AURKA 

(G198) and the correspondent in AURKB (N142) determined their subcellular localisation 

function and respective binding partners/co-factors (Fu et al., 2009). 

 

 

1.10.2. AURKB. 
 

As the second isoform of the family the expression of AURKB like AURKA peaks at G2/M 

phase and then similarly is  degraded by the APC/cdh1 complex upon exiting mitosis 

(Sorensen et al., 2000).  In mitosis, AURKB displays flexible changes in localisation (Katayama 

H, 2003).  In prophase, AURKB is associated with chromosomes before it is focussed to inner 

centromeres until metaphase.  AURKB then transfers to the central spindle upon the start of 

anaphase, where the formation of the cleavage furrow occurs and remains in the mid-zone of 

the cell until cytokinesis and subsequent degradation by the APC/cdh1 (Katayama H, 2003).  

AURKB is known as a “chromosome passenger protein” in this context (Kollareddy et al., 

2008).  AURKB again like AURKA is expressed in most bodily tissues with examples including 

but not limited to; the thymus and fetal liver, where the expression level is high in both 

(Kollareddy et al., 2008) 

Regulation of AURKB expression relies on the chromosome passenger complex 

(CPC), which AURKB is a member of along with three other regulators; Inner centromere 
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protein (INCEP), survivin and borealin in a complex with a ratio 1:1:1 (Jeyaprakash et al., 

2007).  The binding of INCEP to AURKB cause an increase in activation of the kinase and this 

goes on to full activation through a feedback loop once the bound INCEP is phosphorylated 

(Sessa et al., 2005).  It has been proposed that borealin promotes localised clustering that 

leads to the auto-activation of AURKB at the centromere and Mps1 (checkpoint kinase) 

phosphorylates borealin and causes an increase in the activation of AURKB at the centromere 

via an unknown mechanism (Jelluma et al., 2008).  Lastly, survivin has been suggested to be 

involved in targeting the CPC to the centromeres (Vader et al., 2006).  AURKB is also involved 

in the control of chromosome condensation through phosphorylation of histone His3 on Ser10 

and variant centrosome protein A (CENP-A) at Ser7 (Zeitlin et al., 2001).  Lastly, AURKB has 

also been shown to regulate the spindle assembly checkpoint (SAC), correcting the defective 

attachment between spindle and kinetochore, maintenance of appropriate chromosome 

alignment and chromosomal segregation (Tang et al., 2017a).  In anaphase, AURKB carries 

out the phosphorylation of a number of downstream substrates; mitotic kinesin-like protein 1 

(MKLP1) and RacGAP1 – this enables the deposition of these proteins at the mid-body and 

maintains stabilisation of the central spindle (Carmena et al., 2012) and so is key to the 

process of normal mitotic division. 

      

 

 

1.10.3. AURKC.  

 

The third and last member of this family of kinases is AURKC and like both its family members 

before, also peaks in expression at the G2/M phase of the cell cycle.  During transition from 

anaphase through to cytokinesis, AURKC is localised on the centrosome (Kimura et al., 1999).  

In the body, AURKC is found to be predominantly expressed in the testis (proposed to play a 

role in spermatogenesis) but it is also found to be upregulated in many cancer cell lines 

(Katayama H, 2003, Kimura et al., 1999, Yang et al., 2015a).  The diverse subcellular 

localisations and mitotic functions of each individual kinase are linked to their relationship with 

their specific regulatory proteins that are specific to each subtype.  

Functionally AURKC is suggested to play an important role in chromosomal 

segregation.  (Li et al., 2004) showed that expression of AURKC in mouse oocytes caused 

cell cycle arrest and formed eggs displaying aneuploidy.  AURKC has also been shown to be 

a part of the CPC and hence has crosslinks with the functions of AURKB in mitosis (Sasai et 

al., 2004).  A study by (Gabillard et al., 2011) showed that AURKC localised to the mid-body 

of Hela cells in cytokinesis as result of its interaction with transforming acid coiled-coil 1 

(TACC1). 
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AURKC is upregulated in several different cancers (Table 1) but as we know little 

about its function in normal cells, it is difficult to predict the biological significance of the 

aberrant expression in cancer.  The variety of studies mentioned above demonstrate that 

AURKA as well as the other two AURK family members, play a multi-functional role in mitosis 

and even some functions out-with mitosis.  The research ongoing presently in this area will, 

going forward, provide a better understanding of AURKs in the cell cycle and in disease states 

like cancer.  

1.11. AURKs and cancer.  

 

During the cell cycle, the AURKs are involved in the regulation of a host of vital roles and their 

overexpression can cause the cell to change morphology and become cancerous (Kollareddy 

et al., 2008).  This can lead to genetic instability (aneuploidy), which can cause cancer.  In this 

condition, altered DNA content in these cells can arise from defects in centrosome duplication, 

centrosome separation, cytokinesis and chromosomal bi-orientation errors.  Thus, Aurora 

genes have been classified as oncogenes (Kollareddy et al., 2008).  When it was first 

discovered, the AURKA gene was originally identified as Breast Tumour Activated Kinase 

(BTAK) because at the translational level AURKA has been shown to be amplified in the 

transformation of breast cancer cells (Kollareddy et al., 2008, Sen et al., 1997). 

      The Aurora kinases are mapped to chromosomes which have been recognised to be 

genetically unstable and frequently mutated; 20q13.2 (AURKA), 17p13.1 (AURKB) and 10q13 

(AURKC) respectively and this may partly explain the abnormal expression of AURKs in 

human cancers (Tang et al., 2017a).  Each of the AURK family members has been recognised 

to be overexpressed in a variety of different cancers (Table 1).  It has been shown that AURKA 

can also be amplified and distributed out with the nucleus in tumour cells (Burum-Auensen et 

al., 2007). The Ras-association domain family 1, isoform A (RASSF1A) – a tumour suppressor 

which is phosphorylated by AURKA, to cause disruption of microtubule stabilisation mediated 

by RASSF1A and M-phase cell cycle arrest, results in uncontrolled cell division in cancer 

(Rong et al., 2007).  AURKA also regulates the NF-κB pathway in tumorigenesis through 

phosphorylation of IκBα and thus activates canonical NF-κB signalling. AURKA also has a role 

in the control of apoptosis, where it upregulates anti-apoptotic proteins such as B-cell 

leukemia-2 (Bcl-2) and Induced myeloid leukemia cell differentiation protein 1 (MCL-1)  and 

downregulates pro-apoptotic proteins such as Bcl-2-associated X protein (Bax), Bcl-2-like 

protein 11 (Bim) and p53 upregulated modulator of apoptosis  (PUMA) (Tang et al., 2017a).  It 

also inhibits the process of autophagy through upregulation of the mammalian Target of 

Rapamycin (mTOR) pathway (Zou et al., 2012).  In patients with cancer, a poor prognosis is 

normally as a result of metastasis which is mediated by EMT.  AURKA has a role in the 

increased expression of the EMT transcription factor, SLUG, as well as fibrillin 1 (FBN1), which 

is important in regulation of the tumour microenvironment (Sengle et al., 2012).  Increased 
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expression of proteins which regulate cell-cell adhesion, such as E-cadherin and β-catenin, 

are downregulated by AURKA, thus stimulating EMT and this was determined by treatment 

with the AURK inhibitor MLN8237.  Also, oncogenic signalling proteins such as; Raf-1, Myc 

and octamer-binding transcription factor 4 (OCT4) stimulate the progression of EMT through 

AURKA accumulation (Liu et al., 2016, Tang et al., 2017a).  Furthermore, amplification of 

AURKA expression can also markedly increase the expression of the matrix 

metalloproteinases (MMP)-2, MMP-7 and MMP-10, causing the degradation of proteins in the 

extracellular matrix and this leads to the stimulation of tumour mobility and metastasis (Noh et 

al., 2015).  It has been well characterised that AURKA is involved in the regulation of p53, a 

well-recognised and researched tumour suppressor, by phosphorylating it at Ser215 and 

Ser315 – this inhibits the transcriptional activity of p53 and leads to an increase in the 

degradation of p53 which is mediated by Mdm2 (Katayama et al., 2004, Tang et al., 2017a).  

It was also shown by (Huang et al., 2016) that lack of miR-137 expression in colon polyps can 

act as a biomarker to predict the disease progression of colorectal cancer (gradually 

decreases as disease progresses).  In human colorectal cancer, miR-137 negatively correlates 

with AURKA expression, i.e. as AURKA is over-expressed there is a loss of miR-137 (Huang 

et al., 2016).  AURKA is also shown to be abrogated or dysregulated in 5 different types of 

gynaecological cancers (Suman and Mishra, 2018), non-small cell lung cancer (NSCLC) (Lo 

Iacono et al., 2011) and gastrointestinal cancer (Katsha et al., 2015). So, collectively AURKA 

has a role in underpinning aspects of the development of recognised hallmarks across multiple 

cancer types via different cellular mechanisms.  

 

       

 

Kinases Localisation Function Tumour Types 

AURKA Centrosome, 
Spindle 
microtubule, 
Midbody 

Centrosome 
maturation/separation; 
Mitotic entry; 
Microtubule 
nucleation; Spindle 
assembly; Bipolar 
spindle microtubule 
formation; cytokinesis; 
Mitosis exit 

Breast cancer; Ovarian 
cancer; 
Gastric/Gastrointestinal 
cancer; Colorectal 
cancer; Esophageal 
squamous cell 
carcinoma; Lung 
cancer; Cervical 
cancer; Prostate 
cancer; Glioma; Acute 
myeloid 
leukemia(AML); Oral 
cancer 

AURKB Chromosome 
Kinetochore, 
Midbody 

Chromosome 
condensation; 
Microtubule-
kinetochore 
attachment; 
Chromosomal 

Breast cancer; Ovarian 
cancer; 
Gastric/Gastrointestinal 
cancer; Colorectal 
cancer; Lung cancer; 
Cervical cancer; 
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alignment; 
Chromosomal 
segregation; 
Regulating SAC 
cytokinesis 

Prostate cancer; 
Glioma; Acute myeloid 
leukemia(AML); Oral 
cancer 

AURKC Chromosome, 
Midbody 

Meiotic chromosome 
segregation; Similar to 
AURKB, e.g. 
Cytokinesis 

Breast cancer; 
Colorectal cancer; 
Cervical cancer; 
Prostate cancer; 
Glioma 

Table 1: Aurora kinases localisation and function and cancers which they are expressed in 

(adapted from Tang et al., 2017). 

1.11.1 AURKA in prostate cancer.  

 

The AURKs and AURKA particularly have been highlighted by a variety of studies to play a 

part in the development of prostate cancer.  AURKA is overexpressed in 98% prostate cancer 

lesions and 96% of the high-grade prostatic intraepithelial neoplasia (PIN) lesions and this is 

thought to be an early event in the tumorigenesis within prostate tissue (Buschhorn et al., 

2005).  AURKA has also been shown to drive tumorigenesis by regulation of the AR by 

phosphorylating it in absence of agonist binding, causing its activation. It has been proposed 

this may lead to growth of the tumour through an androgen-independent mechanism (Shu et 

al., 2010).   AURKA also phosphorylated and activated the C-terminus of HSP70-interacting 

protein (CHIP) through 2-methoxyestradiol (2-ME) stimulation (Sarkar et al., 2017).  Inhibition 

of AURKA resulted in inhibition of CHIP phosphorylation and degradation of the androgen 

receptor (AR) (Sarkar et al., 2017).  AURKA phosphorylated CHIP at Ser273 and it was shown 

that in prostate cancer cells expressing a S273A mutant version of CHIP, this abolished AR 

degradation following 2-ME treatment compared to the wild-type (Sarkar et al., 2017).  In 

advanced, late stage CRPC, AR variants (AR-V) are a mechanism by which the cancer 

develops resistance to established treatments (Jones et al., 2017).  In models of CRPC, 

reduction in the levels of AURKA results in a loss of AR-V target gene expression.  AURKA 

levels are aberrantly expressed in the advanced stages of the disease and due to AR-V being 

a target gene for AURKA, this demonstrates a positive feedback mechanism in androgen 

signalling in CRPC (Jones et al., 2017).  AURKA is involved in the majority of the recognised 

hallmarks of cancer as defined by (Hanahan and Weinberg, 2011) and the progression of 

prostate cancer.  This again, like IKK-NF-kB signalling, serves to highlight the therapeutic 

potential for AURKA being a target for pharmacological inhibition in the treatment of prostate 

cancer. Targeting of AURKA therapeutically in prostate cancer presents a serious challenge 

as it does in other cancer cell types.  Again, as with all targeted approaches, there is the 

challenge to distinguish cancer cells from normal cells which also possess and rely upon the 

normal physiological function of AURKs. This can give rise to high toxicity (Tang et al., 2017a).  

AURKA has been suggested in some instances to promote AR degradation in CRPC (Sarkar 
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et al., 2017) and has also been proposed to increase in expression following androgen 

stimulation in prostate cancer cells that express high levels of AR (Kivinummi et al., 2017).  

Inhibition of AURKA has also been shown to overcome the chemo-resistance that is conferred 

by AURKA (Tang et al., 2017a).  Indeed, inhibition of AURKA in the DU145 prostate cancer 

cell line sensitised cells to treatment with the chemotherapeutic docetaxel (He et al., 2013).  

This has presented the hypothesis that targeting AURKA with a monotherapy or so-called 

combination approach with chemotherapeutics, or upon discovery of other potential targets 

that correlate with AURKA and its involvement in prostate cancer, will bring clinical benefit. 

Taken together, these studies highlight the therapeutic potential in targeting AURKA in 

prostate cancer.   

 

1.12. Aurora kinase inhibitors. 

1.12.1. ATP-competitive inhibitors. 

 

As mentioned in the previous section, the AURKs and in particular AURKA with its co-activator 

TPX2 are involved in many aspects of tumorigenesis, particularly when 

overexpressed/overactive.  It is for these reasons that targeting AURKA and more recently, 

the AURKA/TPX2 complex make for attractive therapeutic targets in the treatment of cancer. 

 Targeting AURKs has, as for a diversity of kinases in the human kinome, 

again been pursued via the development of ATP-competitive inhibitors.  It has been 

increasingly demonstrated in the literature that inhibition of AURKs through the use of ATP-

competitive Aurora kinase inhibitors caused repression of the progression and growth of 

tumours in vitro and in vivo and can also enhance the effect of chemotherapeutics, suggesting 

the AURKs could potentially be  therapeutic targets (Tang et al., 2017a).   In one study  

(Helfrich et al., 2016) barasertib (AZD1152) was assessed in a panel of 23 Small-cell lung 

cancer (SCLC) cell lines with and without MYC gene amplification.  Nine cell lines were highly 

sensitive to growth inhibition (>75% at 100nM) and this correlated to an increase in sensitivity 

when c-MYC was amplified (Helfrich et al., 2016).  Barasertib, is administered as a phosphate-

based prodrug which is then rapidly converted into barasertib-hQPA upon entering a system 

in vivo (Bavetsias and Linardopoulos, 2015b).  The barasertib-hQPA displays  selectivity for 

AURKB (IC50 <0.001μM) over AURKA (IC50 = 1.4μM) (Bavetsias and Linardopoulos, 2015b).   

 An alternative inhibitor with greater selectivity between AURK isoforms than barasertib 

is Alisertib (MLN8237) which is a potent, selective inhibitor of AURKA (IC50 = 1.2nM) vs. 

AURKB , with a near-400 fold selectivity (Bavetsias and Linardopoulos, 2015b).  In a study by 

Wang et al. (2017) it was demonstrated that alisertib alone or in combination with cisplatin, 

which crosslinks with the purine bases on DNA to form DNA adducts, preventing repair of the 

DNA, leading to DNA damage and induction of apoptosis within cancer cells, inhibited AURKA 

and significantly reduced the viability of cisplatin-resistant cells, a common challenge in the 
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treatment of gastric cancer.  This has been used broadly both in vitro and in vivo and a recent 

study (Beltran et al., 2019) detailed its use in a Phase II clinical trial involving castrate-resistant 

and Neuroendocrine prostate cancer. The rationale behind the trial was that, N-myc tends to 

drive Neuroendocrine prostate cancer and alisertib disrupts the interaction between N-myc 

and AURKA which stabilises N-myc, causing inhibition of N-myc signalling and results in a 

decrease in tumour growth (Beltran et al., 2019).  The end result of the trial did not meet its 

initial end target of 6-months progression-free survival but a set of ‘Exceptional responder’ 

patients who had advanced prostate cancer and displayed molecular and/or cellular signs of 

upregulated expression levels of AURKA and N-myc showed great benefit of single agent 

treatment with alisertib which resulted in six-month progression-free survival in 13.4% of the 

cohort (Beltran et al., 2019).   

Danusertib is a potent pan-Aurora kinase inhibitor (i.e. it inhibits all three isoforms) – 

AURKA IC50 = 13nM, AURKB IC50 = 79nM, AURKC IC50 = 61nM (Bavetsias and 

Linardopoulos, 2015b).  Of note however, this inhibitor also caused a number of ‘off-target’ 

effects in vitro against a few kinases which have been shown to have anti-tumour activity such 

as; ABL, RET, and TRK-A (Bavetsias and Linardopoulos, 2015b).  For example, it was shown 

in a study by Borthakur et al. (2015) that Danusertib was used in a Phase I clinical trial of 

patients with Tyrosine kinase inhibitor (TKI) - resistant chronic myeloid leukemia (CML) and 

Philadelphia chromosome-positive acute lymphoblastic leukemia (Ph+ ALL) and 

demonstrated early promising anti-tumour activity in 20% of the evaluated patients, all of which 

contained the Thr315I BCR-ABL mutation (Bavetsias and Linardopoulos, 2015b). 

Probably the best characterised of all the Aurora kinase inhibitors available currently 

is VX-680, or Tozasertib (MK-0457).  VX-680 generated by Vertex, inhibits all three AURK 

isoforms with a high degree of potency (AURKA IC50 = 0.6nM, AURKB IC50 = 18nM and 

AURKC IC50 = 4.6nM) (Gizatullin et al., 2006).  It was shown that VX-680 could potentially be 

used as a novel approach in combination with chemotherapies for metastases from NSCLC 

or alternatively as a second-line treatment in metastatic adrenocortical carcinomas (ACC) 

since VX-680 acts specifically on the SW13 (human adrenal carcinoma cell line) cell line and 

metastatic cells (Gizatullin et al., 2006).  Another study by (Sun et al., 2019) demonstrated the 

effect of the VX-680 inhibitor in human umbilical vein endothelial cells (HUVECs).  This was 

used as a model cell line to demonstrate the inhibitors effect on angiogenesis.   The VX-680 

inhibitor was shown to inhibit proliferation of HUVECs and promote apoptosis (31% and 64% 

increase in apoptotic cells when treated with 1.5µM and 2.5µM respectively) as well cause a 

marked decrease in migration (~ 2-fold and 4-fold reduction in migration index when treated 

with 1.5µM and 2.5µM respectively in comparison to the control) and tube formation (1.5µM 

and 2.5µM of VX-680 caused a 1.5- and 2.5- fold reduction in tube formation) of HUVECs (Sun 

et al., 2019).  It was also shown, via an in vivo assay technique known as a chicken embryo 

chorioallantoic membrane assay, that VX-680 significantly reduced the formation of blood 

vessels and to inhibited the expression of vascular endothelial growth factor (VEGF) and RAC-
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α (serine/threonine protein kinase, also called AKT1) (Sun et al., 2019), that support the 

development of angiogenesis.  Thus, the VX-680 is a potential anti-angiogenic agent and 

targets several of the hallmarks of cancer, including; Angiogenesis, prevention of apoptosis, 

cell proliferation and migration. The halt to the development of VX-680 occurred after a Phase 

I trial in advanced ovarian cancer in which it produced QT prolongation (a measure of delayed 

vetricular response which means the heart muscle takes longer than normal to recharge 

between beats) in one patient (Traynor et al., 2011).  It was then re-entered into a Phase II 

trial in BCR-ABL T315I mutant chronic myelogenous leukemia and Philadelphia chromosome-

positive acute lymphoblastic leukemia but only produced minimal efficacy at higher, intolerable 

doses (Seymour et al., 2014). 

The Aurora kinase inhibitor ZM447439 is used as a pharmacological tool to target all 

three Aurora isoforms but with selectivity for AURKB over AURKA/C (AURKA IC50 =1000nM, 

AURKB IC50 = 50nM and AURKC  IC50 = 250nM) (Crispi et al., 2010).  ZM447439 was shown 

to inhibit proliferation of all malignant mesothelioma (MM) cells and this is thought to be due 

mainly to inhibition of AURKB in MSTO-211H and MPP89 cell lines (Crispi et al., 2010).  

Another study by Georgieva et al. (2010) demonstrated that ZM447439 had an anti-

proliferative effect in three Gastroenteropancreatic Neuroendocrine cancer cell lines (BON, 

QGP-1 and MIP-101).  The anti-proliferative effects produced an IC50 in the nanomolar to low 

micromolar range and ZM447439 potently induced apoptosis as well as brought about cell 

cycle arrest (G0/G1 phase) and blocked G2/M transition (Georgieva et al., 2010).  This anti-

proliferative effect of ZM447439 in Gastroenteropancreatic Neuroendocrine cancer cell lines 

is amplified when in combination with chemotherapeutics and hence ZM447439 could be a 

novel treatment approach in Gastroenteropancreatic Neuroendocrine cancer (Georgieva et 

al., 2010).  It is therefore currently suggested that ZM447438 should be investigated further in 

future clinical trials involving Gastroenteropancreatic Neuroendocrine tumours. 

PF-03814735 is an orally bioavailable inhibitor of both AURKA (IC50 = 0.8nM) and 

AURKB (IC50 = 5nM) and inhibits several other kinases by >90% at 100nM (FLT3, JAK2, TrkB, 

RET, MST3) (Bavetsias and Linardopoulos, 2015b).  A study by Dalva-Aydemir et al. (2019) 

showed that PF-03814735 caused a potent inhibition of cell growth in KTC2 thyroid cancer 

cells which possess a mutation (C228T) in the telomerase reverse transcriptase gene 

promoter (TERTp). 

Lastly, AMG-900 is potent, orally bioavailability, AURK inhibitor which inhibits all three 

isoforms with a relatively similar degree of potency (AURKA IC50 = 5nM, AURKB IC50 = 4nM 

and AURKC IC50 = 1nM) (Bavetsias and Linardopoulos, 2015b).  A recent Phase 1 clinical trial 

conducted by Carducci et al. (2018) demonstrated a dose expansion study of AMG-900 in 

three different solid tumour types; taxane- and platinum-resistant ovarian cancer, taxane-

resistant triple-negative breast cancer (TNBC), and castration-resistant and taxane- or 

cisplatin/etoposide–resistant prostate cancer (CRPC).  The results produced indicated that a 

40mg/day dose with a prophylactic treatment of Granulocyte colony-stimulating factor (G-CSF) 
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produced a manageable toxicity and showed single-agent activity in patients with heavily pre-

treated, chemotherapy-resistant ovarian cancer (Carducci et al., 2018).  This could be a 

potential pre-treatment strategy in patients with heavily pre-treated chemothereapy-resistant 

ovarian cancer. 

Again, as mentioned before in Section 1.11.1, the problems and limitations with ATP-

competitive inhibitors remain more or less the same when seeking to target individual kinases, 

In the case of the AURKs the high sequence homology between the catalytic domain of the 

three isoforms (McIntyre et al., 2017)makes it a challenge to specifically target each individual 

AURK isoform using ATP-competitive inhibitors.  In targeting AURK there also seems to be a 

problem where the use of ATP-competitive molecules produce limited efficacy or are 

ineffective in solid tumours (Bavetsias and Linardopoulos, 2015b).  The most popular 

hypothesis in the field for this is the need to expose the tumour to the drug through a number 

of cell cycles or for a prolonged time in mitosis, in order to exert their maximum effect in cancer 

cells before severe toxic side effects manifest in patients (Bavetsias and Linardopoulos, 

2015b).  Also, molecules with extended chemical space that possess better selectivity for 

AURKA in isolation are perhaps less able to engage the active site in a cellular setting due to 

how TPX2 modulates accessibility to the active/ATP-binding site.  So strategies are required 

to either disrupt the binding of TPX2 to make the active site more accessible or develop 

alternative allosteric inhibitors.  Could it be the high levels of TPX2 that are present in solid 

tumours and its protection of the active site/Thr288 phosphorylation could be rendering 

currently available ATP-competitive inhibitors less potent?  The majority of ATP-competitive 

inhibitors have been screened for and assayed  against AURKA in isolation, not as an AURKA-

TPX2 complex (Anderson et al., 2007).  The points above highlight the need to target the 

AURKA in alternative ways rather than targeting the ATP binding site and therefore perhaps 

there is now the requirement to develop inhibitors targeting the AURKA-TPX2 complex rather 

than AURKA alone. 

 

1.13. AURKA/TPX2 in cancer. 

 

TPX2, the main regulator of AURKA, has also been considered as an oncogenic marker, both 

independently and in concert with AURKA. As such it is worth considering its role individually 

in cancer as well as a key component of the AURKA/TPX2 complex. 

 TPX2 has been shown to have a pathological effect in a variety of different cancer 

types including; prostate cancer (Zou et al., 2018a), hepatocellular carcinoma (Hsu et al., 

2017), breast cancer (Jiang et al., 2019), gastric cancer (Tomii et al., 2017, Jiang et al., 2019) 

and colon cancer (Wei et al., 2013).  TPX2 is highly expressed in most cancer types but it 

being considered as a prognostic indicator of disease has been controversial, even though in 

most cases upregulation of TPX2 had a negative impact on prognosis (Wang et al., 2018).  A 
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conflicting study by Pan et al. (2017)  indicated that TPX2 expression in prostate cancer 

patients was not related to survival time and its decrease, so a meta-analysis by Wang et al. 

(2018) was carried to gather a better understanding of TPX2’s potential prognostic significance 

across a panel of cancer cell types (Gastric, hepatocellular cancer, malignant astrocytoma, 

prostate, epithelial ovarian cancer, bladder carcinoma, colon cancer, esophageal squamous 

cell carcinoma, renal cell cancer and squamous cell lung carcinoma).  It was concluded that 

TPX2 overexpression indicated poor survival in most solid tumours and hence TPX2 

expression is a significant prognostic indicator (Wang et al., 2018).  The overexpression of 

TPX2 in human breast cancer was linked to the proliferation, invasion and migration of breast 

cancer cells through MMP 2 and 9 (Yang et al., 2015b).  In another study by (Jiang et al., 

2019) TPX2 was indicated as a novel prognostic marker and therapeutic target in human triple-

negative breast cancer.  The study showed that TPX2 could be a prognostic biomarker of 

progression free survival and overall survival following initial treatment in triple-negative breast 

cancer and could also act as an indicator of overall survival and potential therapeutic 

intervention (Jiang et al., 2019).  In colon cancer cells and tissues, TPX2 is aberrantly 

expressed and is suggested to upregulate the PI3K/AKT pathway, MMP2 expression and 

hence tumorigenesis, invasiveness and metastasis (Wei et al., 2013).  TPX2 is also suggested 

as a good indicator of prognosis and target for therapeutic intervention in gastric cancer (Liang 

et al., 2016) as well as being associated with poor survival (Tomii et al., 2017).  TPX2 was 

shown to be aberrantly expressed in gastric cancer compared to the normal epithelia (Liang 

et al., 2016).  Upregulation of TPX2 expression resulted in tumour cell migration and invasion 

as well as downregulating several genes including; cyclin B1, cdk4, p53, Bax, caspase-3 and 

E-cadherin but elevating the levels of cyclin D1, cdk2, N-cadherin, slug, MMP-2 and MMP-9, 

suggesting a link between TPX2 overexpression and tumour cell epithelial–mesenchymal 

transition (EMT) (Liang et al., 2016).  Hepatocellular carcinoma (HCC) is one of the hardest 

cancers to treat with chemotherapeutics largely having no effect and TPX2 was shown by (Hsu 

et al., 2017) to be upregulated in 42% of primary HCCs and was linked to advanced stage 

distant metastases and poor prognosis.  Inhibition of TPX2 lead to cell cycle arrest, apoptosis, 

senescence and a rise in polyploidy in cells in HCC (Hsu et al., 2017).  Other research by (Liu 

et al., 2014b) demonstrated that the level of TPX2 in normal liver cells (hepatocytes) was much 

reduced compared to that of HCC cells.  They also suggested that overexpression of TPX2 

may be involved in cancer cell invasion in HCC cells, through activation of the AKT and 

subsequent increased expression of MMP-2 and MMP-9 (Liu et al., 2014b).  Lastly, the 

upregulation of TPX2 was shown to increase proliferation, invasiveness and migration and 

inhibit apoptosis in prostate cancer cell lines (Zou et al., 2018a).  Increased TPX2 expression 

was found to be associated with high tumour node metastases (TNM), clinicopathological 

staging and also with high Gleason scores, metastasis and a rise in PSA after treatment (Zou 

et al., 2018a).  This indicated the potential of TPX2 as a biomarker for the prognosis and 

diagnosis of prostate cancer (Zou et al., 2018a).  In a study by (Pan et al., 2017) it was shown 
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that the targeted inhibition of TPX2 results in the downregulation of genes associated with 

regulation of the cell cycle and chromosome segregation (securin, seprase, AURKA, AURKB, 

Cyclin B1, Cyclin B2, MPS1, BUB1, BUB3, MAD1 and MAD2) in prostate cancer cells. 

 As well as examining the roles of AURKA and TPX2 in cancer individually, the two 

must also be considered as a single functional complex in an oncology setting.  A paper by 

(Asteriti et al., 2010) suggested the role of the AURKA/TPX2 complex co-expressed as a 

functional unit or so-called “holoenzyme” - a biochemically active compound that is composed 

of an enzyme with a coenzyme - in cancer.  This was further enhanced by (Kadara et al., 2009) 

who highlighted the correlation between AURKA and TPX2 overexpression in a study 

comparing lung cancer cells to normal cells and similarly upregulation of both AURKA and 

TPX2 was observed in carcinoma ovarian cancer in comparison to adenoma ovarian cancer  

(Scharer et al., 2008).  Thus, AURKA, TPX2 and the AURKA/TPX2 complex make attractive 

therapeutic targets.  For example, it was shown in a study (van Gijn et al., 2019) that BRCA2-

deficient cancer cells become genomically unstable and more susceptible to targeting of both 

AURKA and TPX2.  This was achieved using short-hairpin RNA (shRNA) to produce BRCA2 

deficient cancer cell lines and depleting AURKA and TPX2 using siRNA rundown (van Gijn et 

al., 2019).  In pancreatic cancer, specifically pancreatic ductal adenocarcinomas (PDAC) 

AURKA and TPX2 are suggested to be regulated by KRAS in what is a largely KRAS-driven 

cancer subtype (Gomes-Filho et al., 2020a).  They are both associated with a worsening 

prognosis and it is hypothesised in this study that AURKA and TPX2 act as targets for KRAS 

and targeted inhibition of the AURKA/TPX2 signalling axis may be a beneficial therapeutic 

intervention in KRAS-driven PDAC (Gomes-Filho et al., 2020a). 

 

 

1.13.1. Allosteric inhibitors (of the AURKA/TPX2 complex). 

 

To overcome the limitations which are associated with ATP-competitive AURKs inhibitors and 

appreciating AURKA-TPX2 functions as a ‘holoenzyme’, as described above (Section 1.12.1), 

targeting kinases through an allosteric mechanism may be an  alternative and more selective 

approach.  There are currently no potent allosteric AURK inhibitors available.  Development 

of these could be based on targeting the inactive confirmation of AURKA or targeting of 

upstream activator proteins (McIntyre et al., 2017).  The most promising and well-researched 

is development of a compound that would block/disrupt AURKA/TPX2 binding (McIntyre et al., 

2017).  The benefit of this being that these so-called protein-protein interaction (PPI) 

inhibitors/mimetics would disrupt AURKA localisation as well as affect its activity.  This would 

serve as a useful validation of the role of the AURKA/TPX2 complex as a target in cancer and 

also these compounds would display a much higher degree of selectivity compared to ATP-

competitive inhibitors (McIntyre et al., 2017). Interestingly, and as eluded to previously 
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(Section 1.12.1), the majority of Pharma-driven high throughput screening programmes 

designed to develop ATP-competitive inhibitors typically have screened for inhibition against 

the AURKA protein in isolation in vitro in the absence of TPX2, hence generating molecules 

with high potency against said AURKA as a target without any insight into potential impact of 

TPX2 on modulation of catalytic activity and therefore making it a more challenging target. 

 So, as we move forward, the design of molecules for targeted disruption of the 

AURKA/TPX2 complex, be it with physical compounds or through computational screening in 

silico, has grown in terms of research in the last 10 years.  Initial studies (Widodo et al., 2010) 

identified TPX2 as a target for Withanone (an alcoholic extract from Ashwagandha leaves that 

has been shown to kill cancer cells), which was shown through a combination of both 

computational and experimental studies to alter AURKA signalling in an ATP-independent 

manner through inactivation of the AURKA/TPX2 complex (Grover et al., 2012).  This was first 

based on computational predictions but then was further validated by means of RT-PCR, 

Western blotting and immunocytostaining in human cancer cell lines. 

 A study by (Burgess et al., 2016) used what is known as a single variable domain 

antibody (Nanobodies) or vNAR domain, derived from a shark heavy chain antibody, that binds 

a specific target, to perturb the AURKA-TPX2 complex.  A synthetic vNAR domain, vNAR-D01 

was demonstrated to disrupt the binding between AURKA and TPX2 by binding to AURKA in 

the same hydrophobic pocket that TPX2 occupies (Burgess et al., 2016).  vNAR-D01 was 

shown, through its CDR3 loop to overlap with two key residues of TPX2 (Tyr8 and Tyr10) 

which are critical for binding in the hydrophobic pocket of AURKA and it inhibited AURKA with 

an IC50 of 6.76μM (Burgess et al., 2016). 

 Using a similar experimental rationale, (Zorba et al., 2019) described the use of 

monobodies, also known as ‘antibody mimetics’ to bind to an allosteric pocket on AURKA and 

can cause both strong inhibition or activation.  This is a simple alternative to antibodies that 

are formed of a fibronectin type III (FT3) domain backbone and offer the benefit of strong 

selectivity, can inhibit or activate (with activation being a particularly powerful and new tool, 

rarely seen with ATP-competitive inhibitors) and avoid competing with the high levels of 

endogenous ATP (Zorba et al., 2019).  For the monobodies screened in this study, there was 

a 15-fold activation and 20-fold inhibition in terms of shift in AURKA activity (Zorba et al., 2019).  

This was measured through use of a ADP/NADH coupled assay which was used to measure 

phosphorylation of the Lats2 peptide by AURKA in the presence or absence of TPX2 (Zorba 

et al., 2019).  These examples of strong allosteric modulators open the possibility of a new 

avenue of drug design though it is recognised that they will need to be developed further to 

make them more drug-like for effective delivery in vivo. 

 An alternative approach has utilised a stapled TPX2 proteomimetic, spanning residues 

1-43 (crucial residues for binding to AURKA), has also been used as an additional strategy 

(Rennie et al., 2016) to understand better the binding between TPX2 and AURKA.  This 

proteomimetic was shown via isothermal titration calorimetry to be bound tighter and with 
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higher affinity to AURKA than the native TPX2 protein and mimicked it by inducing the 

autophosphorylation and subsequent activation of AURKA (Rennie et al., 2016).  This could 

have potential therapeutic value in perhaps developing a TPX2 proteomimetic that is ‘inactive’ 

but competes with the native TPX2 for AURKA binding and therefore stops the complex from 

forming and so ‘switches off’ AURKA activity. 

 Important to add is that there has been some limited yet significant development of 

small-molecule inhibitors of the AURKA/TPX2 protein-protein interaction.  Following a high-

throughput screen of around 17,000 compounds in a fluorescence anisotropy (FA) assay 

between recombinant AURKA and a tagged TPX2 fragment, a compound known as AurkinA 

(Kd = 3.77μM) was generated (Janecek et al., 2016).  This AurkinA compound was able to, 

bind AURKA in this same hydrophobic “Y-pocket” which is normally inhabited by the critical 

Y8 and Y10 residues of TPX2 (Janecek et al., 2016), comparable to the vNAR domain 

approach mentioned earlier.  In cell-based assays, AurkinA caused a concentration-

dependent shift in mislocalisation of AURKA from the mitotic spindles, which TPX2 normally 

recruits it to and it also inhibited the AURKA autophosphorylation (p-T288) in a concentration-

dependent manner (Janecek et al., 2016) and so represents a first step towards development 

of potential allosteric inhibitors of AURKA activity. 

 These studies highlight the potential therapeutic value in targeting protein-protein 

interactions as an alternative, potent and potentially selective approach to inhibiting kinases 

whilst avoiding the targeting of the kinase ATP-binding site without the problem of competing 

with the endogenous ATP.   

 

1.14. Cross-talk between IKKs and AURKA. 

 

A more recently proposed substrate of the IKK complex, distinct from classical IKK substrates, 

is AURKA, which is proposed to be regulated in a NF-κB independent but IKK-dependent 

manner.  This suggests that the IKK proteins may be able to regulate AURKA and cell cycle 

progression.  For instance, it was shown in a study by Prajapati et al. (2006) that IKKα has 

been found to regulate the M phase of the cell cycle by phosphorylating the critical Thr288 

residue in the activation loop of AURKA, which renders it in its active conformation.  Also, 

(Irelan et al., 2007) showed there is an interaction between AURKA and β-TRCP which is 

IKKβ-dependent.  This suggests that IKKβ-regulated AURKA phosphorylation may control or 

contribute to the regulation of the expression of AURKA through mitosis.  These studies 

suggested a potential role of both IKKα and IKKβ in regulation of AURKA in the cell cycle, 

particularly during the mitotic phase of cell doubling (Irelan et al., 2007, Prajapati et al., 2006).  

It was also shown that AURKA decreased TNFα-induced IκBα degradation and AURKA 

regulated NF-κB activity by binding directly and phosphorylating IκBα in gastric cancer cells 

(Briassouli et al., 2007, Katsha et al., 2013).  It was also shown in Multiple myeloma (MM) cells 



 

47 
 

that blockage of the AURKA by pan-Aurora small molecule kinase inhibitors, decreases 

AURKA--IKK interaction and subsequently reduces activation of NF-κB pathway and switching 

on of anti-apoptotic NF-κB target genes, thus sensitising cells to apoptosis (Mazzera et al., 

2013a).  Thus, the studies detailed above implicate the potential role of the catalytic IKK 

proteins and potentially other NF-κB components in regulating AURKA and hence a potential 

PPI between these proteins that needs to be elaborated on. 

1.14.1 Mapping of the PPIs of the IKKs and the AURKs. 

 

Both AURKA and its co-activator TPX2 peak in terms of protein expression and functional 

activity at prometaphase and as mitosis progresses, they are degraded with similar kinetics.  

Previous work in the lab confirmed, using peptide array techniques and recombinant purified 

proteins, that AURKA and IKKα/β interact directly. This was demonstrated by bidirectional 

mapping approaches (recombinant AURKA on IKKα/β/γ peptide arrays and recombinant IKKβ 

on AURK A/B/C arrays) to highlight two key regions of binding within the  amino acid 

sequences of the IKK proteins, the kinase domains in each isoform and the NEMO binding 

domain common to each isoform (Wilson 2013).  A cell-permeable peptide (CPP) containing 

the conserved hexapeptide sequence (L-D-W-S-W-L) [aa 737 – 742] derived from IKKβ was 

taken forward as a pharmacological tool.   This contained the two key tryptophans (W739 and 

W741), which were identified by both alanine scanning and truncation (both N- and C-term) 

analyses and were deemed critical for binding.  A NBD CPP peptide was used to disrupt IKK-

AURKA binding during mitosis and was shown decrease phosphorylation of AURKA and 

accelerate degradation of total AURKA protein expression. In quiescent cells, pre-treatment 

with NBD CPP caused inhibition of TNFα-stimulated NF-κB-p65 phosphorylation in a cellular 

setting (Wilson 2013).  It was also shown via in silico modelling that there was a possibility of 

the NBD CPP binding to AURKA at the sites engaged by TPX2, therefore explaining a possible 

mechanism for impacting on AURKA status. Whether this mechanism of Aurora degradation 

is as a result of a direct effect IKK complex disruption or an independent mechanism (i.e. direct 

effect on AURKA/TPX2 binding) is unclear and understanding this will lead to the development 

of novel therapeutics to disrupt IKK-AURKA interactions.   

 

1.15. Aims of the study. 

 

The studies described in Section 1.13 above have to varying degrees illustrated the ability of 

the IKK proteins to regulate AURKA, where it has been suggested that AURKA is a substrate 

of the IKKs distinct from activation of the NF-κB pathways.  Previous preliminary data in the 

lab also suggested that a CPP derived from the NBD of IKKβ (with a primary function of 
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disrupting NF-κB activation) could impact on the phosphorylation and total expression of 

AURKA as well as the phosphorylation of the other two AURK family members in a cell cycle-

dependent manner (Wilson 2013).  Up until now, work carried out previously in the lab and in 

the literature has not fully tested nor characterised the mechanistic relationship between IKK 

signalling and AURKA-TPX2 function/activity through the mitotic phase of the cell cycle.  

Furthermore, the mechanism by which the NBD WT CPP can modulate both IKK-NFB and 

AURKA signalling status remains to be fully explored and raises the question as to whether 

pharmacological modulation of these signalling proteins has any bearing on the classic 

markers of cellular mitosis associated with AURKA activation, inactivation and degradation, 

such as TPX2 PP1A, PLK1 etc.. 

 The objectives of this study are to target IKK signalling comparatively using the 

identified NBD-derived peptide in parallel to small molecule IKK kinase inhibitors and siRNA 

protein ‘run-down’ strategies to explore the potential contribution of the different features of 

structure and/or activity of the IKKs to the regulation of AURKA-TPX2 status in mitotic cells. 

This will allow the identification of the effect of different molecular and pharmacological 

techniques to target different aspects of IKK-AURKA signalling towards elucidating the 

mechanism of action of the NBD WT CPP and its ability to impact on the status of AURKA and 

its key related markers, TPX2 and PLK.  Following on, could this be extended to different solid 

tumour cell lines as well as the main focus of prostate cancer and the pharmacological 

targeting/disruption of AURKA/TPX2 to investigate the effect phenotypically on different 

cancer hallmarks to determine their role.  This would then be extended to use of the NBD WT 

CPP in combination with previously ineffective ATP-competitive AURK inhibitors to 

target/disrupt AURKA/TPX2 and subsequent impact on phenoytypic cancer hallmarks.  It is 

hypothesised that the NBD WT CPP may support two-site targeting of AURKA-TPX2 signalling 

by improving access to the catalytic site and therefore an advance towards more effective 

combination targeting along with previously ineffective ATP-competitive AURK inhibitors. 

 

The aims of this study are therefore to: 

1. To establish a cell-based approach to analysing the cellular status of AURKA-TPX2, 

and IKKs, during mitosis using a nocodazole-mediated cell synchronisation 

protocol.  

2. Characterise the kinetics of mitosis to enable the assessment of signalling proteins 

in mitotic cells following nocodazole arrest/trap and release.  

3. Examine the impact of the NBD peptide on AURKs and related markers that are 

associated with cell cycle progression. 

4. To use different molecular and pharmacological techniques and MEF cells lacking 

IKKa/b (vs. wild-type) to differentially/simultaneously target IKK proteins and 

examine the impact on the IKK-AURKA cross-talk.  
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5. To assess the impact of the NBD WT CPP in the cell cycle/mitotic beyond AURKA 

status in prostate cancer cells and extended to other solid tumour cell lines. 

6. Examine potential utility of NBD WT CPP-mediate perturbation of IKK-AURKA-

TPX2 signalling in different tumour settings and its impact on phenotypic outcomes. 

7. To pharmacologically target AURKA/TPX2 binding with ATP competitive inhibitors 

and the NBD WT CPP to assess whether there is an improved efficacy with the 

combination vs monotherapy to impact on AURKA and TPX2 status and whether 

this can be correlated to phenotypic outcomes (cell viability, clonogenic survival and 

apoptosis). 
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Chapter 2: Materials and Methods. 
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2.1. Materials. 

 

2.1.1. Antibodies. 

A number of antibodies raised in various species were used for detection purposes as 

detailed below; 

Name Company Catalog# Dilution factor Blocking Washing 

method 

Rabbit 

monoclonal IgG 

anti-Phospho-

AURKA 

(Thr288)/AURKB 

(Thr232)/AURKC 

(Thr198) 

(D13A11) 

Cell signalling 

Technology Inc. 

(MA, USA) 

2914S 1:6000 
5% BSA (0.5% 10 

Ab) 

3x5 mins TBST 

(0.1%), 20 Ab 

0.5% BSA 1hr 30 

mins, 3x5 mins 

TBST (0.1%) 

Mouse 

monoclonal IgG 

anti – Aurora A 

(35C1) 

Abcam Inc (MA, 

USA) 
ab13824 1:6000 

5% BSA (0.5% 10 

Ab) 

3 x 5 mins TBST 

(0.1%), 20 Ab 

0.5% BSA 1hr 30 

mins, 3 x 5 mins 

TBST (0.1%) 

Rabbit Polyclonal 

IgG anti-TPX2 

antibody. 

Novus biologicals 

(Abingdon, UK). 
ND500-179SS 1:20000 

5% BSA (0.5% 10 

Ab) 

3 x 10 mins TBST 

(0.1%), 20 Ab 

0.5% BSA 1hr 30 

mins, 3 x 10 mins 

TBST (0.1%) 

TPX2 (H-300) 

rabbit polyclonal 

antibody. 

Santa Cruz 

Biotechnology Inc 

(CA, USA) 

 

sc-32863 1:10,000 
5% BSA (0.5% 10 

Ab) 

3x10 mins TBST 

(0.1%), 20 Ab 

0.5% BSA 1hr 30 

mins, 3x10 mins 

TBST (0.1%) 

Rabbit Polyclonal 

IgG anti-

Phospho-PLK1 

(Thr210) (D5H7) 

Cell signalling 

Technology Inc. 

(MA, USA) 

 

9062S 1:1000 
5% BSA (0.5% 10 

Ab) 

3x5 mins TBST 

(0.1%), 20 Ab 

0.5% BSA 1hr 30 

mins, 3x5 mins 

TBST (0.1%) 

Mouse 

monoclonal IgG 

anti-PLK1 (F-8) 

 

Santa Cruz 

Biotechnology Inc 

(CA, USA) 

 

 

sc-17783 1:500 
5% BSA (0.5% 10 

Ab) 

3x5 mins TBST 

(0.1%), 20 Ab 

0.5% BSA 1hr 30 

mins, 3x5 mins 

TBST (0.1%) 

Rabbit Polyclonal 

IgG anti-PP1α 

Cell signalling 

Technology Inc. 

(MA, USA) 

2582S 1:1000 
5% BSA (0.5% 10 

Ab) 

3x5 mins TBST 

(0.1%), 20 Ab 

0.5% BSA 1hr 30 

mins, 3x5 mins 

TBST (0.1%) 
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Mouse 

monoclonal IgG 

anti-IKKα 

(14A231) 

Merck Chemicals 

Limited 

(Nottingham, UK) 

OP133 1:3000 
5% BSA (0.5% 10 

Ab) 

3x5 mins TBST 

(0.1%), 20 Ab 

0.5% BSA 1hr 30 

mins, 3x5 mins 

TBST (0.1%) 

Phospho-NF-κB2 

p100 

(Ser866/870) 

Rabbit Antibody 

Cell signalling 

Technology Inc. 

(MA, USA) 

 

4810S 1:1000 
1% milk (3% BSA 

10 Ab) 

3x5 mins TBST 

(0.1%), 20 Ab 1% 

milk 1hr 30 mins, 

3x5 mins TBST 

(0.1%) 

Mouse 

monoclonal Anti-

NFκB p52 

Antibody 

Merck Chemicals 

Limited 

(Nottingham, UK) 

 

05-361 
1:15000 (RT) 

5% BSA (0.5% 10 

Ab) 

3x5 mins TBST 

(0.1%), 20 Ab 

0.5% BSA 1hr 30 

mins, 3x5 mins 

TBST (0.1%) 

Rabbit 

monoclonal IgG 

anti-IKKβ (Y466) 

Abcam Inc (MA, 

USA) 
ab32135 1:1000 

5% BSA (0.5% 10 

Ab) 

3x5 mins TBST 

(0.1%), 20 Ab 

0.5% BSA 1hr 30 

mins, 3x5 mins 

TBST (0.1%) 

Rabbit Polyclonal 

IgG anti – p-p65 

(Ser536) 

Cell signalling 

Technology Inc. 

(MA, USA) 

 

3031S 1:3000 
5% BSA (0.5% 10 

Ab) 

3x5 mins TBST 

(0.1%), 20 Ab 

0.5% BSA 1hr 30 

mins, 3x5 mins 

TBST (0.1%) 

Rabbit Polyclonal 

IgG anti-NF-κB 

p65 (C-20) 

 

Santa Cruz 

Biotechnology Inc 

(CA, USA) 

 

sc-372-G 1:500 
5% BSA (0.5% 10 

Ab) 

3x5 mins TBST 

(0.1%), 20 Ab 

0.5% BSA 1hr 30 

mins, 3x5 mins 

TBST (0.1%) 

IκBα Rabbit 

Antibody 

Cell signalling 

Technology Inc. 

(MA, USA) 

 

9242S 1:3000 
5% BSA (0.5% 10 

Ab) 

3x5 mins TBST 

(0.1%), 20 Ab 

0.5% BSA 1hr 30 

mins, 3x5 mins 

TBST (0.1%) 

PARP Rabbit 

Antibody 

Cell signalling 

Technology Inc. 

(MA, USA) 

 

9542S 1:1000 
5% BSA (0.5% 10 

Ab) 

3x5 mins TBST 

(0.1%), 20 Ab 

0.5% BSA 1hr 30 

mins, 3x5 mins 

TBST (0.1%) 

Caspase-9 Rabbit 

Antibody (Human 

Specific) 

Cell signalling 

Technology Inc. 

(MA, USA) 

 

9502S 1:1000 
5% BSA (0.5% 10 

Ab) 

3x5 mins TBST 

(0.1%), 20 Ab 

0.5% BSA 1hr 30 

mins, 3x5 mins 

TBST (0.1%) 

Purified Rabbit 

Polyclonal anti-

Caspase 3 Ab 

Biolegend B132165 1:3000 
5% BSA (0.5% 10 

Ab) 

3x5 mins TBST 

(0.1%), 20 Ab 

0.5% BSA 1hr 30 
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mins, 3x5 mins 

TBST (0.1%) 

Rabbit XIAP Ab 

Cell signalling 

Technology Inc. 

(MA, USA) 

2042S 1:1000 
5% BSA (0.5% 10 

Ab) 

3x5 mins TBST 

(0.1%), 20 Ab 

0.5% BSA 1hr 30 

mins, 3x5 mins 

TBST (0.1%) 

Rabbit 

monoclonal IgG 

anti-GAPDH 

(14C10) 

 

  

Cell signalling 

Technology Inc. 

(MA, USA) 

 

2118S 1:20,000 (RT) 
5% BSA (0.5% 10 

Ab) 

3x5 mins TBST 

(0.1%), 20 Ab 

0.5% BSA 1hr 30 

mins, 3x5 mins 

TBST (0.1%) 

Horseradish 

peroxidase 

(HRP)-conjugated 

sheep anti-mouse 

IgG 

Stratech Scientific 

Limited, Oaks 

Drive, 

Newmarket, 

Suffolk, CB8 7SY 

515-035-003 1:15000 (RT) 
0.5% BSA / 1% 

milk (20 Ab) 

N/A 

  

HRP-conjugated 

donkey anti-rabbit 

IgG 

 

Stratech Scientific 

Limited, Oaks 

Drive, 

Newmarket, 

Suffolk, CB8 7SY 

711-035-152 1:15000 (RT) 
0.5% BSA / 1% 

milk (20 Ab) 
N/A 

 

(RT) = Room temperature. 

 

2.1.2. Reagents. 

  

All materials used in this project were of the highest commercial purity available and were 

supplied by Sigma-Aldrich Co Ltd. (Poole, Dorset, UK) unless otherwise stated. 

 

Pre-stained SDS-PAGE molecular weight markers (Broad and low): Biorad Laboratories 

(Hertfordshire, UK). 

Bovine serum albumin (BSA): Gibco BRL (Paisley, UK).    

Dithiothreitol (DTT): Boehringer Mannheim Ltd (East Sussex, UK). 

Ethanol: Bamford Laboratories. 

Hydrochloric acid: Fisher Scientific (Leicestershire, UK). 

Methanol: Bamford Laboratories. 

Nitrocellulose membrane (Protran): Schleicher & Schuell (Surrey, UK). 

3MM filter/blotting paper: Whatman (Kent, UK). 

Rotiphorese® Gel (37.5:1) Acrylamide: Carl Rothe GmbH + CO.KG (Karluhe, Germany). 

Lipofectamine RNAiMax: Invitrogen Ltd (Paisley, UK). 
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2.1.2.1. Reagents for cell culture and transfection. 

 

Corning B.V. (Netherlands). 

 

Cell culture plastic ware; 

25cm3 flask. 

75cm3 flask. 

6-well plate. 

12-well plate.  

96-well plate. 

10mm, sterile, tissue-culture treated dishes. 

30mm, sterile, tissue-culture treated dishes.  

 

STARLAB Ltd (Milton Keynes, UK). 

 

2μl single channel pipette. 

10μl single channel pipette. 

20μl single channel pipette. 

200μl single channel pipette. 

1000μl single channel pipette. 

200μl multi-channel pipette. 

 

Invitrogen GIBCO BRL. (Paisley, UK). 

 

Antibiotics (Penicillin, streptomycin), Foetal calf serum (FCS), Charcoal-stripped FCS, L-

glutamine, Dulbecco’s Modified Eagles Medium (DMEM), RPMI 1640, Trypsin, Opti-MEM 

reduced serum Medium, Non-essential amino acids (NEAA), sodium pyruvate. 

 

Sarsredt AG & Co LTD (Leicester, UK). 

 

Serological pipette 5ml. 

Serological pipette 10ml. 

Serological pipette 25ml. 

 

2.1.2.2. Small molecule kinase inhibitors targeting IKKs and Aurora kinases. 
 

Proprietary “in-house” small-molecule IKKα inhibitor (SU1433). 
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BMS-345541(N-(1,8-Dimethylimidazo[1,2-a]quinoxalin-4-yl)-1,2-ethanediamine 

hydrochloride) Sigma-Aldrich Co Ltd. (Poole, Dorset, UK). 

 

Aurora Kinase inhibitor III (Cyclopropanecarboxylic acid-(3-(4-(3-trifluoromethyl-

phenylamino)-pyrimidin-2-ylamino)-phenyl)-amide)) (Catalog No. S2931) (Selleckchem, 

Cambridgeshire, UK). 

 

 

Aurora Kinase/CDK inhibitor (4-(5-Amino-1-(2,6-difluorobenzoyl)-1H-[1,2,4]triazol-3-

ylamino)-benzenesulfonamide) (Catalog No.189406) (Merck KGaA, Darmstadt, Germany). 

  

 

Aurora Kinase inhibitor II: (4-(4ʹ-Benzamidoanilino)-6,7-dimethoxyquinazoline) (Catalog No. 

sc-203827) (Santa Cruz Biotechnology Inc (CA, USA)). 
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VX-680 (MK-0457): Aurora kinase inhibitor (N-[4-[[4-(4-Methyl-1-piperazinyl)-6-[(5-methyl-

1H-pyrazol-3-yl)amino]-2-pyrimidinyl]thio]phenyl]cyclopropanecarboxamide) (Catalog No. 

ab120799) (Abcam, Cambridge, UK). 

 

 

 

ZM447439:(N-[4-[[6-methoxy-7-[3-(4-morpholinyl)propoxy]-4-quinazolinyl]amino]phenyl]-

benzamide) (Catalog No. S1103) (Selleckchem, Cambridgeshire, UK). 
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2.1.2.3. Reagents for targeted rundown of expression. 

 

Horizon Discovery Ltd (Cambridge, UK) 

 

To run-down IKKα and IKKβ in the cell the following siRNA target sequences were used: 

 

IKKα (GCGUGAAACUGGAAUAAAU) (Cat. No. J-003473-08-0050). 

IKKβ (GAGCUGUACAGGAGACUAA) (Cat. No. J-003503-14-0050).  

Non-targeting (Cat. No. D001810-01-05). 

 

2.1.2.4. Reagents/equipment for phenotypic assays. 

 

96 Well Black Assay Plate Clear Bottom With Lid, Catalogue number 3603 (Corning B.V. 

Netherlands). 

NucView 488 Caspase-3 substrate solution (Biotium, Inc. California, USA). 

Nunclon U-bottom ultra-low attachment sphere 96-well plates (Thermo Scientific 

Leicestershire, UK).   

Giemsa stain, modified (GS1L) (Sigma-Aldrich Co Ltd. (Poole, Dorset, UK). 

 

2.1.2.5. NEMO-Binding Domain Peptides derived from IKKβ. 

 

All NEMO binding domain peptides as depicted below were obtained from Genscript USA 

Inc., New Jersey, USA at >95% purity.  Custom synthesis was achieved by liquid phase 

peptide synthesis (LPPS) or solid phase peptide synthesis (SPPS).  HPLC traces below 

indicate the purity of the peptides.  

 

NEMO-binding domain ‘wild-type’ cell-permeable peptide NBD WT CPP: Sequence -

YGRKKRRQRRRFTALDWSWLQT-. 

NEMO-binding domain ‘wild-type’ cell-permeable peptide NBD MT CPP: Sequence -

YGRKKRRQRRRFTALDASALQT-. 

  

Leader sequence derived from HIV TAT protein in the HIV transduction domain to allow 

peptide to get across cell membrane (Yang et al., 2013). 

 

11mer peptide sequence – this is the 11 amino acid sequence derived from the C-terminal 

NBD of IKKb (F734 to T744) which forms the NBD WT CPP and contains the hexapeptide 
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sequence derived from the NBD of IKKβ and contains the two key tryptophan (W) residues 

that are critical for binding.  In the NBD MT CPP, the two key residues are changed to alanine 

(A), which renders the peptides binding inactive (May et al., 2000b). 

 Peptides were dissolved in DMSO and diluted in the appropriate cell culture 

media([1:1(50% v/v) addition to wells, final well concentration of 0.5%] before being mixed 

vigorously to solubilse the peptides for use in cells in vitro. 

 

NBD WT CPP (HPLC trace). 

 

 

NBD MT CPP (HPLC trace). 
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2.2 METHODS. 

 

2.2.1. Cell Culture. 

 

Cell culture was carried out under aseptic conditions in a Class II cell culture hood. 

 

2.2.1.1. Cell lines. 

 

Human Caucasian prostate adenocarcinoma (PC3), a kind gift from Prof. H. Leung (Beatson 

Cancer Institute, Glasgow). 

Wild-type and Double-knockout Mouse embryonic fibroblasts (DKO MEFs), a kind gift from 

Prof. Inder Verma (Salk Institute for Biological Studies, San Diego, USA) and Dr. Michael May 

(School of Veterinary Medicine, University of Pennsylvania, USA). 

T98G Human Caucasian glioblastoma, Catalogue No. 92090213 were obtained from 

European Collection of Cell Cultures (ECACC), United Kingdom. 

MCF7 Human Caucasian breast adenocarcinoma, Catalogue No. 86012803 were obtained 

from European Collection of Cell Cultures (ECACC), United Kingdom. 

LNCaP androgen-insensitive (AI) cells were gifted kindly by Prof. H. Leung (Beatson Cancer 

Institute, Glasgow). 
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2.2.1.2. Cell culture. 

 

PC3 and LNCaP AI cells were grown in RPMI 1640 media and MCF7 cells and MEFs were 

grown in Dulbecco’s modified eagles media (DMEM) which was supplemented with 10% (v/v) 

FCS (Charcoal-stripped for LNCaP AIs), L-glutamine (27mg/ml) and penicillin/streptomycin 

(250 units/ml; 100µg/ml).  T98G cells were grown in Minimum Essential Media (MEM) which 

was supplemented with 10% (v/v) FCS, non-essential amino acids (1%) and sodium pyruvate 

(1%).  All cells were incubated in a humidified atmosphere at 37oC and 5% CO2.  Cells were 

cultured as a monolayer in 10ml media in 75cm3 vented flasks and grown until subculture was 

required. 

 

2.2.1.3. Cell subculture. 

 

Cells were grown as a monolayer until approximately 70-85% confluent, the media was then 

aspirated, and the cells washed twice with 1.5ml sterile 5% (w/v) trypsin solution.  The trypsin 

was aspirated, and the flasks were given a gentle tap to ensure cells were fully detached.  The 

flask was then washed with 10ml media to re-suspend the recovered cells for passage into 

flasks and plates with fresh media as appropriate. 

 

2.2.2.  Cell synchronisation. 

 

2.2.2.1. Nocodazole trap: arresting cells at pro-metaphase in the cell cycle 

 

Cells were grown in 10mm petri dishes until about 70-80% confluent.  Based on the method 

demonstrated by Zieve et al. (1980), treatment of cells was optimised  with the appropriate 

concentration of Nocodazole depending on each cell type (50ng/ml unless stated otherwise).  

Cells were treated with Nocodazole overnight for 16-20 hours to trap the cells at prometaphase 

and then released back through the cell cycle by washing with media that enabled exit through 

G2/M phase and subsequently mitosis.  After their release from the nocodazole trap, cells were 

incubated as deemed appropriate for individual experiments.  After each time point cells were 

removed from the incubator and the procedure for preparation of WCEs was carried out as 

described in Section 2.2.3.1.
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2.2.3. Western Blotting and Sample Preparation (whole cell extracts (WCEs). 

 

2.2.3.1. Sample Preparation. 

 

Whole cell extracts were prepared using a 1x sample buffer (DTTSB) as detailed by Laemmli 

(1970) (63mM Tris/HCl [pH 6.8], 2mM Na4P2O7, 5mM EDTA, 10% (v/v) Glycerol, 2% (w/v) 

SDS,0.007% (w/v) Bromophenol and Blue, 50mM DTT). The bathing medium was firstly 

aspirated, and the cells were washed once with 1ml of cold PBS. 250µl of DTTSB was added 

to each well to lyse the cells and cellular material was recovered using a cell scraper. Samples 

were passed through a 21g needle 3-5 times to shear genomic DNA.  Samples were then 

placed in eppendorfs with a hole pierced in the lid and boiled for 5 min (to denature the protein 

polypeptides).  Samples were either used immediately or frozen at -20ºC for future use. 

 

2.2.3.2. SDS-Polyacrylamide Gel Electrophoresis. 

 

Prepared protein samples were separated based on their electrophoretic mobility using SDS-

Polyacrylamide Gel electrophoresis (SDS-PAGE). Resolving gels were prepared using: N-

methylenebis-acrylamide (30:0.8) to final differing percentages of 10% (v/v) or 7.5% (v/v) 

acrylamide containing 0.375M Tris (pH 8.8), 0.1% (w/v) SDS and 10% (w/v) ammonium 

persulfate (APS) and 10% (v/v) glycerol.  The acrylamide gel polymerised at room temperature 

following the addition of N,N,N,N,N-tetramethylethylenediamine (TEMED) 0.05% (v/v).  The 

solution was poured between two glass plates with 0.05mm spacing (Biorad Protean III setup) 

and this was assembled in a vertical slab orientation, leaving a 1-1.5cm space and overlayed 

with 0.1% (w/v) SDS untilpolymerisation had taken place.  After the gel had polymerised, the 

0.1% (w/v) SDS was removed and a stacking gel added.  The stacking gel was composed of: 

10% (v/v) acrylamide: N, -methylenebis-acrylamide (30:0.8) in 125mM Tris, (pH 6.8) 0.1% 

(w/v) SDS, 0.05% (w/v) ammonium persulfate and 0.05% (v/v) TEMED.  Immediately following 

the addition of the stacking gel, a teflon comb (10 or 15 wells) was inserted prior to 

polymerisation (~10-15 mins) to mould the wells for loading After polymerisation, the combs 

were removed from the wells, gels assembled in a Protean III™ (Bio-Rad) electrophoresis tank 

(Bio-Rad) and filled with electrophoresis running buffer (25mM Tris, pH 7.5, 129mM glycine, 

0.1% (w/v) SDS).  Using a HamiltonTM microsyringe, a volume (2-5µl) of pre-stained molecular 

weight (MW) markers of known molecular weights was loaded into a well in parallel to prepared 

cell lysates.  Samples underwent gel electrophoresis at a constant voltage of 130V until the 

bromophenol dye present in the sample buffer and off the bottom of the gel.  
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2.2.3.3. Electrophoretic Transfer of Proteins to a Nitrocellulose Membrane. 

 

Gels containing separated protein polypeptides were transferred following electrophoresis 

onto nitrocellulose membranes by an electrophoresis blotting procedure described previously 

Towbin et al. (1979).  Each gel was placed firmly onto a nitrocellulose sheet between two 3MM 

sheets of blotting paper and two outer sponges and assembled in a transfer cassette.  This 

was submerged in transblot buffer (25M Tris, 19mM glycine, 20% (v/v) methanol) in a Bio-Rad 

Mini Trans-BlotTM tank with the nitrocellulose facing towards the anode.  A constant current of 

300mA (0.3A) was applied for 1 hour 45 minutes and this was cooled by the addition of an ice 

pack to the tank.   

 

2.2.3.4. Immunological Detection of Protein through Antisera. 

 

Following  transfer of the proteins to the nitrocellulose membrane, the membrane was then 

‘blocked’ for non-specific binding by incubation in 5% (w/v) Bovine Serum Albumin (BSA) in 

Tris-buffered saline, 0.1% Tween (TBST) buffer blocking solution (150mM NaCl, 20mM Tris, 

pH7.4, 0.1%(v/v) Tween-20) and gently rocked back and forth on a platform shaker for 2 hours.  

The 5% (w/v) BSA blocking buffer was then discarded and replaced with 0.5% (w/v) BSA TBST 

pH 7.4 solution containing an appropriate concentration of antisera (1o antibody) specific to 

the target protein.  This was left overnight on a roller at 4oC in the cold room.  The next day, 

the membranes were washed every 5 minutes in TBST for 15 minutes on a platform shaker.  

After this wash cycle, the membranes were incubated with a 2o antibody, an IgG antibody 

which is raised against the species of the primary antibody and had horseradish peroxidase 

conjugated to it.  This was added (1:10,000) to 0.5% BSA in TBST buffer (pH 7.4) and left on 

the platform shaker at room temperature for 1 hour 30 minutes.  Following this, the membrane 

was then washed every 5 minutes for 15 minutes with TBST as described before.  After this 

second wash cycle, the membrane was then developed using enhanced chemiluminescene 

(ECL) reagents.  The TBST buffer from the final wash was discarded and 5ml of both ECL 

solution 1 (2.5mM Luminol, 1.2mM Cumeric acid and 100mM Tris/HCl solution [pH 8.5]) and 

5ml ECL solution 2 (100mM Tris/HCl solution [pH8.5] and 6.27 mM H2O2) were added and 

washed over the membrane for 2 mins.  The membranes were then blotted on tissue (to 

remove an excess ECL solution) before placed in an exposure cassette and covered with cling 

film.  Lastly, the membranes were developed in the dark room where Kodak X-OMAT LS film 

was exposed to the membranes for an appropriate amount of time, dependent on the 

sensitivity of the antibody used.  The film was developed by a Kodak M35-M-X-OMAT 
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processor.  The films were then scanned and quantified by densitometry using Scion image 

software (Scion Corp, Maryland, USA).  

 

2.2.3.5. Nitrocellulose membrane stripping and reprobing. 

 

To re-probe nitrocellulose membranes for detection of additional proteins/protein species said 

membranes after initial exposure, were removed from film cassettes and were stored at 4ºC 

in TBST prior to stripping of antibody and re-probing for the detection of other proteins using 

a different antibody.  Stripping of antibodies from the nitrocellulose membrane involved 

incubating in 15 ml stripping buffer (0.05 M Tis-HCl, 2% (w/v) SDS, and 0.1 M β-

mercaptoethanol) for around 60 minutes at 60°C in an incubator/shaker (Stuart Science 

Equipment).  After the incubation period was complete, the stripping buffer was discarded in 

a fume cupboard and the membranes were washed three times with TBST buffer (pH 7.4), 

changed every 5-10 min to remove any excess stripping buffer/-mercaptoethanol remaining.  

Once the washing periods were finished, the membranes were incubated with primary 

antibody and detection pursued as described previously using the Western blotting procedure 

detailed in Section 2.2.3.4. 

 

2.2.4. Fluorescence-Activated Cell Sorting to assess cell cycle status. 

 

Fluorescence-Activated Cell Sorting (FACS) was utilised to enable the sorting of 

heterogeneous cell populations and identify the distribution of sub-populations of cells in the 

different phases of the cell cycle (G1, S, G2/M, sub Go).  Cells were plated in 30mm dishes and 

grown to approximately 70-80% confluency prior to treatment with nocodazole for 16-20 hours 

and released as described previously in Section 2.2.2.1.  FACS tubes were labelled and 2ml 

fresh media added to each tube.  The media was aspirated in each dish and replaced with 1ml 

trypsin and placed in the incubator for 1-2 mins until the cells detached.  The cells were 

collected and transferred to the FACS tubes with the media and centrifuged for 5 mins at 

13,000rpm.  The supernatant was aspirated (being careful not to disturb the pellet), 150μl PBS 

added and the pellet resuspended and vortexed.  Then, 350μl of ice cold 70% (v/v) ethanol 

was added dropwise with vortexing. The samples were then stored at 4ºC for 20 minutes or 

overnight prior to use.  In preparation for analysis, 1ml of PBS was added to each FACS tube 

and centrifuged at 3000rpm for 10 mins.  The supernatant was discarded and 250μl of PBS 

added and samples vortexed.  Each sample was vortexed again prior to the addition of 

RNAase A (final conc. 50μg/ml) and tubed incubated at 37ºC, wrapped in aluminium foil (to 

protect from light) for 30min-1h prior to flow cytometry.  Next, Propidium iodide (final conc. 
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50μg/ml) was added to each sample and vortexed.  Samples were run on FACScanto Flow 

cytometer at 10,000 events measured for each sample.  The data was analysed with 

FACSDiva software (FACS scan, Becton Dickinson, Oxford, UK).  PI stained populations were 

used to determine the gating and cell cycle events were gated on G1, S phase and G2/M, with 

a % total events identified in each phase. 

 

2.2.5. Pharmacological and molecular techniques used to target the IKK-NF-κB and 

AURKA-TPX2 signalling pathways. 

 

2.2.5.1. Targeting IKK-NF-κB and IKK-AURKA protein-protein interactions using cell 

permeable short-length NBD peptide.  

 

To disrupt the binding interactions of the IKKs with NEMO (May et al., 2000b) and IKKs with 

AURKA (A Wilson, PhD thesis), all mediated by the NBD, cell permeable short-length NBD 

mimetic peptides derived from IKKβ (as described in Section 2.1.2.6 in Materials) were utilised 

in cell based experiments.  Cells were grown in 12 x 1ml dishes until they were approximately 

70-80% confluent.  Cells were pre-treated overnight with nocodazole for 16-20 hours and the 

next day each dish underwent the normal ‘wash and release’ procedure as described 

previously in Section 2.2.2.1.  Following release from the nocodazole-mediated arrest, DMSO, 

cell-permeable peptide (CPP) NBD wild-type (WT) or mutant-type (MT) (both 100µM) were 

added to each dish and then incubated for the appropriate time points, as appropriate (e.g. 0, 

30min, 1h and 2h) and dishes then removed from the incubator, WCEs prepared as described 

in Section 2.2.3.1. 

 

2.2.5.2. Targeting cellular IKK catalytic activity using small molecule (SM) isoform 

selective IKK inhibitors. 

 

To challenge pharmacologically the endogenous cellular activity of IKKα and IKKβ and 

examine its resultant effect on IKK-AURKA signalling, cells were treated with molecules 

targeting the ATP-binding component of the kinase domain of IKKα and IKKβ.  Cells were 

grown in 12 x 1ml dishes until they were approximately 70-80% confluent and then pre-treated 

overnight with nocodazole for 16-20 hours. The next day each dish underwent the normal 

‘wash and release’ procedure as described previously in Section 2.2.2.1.  Following release 

from nocodazole-mediated arrest, DMSO, a proprietary novel “in-house” IKKα-inhibitor 

(SU1433) related to those reported in Anthony et al. (2017b) or an IKKβ-inhibitor (BMS-

345541) were added to each dish and then incubated for the appropriate time points (e.g.0, 
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30min, 1h and 2h), the dishes were then removed from the incubator and WCEs prepared as 

described in Section 2.2.3.1. 

 

2.2.5.3. Cellular depletion of IKKα/β protein expression using transfection of short-

inhibitory RNA (siRNA) sequences transfection. 

 

To run-down the protein expression of IKKα and IKKβ in the cell transfection of siRNA targeting 

sequences was used. Non-targeting control and isoform specific sequences targeting IKKα or 

IKKβ were utilised to test aspects of the IKK-Aurora interaction at the transcriptional level. 

Cells were plated into 12-well plate or 12 x 1ml dishes and grown until they were about 

50% confluent on the day of transfection.  For the transfection of cells with siRNA, two separate 

tubes were prepared per well – Tube A and Tube B.  In Tube A 100µM siRNA was added and 

the total volume made up to 100µl with Optimem media.  In Tube B, 5µl of Lipofectamine 

RNAiMAX was made up to 100µl in Optimem cell media. Tube B was added to Tube A and 

mixed together (200µl) by hand before being left for 15-20 mins at room temperature to allow 

siRNA and lipofectamine to form a complex.  During this incubation period, the full RPMI 1640 

media bathing the cultured cells was removed by aspiration and the monolayer washed with 

Optimem (to remove any residual media containing antibiotics).  The media was then replaced 

with 800µl of Optimem per well.  Following the incubation period, the siRNA transfection 

mixture was added drop by drop using a pipette and agitated before being placed in an 

incubator overnight at 37oC in a humidified atmosphere of air/CO2 (19:1).  The following 

morning, the media containing the transfection mixture was removed by aspiration and 

replaced with full RPMI 1640 media.  Cells were then placed back in the incubator for 48 hours 

(after approximately 30-32 hours cells were treated overnight with nocodazole for 16-20 

hours), when maximal rundown was observed (see later results section) to have been 

achieved.  

 

2.2.5.4. Targeting of PPIs and protein expression in cells using NBD CPPs and siRNA 

IKKα and IKKβ alone or in combination. 

  

To use siRNA targeting both IKKα and IKKβ to simultaneously rundown the endogenous levels 

of both IKKα and IKKβ proteins at the transcriptional and investigate the effect on IKK-AURKA 

interaction and whether the NBD WT CPP can still exert it’s effect on AURKA in combination 

with targeted rundown of the IKK proteins.  Transfection of siRNA was carried out as 

mentioned in Section 2.2.5.3.  After 28-32 hours of transfection cells were treated with 
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nocodazole overnight prior to release and treatment with NBD peptides as detailed in Section 

2.2.5.1.  

 

2.2.6. Pharmacological techniques used to target IKK-NF-κB and IKK-AURKA 

signalling. 

 

2.2.6.1. NBD CPPs as agent alone or in combination with ATP-competitive Aurora 

kinase inhibitors. 

 

To examine the effect of the NBD WT CPP (to disrupt the binding interactions of the IKKs with 

NEMO (May et al., 2000b) and IKKs with AURKA (A Wilson, PhD thesis)) in combination with 

commercially available AURK inhibitors (Aurora Kinase inhibitor III, AURK inhibitor II, 

AURK/CDK inhibitor, VX-680 and ZM 447439) to improve the overall efficacy of the ATP-

competitive inhibitors, cells were grown in 12 x 1ml dishes until they were approximately 70-

80% confluent.  Cells were pre-treated overnight with nocodazole for 16-20 hours and the next 

day each dish underwent the normal wash and release procedure as described previously in 

Section 2.2.2.1.  Following release from nocodazole-mediated arrest, vehicle (DMSO, 0.5% 

(v/v)), cell-permeable peptide (CPP) NBD wild-type (WT) or mutant-type (MT) (both 100µM) 

were added to each dish and/or AURK inhibitors (AURK inhibitor III, AURK inhibitor II, 

AURK/CDK inhibitor, VX-680 and ZM 447439) and then incubated for appropriate time points 

(e.g.0, 10min, 20min and 30min) the dishes removed from the incubator and the WCEs 

prepared as described in Section 2.2.3.1. 

 

2.2.7. Phenotypic assays to assess dual targeting of IKK/AURK signalling. 

 

2.2.7.1. Cell viability assay. 

 

To determine cell viability a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay was carried out as described previously (Zhang et al., 2019).  Cells were seeded 

in 96-well plates and incubated until they reached approximately 40-60% confluency.  The 

media was removed and 100μl of full media containing vehicle (DMSO 0.5% (v/v)), different 

concentrations of NBD CPPs and/or AURK ATP competitive inhibitors (AURK inhibitor III, 

AURK inhibitor II, AURK/CDK inhibitor, VX-680 and ZM 447439)  were added and incubated 

at 37ºC for 72h.  Cells with no treatment were used as a positive control and cells in water 

instead of media to indicate non-viable cells, were used as a negative control.  The treatments 

were terminated by aspirating the media from each well and 90μl of full media and 10μl of MTT 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Methyl
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
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agent (stock concentration 10mg/ml) were added and plates incubated in the dark at 37ºC for 

2 hours.  After this, the media was removed and 100μl volume of dimethylsulfoxide (DMSO) 

was added and cells were incubated at 37ºC for a further 10-15mins to dissolve the formazan 

crystals.  The plates were then read and quantified using the POLARstar Omega plate reader 

(BMG LABTECH Ltd, Aylesbury, UK) at wavelength 570nm. 

 

2.2.7.2. Clonogenic survival assay. 

 

Clonogenic assay was carried out based on a method described previously (Carlin et al., 2000) 

to assess cellular replicative potential.  PC3 cells were seeded in 6-well plates at 900 cells per 

well and allowed to attach for 24 hours.  After 24 hours, media was the changed to media 

containing vehicle, different concentrations of NBD CPPs and/or AURK ATP competitive 

inhibitors and incubated at 37ºC for a further 72h.  Cells with no treatment were used as a 

survival control and cells treated with 600μM Hydrogen peroxide (H2O2) used as a positive 

control for inhibition of clonogenic survival.  After this incubation period, “drug containing” 

media was changed to 3ml full media and the cells were incubated for 10-14 days to assess 

clonogenic survival.  Cells were then washed with PBS, fixed with methanol (5ml) for 15min 

and stained with Giemsa 10% (v/v) stain for 5-10min.  The excess stain was then poured off 

and the dishes washed in tap water, left to dry and the colonies counted by eye. 

 

2.2.7.3. Apoptosis assay. 

 

Cellular apoptosis was assessed by the ability of the treatment groups to cause activation of 

caspase 3 (protease involved in the execution of apoptosis) which cleaves the caspase 3 

recognition sequence bound to a fluorogenic dye, acting as a substrate in the assay and hence 

releasing a green fluorescent signal upon cleavage.  Caspase-3 substrate assay was 

performed based on a method described previously (Shafran et al., 2017).  PC3 cells were 

plated in a 96-Well Black Assay Plate, Clear Bottom, at a density of 5x104 cells per well.  Cells 

were grown until 40-60% confluent prior to treatment with vehicle, different concentrations of 

NBD CPPs and/or Aurora kinase ATP competitive inhibitors and incubation at 37ºC for 72h.  

Cells with no treatment were used as a positive control and cells treated with 600μM hydrogen 

peroxide (H2O2) used as a negative control for induction of apoptosis.  After this incubation 

period, the treatments were terminated by aspiration of the media.   NucView® 488 caspase-

3/7 substrate solution (5μM) was then added to each well in a working volume of 100μl.  Cells 

were incubated with the substrate in the dark at room temperature for 30min.  After 30 minutes, 

the media was removed and replaced with PBS (as the phenol red in the media causes a high 
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background when imaging). Cells were observed by fluorescence microscopy using the 

EVOS®FL Auto microscope (Thermo Scientific (Leicestershire, UK)) with filter sets for green 

fluorescence (excitation/emission: 485/515nm) at x10 magnification and 25% coverage (12 

images in total, 4x3 images).  Images were processed and analysed using ImageJ (NIH, 

Rockville, USA). 

 

2.8 Statistical Analysis. 

 

2.8.1. Data Analysis. 

 

Data representative of three independent experiments are shown as percentage mean ± 

S.E.M unless stated otherwise.  The statistical significance of differences between means was 

determined by a two-tailed one-way analysis of variance (ANOVA) with post-hoc Dunnet’s test 

to 95% confidence levels (P<0.05) unless stated otherwise. 

 

2.8.2. Combination Index Analysis (CIA). 

 

As well as the general data analysis in Section 2.8.1, experiments which involved using the 

NBD CPPs and the AURK inhibitors (AURK inhibitor III, AURK inhibitor II, AURK/CDK inhibitor, 

VX-680 and ZM 447439) in combination also used the CIA algorithm and Compusyn software 

(Paramus, NJ, USA) which was first pioneered by Chou et al. (1994).  This determines, based 

on a value (combination index (CI)), whether a drug combination is additive (CI = 1), synergistic 

(CI < 1) or antagonistic (CI > 1).  The data was converted to the form 1-normalised results 

(Compusyn can only process values <1).  Once data was in the correct format, results were 

entered into Compusyn for each concentration of each single drug before analysing as a “new 

drug combo” at a non-constant ratio.  The results from the drug comb were then generated 

into a report, from which one of the graphs generated is Fraction affected (Fa)-CI plot. This 

determines the percentage of cells affected/inhibited by the drug combination and if it is 

synergistic, additive or antagonistic.  The results were then plotted in GraphPad prism 

(GraphPad Software, San Diego, USA). 

 

2.8.3. Image processing and analysis.  

 

In Section 2.2.7.3, the images that were acquired as a result of the apoptosis substrate assay 

then underwent image processing and analysis using ImageJ software (NIH, Rockville, USA).  

To begin with, a region of interest (ROI) was selected using the rectangular tool and duplicated, 
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one for processing the image for presentation and the other for image analysis and 

quantification.  The ROI was then locked and saved in order to keep it consistent across the 

different treatment groups.  Firstly, for the image processing, the image was kept in Red, 

green, blue (RGB) colour format and the background was subtracted to give a black 

background with any observed fluorescent a reflection of the treatments themselves.  Scale 

bars were then fitted, and this again was kept consistent across all images.  Next, for analysis 

the RGB image was ‘Split’ into three separate channels (red, green and blue), with only the 

green 8-bit grayscale image kept.  Following on from this, the image then underwent a process 

known as thresholding (this was a way of creating a binary image from a grayscale image and 

allowed us to separate the “object” pixels from the background pixels).  Five ROI from the 

image were then selected and analysed, and these gave an ‘integrated density’ value from 

which an average was taken.  This was then used to calculate the Corrected Total Cell 

Fluorescence (CTCF) for each treatment group based on the following equation: CTCF = 

Integrated Density – (Area of selected cell x Mean fluorescence of background 

readings). This was repeated three times in each treatment group for different ROI of identical 

size to give a fair representation of the images being portrayed before plotting the results in 

GraphPad Prism (GraphPad Software, San Diego, USA). 
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Chapter 3: Characterising the 

mechanism of cross-talk between 

IKK-AURKA signalling in PCa cells 

– examining the impact of a NBD-

derived cell permeable peptide. 



 
 
 
 
 

71 
 

3.1. Introduction. 

 

In the NF-κB pathway, the large molecular weight (∼700kDa) multi-subunit IKK 

complex, first identified by (Chen et al., 1996), has been shown to regulate the activation of 

the pathway via phosphorylation of Serine 32 and Serine 36 of IκBα, leading to its targeted 

ubiquitination and subsequent degradation.  This serves as a molecular switch for the 

liberation of NF-B complexes in their active forms. The regulatory phosphorylation event is 

mediated specifically by the two catalytic IKK proteins (IKKα and IKKβ) which dimerise and 

interact with IKKγ/NEMO to form the functional IKK complex. It is the interaction of these 

proteins within the complex which governs it’s catalytic activity (Israel, 2010). As described 

previously, IKKα and IKKβ both possess within their protein structure a conserved amino acid 

sequence known as the NEMO-binding domain (NBD), and as such enables each of these 

two catalytic proteins to bind to the regulatory/scaffolding protein, NEMO.  The NBD contains 

a conserved hexapeptide (six amino acids; IKK −, IKK −) sequence: L-D-

W-S-W-L (Leu-Asp-Trp-Ser-Trp-Leu) and this sequence, particularly the two hydrophobic 

tryptophans, dictates the interaction between IKKα/IKKβ and NEMO (May et al., 2000) – thus 

forming the prototypical IKK complex. 

It was shown by May et al. (2000b) that any mutations to the central tryptophan 

residues (W) in this conserved sequence of the NBD, resulted in a critically detrimental effect 

on the interaction of the IKK proteins with NEMO.  This was consistent with the work of Zhao 

et al. (2018b) who showed that the residues crucial for binding were; W739, W741 and L742 

and substituting arginine for the two tryptophans resulted in the loss of binding. 

Subsequently, these interactions have been targetable using competitive peptides 

derived from the NBD of IKKβ synthesised in cell permeable forms using various membrane 

transduction leader sequences derived from Drosophila antennapedia (ANTP) or HIV Tat 

proteins (Gamble et al., 2012a). In these various forms the common element has been the 

incorporation of the core hexapeptide sequence of IKKβ into an already well-established 

pharmacological tool which has been shown to interfere with IKK/NEMO binding and so disrupt 

IKK complex formation/function. 

As mentioned earlier, both Irelan et al. (2007) and Prajapati et al. (2006) reported that 

both IKKα and IKKβ could phosphorylate and regulate the mitotic kinase AURKA, suggesting 

it to be a new substrate for these kinase isoforms.  It was also shown previously, using 

scanning peptide array studies (Wilson 2013) that interaction of AURKA with both IKKα and 

IKKβ in vitro and in reverse mapping studies IKKβ with AURKA/B/C. These interactions (IKKs-

AURKA) were also replicated in co-immunoprecipitation studies pursuing endogenous 

IKKs/AURKA or those overexpressed following plasmid-mediated delivery and expression 
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(Wilson 2013).  Furthermore, interaction between the IKKs and AURKA in vitro was identified 

to be mediated in part via interaction with the NBD of the IKKs and the central hydrophobic 

residues of the hexapeptide NBD were critical in mediating interactions, in a similar manner to 

that reported by others for IKKs with NEMO (May et al., 2000b).  Translating the results of the 

scanning peptide array mapping experiments with recombinant proteins in vitro Wilson also 

identified in preliminary cell-based studies that a membrane permeable peptide (22mer) 

containing a sequence (11aa) derived from the IKK NBD structure could modulate AURKA 

status; phosphorylation, expression/degradation. However, these preliminary experiments 

didn’t inform fully on the mechanism of impact of the NBD CPP upon AURKA status, its effect 

upon other associated markers of cellular mitosis nor the recognised classic phenotypic 

outcomes associated with AURKA activity within the cell cycle. Taking these experimental 

observations into account it was hypothesised that the treatment of mitotic cancer cells with 

the NBD CPP would result in the targeting of AURKA signalling and functioning, have a bearing 

on the regulatory binding protein TPX2 and other related markers of the progression through 

the mitotic process.  This includes the cellular kinase PLK1. Furthermore, given the ability of 

IKK/ to interact with AURKA via the NBD in peptide array mapping experiments it was 

hypothesised that the effect of the NBD CPP on the AURKA-TPX2 complex would be a direct 

one to manifest the previously observed reduction in phosphorylation and increased rate of 

proteolytic degradation. 

Therefore, in this first component of the project, the experimental aims were generally 

to explore further the impact of the NBD CPP peptide on the status of AURKA, IKKs and 

related proteins in mitotic prostate cancer cells and to examine whether targeting the IKKs with 

different molecular and pharmacological strategies would generate insight into the mechanism 

of action of the peptide and thus determine whether it indeed was a direct modulatory effect 

upon AURKA or an indirect result of prior disruption of the IKK complex, specifically 

IKK/−NEMO interactions mediated by the NBD.  

 

Thus, the specific aims of this chapter, towards elucidating the mechanism(s) of action 

of the NBD CPP and its impact on IKK/-AURKA crosstalk, were to: 

1. Establish a cell-based assay system, using nocodazole arrest/trap and 

release, to enable the assessment of signalling proteins in mitotic PC3 

prostate cancer cells.  

2. Confirm the effect of the NBD peptide on the Aurora kinases in PC3 cells and 

examine its potential effect on related regulatory proteins associated with cell 

cycle progression. 
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3. Determine the impact of siRNA mediated cellular depletion of IKK/ protein 

expression on the status of AURKA and related mitotic markers,  

4. Determine the impact of small molecule IKK-selective kinase inhibitors (and 

absence of IKK/ catalytic activity) on AURKA and related mitotic markers, 

5. Determine the impact of prior siRNA-mediated cellular depletion of IKK/ 

protein expression on the effect of the NBD WT CPP on the status of AURKA 

and related mitotic markers,  

6. Examine comparatively the impact of the CPP WT NBD on the status of 

AURKA and related mitotic markers in murine embryonic fibroblasts, either 

wild-type or null for IKK and IKK (ikka-/-/ikkb-/-) expression.  

 

Collectively, these experiments aimed to determine whether the NBD CPP impacts AURKA-

TPX2 status directly, independent of IKK/ protein expression/activity, IKKα/β/γ protein-

protein interactions and in a ‘knockout model’ lacking IKKα and IKKβ. 
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3.2. Examining the status of AURKs and NF-κB components in PC3 cells through 

mitosis.   

 

3.2.1. Assessment of the status of AURKA and cell cycle components following 

Nocodazole mediated cell cycle arrest/trap and release. 

 

In order to examine cells at the mitotic phase of the cell cycle a nocodazole based strategy 

was instigated to arrest growing cells in mitosis, specifically at prometaphase shortly after the 

G2/M transition. Nocodazole is recognised as an antineoplastic poison that acts to destabilise 

the dynamics of microtubules, arresting cells at the G2/M checkpoint (Kallas et al., 2011). To 

establish optimal conditions for nocodazole treatment, PC3 cells were treated with various 

concentrations of nocodazole for 16-20 hours and both AURKA expression and 

phosphorylation of AURKA, AURKB and AURKC examined in synchronised vs non-

synchronised cells via immunoblotting (data not shown).  Following on from this an optimal 

treatment concentration was determined as 50ng/ml and in preparation for experiments cells 

were treated routinely for 16-20 hours to establish cell cycle arrest or ‘trap’. Following 

treatment with nocodazole for 16-20 hours, cells were washed and released from the 

arrest/’trap’ for varying time periods (up to 6 hours) prior to trypsinisation, fixation with 70% 

(v/v) ethanol and analysis via flow cytometry (n=3).  In Figure 3.1(A), the percentage of cells 

at each stage of the cell cycle following treatment with nocodazole was assessed based on 

the DNA content of the cells through propidium iodide staining and compared the ‘Non-

trapped’ controls (NT0 and NT6).  In the cells treated with nocodazole at the 0h time point 

(TR0; i.e. not released from the trap), 77.2% of the cells were arrested in the G2/M stage of 

the cell cycle in comparison to 13.1% at G1 and 9.7% at S phase.  This indicated that the 

nocodazole treatment successfully synchronised the majority of cells treated at the G2/M stage 

of the cell cycle.  In comparison, samples from cells which weren’t treated with nocodazole 

(NT0 and NT6), or cells which had been released from arrest, 4 hours or greater, displayed a 

ratio of 60% G1 to 30% G2/M.  This mapped how the cells progressed through the cell cycle, 

from G2/M, prometaphase, through mitosis and return to G1. Following release from arrest 

cells had fully exited mitosis by 4 hours.   

In Figure 3.2 immunoblotting was used to assess the cell cycle status of total AURKA 

and its phosphorylation, as well as the outcome of important cell cycle markers (TPX2, p-

PLK1, PLK1) in relation to AURKA following nocodazole trap and release at the appropriate 

time points (up to 6 hours) and these markers were subsequently quantified (C).  The 

phosphorylation of the AURKA (Thr288) / AURKB (Thr232) / AURKC (Thr198) were expressed 

at an elevated and maximum level at the 0 hour time point (TR0), which compared consistently 
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with the positive control (TRNR) in which the cells had been trapped with nocodazole and not 

released while incubated for 6 hours.  In Figure 3.2  there was a significant (p<0.05) decrease 

in phosphorylation of AURKA following release at 1h, TR1 (48.9 ± 4.7%; n=3, p<0.001), 2h 

(TR2)   (59.9 ± 7.0%; n=3, p<0.001), 4h (TR4) (89.5 ± 2.7%; n=3, p<0.001) and 6h (TR6) (91.1 

± 3.6%; n=3, p<0.001) respectively, in comparison to the samples form synchronised cells at 

the 0 time point (TR0).  The phosphorylation of AURKB was also significantly (p<0.05) reduced 

after 2 hours (TR2) (38 ± 3.1%; n=3, p<0.05), 4 hours (TR4) (66 ± 5.6%; n=3, p<0.001) and 6 

hours (TR6) (68.3 ± 10.6%; n=3, p<0.001) relative to the normalised TR0 sample.  For the last 

of the AURK family, AURKC, phosphorylation reduced significantly (p<0.05) in a time-

dependent manner after 1 hour (TR1) (53.7 ± 13.3%; n=3, p<0.01), 2 hours (TR2) (56.8 ± 

5.9%; n=3, p<0.01), 4 hours (TR4) (82.3 ± 6.1%; n=3, p<0.001) and 6 hours (TR6) (88.0 ± 

6.9%; n=3, p<0.001) in comparison to the TR0 sample.   

The total expression of AURK A was also analysed and was shown to be significantly 

reduced after 2 hours (TR2) (62.7 ± 14.4%; n=3, p<0.05), 4 hours (TR4) (72.9 ± 2.6%; n=3, 

p<0.01) and 6 hours (TR6) (70.1 ± 10.2%; n=3, p<0.05) relative to the TR0 sample.  As the 

cells were released and progressed through mitosis, AURKA expression and phosphorylation 

(Thr288) was reduced to basal level by the 4 and 6 hour time points as compared to the 

negative controls (NT0 and NT6) – cells which were not trapped with nocodazole 0 and 6 hour 

time points.  By the quantification indicated in Figure 3.1 (C), the detected phosphorylation of 

AURKA decreased faster kinetically than the total AURKA protein expression e.g. significant 

reduction in AURKA phosphorylation (Thr288) after 1 hour compared to 2 hours for total 

AURKA protein expression.  This was perhaps not unexpected given the phosphorylation of 

the protein, an indicator of catalytic activity, would firstly need to be ‘switched off’ prior to 

degradation of the protein.  A similar pattern was also seen for the phosphorylation of AURKB 

(Thr232), which declined significantly after 2 hours and this may have reflected the role of 

AURKB as being later in the cell cycle and into cytokinesis compared to AURKA.  

Phosphorylation of AURKC (Thr198) declined much quicker, which may suggest a role for 

AURKC in the earlier stages of mitosis rather the latter. Total protein expression of AURKB 

and AURKC weren’t measured in this study due to time constraints. Understanding the 

relationship between phosphorylation and total protein expression for each of these isoforms 

would require further work.   

As well as the phosphorylation of the AURKs and total expression of AURKA, the 

expression of the critical co-activator of AURKA, TPX2, was also measured. The expression 

levels of TPX2 were significantly reduced at 1 hour (TR1) (49.9 ± 7.2%; n=3, p<0.05), 2 hours 

(TR2) (56.2 ± 5.3%; n=3, p<0.05), 4 hours (TR4) (60.5 ± 5.9%; n=3, p<0.01) and 6 hours (TR6) 

(71.7 ± 7.5%; n=3, p<0.01) post release from the nocodazole-mediated trap, compared to the 
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TR0 sample.  As expression of TPX2 remains higher for longer than AURKA, this could 

suggest that TPX2 could be dissociated from AURKA but not necessarily degraded in the cell.  

Lastly, the phosphorylation and total expression of another G2/M cell cycle marker, Polo-like 

kinase 1 (PLK1), was measured, which is also phosphorylated and regulated by AURKA 

(Gheghiani et al., 2017). Firstly, with regards to the phosphorylation of PLK1, it was found to 

be significantly decreased after 4 hours (TR4) (84.3 ± 6.3%; n=3, p<0.001) and 6 hours (TR6) 

(81.7 ± 9.3; n=3, p<0.001) following release from nocodazole arrest relative to the TR0 sample.  

A similar pattern was observed for the total expression of PLK1 which was also significantly 

reduced after 4 hours (TR4) (69.0 ± 15.1%; n=3, p<0.05) and 6 hours (TR6) (72.9 ± 11.1%; 

n=3, p<0.01) relative to the TR0 sample.  This late reduction in PLK1 levels is consistent with 

data observed in the literature in which it was shown in a study by Gheghiani et al. (2017) that 

PLK1 is activated in late G2 phase and was then required for entry into mitosis before being 

degraded upon exit from mitosis.   

Collectively, these experimental outcomes demonstrated overall that nocodazole 

treatment of cells resulted in the arrest of the majority of cells at prometaphase and so could 

be used in future experimental work when assessing cellular interventions in mitotic cells, 

particularly in examining the potential effects of the NBD WT CPP on IKK-AURK signalling 

following trap and release.
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Figure 3.1.  Effect of nocodazole trap and release on cell cycle distribution in PC3 cells. 

PC3 cells were grown on 30mm dishes and treated with 50ng/ml Nocodazole (16-20 hours) and these were then 

released by washing twice with fresh media, times indicated as hours post-release from Nocodazole trap.  Non-

trapped cells at 0 and 6h (NT0 and NT6) represent the negative control.  Cells treated with Nocodazole but not washed 

and released represented the positive control (Trap and non-released, TRNR). (A, B and C) Fluorescence activated 

cell sorting (FACS) analysis of percentage of cells (% cells) at each stage (G1, S, G2/M) of the cell cycle following 

treatment with nocodazole and subsequent release (n=3) DNA content measured using a PE filter at excitation 

wavelength 488nM with FACSCANTO Flow cytometer.

(C) 
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Figure 3.2. Effect of Nocodazole trap and release on AURKs and related protein markers of mitosis in PC3 cells. 

PC3 cells were grown on 10mm dishes and treated with 50ng/ml Nocodazole (16-20 hours) and these were then 

released by washing twice with fresh media, times indicated as hours post-release from Nocodazole trap.  Non-

trapped cells at 0 and 6h (NT0 and NT6) represent the negative control.  Cells treated with Nocodazole but not washed 

and released represented the positive control (Trap and non-released, TRNR). (A) Whole cell lysates were prepared 

for separation using SDS-PAGE and analysed by Western Blotting using the above antibodies (n=3).  GAPDH was 

used as a loading control.  (B) Data was normalised to synchronised sample before release at the zero time point 

(TR0) and represents mean ± S.E.M.  One-way ANOVA with post-hoc Dunnett’s test was used to determine  statistical 

significance (p<0.05) of observed changes relative to TR0 synchronised sample at 0 min.  (*= p<0.05, **= p<0.01, 

***= p<0.001).   All results indicated on graphs represent fold change in expression post-release from mitotic arrest 

compared to the TRO sample.  

(B) 
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3.2.2. Status of NF-κB components in PC3 cells following Nocodazole mediated trap 

and release. 

 

To assess the status of NF-κB components (IKKα, IKKβ, IκBα, p-p65 and p65) through mitosis, 

to parallel that for AURKA, TPX2 and PLK1.  PC3 cells were again cultured in 10mm dishes 

and treated with 50ng/ml of nocodazole for 16-18 hours in order to arrest cells at the G2/M 

phase of the cell cycle.  Cell were then washed with full culture media and released from arrest.  

Figure 3.3 (A) and (B) depict the outcomes from the immunoblotting and subsequent 

quantification (B) for each of the cellular components at the described time points up to 6 

hours.  At the time point of 30min post-release, phosphorylation of p65 appears to be higher.  

In general though, the expression of the NF-κB components remained constant throughout 

nocodazole trap and release with no significant change in expression (p>0.05).  As the NF-κB 

components mainly showed no significant change in expression through mitosis it suggested 

that these proteins are not regulated in a cell cycle-dependent manner. 
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Figure 3.3. Effect of Nocodazole trap and release on NF-κB markers in PC3 cells. 

 

PC3 cells were grown on dishes and treated with 50ng/ml nocodazole (16-20 hours) and these were then released 

by washing twice with fresh media, times indicated as hours post-release from nocodazole trap. Non-trapped cells at 

0 and 6h (NT0 and NT6) represent the negative control.  Cells treated with nocodazole and then not released 

represented the positive control (Trap and release; non-release, TRNR). (A) Whole cell lysates were prepared for 

separation using SDS-PAGE and analysed by Western Blotting using the above antibodies (n=3).  GAPDH was used 

as a loading control.  (B) Data was normalised to synchronised sample before release at the zero time-point (TR0) 

and represents mean ± S.E.M.  One-way ANOVA with post-hoc Dunnett’s test was used to determine statistical 

significance (p<0.05) of observed changes relative to TR0 synchronised sample at 0 min. All results indicated on 

graphs represent fold change in expression post-release from mitotic arrest compared to the TRO sample.     

 

(B) 



 
 
 
 
 

83 
 

3.3. Elucidating the relationship between IKK and AURK signalling in PC3 cells via the 

use of pharmacological interventions. 

 

3.3.1. Effects of NBD WT CPP on the status of AURKA and cell cycle markers following 

nocodazole trap and release in PC3 cells. 

 

As described previously, the NBD peptides are 11-mer long sequence and coupled to a HIV 

TAT-derived sequence (YGRKKRRQRRR) which is highly charged and allows the peptide to 

cross the cell plasma membrane.  The NBD Wild-type (WT) peptide contained a conserved 

hexapeptide sequence - L-D-W-S-W-L (Leu-Asp-Trp-Ser-Trp-Leu) and this was used to 

competitively disrupt the interaction between the IKKs and NEMO.  A mutated peptide (NBD 

MT) acted as a negative control as it possessed the same conserved parental sequence but 

with the key tryptophan residues (W) changed to alanine (A). This rendered the peptide less 

hydrophobic, unable to disrupt the interaction between the IKKs and NEMO (May et al., 2000b) 

and therefore inactive in a cellular setting. These peptides were then utilised side-by-side. 

Cells were again treated with nocodazole (50ng/mL) for 16-20 hours prior to being washed 

and released as described previously – Section 2.2.2.1, before NBD MT or NBD WT peptides 

(100µM) were added upon release and samples prepared thereafter at appropriate time points 

The peptides were dissolved in 100% DMSO [1:1(50% v/v) addition to wells, final well 

concentration of 0.5%] to maintain solubility and as a result all experiments involving the NBD 

CPPs used DMSO as a vehicle control.  The effect of the NBD CPPs on AURKA and its related 

mitotic markers in terms of their expression and/or phosphorylation were examined by Western 

blotting at 30, 60 and 120-minute time points.  

 Figure 3.4 (A) shows by immunoblotting the effect of the MT and WT NBD CPP relative 

to vehicle on the status of p-AURKs, AURKA, TPX2 and p-PLK1/PLK1 post-trap and release.  

In Figure 3.4, from immunoblotting (A) and the retrospective quantification (B), the NBD WT 

CPP caused a significant (p<0.05) reduction in phosphorylation of AURKA relative to the 

vehicle control at each of the time points examined.  The phosphorylation of AURKA at each 

time point post-release was reduced significantly after treatment with the NBD WT CPP at 30 

min (95.1 ± 8.3% vs 54.0 ± 5.1%; n=3, p<0.01), 60 min (82.6 ± 1.4% vs 39.6  ± 11.1%; n=3, 

p<0.001) and 120 min (48.4 ± 10.1% vs 14.7 ± 2.8%; n=3, p<0.05) relative to the vehicle 

control at each of the measured time points .  The AURKA phosphorylation decreased 

naturally over time and this decrease in phosphorylation was accelerated by the NBD WT 

CPP.  The reduction in total AURKA expression was also assessed to determine whether the 

kinetics of protein degradation were comparable to the NBD WT CPPs effect on AURKA 

phosphorylation.  In Figure 3.4 (B), the NBD WT CPP caused a significant reduction in 
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expression of total AURKA at 60 min (79.0 ± 6.8% vs 41.1 ± 0.7%; n=3, p<0.05) and 120 min 

(69.1 ± 13.9% vs 21.7 ± 5.7%; n=3, p<0.01) relative to the vehicle treated controls at each of 

those time points.  There was also a significant reduction in AURKB phosphorylation by the 

NBD WT CPP at 30 min (92.1 ± 2.7% vs 66.4 ± 13.5%; n=3, p<0.05), 60 min (92.3 ± 0.5% vs 

37.7 ± 12.8%; n=3, p<0.001) and 120 min (61.9 ± 3.2% vs 16.0 ± 4.1%; n=3, p<0.001) when 

compared with the vehicle control at the relative time points.  Phosphorylation of AURKC 

showed a similar pattern of a statistically significant (p<0.05) reduction in phosphorylation to 

AURKA and B.  There was a significant reduction in AURKC phosphorylation by the NBD WT 

CPP at 30 min (90.1 ± 6.3% vs 40.1 ± 9.3%; n=3, p<0.001) and 60 min (89.6 ± 4.4% vs 38.4 

± 11.2%; n=3, p<0.001).  Expression of total AURKB and C were not measured and therefore 

it remains to be seen if the NBD WT CPP has an inhibitory effect on total protein expression 

across all AURKs.  In Figure 3.4, the effect of the NBD WT CPP on the expression of the 

critical AURKA co-activator, TPX2 was also assessed.  The NBD WT CPP reduced levels of 

TPX2 at 60 min (91.9 ± 3.1% vs 50.2 ± 14.1%; n=3, p<0.01) and 120 min (71.9 ± 8.6% vs 31.5 

± 7.5%; n=3, p<0.01) compared to each of the vehicle treated control.  In Figure .4 (B), the 

NBD WT CPP significantly reduced phosphorylation of PLK1 after 60 min (78.8 ± 11.2% vs 

34.8 ± 8.8%; n=3, p<0.05) and 120 min (71.6 ± 9.9% vs 26.8 ± 2.3%; n=3, p<0.05) post-

release, relative to the vehicle controls at the same time points.  Total expression of PLK1 was 

then assessed to see if the effect of the NBD WT CPP on total protein levels of PLK1 was 

comparable to its effect on phosphorylation.  Figure 3.4 (B) shows that there was a significant 

reduction in total PLK1 expression induced by the WT peptide at 60 min (75.9 ± 4.7% vs 43.1 

± 2.0%; n=3, p<0.001) and 120 min (54.1 ± 3.6% vs 20.3 ± 0.8%; n=3, p<0.001) in comparison 

to the vehicle control at the same time points.  PLK1 expression decreased naturally over time 

and the decrease in protein expression was accelerated by the NBD WT CPP.  This suggest 

that the NBD WT CPP caused PLK1 to be degraded, as observed in the nocodazole trapped 

cells (Figure 3.4 A and B) and promoted inhibition of phosphorylation of PLK1. Mechanistically 

this may have been either as a result of the impact of the NBD WT CPP on upstream AURKA-

TPX2 or a direct effect on PLK1 itself.
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Figure 3.4. Impact of NBD WT CPP on AURKs and related protein markers of mitosis in PC3 cells. 

PC3 cells were grown on 10mm dishes and treated with 50ng/ml nocodazole (16-20 hours) prior to treatment with 

either NBD WT or MT (100µM) or DMSO as a vehicle control (0.5% (v/v)) upon release from trap at 30min, 60min and 

120min.  (A) Whole cell lysates were prepared for separation using SDS-PAGE and analysed by Western Blotting 

using the above antibodies (n=3).  GAPDH was used as a loading control.  (B) Data was normalised to the vehicle 

treated control at 0 min (DMSO 0) and represents mean ± S.E.M.  One-way ANOVA with post-hoc Dunnett’s test was 

used to determine statistical significance (p<0.05) of observed changes induced by the peptides relative to vehicle 

control at the same time point of treatment (*= p<0.05, **= p<0.01, ***= p<0.001).  p-AURKA:  WT(30) vs DMSO(30), 

**p<0.01; WT(60) vs DMSO(60), **p<0.01; WT(120) vs DMSO(120), *p<0.05.  p-AURKB:  WT(30) vs DMSO(30), 

*p<0.05; WT(60) vs DMSO(60), ***p<0.001; WT(120) vs DMSO(120), ***p<0.001.  p-AURKC:  WT(30) vs DMSO(30), 

***p<0.001; WT(60) vs DMSO(60), ***p<0.001.                    
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3.3.2. Effects of the NBD WT CPP on agonist-stimulated canonical NF-κB activation. 

 

A NBD peptide was first demonstrated to competitively inhibit canonical NF-κB activation 

through the disruption of the interactions between NEMO and the IKKs by May et al. (2000b).  

Prior to use of a related peptide and examination of its ability to impact AURKA-TPX2 status, 

preliminary experiments were constructed to confirm the ability of the NBD peptide, in a cell 

permeable form, to inhibit NF-κB activation in PC3 cells. This focussed on measuring 

recognised markers of canonical NF-B activation, namely I−B degradation and 

phosphorylation of p65 (Ser536), and their blockade following pre-treatment with inhibitory 

peptide (Zhao et al., 2018b).  PC3 cells were cultured in 12-well plates until 70-80% confluent 

prior to being rendered quiescent in serum-free media for 24 hours to downregulate all growth 

signalling pathways in cells.  Following this, cells were pre-treated with NBD WT or MT CPP 

(both 100μM) and then exposed to the agonist TNFα (20ng/ml) for 30 min to activate canonical 

NF-κB signalling.  In Figure 3.5, from immunoblotting (A) and subsequent quantification (B) 

there was a significant (p<0.05) decrease in both the high initial basal expression and the 

TNF-stimulated phosphorylation of p65 (68.8 ±10.5%; n=3, p<0.01) and total p65 protein 

expression (77.1 ± 14.7%; n=3, p<0.05) in the TNFα stimulated sample that had been treated 

with 100μM of the NBD WT peptide This was a hallmark of inhibition of canonical NF-κB 

signalling.  There was no significant reversal of TNFα stimulated IκBα degradation observed 

following treatment with the NBD WT CPP even though we would expect this to be reversed 

similarly to the status of p65 phosphorylation and/or expression. 
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Figure 3.5. Impact of the NBD WT CPP on canonical NF-κB markers in PC3 cells. 

 

PC3 cells were grown in 12-well plates and serum starved for 24h prior to treatment.  After serum starvation, cells 

were pre-treated with 0.5% (v/v) DMSO (V) or NBD mutant-type (MT) / wild-type (WT) CPPs (100μM, 30μM and 

10μM) for 2 hours prior to stimulation with TNF-α (20ng/ml) for 30min (T30min). (C) and (C + V) represents the non-

treated and vehicle treated control respectively in non-stimulated cells.  (A) Whole cell lysates were prepared for 

separation using SDS-PAGE and analysis by Western Blotting using the above antibodies (n=3).  GAPDH was used 

as a loading control.  (B) Data was normalised to the vehicle treated stimulated control (T(v)) and represents mean ± 

S.E.M.  One-way ANOVA with post-hoc Dunnet’s test was used to determine statistical significance (p<0.05) of 

observed changes in agonist-stimulated canonical NF-κB activation induced by the mutant-type (T + MT) or wild-type 

(T + WT) NBD peptide respectively, relative to the agonist-stimulated vehicle control (T + v). (*= p<0.05, **= p<0.01). 

 

 

3.3.3. Effects of NBD WT CPP on agonist-stimulated non-canonical NF-κB activation. 

 

Extensive research (see Section 3.3.2) has demonstrated the ability of NBD peptides to disrupt 

the association between the IKK complex and NEMO and consequently inhibit agonist-

stimulated canonical NF-κB activation (May et al., 2000b).  However, no reported literature 

investigating the potential effects of NBD peptides on the non-canonical NF-κB pathway exists.   

As described by Gamble et al. (2012a)  p100 phosphorylation is an indicator of non-canonical 

NF-κB signalling and therefore, the NBD CPPs were assessed for their ability to effect non-

canonical NF-κB signalling and inhibit the stimulated phosphorylation of p100 and proteolytic 

processing of p100 protein to p52, thus raising the question as to whether the disruption of the 
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IKK complex would have any bearing on IKK-mediated activation of the non-canonical NF-

κB pathway?  PC3 cells were cultured in 12-well plates until 70-80% confluent and rendered 

quiescent by incubation in serum-free media for 24 hours, to downregulate growth signalling 

pathways in cells.  Cells were then pre-treated with NBD WT or MT CPP (both 100μM) for 2 

hours and then exposed to the agonist Lymphotoxin-α1β2 (LTX; 20ng/ml), a recognised driver 

of non-canonical NF-κB signalling (Paul et al., 2018) for 4 hours.  In Figure 3.6, from 

immunoblotting (A) and subsequent densitometric quantification and analysis (B), there was a 

significant (p<0.05) decrease in both phosphorylation of p100 (69.7 ± 3.4%; n=3, p<0.001) in 

the LTX stimulated sample that was pre-treated with 100μM of the NBD WT CPP in 

comparison to the stimulated control in the presence of vehicle.  As IKKα is recognised to 

regulate and control this pathway (Paul et al., 2018) its protein expression was also measured. 

There was a significant (p<0.05) decrease in IKKα protein expression (62.8 ± 6.9%; n=3, 

p<0.01) in the LTX stimulated sample that was pre-treated with a 100μM concentration of the 

NBD WT CPP in comparison to the agonist plus vehicle control.  A similar related inhibitory 

effect was observed, at the level of the processing of p100 to p52 (LTX+WT100μM) with 

observed significant reduction (70.8% ± 12.1%; n=3, p<0.01) compared to the agonist plus 

vehicle control.  Although the NBD peptide had a significant effect on LTX-stimulated 

processing of p100 to p52, it didn’t cause any significant accumulation of p100 protein. That 

said this represents the first indication that the NBD WT CPP can inhibit agonist-stimulated 

non-canonical NF-κB activation. 
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Figure 3.6. Impact of NBD WT CPP on non-canonical NF-κB markers in PC3 cells. 

 

PC3 cells were grown in 12-well plates and serum starved for 24h prior to treatment.  After serum starvation, cells 

were pre-treated with vehicle (0.5% (v/v) DMSO; V) or NBD mutant-type (MT)/ wild-type (WT) CPPs (100μM, 30μM 

and 10μM) for 2 hours prior to stimulation with LTX (20ng/ml) for 4 hours (LTX4h).  (C) and (C + V) represents the 

non-treated and vehicle treated control respectively in non-stimulated cells.  (A) Whole cell lysates were prepared for 

separation using SDS-PAGE and analysis by Western Blotting using the above antibodies (n=3).  GAPDH was used 

as a loading control.    (B) Data was normalised to the vehicle treated stimulated control (LTX+(v)) and represents 

mean ± S.E.M.  One-way ANOVA with post-hoc Dunnet’s test was used to determine statistical significance (p<0.05) 

of observed changes in agonist-stimulated non-canonical NF-κB activation induced by the mutant-type (LTX + MT) or 

wild-type (LTX + WT) NBD peptide, relative to the agonist-stimulated vehicle control (LTX + v) (*= p<0.05, **= p<0.01, 

***=p<0.001). 
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3.3.4 Effects of small molecule IKK-kinase inhibitors on agonist-stimulated NF-κB 

signalling. 

 

Given that the NBD WT CPP displayed significant impact on the status of AURKA-TPX2 and 

related mitotic proteins and that it also displayed impact on both canonical and non-canonical 

NF-B activation (see Figures above) it raised the question as to whether impact on the mitotic 

markers was a consequence of direct targeting of AURKA-TPX2 or as an indirect effect, 

namely a downstream consequence of IKK perturbation by means of disrupting protein-

protein interactions of the IKK complex(es).  Therefore, to elucidate the mechanistic regulation 

further and consider any potential IKK-mediated regulation, alternative strategies to targeting 

IKK isoform activity and/or expression were considered.  Small molecule isoform selective IKK 

inhibitors when then considered as an alternative pharmacological means of targeting IKK 

activity. ATP-competitive kinase inhibitors were then used to target the kinase domains (KD) 

of each isoform and challenge theoretically their intrinsic catalytic activities. Therefore, prior to 

applying this approach to the examination of AURKA status/phosphorylation/expression etc., 

preliminary experiments were constructed to investigate and confirm the ability of said kinase 

inhibitors to target IKKα and IKKβ selectively and inhibit NF-B signalling mediated by each 

isoform; non-canonical and canonical NF-B respectively (see Section 3.3.4).  An “in-house” 

proprietary IKKα-selective small molecule kinase inhibitor – SU1433 (IC50 IKK vs. IKK = 

0.011μM vs. 2.25μM ) and a commercially available IKKβ – selective inhibitor, BMS-345541 

(Bristol Myers Squibb Pharmaceuticals;IC50 IKKβ vs. IKKα = 0.3μM vs. 4μM; (Burke et al., 

2003)), were utilised to test their ability to inhibit NF-κB signalling, as described by (Gamble et 

al., 2012b). To assess impact of these molecules, key cellular markers of NF-B activation 

were again measured following agonist stimulation in the absence and presence of increasing 

concentration of each inhibitor, as described previously in Section 3.3.3.  Effective inhibition 

of IKKα-mediated non-canonical activation would be indicated by inhibition of LTX-stimulated 

p100 phosphorylation (S866/870) and processing of p100 to p52, whilst inhibition of TNF-

stimulated canonical NF-B signalling gauged by the effective reversal of agonist-stimulated 

IB degradation and inhibition of p65 (S536) phosphorylation. From Figure 3.7 there was a 

noticeable significant concentration-dependent inhibition of LTX-stimulated p100 

phosphorylation mediated by the “in-house” IKKα-selective inhibitor (SU1433), observed in the 

immunoblotting (A) and this is further confirmed in the associated densitometric quantification 

(B).  Here there was a significant decrease in LTX-stimulated phosphorylation of p100 at 3µM 

(67.5 ± 5.8%; n=3, p<0.05) and 10µM (69.5 ± 9.1%; n=3, p<0.01) compared to the agonist 

plus vehicle control (LTX + V).  There was also a concentration-dependent decrease in p52 

formation relative to the agonist-stimulated vehicle control, which was shown to be significant 
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at 3µM (52.0 ± 11.6%; n=3, p<0.01) and 10µM (67.0 ± 15.9%; n=3, p<0.001) concentrations.  

These both are indicative of inhibition of LTX-stimulated non-canonical NF-κB signalling.  In 

Figure 3.7 (C), from immunoblotting, an IKKβ-selective inhibitor (BMS-345541) demonstrated 

a noticeable reversal of the TNFα-stimulated degradation of IκBα, which is a hallmark of 

inhibition of agonist-stimulated canonical NF-κB signalling.  This was further analysed and in 

Figure 3.7 (D), there was a significant TNF-mediated degradation of IB (T 30 min) and a 

significant reversal of TNF-stimulated IκBα degradation following pre-treatment with BMS-

345541 at 10µM (53.8 ± 7.5%; n=3, p<0.01), 20µM (47.8 ± 5.7%; n=3, p<0.01), 40µM (54.0 ± 

5.1%; n=3, p<0.01) and 50µM (58.2 ± 10.8%; n=3, p<0.001).  There was also a significant 

decrease in TNFα-stimulated phosphorylation of p65 (Ser536) following pre-treatment with 

50µM (50.2 ± 18.8%; n=3, p<0.05) and this was also indicative of inhibition of agonist-

stimulated canonical NF-κB pathway. Collectively, these experiments confirmed the ability of 

isoform-selective IKKα or IKKβ kinase inhibitors to target non-canonical and canonical NF-κB 

signalling pathways respectively. 
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Figure 3.7. Impact of small molecule isoform-selective IKKα and IKKβ kinase inhibitors on non-canonical and 

canonical NF-κB markers in PC3 cells. 

 

PC3 cells were grown in 12-well plates and serum starved for 24 h prior to stimulation. (A + B) - Validation of IKKα 

kinase inhibitors effect on non-canonical NF-κB signalling. After serum starvation, cells were pre-treated with vehicle 

(DMSO 0.05% (v/v)) or increasing concentrations (0.1-10µM) of an “in-house” IKKα inhibitor (SU1433) for 1 h prior to 

stimulation with LTX (20ng/ml) for 4 hours. GAPDH was used as a loading control (n=3).   (C + D) -Validation of IKKβ 

kinase inhibitors effect on canonical NF-κB signalling.  After serum starvation, cells were treated for 1 h with increasing 

concentrations (5-50µM) of the IKKβ-selective inhibitor (BMS-34551) prior to exposure to TNF-α (T) (20ng/ml) for 

30min.  GAPDH was used as a loading control (n=3).  Data was normalised to the control (C) or stimulated samples 

and represents mean ± S.E.M.  One-way ANOVA with post-hoc Dunnet’s test was used to determine statistical 

significance (p<0.05) of observed changes in agonist-stimulated non-canonical/ canonical NF-κB activation caused 

by the BMS-34551 or SU1433 kinase inhibitor respectively, relative to the agonist-stimulated vehicle or control (LTX 

+ V / T30).  Non-canonical: p-p100: LTX + 3µM vs LTX + v, *p<0.05; LTX + 10µM vs LTX + v, **p<0.01.  p52:  LTX + 

3µM vs LTX + v, **p<0.01; LTX + 10µM vs LTX + v, ***p<0.001.  Canonical:  IκBα:  T + 10µM, T + 20µM, T + 40µM 

vs T30, **p<0.01; T + 50µM vs T30, ***p<0.001.  p-p65:  T + 50µM vs T30, *p<0.05.     
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3.3.5. Effect of a small molecule IKKα-selective kinase inhibitor on agonist-stimulated 

canonical NF-κB signalling. 

 

Having demonstrated the ability of the described IKKα and IKKβ inhibitors to display their 

expected pharmacological selectivity for inhibition of LTX-stimulated non-canonical NF-B 

activation (IKK-mediated; SU1433 sensitive) and TNF-stimulated canonical NF-B 

activation (IKK-mediated; BMS-345541 sensitive) respectively, experiments were then 

constructed to determine whether this selectivity was robust i.e. could either molecule target 

the alternative NF-B signalling events to display ‘off-target’ effects? Therefore, cells were 

serum starved for 24 hours and then pre-treated with an “in-house” developed IKKα-selective 

small molecule kinase inhibitor (SU1433) prior to stimulation with TNFα (20ng/ml) for 30 min 

to assess the effects of the IKKα inhibitor on agonist-stimulated canonical NF-κB signalling.  

In Figure 3.8 (A) and (B) there was no significant (p>0.05) reversal of TNFα-induced IκBα 

degradation nor any decrease in TNF-stimulated Ser536 phosphorylation of p65 caused by 

pre-treatment of cells with the IKKα-selective compound SU1433.  As there was no significant 

effect on agonist stimulation of the canonical NF-κB pathway, which is largely IKKβ regulated, 

it highlighted and confirmed the selectivity of the “in-house” IKKα-selective inhibitor, SU1433. 

 

 

 

 

 

(A) 



 
 
 
 
 

97 
 

 

Figure 3.8. Impact of an IKKα-selective kinase inhibitor on canonical NF-κB cellular markers. 

 

PC3 cells were grown in 12-well plates and serum starved for 24h prior to stimulation.  Investigating effect of IKKα-

selective kinase inhibitor on canonical NF-κB signalling. Cells were incubated with vehicle (0.05% (v/v) DMSO) or with 

increasing concentrations (0.1-10µM) of an “in-house” IKKα inhibitor (SU1433) for 1 hour prior to exposure to TNF-α 

(T) (20ng/ml) for 30min (T30min).  (C) and (C + V) represents the non-treated and vehicle treated control respectively 

in non-stimulated cells.  (A) Whole cell lysates were prepared for separation using SDS-PAGE and analysis by 

Western Blotting using the above antibodies (n=3).  GAPDH was used as a loading control.  (B) Data was normalised 

to the vehicle or vehicle-stimulated sample (T + V) and represents mean ± S.E.M.  One-way ANOVA with post-hoc 

Dunnet’s test was used to determine statistical significance (p<0.05) of observed changes changes in agonist-

stimulated canonical NF-κB activation brought about by the SU1433 kinase inhibitor, relative to the agonist-stimulated 

vehicle control (T + v).  IκBα and p-p65: T + 0.1 – 10µM vs T + v, *p>0.05. 

 

 

3.3.6. Effect of a small molecule IKKβ-selective kinase inhibitor on agonist-stimulated 

non-canonical NF-κB signalling. 

 

Extending the studies of Section 3.3.5 above, the potential effect of the IKKβ inhibitor, BMS-

345541 on regulation of agonist-stimulated non-canonical NF-κB signalling was also 

investigated.  Cells were again serum starved for 24 hours and then pre-treated with increasing 

concentrations of the BMS-345541 compound for 1 hour prior to exposure to LTX (20ng/ml) 

for 4 hours to then assess the potential effects of the IKKβ inhibitor on cellular markers of 

agonist-stimulated non-canonical NF-κB signalling.   

In Figure 3.9, LTX stimulated a 5-fold increase in phosphorylation of p100 

(Ser860/868) which was noticeably reversed by IKKβ-selective inhibitor, BMS-345541.  This 

was observed in the immunoblotting (A) and further confirmed in the associated quantification 

(B).  Here there was a significant decrease in LTX-stimulated phosphorylation of p100 at 5µM 

(50.6 ± 6.5%; n=3, p<0.001), 10µM (57.9 ± 8.7%; n=3, p<0.001), 20μM (79.9 ± 4.5%; n=3, 
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p<0.001), 40μM (78.3 ± 1.7%; n=3, p<0.001) and 50μM (73.5 ± 7.1%; n=3, p<0.001) compared 

to the agonist stimulated sample (LTX 4h).  There was also a significant reduction in LTX-

stimulated p52 formation relative to the agonist stimulated sample, which was shown to be 

significant at 20µM (56.8 ± 21.3%; n=3, p<0.05), 40µM (54.8 ± 16.4%; n=3, p<0.05) and 50μM 

(59.9 ± 8.0%; n=3, p<0.05) concentrations.  These both indicated that pre-treatment of cells 

with the BMS compound resulted in effective concentration-dependent inhibition of LTX–

stimulated non-canonical NF-κB signalling.  Although the BMS-345541 compound is 

recognised primarily as an IKKβ inhibitor, it is worth noting that whilst this inhibitor is indeed 

IKKβ-selective it does possess IKKα inhibitory action (Burke et al., 2003); its potency against 

IKKβ being 10-fold greater than that against IKKα (IC50 IKKβ vs. IKKα = 0.3μM vs. 4μM; (Burke 

et al., 2003)).  This ability to target IKKα may account for the significant inhibitory effects on 

markers of agonist-stimulated non-canonical NF-κB signalling.  
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Figure 3.9. Impact of a small molecule IKKβ-selective kinase inhibitor on non-canonical NF-κB cellular markers in 

PC3 cells. 

PC3 cells were grown in 12-well plates and serum starved for 24h prior to stimulation. After serum starvation, cells 

were pre-treated with increasing concentrations (5-50µM) of IKKβ inhibitor (BMS-34551) for 1 hour prior to exposure 

to LTX (20ng/ml) for 4 hours (LTX4h).  (C) represents the non-treated control in non-stimulated cells.   GAPDH was 

used as a loading control (n=3). (A) Whole cell lysates were prepared for separation using SDS-PAGE and analysed 

by Western Blotting using the above antibodies (n=3).  GAPDH was used as a loading control.  (B) Data was 

normalised to the stimulated sample (LTX (4h)) and represents mean ± S.E.M.  One-way ANOVA with post-hoc 

Dunnet’s test was used to determine statistical significance (p<0.05) of observed changes in agonist-stimulated non-

canonical NF-κB activation brought about by the BMs-345541kinase inhibitor, relative to the agonist-stimulated control 

(LTX 4h).  p-p100:  LTX + 5-50µM vs LTX 4h, ***p<0.001.  p52:  LTX + 20-50µM vs LTX 4h, *p<0.05. 

 

   

3.3.7. Effects of small molecule IKKα and IKKβ inhibitors on the status of AURKA and 

cell cycle markers in synchronised PC3 cells. 

 

Having confirmed the ability of IKK isoform-selective kinase inhibitors to effectively abrogate 

IKK-mediated NF-B activation, these inhibitors were then applied in experiments using 

Nocodazole arrested mitotic PC3 prostate cancer cells. Small molecule (SM) kinase inhibitors 

SU1433 and BMS-345541 were used as pharmacological tools to determine whether targeting 

IKKα/β catalytic activity had a bearing and influence on the status of AURKA and associated 

proteins TPX2 and PLK1 during mitosis.  Cells were again treated and released from a 

nocodazole-mediated arrest/trap at pro-metaphase.  Expression and/or phosphorylation of 

AURKs, TPX2 and PLK1 were again examined by Western blotting at 30, 60 and 120 minute 

time points post release from nocodazole-mediated arrest. 

 Figure 3.10 shows the effect of the IKK small molecule kinase inhibitors on AURKA 

signalling post trap and release.  After 16-20 hours treatment with nocodazole, cells were 

washed and released with full RPMI 1640 media before treatment with 3µM SU1433 (IKKα-

selective inhibitor) or 50µM BMS-345541 (IKKβ-selective inhibitor).  In Figure 3.10, there was 
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no change in status of AURKA and its related markers in terms of expression and/or 

phosphorylation in cells treated with either the IKKα or the IKKβ small molecule kinase 

inhibitors relative to the vehicle control at each time point.  There was a significant reduction 

in phosphorylation of AURKA after 60 min, in vehicle (28.8 ± 8.3%; n=3, p<0.05), IKKα kinase 

inhibitor (34.1 ± 2.8%; n=3, p<0.01) and IKKβ kinase inhibitor (51.4 ± 70.0%; n=3, p<0.001) 

treated samples. A significant decrease was also observed at the 120 minute time point in 

DMSO (78.2 ± 10.1%; n=3, p<0.001), the IKKα kinase inhibitor (82.8 ± 7.2%; n=3, p<0.001) 

and the IKKβ kinase inhibitor (86.6 ± 7.4%; n=3, p<0.001).  Similar was observed for AURKB 

phosphorylation, in which there was a significant reduction after 120 min in vehicle (55.3 ± 

15.4%; n=3, p<0.01), IKKα kinase inhibitor (63.2 ± 11.1%; n=3, p<0.001) and IKKβ kinase 

inhibitor (73.4 ± 12.5%; n=3, p<0.001) treated samples.  Lastly, phosphorylation of AURKC 

was shown to be significantly decreased after 30min in cells treated with DMSO (56.9 ± 12.2%; 

n=3, p<0.01), IKKα kinase inhibitor (41.9 ± 9.3%; n=3, p<0.05) and IKKβ kinase inhibitor (50.7 

± 12.3%; n=3, p<0.01).  It was also significantly reduced after 60 minutes in cells treated with 

DMSO (62.3 ± 10.7%; n=3, p<0.01), IKKα kinase inhibitor (86.8± 12.0%; n=3, p<0.001) and 

IKKβ kinase inhibitor (81.9 ± 9.7%; n=3, p<0.001).  Lastly, there was also a significant 

decrease observed after 120 minutes in samples treated with; DMSO (82.1 ± 5.6%; n=3, 

p<0.001), IKKα kinase inhibitor (88.0 ± 3.4%; n=3, p<0.001) and IKKβ kinase inhibitor (90.1 ± 

2.9%; n=3, p<0.001).  As there was no difference between the vehicle-treated sample at each 

time point compared to that for the cells treated with inhibitory IKKα-selective or IKKβ-selective 

kinase inhibitors at each time point, this suggested that the abrogation of IKK kinase activity 

had no bearing on the phosphorylation of each AURK subtype. They decreased naturally 

following release from nocodazole arrest as the cells progressed through the cell cycle to 

completion of mitosis.  Furthermore, there were no significant differences observed in the 

status of other AURK-associated cell cycle markers; TPX2 expression and PLK1 total protein 

expression and phosphorylation (Thr215), which all again decreased naturally over this time 

course.  Expression and/or phosphorylation of AURKs, TPX2, PLK1 decreased naturally over 

time and this decrease was not accelerated as a result of treatment with the IKKα- or IKKβ-

selective kinase inhibitors. The expression of the IKK proteins remained constant throughout 

the time frames of the experiment, consistent with the previous experimental outcomes as 

described in Section 3.2.1.1 – they were not cell cycle regulated.   
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Figure 3.10. Impact of small molecule isoform-selective IKK inhibitors on AURKs and related protein markers of 

mitosis and IKK proteins in PC3 cells. 

PC3 cells were grown on 10mm dishes and treated with 50ng/ml Nocodazole (16-20 hours) prior to treatment with 

vehicle (0.05% (v/v) DMSO), an IKKα-inhibitor (SU1433) - 3µM or an IKKβ-inhibitor (BMS-345541) - 50µM upon 

release from trap at 30min, 60min and 120min.  (A) Whole cell lysates were prepared for separation using SDS-PAGE 

and analysed by Western Blotting using the above antibodies (n=3).  GAPDH was used as a loading control.  (B) Data 

was normalised to the control (DMSO 0) and represents mean ± S.E.M.  One-way ANOVA with post-hoc Dunnett’s 

test was used to determine statistical significance (p<0.05) of observed changes relative to vehicle control at 0 min.  

(*= p<0.05, **= p<0.01, ***= p<0.001).  p-AURKA:  DMSO(60) vs DMSO(0), *p<0.05; α(60) vs DMSO(0), **p<0.01; 

β(60) vs DMSO(0), ***p<0.001; DMSO(120) vs DMSO(0), ***p<0.001; α(120) vs DMSO(0), ***p<0.001; β(120) vs 

DMSO(0), ***p<0.001.  p-AURKB DMSO(120) vs DMSO(0), **p<0.01; α(120) vs DMSO(0), ***p<0.001; β(120) vs 

DMSO(0), ***p<0.001.  p-AURKC:  DMSO(30) vs DMSO(0), **p<0.01; α(30) vs DMSO(0), *p<0.05; β(30) vs DMSO(0), 

**p<0.01; DMSO(60) vs DMSO(0), **p<0.01; α(60) vs DMSO(0), ***p<0.001; β(60) vs DMSO(0), ***p<0.001; 

DMSO(120) vs DMSO(0), ***p<0.001; α(120) vs DMSO(0), ***p<0.001; β(120) vs DMSO(0), ***p<0.001.  For changes 

relative to vehicle control at each time point vs SU1433 or BMS-345541 at the same timepoint, one-way ANOVA with 

post-hoc Dunnett’s test was used to determine statistical significance (p<0.05) of observed changes relative to vehicle 

control at the appropriate time point. 
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3.3.8. Effects of siRNA IKKα and IKKβ on agonist-stimulated NF-κB signalling. 

 

Small-interfering RNA (siRNA) targeting both IKK proteins, IKKα- and IKKβ, and a scrambled 

non-targeting sequence (NT), were utilised to target ‘run-down’ of the total protein expression 

of each IKK protein at the transcriptional level to test IKK-Aurora signalling.  This enabled the 

construction of experiments aimed at elucidating whether the regulatory mechanism of the 

AURKA-TPX2 modulation was reliant on cellular IKK protein expression/interaction.  This 

represented an alternative molecular strategy of targeting IKK expression/activity distinct from 

the previously utilised pharmacological approach using IKK-selective kinase inhibitors.  Use 

of siRNA would target the protein of interest at the transcriptional level and cause a synthetic 

gene ‘knock-down’ of each isoform which would prevent the protein being translated. 

Therefore, prior to applying this approach to the examination of AURKA etc., 

preliminary experiments were constructed to investigate and confirm the ability of targeted 

siRNA to downregulate IKKα and IKKβ selectively and inhibit NF-κB signalling mediated by 

each isoform; non-canonical and canonical NF-B respectively (see Section 3.3.8). To 

establish optimal conditions for siRNA transfection, PC3 cells were treated with various 

concentrations of lipofectamine RNAiMAX and then analysed (data not shown).  Following on 

from this initial optimisation, a volume of 5µl of lipofectamine was determined as appropriate 

for transfection.  PC3 cells were transfected with a concentration range of siRNA targeting the 

IKK proteins as well as a single concentration of a NT control sequence (equal to the highest 

concentration of siRNA targeting the protein of interest), as described in Section 2.2.5.3 of the 

materials and methods.  This was followed by serum starvation for 24 hours prior to stimulation 

with the appropriate agonist.  As mentioned previously in Section 3.3.3, reversal of LTX-

stimulated p100 phosphorylation (S866/870) is an indicator of non-canonical pathway 

inhibition, as inhibition of p65 (S536) phosphorylation and reversal of IκBα degradation is an 

indicator of canonical NF-κB pathway inhibition.  Therefore, the IKK siRNA used here will be 

assessed on their ability to affect these respective pathways and reverse the effect on each 

marker after stimulation.  In Figure 3.11 (A) and (B) there was a substantial and significant 

decrease in total protein expression of IKKα at 50nM (84.2 ± 6.6%; n=3, p<0.001), 100nM 

(87.6 ± 1.4%; n=3, p<0.001), 150nM (80.0 ± 8.4%; n=3, p<0.001) and 200nM (87.7 ± 6.1%; 

n=3, p<0.001).  This was coupled with a noticeable concentration dependent inhibition of LTX-

stimulated p100 phosphorylation which was shown to be significant at 100nM (60.1 ± 13.3%; 

n=3, p<0.05), 150nM (66.4 ± 11.1%; n=3, p<0.05) and 200nM (80.8 ± 8.7%; n=3, p<0.01) 
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compared to the agonist-stimulated sample treated with Non-targeting (NT) siRNA.  Hence, 

this highlighted the ability of the IKKα siRNA to run down total protein expression and affect 

agonist-stimulated non-canonical NF-κB pathway signalling.  However, treatment with IKKα 

siRNA failed to inhibit processing of p100 and subsequent accumulation of p52 (another 

hallmark of LTX-stimulated non-canonical NF-κB signalling). In Figure 3.11 (C and D), from 

quantitative immunoblotting and the subsequent quantification there was a concentration-

dependent decrease in TNFα-stimulated p65 phosphorylation (Ser536) relative to the agonist-

stimulated sample treated with non-targeting siRNA.  This was determined to be significant at 

100nM (39.2 ± 3.3%; n=3, p<0.05), 150nM (55.6 ± 10.5%; n=3, p<0.01) and 200nM (86.6 ± 

4.3%; n=3, p<0.001).  This correlated with a significant decrease in total protein expression of 

IKKβ across the concentration range; 50nM (91.1 ± 2.4%; n=3, p<0.001), 100nM (95.5 ± 8.5%; 

n=3, p<0.001), 150nM (90.0 ± 5.2%; n=3, p<0.001) and 200nM (86.4 ± 9.8%; n=3, p<0.001).  

Hence, this indicated that IKKβ siRNA can be used to run down total IKKβ protein expression 

and indicative of inhibition of agonist-stimulated canonical NF-κB signalling.  However, IKKβ 

siRNA failed to elicit a reversal of IκBα degradation.  Collectively, these experiments confirmed 

the ability of IKKα/β siRNA to target the non-canonical and canonical NF-κB signalling 

pathways respectively. 
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Figure 3.11.  Impact of isoform-selective IKKα and IKKβ siRNA on non-canonical and canonical NF-κB markers in 

PC3 cells. 

 

PC3 cells were grown in 12-well plates and treated with IKKα/IKKβ siRNA (50nM, 100nM, 150nM and 200nM) or Non-

targeting (NT) siRNA as a control (200nM) and 5µl of lipofectamine for transfection overnight before changing to full 

media for 16 hours.  Cells were then serum starvation for 24h prior to stimulation. (A) - Validation of siRNA IKKα effect 

on non-canonical NF-κB signalling. After serum starvation, siRNA IKKα treated cells were treated with Lympotoxin-

β2 (LTX) (20ng/ml) for 4h (LTX4h) prior to preparation of whole cell lysates for separation using SDS-PAGE and 

analysis by Western Blotting using the above antibodies (n=3). GAPDH was used as a loading control.    (C) - 

Validation of siRNA IKKβ effects on canonical NF-κB signalling.  After serum starvation, siRNA IKKβ treated cells were 

exposed to TNF-α (T) (20ng/ml) for 30min (T30min) before preparation of whole cell lysates for separation using SDS-

PAGE and analysis by Western Blotting using the above antibodies (n=3).  GAPDH was used as a loading control.    

(B and D) - Data was normalised to the control (C) or stimulated sample treated with NT siRNA (LTX + NT or T + NT 

(200nM)) and represents mean ± S.E.M.  One-way ANOVA with post-hoc Dunnett’s test was used to determine 

statistical significance (p<0.05) of observed changes in agonist-stimulated non-canonical/canonical NF-κB activation 

caused by siRNA IKKα or IKKβ respectively, relative to the agonist-stimulated non-targeting control (LTX + NT 200nM 

/ T + NT (200nM) to reverse non-canonical or canonical NF-κB stimulation.  Non-canonical: IKKα: LTX + siRNA IKKα 

(50 – 200nM) vs LTX + NT (200nM), ***p<0.001.  p-p100:  LTX + siRNA IKKα (100nM), LTX + siRNA IKKα (150nM) 

vs LTX + NT (200nM), *p<0.05; LTX + siRNA IKKα (200nM) vs LTX + NT (200nM), **p<0.01.  Canonical:  IKKβ:  T + 

siRNA IKKβ (50 – 200nM) vs T + NT (200nM), ***p<0.001.  p-p65:  T + siRNA IKKβ (100nM) vs T + NT (200nM), 

*p<0.05; T + siRNA IKKβ (150nM) vs T + NT (200nM), **p<0.01; T + siRNA IKKβ (200nM) vs T + NT (200nM), 

***p<0.001.        

(D) 
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3.3.9. Effects of siRNA run-down of  IKKs on AURKA and cell cycle markers status 

following nocodazole trap and release in PC3 cells. 

 

Having confirmed the ability of IKK targeting siRNAs to effectively abrogate IKK isoform 

expression and aspects of IKK-mediated NF-B activation, these siRNAs were then applied in 

experiments using Nocodazole arrested mitotic PC3 prostate cancer cells. Small-interfering 

RNA (siRNA) that targeted both IKKα and IKKβ were used as a molecular tool to determine 

the influence of the IKKs on AURKA and the status of cell cycle markers throughout mitosis. 

By targeting the IKK proteins at the transcriptional level, this helped to determine if IKK protein 

expression had any role in regulating the status of AURKA and associated proteins TPX2 and 

PLK1 during mitosis.  A scrambled non-targeting (NT) sequence that didn’t target any of the 

IKKs was used as a control.  To investigate the effect of the siRNA on AURKA and its markers 

status after release from nocodazole trap at pro-metaphase, their expression and/or 

phosphorylation were examined by Western blotting at 30, 60 and 120 minute time points. 

 Figure 3.12 shows the effect of siRNA on AURKA signalling post trap and release.  

Cells were initially transfected for the appropriate transfection time period as detailed in 

Section 2.2.5.3 - with 100nM IKKα siRNA, 100nM IKKβ siRNA or a non-targeting scrambled 

RNA sequence.  For this experiment, all cells were transfected with siRNA using 5µl of 

lipofectamine RNAiMAX as a transfection reagent.  In Figure 3.12 (A and B), again, over time 

post release from Nocodazole arrest there was a natural time course of AURK 

dephosphorylation and AURKA protein degradation apparent in the cells treated with the NT 

control.  For the first three time points of the kinetic analysis (0, 30, 60 min) there was no 

significant impact of prior siRNA treatment on any of the markers measured.  There was also 

significant decrease in AURKA phosphorylation at the 120 minute time point post-release from 

nocodazole compared to the vehicle control at 0 min, in all of the treatment groups; for both 

siRNA IKKα (75.4 ± 6.1%; n=3, p<0.01) and siRNA IKKβ (84.4 ± 4.1%; n=3, p<0.001) treated 

cells, this was significantly greater than when cells were treated with the non-targeting control 

(50.8 ± 16.4; n=3, p<0.05).  This indicated that the levels of AURKA phosphorylation 

decreased naturally over time, but was potentially enhanced slightly by treatment with siRNA 

IKKα/β.  However, this was not significantly different from the non-targeting treated control at 

this time point.  A similar profile was observed for phosphorylation of AURKB at the 120 minute 

time point; siRNA IKKα (53.9 ± 4.7%; n=3, p<0.001), siRNA IKKβ (67.8% ± 8.7%; n=3, 

p<0.001) and non-targeting (40.1 ± 4.1%; n=3, p<0.05). This was also true for phosphorylation 

of AURKC at the 120 minute time point; siRNA IKKα (94.5 ± 2.7%; n=3, p<0.01, siRNA IKKβ 

(95.8 ± 1.3%; n=3, p<0.01) and non-targeting (87.3 ± 7.1%; n=3, p<0.01). Also, in Figure 3.12 

(A) and (B) the total expression of AURKA was measured to conclude if the reduction in 



 
 
 
 
 

110 
 

phosphorylation was linked to a comparable loss of AURKA at the protein level or as a result 

of dephosphorylation following treatment with either siRNA IKKα or IKKβ. There was a 

significant reduction in total AURKA expression in cells treated with siRNA IKKα (53.5 ± 14.3%; 

n=3, p<0.05), siRNA IKKβ (63.8 ± 7.7%; n=3, p<0.01) and NT siRNA (58.5 ±3.4%; n=3, 

p<0.05) at the 120 minute time point.  This suggested that AURKA phosphorylation correlates 

with the expression and as it decreased over time was substantially affected by siRNA 

rundown.    Over the time course carried out, the levels of total AURKA and phosphorylation 

were both reduced in the non-targeting control and the siRNA treated cells which suggested 

that the levels of AURKA and its phosphorylation reduced naturally over time.  In Figure 3.12, 

from quantitative immunoblotting (A) and the resultant quantification, the expression of the 

critical AURKA co-activator TPX2 was also measured.  The expression of TPX2 was not 

significantly (p>0.05) decreased by any of the treatment groups compared to control NT 

treatments at each time point and its expression decreased naturally with time as the cells 

moved through mitosis.  In Figure 3.12 (B) there was a significant reduction in phosphorylation 

of PLK1, most notably in cells treated with siRNA IKKβ vs control NT cells.  At 30 min the 

phosphorylation of PLK was reduced in siRNA IKKβ treated cells by (40.1 ± 7.1%; n=3, p<0.05) 

and 60 min (48.5 ± 7.5%; n=3, p<0.01) however not significantly different for the control NT 

treated cells.  At 120 minute after release from Nocodazole arrest the reduction in PLK1 

phosphorylation was also present and statistically reduced (p<0.01) in the non-targeting 

control, siRNA IKKα and siRNA IKKβ treated cells.  The reduction in phosphorylation of PLK1 

in these samples was (80.1 ± 9.1%; n=3, p<0.001) for the non-targeting control, (80.8 ± 5.6%; 

n=3, p<0.001) for siRNA IKKα treated cells and (88.6 ± 1.3%; n=3, p<0.001) for siRNA IKKβ 

treated cells respectively. Crucially, there was no significant difference between all these 

treatment groups at these time points. Phosphorylation of PLK1 was reduced naturally as time 

progressed, especially at the 120-minute time-point but this seemed to be increased 

particularly in siRNA IKKβ treated cells at the earlier time points.  Total PLK1 expression was 

assessed next to see if it correlated with the loss of phosphorylation.  Figure 3.12 (A) and (B) 

shows there was a significant loss of total PLK expression in siRNA IKKβ treated cells at the 

120-minute time point (76.6 ± 6.5%; n=3, p<0.05) but no significant difference when compared 

to the non-targeting treated control at this time point.  Lastly, the expression of IKKα and IKKβ 

was measured to check for rundown of the total protein expression.  There was an average 

decrease in expression of 60% and 77% for IKKα and IKKβ respectively, which was induced 

by the siRNA targeting each subtype.  This difference in expression levels compared to the 

previous section could be because cells were serum starved in that experiment and hence 

more sensitive to downregulation and even cell death which may contribute to the decrease in 

expression in that setting.  As there was no difference between the non-targeting treated 
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samples at each time point compared to that for the cells treated with siRNA IKKα or siRNA 

IKKβ at each time point, this suggested that downregulation of IKKα/β protein expression and 

associated activity had no bearing on the expression and/or phosphorylation of AURKs, TPX2 

and PLK1.  These decreased naturally over time and this decrease was not significantly 

(p>0.05) accelerated as a result of treatment with the IKKα- or IKKβ-targeting siRNA.  

Although, the phosphorylation and total expression of PLK1 was significantly decreased by 

siRNA IKKβ, a study by Higashimoto et al. (2008) indicated that PLK is involved in regulation 

of the IKK complex through phosphorylation of IKKβ.  Thus, further experiments are needed 

to investigate this.       Following on from this section, the established siRNA conditions were 

harnessed and utilised/adapted to enable experiments treating cells with NBD CPPs with a 

background of reduced /depleted cellular IKK expression.  
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Figure 3.12. Impact of isoform-selective siRNA targeting of IKKs on AURKs and related protein markers of mitosis 

and IKK proteins in PC3 cells.   

PC3 cells were grown on 10mm dishes and treated with IKKα/IKKβ siRNA (100nM) or Non-targeting (NT) siRNA as 

a control (100nM) and transfected with 5µl of lipofectamine for 16 hours before addition of fresh full RPMI 1640 media 

for a further 12-16 hours prior to treatment with 50ng/ml Nocodazole (16-20 hours) and subsequent release from trap 

at 30min, 60min and 120min.   (A) Whole cell lysates were prepared for separation using SDS-PAGE and analysed 

by Western Blotting using the above antibodies (n=3).  GAPDH was used as a loading control. (B) Data was 

normalised to the control (NT0) and represents mean ± S.E.M.  One-way ANOVA with post-hoc Dunnett’s test was 

used to determine statistical significance (p<0.05) of observed changes relative to Non-targeting control (NT0) at 0 

min.  (*= p<0.05, **= p<0.01, ***=p<0.001).  p-AURKA:  NT(120) vs NT(0), *p<0.05; α(120) vs NT(0), **p<0.01; β(120) 

vs NT(0), ***p<0.001.  p-AURKB NT(120) vs NT(0), *p<0.05; α(120) vs NT(0), ***p<0.001; β(120) vs NT(0), 

***p<0.001.  p-AURKC:  NT(120) vs NT(0), **p<0.01; α(120) vs NT(0), **p<0.01; β(120) vs NT(0), **p<0.01.  For 

changes relative to non-targeting control at each time point vs siRNA IKKα or IKKβ at the relevant time point, one-

way ANOVA with post-hoc Dunnett’s test was used to determine statistical significance (p<0.05) of observed changes 

relative to the non-targeting control at the appropriate time point. 

 

 

3.3.10. Effects of NBD CPPs in the absence and presence of siRNA IKKs on the status 

of AURKA and cell cycle markers in synchronised PC3 cells. 

 

Following on from the confirmation that single-targeting of IKKα or IKKβ could effectively run-

down each IKK isoform in terms of protein expression as well as abrogating the signalling of 

the IKK-mediated NF-κB pathways, dual-targeting of IKKα and IKKβ simultaneously with 

siRNA rundown was utilised to create a molecularly induced “null IKK” background (with no 

catalytic IKK proteins present) to then incorporate the NBD CPPs into experiments and test 

their potential effects on the IKK-AURKA dynamics. A scrambled sequence that didn’t target 

either of the IKKs was used as a control, again a non-targeting (NT) sequence.  Cells were 

again treated and released from a nocodazole-mediated arrest/trap at pro-metaphase and 
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then treated with the NBD CPPs after release from nocodazole trap at 30, 60 and 120 minute 

time points. Expression and/or phosphorylation of AURKs, TPX2 and PLK1 were again 

examined by Western blotting at 30, 60 and 120 minute time points post-release from 

nocodazole-mediated arrest. 

Figure 3.13 shows the effect of the NBD CPPs in the absence and presence of siRNA 

targeted run-down of IKKs on AURKA signalling post-trap and release from nocodazole (n=2).  

Cells were transfected for the appropriate transfection time period as detailed in Section 

2.2.5.3 with 50nM IKKα siRNA and 50nM IKKβ siRNA at the same time or a non-targeting 

(NT) scrambled RNA sequence (100nM).  IKKα and IKKβ siRNA were transfected with 2.5µl 

of lipofectamine RNAiMAX each (5µl total) and as such NT siRNA was transfected with 5µl 

lipofectamine RNAiMAX to parallel this.  The expression of IKKα and IKKβ was measured in 

order to check for run-down of the total protein.  There was an average decrease in expression 

of 87% and 82% for IKKα and IKKβ respectively taken across all time points, which was 

induced by the siRNA targeting each subtype.  As can be observed from the quantitative 

immunoblotting (A) and parallel quantification (B), there was a noticeable accelerated 

decrease in phosphorylation of the three AURK subtypes, total expression of AURKA and the 

critical AURKA co-activator TPX2 in the samples treated with the NBD WT CPP in comparison 

to the vehicle and NBD MT CPP treated samples, across all time points.  TPX2 showed a 

reduction in expression at 30 min in the DMSO treated NT siRNA (83.5 ± 13.4% vs 61.8 ± 

11.4%) and IKKα/β (67.8 ± 10.0% vs 59.8 ± 5.9%) samples versus the same siRNA samples 

treated with the NBD WT CPP at this time point.  TPX2 also showed a reduction in expression 

at 120 min in the DMSO treated NT siRNA (67.0 ± 15.9% vs 24.1 ± 10.8%) and IKKα/β (62.1 

± 15.7% vs 31.3 ± 2.3%) samples versus the same siRNA samples treated with the NBD WT 

CPP at this time point. Also, to be noted was the fact that there was no noticeable difference 

in expression of these proteins between the sample treated with the NT siRNA and the NBD 

WT CPP in combination compared to the siRNA IKKα and IKKβ with the NBD WT CPP.  This 

suggests that the IKK proteins aren’t involved in the effect that the NBD WT CPP is exerting 

on AURKA total expression and phosphorylation and expression of TPX2. These experiments 

suggest that the NBD WT CPP can exert its effect on AURKA/TPX2 signalling when both IKKα 

and IKKβ have been downregulated.  Following on from this, the demonstration of the effects 

NBD WT CPP in a cellular model deficient of the IKK proteins (i.e. a genetic ‘knockout’ model) 

could potentially confirm that the NBD WT peptide could directly impact IKK/AURKA/TPX2 

signalling independent of the classical IKK isoforms. 
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Figure 3.13. Impact of siRNA targeting IKKs and NBD CPPs alone or in combination on AURKs and related markers 

in synchronised PC3 cells. 

PC3 cells were grown on 10mm dishes and treated with IKKα (50nM) and IKKβ siRNA (50nM) simultaneously (total 

100nM) or Non-targeting (NT) siRNA as a control (100nM) and 5µl total volume of lipofectamine for 16h and grown in 

fresh full media for a further 12-16h prior to treatment with 50ng/ml Nocodazole (16-20h).  This was followed by 

treatment with either NBD WT or MT (100µM) or DMSO as a vehicle control (0.5% (v/v)) upon release from trap and 

incubated for 30min, 60min and 120min.  (A) Whole cell lysates were prepared for separation using SDS-PAGE and 

analysed by Western Blotting using the above antibodies (n=2).  GAPDH was used as a loading control. (B) Data was 

normalised to the vehicle treated NT siRNA sample (DMSO (NT)) at 0 min.  
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3.4. Examining the status of AURKs and related markers in MEF cells through mitosis. 

 

3.4.1. Assessment of the status of AURKA and cell cycle components following 

Nocodazole mediated cell cycle arrest/trap and release in Double-knockout (DKO) MEF 

cells. 

 

Having demonstrated in the previous experiments that the NBD WT CPP can continue to exert 

its effect on AURKA/TPX2 signalling in a background where the expression of IKKα and IKKβ 

had been knocked down, ikka-/-/ikkb-/- double Knockout (DKO) Mouse Embryonic fibroblast 

(MEF) cell line with both catalytic IKK proteins (IKKα and IKKβ) absent were used to represent 

a null background of IKK proteins in which to test the NBD WT CPP and see if it had a similar 

effect to that shown in the PC3 cell line.  This was viewed as model system to aid determining 

whether the mechanistic effect of the peptide on AURKA and related markers was IKK-

independent, given IKKα and IKKβ are absent from this cell line. 

To establish optimal conditions for cell synchronisation in DKO MEFs, cells were 

treated with various concentrations of nocodazole for 16-20 hours and examined for 

phosphorylation of AURKA, AURKB and AURKC in synchronised vs non-synchronised cells 

via immunoblotting (data not shown).  Following on from this an optimal treatment 

concentration was determined as 100ng/ml and in preparation for experiments cells were 

treated routinely for 16-20 hours to establish cell cycle arrest or ‘trap’. In Figure 3.14 (A) 

immunoblotting was used to assess the cell cycle status of total AURKA and it’s 

phosphorylation, as well as the outcome of important cell cycle markers (TPX2, p-PLK1, PLK1) 

in relation to AURKA following nocodazole trap and release at the appropriate time points (up 

to 6 hours). These markers were subsequently quantified (B). DKO MEF cells were treated for 

16-20 hours with nocodazole (100ng/ml).  The phosphorylation of the AURKs (A, B and C) 

were expressed at an elevated and maximum level at the 0 hour time point (TR0), which 

compared consistently with the positive control (TRNR) in which the cells had been trapped 

with nocodazole and not released while incubated for 6 hours.   

In Figure 3.14 (A) and (B) there was a significant (p<0.05) decrease in phosphorylation 

of AURKA (T288) following release at 1h (47.4 ± 17.3%; n=3, p<0.05), 2h (55.4 ± 6.6%; n=3, 

p<0.05), 4h (73.5 ± 9.0%; n=3, p<0.01) and 6h (78.5 ± 3.3%; n=3, p<0.001) respectively, in 

comparison to the samples from synchronised cells at the 0 time point (TR0).  On the other 

hand, the phosphorylation of AURKB (T232) was more highly expressed in terms of 

phosphorylation than AURKA in DKO MEF cells and the phosphorylation remained elevated 

for a longer period within the time-frame examined.  The phosphorylation of AURKB wasn’t 

significantly reduced until the 6h time point (57.5 ± 6.5%; n=3, p<0.05).  The phosphorylation 
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of AURKC (T198) was also measured but was expressed at such low levels that analysis gave 

no significant difference across the sample set (p>0.05).   

The total expression of AURKA was also analysed and was shown to be significantly 

reduced compared to basal levels after 1h post-release from nocodazole synchronisation (57.1 

± 13.5%; n=3, p<0.01) and this remained at a constant level at 2h (49.1 ± 7.7%; n=3, p<0.01), 

4h (47.8 ± 11.8%; n=3, p<0.05) and 6h (57.8 ± 3.9%; n=3, p<0.01) respectively.  As the cells 

were released and progressed through mitosis, AURKA expression and phosphorylation 

(T288) were reduced to basal levels after the 2 h time point as compared to the negative 

controls (NT0 and NT6) – which were cells which were not trapped with nocodazole at 0 and 

6h time points.  By the quantification indicated in Figure 3.14 (B), the detected phosphorylation 

of AURKA decreased faster kinetically than the total AURKA protein expression which 

remained at a constant level for longer.  This was perhaps not unexpected given the 

phosphorylation of the protein, an indicator of catalytic activity, would firstly need to be 

‘switched off’ prior to degradation of the protein.  Phosphorylation of AURKB (T232) declined 

significantly after 6h and this may have reflected the role of AURKB as being later in the cell 

cycle and into cytokinesis compared to AURKA.  As was the case in PC3 cells, total expression 

of AURKB and AURKC weren’t measured in this study due to time constraints. Understanding 

the relationship between phosphorylation and total protein expression for each of these 

isoforms would require further work. 

As before, the expression pattern of the crucial AURKA co-activator TPX2 was also 

measured.  This followed a different pattern to AURKA in which the expression of TPX2 

remained elevated for longer and wasn’t significantly reduced until the 6h time point (60.5 ± 

9.4%; n=3, p<0.05) post release from the nocodazole-mediated trap, compared to the TR0 

sample.  Again, as expression of TPX2 remained higher for longer than AURKA, this could 

suggest that TPX2 could be dissociated from AURKA but not necessarily degraded in the cell.  

Finally, the phosphorylation and total expression of the key mitotic marker PLK1 was also 

measured.  PLK1 was also shown to not be significantly reduced until 6 hours following release 

from nocodazole trap, both in terms of phosphorylation (59.5 ± 14.8%; n=3, p<0.05) and total 

expression (47.2 ± 21.4%; n=3, p<0.05), relative to the TR0 sample.  The elevated levels of 

TPX2 and PLK1 (total and phosphorylation) up to 6 hours post-release from nocodazole 

synchronisation could suggest a different role for these protein in this cell type versus the 

prostate cancer cell line. 

In Figure 3.14 (C) deletion of IKKs in MEF cells were assessed using quantitative 

immunoblotting to validate that they were indeed ‘Knock-out’ models and did not express the 

catalytic IKK proteins.  The models used were as follows; wild-type MEFs (WT MEFs) – IKKα 

and IKKβ present, IKKα knockout (ikka-/-) MEFs – IKKα absent and IKKβ present, IKKβ 
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knockout (ikkb-/-) MEFs – IKKα present and IKKβ absent and double knockout (DKO) MEFs – 

IKKα and IKKβ absent (ikka-/-ikkb-/-).  In Figure 3.14 (D) there was a reduction in IKKα 

expression in both IKKα-/- MEFs and DKO MEFs in comparison to the WT MEFs model.  In 

Figure 3.14 (D) there was also a reduction in IKKβ expression in both ikkb-/- MEFs and DKO 

MEFs compared to the WT MEFs model. There was also a decrease in IKKβ expression 

present in the IKKα-/- MEF sample.  This may just be that expression of IKKβ was lower in ikka-

/- MEFs compared to the WT MEFs.   Any low level of expression observed for IKK protein in 

their relevant knockout MEF models, reflected background readings within the densitometric 

quantification process. 

Collectively, these experimental outcomes demonstrated that nocodazole treatment 

of DKO MEF cells resulted in the arrest of cells and a similar pattern in expression of mitotic 

markers to that observed previously in PC3 cells (Section 3.2.1).  This could be used in future 

experimental work when assessing cellular interventions examining the potential effects of the 

NBD WT CPP on IKK-AURKA signalling following nocodozole trap and release of  the DKO 

MEFs, as a ‘null IKK’ cellular model.  
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Figure 3.14. Effect of Nocodazole trap and release on AURKs and related protein markers of mitosis in DKO MEFS. 

 

DKO MEFS were grown on 10mm dishes and treated with 100ng/ml Nocodazole (16-20 hours) and these were then 

released by washing twice with fresh media, times indicated as hours post-release from Nocodazole trap.  Non-

trapped cells at 0 and 6h (NT0 and NT6) represent the negative control.  Cells treated with Nocodazole and then not 

washed and released represented the positive control (Trap and non-released, TRNR). (A) Whole cell lysates were 

prepared for separation using SDS-PAGE and analysis by Western Blotting using the above antibodies (n=3). GAPDH 

was used as a loading control.  (B) Data was normalised to synchronised sample before release at the zero time-point 

(TR0) and represents mean ± S.E.M. One-way ANOVA with post-hoc Dunnett’s test was used to determine statistical 

significance (p<0.05) of observed changes relative to TR0 synchronised sample at 0 min.  (*= p<0.05, **= p<0.01, 

***= p<0.001).  All results indicated on graphs represent fold change in expression post-release from mitotic arrest 

compared to the TRO sample.  (C) Whole cell extracts of cultured MEFs with varying genetic backgrounds were 

prepared and the presence/absence of IKKα and IKKβ determined by Western Blotting using the antibodies indicated. 

WT = WT MEFS, ikka-/- = IKKα Knockout, ikkb-/- = IKKβ knockout, DKOs = double knockout. (D) Data was normalised 

to the WT MEFs sample and represents mean ± S.E.M (n=3). 

(C) 

(D) 
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3.4.2. Effects of NBD WT CPP on the status of AURKA and cell cycle markers following 

nocodazole trap and release in DKO MEF cells. 

 

Following on from and related to experiments in Section 3.3.10, the next stage of investigation 

was to test whether the NBD WT CPP was able to modulate the status of AURKs, AURKA 

and the associated mitotic markers described previously in a cellular double knockout model 

of the catalytic IKK proteins.  Therefore, the effect of the NBD WT CPP on AURKA and related 

protein markers after release from nocodazole arrest at pro-metaphase in DKO MEF cells 

were investigated. Cells were treated with nocodazole (100ng/mL) for 16-20 hours prior to 

being washed and released as described previously – Section 2.2.2.1, before NBD MT or NBD 

WT CPPs (100µM) were added upon release as described previously and samples prepared 

thereafter at appropriate time points.    

Figure 3.15 (A) showed by immunoblotting, the effect of MT and WT NBD CPP on the 

status of p-AURKs, AURKA, TPX2 and p-PLK1/PLK1 post-trap and release in DKO MEF cells 

lacking the catalytic IKK proteins (n=2).  In Figure 3.15, the immunoblotting (A) and associated 

quantification (B) indicated that the NBD WT CPP kinetically accelerated the natural decrease 

in phosphorylation of AURKA and AURKB as well as total expression of AURKA and these 

were particularly reduced at the 60 minutes post-release, compared to the vehicle treated 

control at this time point. As mentioned in the previous Section (3.4.2), the levels of AURKC 

phosphorylation were low and hence resulted in immeasurable changes in expression levels 

across the different sample sets.    This pattern was also observed in the expression of TPX2, 

where there was a noticeable decrease in expression after 60 min in the sample treated with 

the NBD WT CPP compared to the MT and DMSO treated sample at this time point.  Also, it 

was observed that there was no noticeable effect of the NBD WT CPP on total expression and 

phosphorylation of PLK1 across the time course.  That said, it is important to note that the 

results here were collated from only two experimental repeats (n = 2) and as such further 

replications will be needed to determine if the results were statistically significant or not. 

 In summary, the NBD WT CPP demonstrated the ability to inhibit the AURKs and 

TPX2 signalling even in the absence of the IKK proteins, but further experimental repeats are 

needed to determine if this is statistically significant and further investigation is needed to 

determine mechanistically whether this is a direct impact of the peptide on AURKs and TPX2 

which causes these proteins to be dephosphorylated and/or degraded. 
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Figure 3.15. Impact of NBD CPPs on AURKs and related protein markers of mitosis in DKO MEF cells. 

 

DKO MEF cells were grown on 10mm dishes and treated with 100ng/ml nocodazole (16-20 hours) prior to treatment 

with either NBD WT or MT (100µM) or DMSO as a vehicle control (0.5% (v/v)) upon release from trap at 15min, 30min 

and 60min.  (A) Whole cell lysates were prepared for separation using SDS-PAGE and analysed by Western Blotting 

using the above antibodies (n=2).  GAPDH was used as a loading control.  (B) Data was normalised to the vehicle 

treated control (DMSO 0).  

 

 

3.4.3. Assessment of the status of AURKA and cell cycle components following 

Nocodazole mediated cell cycle arrest/trap and release in Wild-type (WT) MEF cells. 

 

Having previously demonstrated the successful nocodazole-mediated arrest of the DKO MEF 

cellular model, a parallel approach was established in Wild-type (WT) MEFs which expressed 

IKKα and IKKβ.  This enabled analysis in a normal MEF genetic background and served as a 

relevant comparator for the previously examined DKO MEFs i.e. was the effect of the NBD 

WT CPP the same, similar or different in these cells?  
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To establish optimal conditions for cell synchronisation in WT MEFs, cells were treated 

with various concentrations of Nocodazole for 16-20 hours and examined for phosphorylation 

of AURKA, AURKB and AURKC in synchronised vs non-synchronised cells via immunoblotting 

(data not shown).  Following on from this an optimal treatment concentration was determined 

as 100ng/ml and in preparation for experiments cells were treated routinely for 16-20 hours to 

establish cell cycle arrest or ‘trap’.  In Figure 3.16 (A) immunoblotting was used in order to 

assess the cell cycle status of total AURKA and it’s phosphorylation, as well as the outcome 

of important cell cycle markers (TPX2, p-PLK1, PLK1) in relation to following nocodazole trap 

and release at the appropriate time points (up to 6 hours) and these markers were 

subsequently quantified (B). WT MEF cells were treated for 16-20 hours with Nocodazole 

(100ng/ml).  The phosphorylation of the AURKs (A, B and C) were expressed at an elevated 

and maximum level at the 0 hour time point (TR0), which compared consistently with the 

positive control (TRNR) in which the cells had been trapped with nocodazole and not released 

while incubated for 6 hours. 

In Figure 3.16 (A) and (B) there was a significant (p<0.05) decrease in phosphorylation 

of AURKA following release at 30min (68.2 ± 2.8%; n=3, p<0.001) 1h, (79.5 ± 4.3%; n=3, 

p<0.001), 2h (75.2 ± 7.5%; n=3, p<0.001), 4h (77.6 ± 6.1%; n=3, p<0.001) and 6h (81.5 ± 

0.2%; n=3, p<0.001) respectively, compared to the synchronised sample at the 0 time point 

(TR0).  The phosphorylation of AURKB was also significantly (p<0.05) reduced after 1h (72.0 

± 20.8%; n=3, p<0.05), 2h (74.7 ± 17.4%; n=3, p<0.05), 4h (71.8 ± 9.9%; n=3, p<0.05) and 6h 

(TR6) (81.6 ± 11.2%; n=3, p<0.05) relative to the normalised TR0 sample.  The 

phosphorylation of AURKC was also measured but as was the case in the DKO model, the 

expression levels were very low and this made quantifying the results difficult and unable to 

determine any significant values. 

The total expression of AURKA was also analysed and in contrast to its 

phosphorylation, wasn’t significantly reduced until the 6-hour time point (55.4 ± 14.3; n=3, 

p<0.05) relative to the TR0 sample.  This was perhaps not wholly unexpected given the 

phosphorylation of the protein, an indicator of catalytic activity, would firstly need to be 

‘switched off’ prior to degradation of the protein. 

As well as the phosphorylation of the AURKs and total expression of AURKA, the 

expression of the critical AURKA co-activator, TPX2 was also measured. The expression 

levels of TPX2 followed a similar pattern to that in the DKO MEFS and remained elevated until 

a significant reduction was observed at the 6 hour time point (40.9 ± 8.3%; n=3, p<0.05) 

compared to the TR0 sample.  As expression of TPX2 remains higher for longer than AURKA, 

this could suggest that TPX2 could be dissociated from AURKA but not necessarily degraded 

in the cell.   Lastly, the phosphorylation and total expression of PLK was measured both these 
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significantly decreased from the 30 minute time point. Firstly, with regards to the 

phosphorylation of PLK1, it was found to be significantly decreased after 30 min (47.6 ± 0.9%; 

n=3, p<0.001), 1h (90.8 ± 3.7%; n=3, p<0.001), 2h (86.8 ± 2.7%; n=3, p<0.001), 4h(79.5 ± 

1.2%; n=3, p<0.001) and 6h (85.6 ± 2.8%; n=3, p<0.001) following release from nocodazole 

arrest, relative to the TR0 sample.  This was mirrored in the total expression of PLK1 which 

was also significantly reduced after 30 min (58.9 ± 3.8%; n=3 p<0.001), 1h (43.9 ± 11.1%; 

n=3, p<0.05), 2h (54.7 ± 5.7%; n=3, p<0.01), 4h (50.1 ± 4.2%; n=3, p<0.01) and 6h (55.9 ± 

7.7%; n=3, p<0.01) relative to the TR0 sample.   

Collectively, these experimental outcomes demonstrated that nocodazole treatment 

of WT MEF cells resulted in the arrest of cells and a similar pattern in expression of mitotic 

markers to that observed previously in PC3 cells (Section 3.2.1) and more closely to the DKO 

MEF cells (Section 3.4.1), though the kinetics of dephosphorylation of AURKA were much 

more rapid than in the DKO MEF cells.  That said, the conditions and characteristics detailed 

could be used in future experimental work when assessing cellular interventions examining 

the potential effects of the NBD WT CPP on IKK-AURK signalling following trap and release 

in WT MEF cells. 
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Figure 3.16. Effect of Nocodazole trap and release on AURKs and related protein markers of mitosis in WT MEF 

cells. 

 

WT MEFS were grown on 10mm dishes and treated with 100ng/ml Nocodazole (16-20 hours) and these were then 

released by washing twice with fresh media; times indicated as hours post-release from Nocodazole trap.  Non-

trapped cells at 0 and 6h (NT0 and NT6) represent the negative control.  Cells treated with Nocodazole and then not 

washed and released represented the positive control (Trap and release non-release, TRNR). (A) Whole cell lysates 

were prepared for separation using SDS-PAGE and analysis by Western Blotting using the above antibodies (n=3). 

GAPDH was used as a loading control.  (B) Data was normalised to synchronised sample before release at the zero 

time point (TR0) and represents mean ± S.E.M.  One-way ANOVA with post-hoc Dunnett’s test was used to determine 

statistical significance (p<0.05) of observed changes relative to TR0 synchronised sample at 0 min.  (*= p<0.05, **= 

p<0.01, ***= p<0.001). 

 

(B) 
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3.4.4. Effects of NBD WT CPP on the status of AURKA and cell cycle markers following 

nocodazole trap and release in WT MEF cells. 

 

Having previously demonstrated the ability of the NBD WT CPP to ‘accelerate’ the decrease 

in AURKA phosphorylation and total expression as well as expression of key related mitotic 

markers in DKO MEFs (Figure 3.14) experiments were then constructed that sought to 

examine the effect of the peptides in WT MEFs which expressed IKKα and IKKβ.   

Therefore, the effect of the NBD WT CPP on AURKA and related protein markers after 

release from nocodazole arrest at pro-metaphase in WT MEF cells were investigated. WT 

MEFs were treated with nocodazole (100ng/mL) for 16-20 hours prior to being washed and 

released as described previously – Section 2.2.2.1, before NBD MT or NBD WT peptides 

(100µM) were added upon release as described previously and samples prepared thereafter 

at appropriate time points.    

 Figure 3.17 (A) indicated via immunoblotting the effect of the MT and WT NBD CPP 

on the status of p-AURKs, AURKA, TPX2 and p-PLK1/PLK1 post-trap and release.  In Figure 

3.17, from immunoblotting (A) and the associated quantification (B), the NBD WT CPP caused 

a significant (p<0.05) decrease in phosphorylation of AURKA relative to the vehicle control at 

0 min (DMSO 0).  Phosphorylation of AURKA was reduced after treatment with the NBD WT 

CPP at 30 min (45.9 ± 12.7%; n=3, p<0.05) and 60 min (73.0 ± 11.6%; n=3, p<0.001) 

respectively.  At the 60 minute time point, this decrease was significant (p<0.05) but there was 

also a statistically significant decrease measured in cells treated with the vehicle control (45.4 

± 11.2%; n=3, p<0.05) and NBD MT CPP (46.4 ± 9.7%; n=3, p<0.05).  There was also a 

significant reduction in phosphorylation of AURKA at 60 min post-release from nocodazole-

mediated arrest, relative to the vehicle treated control at this time point (81.9 ± 8.7% vs 47.5 

± 6.1%; n=3, p<0.05). This indicated that AURKA phosphorylation decreased naturally over 

time and this decrease in phosphorylation was accelerated by the NBD WT CPP.  In Figure 

3.17 (B), the NBD WT CPP also caused a significant reduction in AURKB phosphorylation at 

30 min (87.5 ± 3.4% vs 48.3 ± 2.4%; n=3, p<0.05) and 60 min (59.0 ± 16.4% vs 23.1 ± 6.0%; 

n=3, p<0.05) relative to the vehicle treated control at these time points.  Phosphorylation of 

AURKC was also measured but as mentioned before, it was expressed at low levels and this 

made quantifying the results difficult and unable to determine any significant values.  The 

reduction in total AURKA expression was also assessed to determine whether the kinetics of 

protein degradation were comparable to the NBD WT CPPs effect on AURKA phosphorylation.  

In Figure 3.17 (B), the NBD WT CPP caused a significant reduction in expression of total 

AURKA at 60 min compared to the vehicle control at this time point (83.0 ± 7.6% vs 36.1 ± 

10.4%; n=3, p<0.01).  Expression of total AURKB and C were not measured and therefore it 
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remains to be seen if the NBD WT CPP has an inhibitory effect on total protein expression 

across all AURKs in WT MEF cells.  

 In Figure 3.17 (B), the NBD WT CPP also caused a significant reduction in expression 

of TPX2 after 60 min relative to the vehicle treated control at this time point (76.2 ± 1.7% vs 

41.1 ± 5.8%; n=3, p<0.01).  Lastly, the effects of the NBD WT CPP on the phosphorylation 

and total expression of PLK1 in WT MEF cells were examined.  The NBD WT CPP significantly 

downregulated phosphorylation of PLK1 at the 60 minute time point compared to the vehicle 

control at this time point (67.3 ± 13.0-% vs 27.7 ± 0.6%; n=3, p<0.05). Similarly, this was also 

observed in the terms of reduced total expression of PLK1 relative to the vehicle control at this 

time point (78.0 ± 7.8% vs 37.9 ± 3.3%; n=3, p<0.05). 

These experimental outcomes again highlighted the ability of the NBD CPP to target 

IKK-AURK signalling in a comparable way to that observed in the DKO MEFs and further 

suggested that mechanistically the impact of the NBD CPP was in targeting AURKs and 

related proteins irrespective of IKK genetic background.  
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Figure 3.17. Impact of NBD WT CPP on AURKA and related protein markers of mitosis in WT MEF cells. 

 

WT MEF cells were grown on 10mm dishes and treated with 100ng/ml Nocodazole (16-20 hours) prior to treatment 

with either NBD CPP WT or MT (100µM) or DMSO as a vehicle control (0.5% (v/v)) upon release from trap at 15min, 

30min and 60min.  (A) Whole cell lysates were prepared for separation using SDS-PAGE and analysed by Western 

Blotting using the above antibodies (n=3).  GAPDH was used as a loading control.  (B) Data was normalised to the 

vehicle treated control at 0 min (DMSO 0) and represents mean ± S.E.M.  One-way ANOVA with post-hoc Dunnett’s 

test was used to determine statistical significance (p<0.05) of observed changes relative to vehicle control at 0 min.  

(*= p<0.05, **= p<0.01, ***= p<0.001). p-AURKA: WT (30) vs DMSO (30), *p<0.05; WT (60) vs DMSO (60), *p<0.05.  

p-AURKB:  WT (30) vs DMSO (30), *p<0.05; WT (60) vs DMSO (60), *p<0.05.  
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3.5. Discussion.
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The IKK complex is recognised to regulate both the canonical and non-canonical NF-κB 

pathways, dependent on which dimeric structure is formed between the two catalytic IKK 

proteins (see Figure 1.2) (Gamble et al., 2012b, Perkins, 2007).  It is now emerging that the 

IKK complex is shown to be involved in the regulation of multiple substrates outside NF-κB 

signalling including; ERα. β-catenin, SMRT, Cyclin D1 and interestingly the AURKs (Gamble 

et al., 2012b, Perkins, 2007).  Therefore, understanding the ways in which the IKK complex 

regulates and/or interacts with these proteins in the cell could be of importance for cell cycle 

regulation.  The cell cycle protein AURKA is a more recently identified substrate of the IKK 

complex which has been demonstrated to be regulated by both IKKα (phosphorylation of 

AURKA by IKKα) and IKKβ in the cell cycle (Irelan et al., 2007, Prajapati et al., 2006).  More 

recently, work in the Paul lab has shown that AURKA interacts with the IKKs at both the kinase 

domain (where AURKA acts as a potential substrate or the IKKs act in a regulatory manner) 

or at the NEMO binding domain (NBD), which acts as a multi-docking site for different proteins 

and is of importance in this context (Wilson 2013).  We have an established cell-permeable 

peptide (CPP) molecule derived from the structure of IKKβ with an identified primary function 

of disrupting canonical NF-κB activation (May et al., 2000b) via perturbation of IKK protein-

protein interactions. Previous work in the Paul lab has also proposed it to competitively 

interfere with IKK-Aurora binding at the NBD as it is demonstrated to have a novel effect in 

causing AURKA degradation whilst also remaining effective at inhibiting TNFα-mediated p65 

phosphorylation described previously (Wilson 2013) and as confirmed in Section 3.3.2.  The 

aims of this chapter were to utilise the NBD peptide to confirm the perturbation of AURKA, 

TPX2 and p-PLK1/PLK1 status and then construct molecular/pharmacological experiments to 

identify whether these effects occurred in  an IKK dependent (post-disruption of IKK-NEMO 

complex interactions) or independent mechanism (potentially by targeting AURKA directly). 

 

3.5.1. IKK/Aurora signalling in the cell cycle. 
 

AURKA is required for G2-M transition in the cell cycle and peaks at anaphase during 

mitotis to then be targeted for degradation by the APC/C-Cdh1 complex at the end of mitosis, 

more specifically through cytokinesis (Giubettini et al., 2011, Marumoto et al., 2002).  In this 

study nocodazole was used to trap PC3 cells at G2/M phase and it was observed that both 

the expression of AURKA and its phosphorylation (T288) peaked once cells were arrested and 

then significantly (p<0.05) decreased as they were released from nocodazole trap (Figure 3.2 

A and B).  This was consistent with the idea that, as mentioned earlier AURKA peaks at G2/M 

phase as shown by Giubettini et al. (2011), before ubiquitination and degradation by the 

APC/C complex.  Also, the AURKA co-activator TPX2 displays a similar pattern of expression 
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to AURKA as the cells move through the different stages of the cell cycle (p<0.05).  This is 

expected as TPX2 has been demonstrated to play a protective role in preventing p-AURKA 

(Thr288) from de-phosphorylation and subsequent inactivation by the phosphatase, PP1a, 

leading to degradation, as was demonstrated in studies by both Briassouli et al. (2007) and 

Giubettini et al. (2011).  In a related manner PLK1 that functions downstream of AURKA, and 

its phosphorylation followed a similar pattern consistent with that shown by AURKA and TPX2 

(Figure 3.2).  This is because PLK1 is firstly phosphorylated (T210) by AURKA dependent on 

Bora (co-activator of AURKA known as aurora borealis) at the start of G2 and its activity 

increases until it peaks at G2/M phase (Bruinsma et al., 2014).  As the peak of activity in mitosis 

passes there is then a sequence of dephosphorylation events that helps prepare cells for 

division and subsequent re-entry in to G1.  This outcome is supported when TPX2 is 

dephosphorylated, followed by AURKA and this then leads to PLK1 dephosphorylation and 

subsequent degradation by the APC/C complex (Bruinsma et al., 2014).  Interestingly, as 

shown in Figure 3.3, the NF-κB components which have been analysed under the same 

conditions of arrest at prometaphase and subsequent release as demonstrated in the previous 

Figures (3.1 and 3.2), were relatively unchanged in terms of expression and this was to be 

expected as they are not cell cycle regulated but are involved in cell growth and regulation of 

the cell (Perkins, 2007).  These initial experiments to establish ‘trap’ and ‘release’ conditions 

and whether nocodazole-mediated cell synchronisation treatment was an appropriate 

approach to arrest cells was carried out in coordination with Fluorescence-Activated Cell 

Sorting (FACS) analysis (Figure 3.1A) to establish that the technique was effective and the 

majority of cells were positioned at the G2/M phase of the cell cycle.  In Figure 3.1 (A), FACS 

analysis indicated the proportion of cells following nocodazole arrest in each phase of the cell 

cycle based on DNA content; and this confirmed that the nocodazole-mediated cell 

synchronisation technique had been successful as most of the synchronised cells were 

positioned at the G2/M phase compared to non-synchronised cells. 

As mentioned above, AURKA and its related cell cycle markers in PC3 cells followed 

a similar pattern of peaking in expression once arrested at prometaphase.  Both expression 

and phosphorylation decreased over time as they were released from the ‘trap’, washed and 

released back into the cell cycle – this was almost completely abolished after 4 hours.  These 

patterns were consistent with the work of  Briassouli et al. (2007), Bruinsma et al. (2014) and 

Giubettini et al. (2011)  who showed similar phosphorylation and expression patterns for 

AURKA and related protein markers of mitosis (e.g. PLK1, TPX2 etc.) in human breast cancer 

and human osteosarcoma U2OS cells respectively. 
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3.5.2. Pharmacologically challenging the IKK-Aurora interaction. 

 

  Based on previous peptide array mapping of the IKKβ-AURKA interaction, a cell 

permeable short length peptide that mimicked 11aa of the C-terminal NBD of IKKβ was used 

to challenge IKK-AURKA signalling andits effects on AURKA status and its related protein 

markers of mitosis, TPX2 and PLK1 were assessed (Figure 3.4).  In the presence of the NBD 

WT CPP, both AURKA expression and phosphorylation decreased more rapidly in comparison 

to the vehicle treated control at the same/parallel time point as the cells progressed through 

the cell cycle (p<0.05).  Given previous work in the lab (Wilson 2013), involving mapping 

AURKA binding to IKKα/β/γ peptide arrays indicated IKKβ binding, it was hypothesised that 

the NBD WT CPP may be competing with TPX2 and allowing the critical phosphothreonine 

residue (p-T288) to become exposed and be dephosphorylated by PP1a, thus leading to the 

accelerated degradation of AURKA.  To confirm this hypothesis further experimental studies 

incorporating molecular modelling and structural biology will need to be pursued. A similar 

pattern of expression was observed for TPX2 and PLK1 in which both were significantly 

reduced when PC3 cells were exposed to the NBD WT CPP (p<0.05).  The accelerated 

degradation and inhibition of phosphorylation of PLK1 could be as a consequence of this 

proposed mechanism of TPX2 competition and subsequent exposure of AURKA to PP1a and 

degradation.  As PLK1 was phosphorylated (Thr210) and activated by AURKA, if AURKA is 

degraded quicker then PLK1 may have become dephosphorylated and degraded quicker 

(Asteriti et al., 2015).   

The NBD peptide was also examined to validate its primary function of inhibiting 

canonical NFκB activation as originally shown by May et al. (2000b).  This was confirmed in 

Figure 3.5 in that the NBD WT CPP (100μM) inhibited significantly (p<0.05)  TNFα-induced 

phosphorylation of p65, a key indicator of inhibition of canonical NF-κB signalling pathway 

activation.  Interestingly, a potentially novel finding around NF-κB signalling was also identified 

in this study in that the treatment of PC3 cells with NBD WT CPP inhibited LTX-stimualted 

non-canonical NF-κB activation.  In Figure 3.6, the NBD WT CPP (100μM) inhibited 

significantly the LTX-induced phosphorylation of p100 (p<0.05) and formation of p52 (p<0.05).  

The NBD WT CPP was also shown to cause a significant decrease in expression of IKKα 

which regulates the non-canonical NF-κB signalling pathway (p<0.05).  The effects of the NBD 

WT peptide, derived from IKKβ, on non-canonical NF-B signalling hasn’t been demonstrated 

in the literature. Solt et al. (2009)confirmed that ablation of the NBD in IKKα had no effect on 

non-canonical NF-B signalling and therefore the association of IKKα and NEMO wasn’t 

involved in this pathway.  Could the NBD WT peptide possibly be disrupting the binding 

between IKKα and NIK and disrupting this protein-protein interaction or alternatively causing 
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general disruption of IKK complexes?  These concepts will need to be examined with further 

studies.   

We sought to elucidate the relationship between IKKs and AURK signalling using 

different methods of intervention, initially pharmacological, to target different domains within 

the two catalytic IKK proteins (IKKα and IKKβ).  Initially, small molecule kinase inhibitors of 

both IKKα and IKKβ were used to target the kinase domain of each IKK isoform as both 

proteins have been reported to act in a regulatory manner by means of phosphorlating AURKA 

(Irelan et al., 2007, Prajapati et al., 2006).  The pharmacological selectivity of these molecules 

were first validated to ensure they effectively inhibited agonist driven non-canonical and 

canonical NF-κB signalling respectively.  The “in-house” IKKα kinase inhibitor (SU1433) 

caused a concentration dependent inhibition of LTX-induced p100 phosphorylation, which was 

significant at concentrations of 3µM (p<0.05) and 10µM (p<0.01).  SU1433 also caused a 

significant decrease in the formation of p52 when used at concentrations of 3µM (p<0.01) and 

10µM (p<0.001).  Both results were indicative of non-canonical NF-κB pathway inhibition 

(Figure 3.7 A and B).  The IKKα kinase inhibitor SU1433 was also tested to see if selectivity 

was robust, could it modulate NF-κB markers mediated by the alternative IKK isoform?  In this 

instance, the canonical NF-κB pathway in which IKKα isn’t the main regulatory IKK protein 

(Figure 3.8).  The IKKα kinase inhibitor showed no significant effect on any key markers of 

canonical NF-κB signalling and this therefore emphasised the selectivity and potency of the 

“in-house” kinase inhibitor for causing inhibition of non-canonical NF-κB signalling.  The IKKβ 

kinase inhibitor BMS-34551 caused a reversal of TNF-α-stimulated IκBα degradation which 

was significant at concentrations of 10-50µM (p<0.01, p<0.001).  BMS-34551 also caused a 

significant reduction in the phosphorylation of p65 at a concentration of 50µM (p<0.05). These 

are both indicative of the inhibition of the canonical NF-B pathway (Figure 3.7 C + D).  The 

BMS-34551 inhibitor was also tested on the parallel NF-κB signalling pathway, i.e. the non-

canonical NF-B pathway in which IKKβ isn’t involved in (Gamble et al., 2012b, Paul et al., 

2018).  The IKKβ-selective kinase inhibitor showed a significant decrease in phosphorylation 

of p100 across all concentrations (p<0.001) and displayed a significant reduction in the 

formation of p52 at concentrations of 20-50µM (p<0.05).  This is not completely surprising as 

Burke et al. (2003) suggested that BMS-34551 inhibited IKKβ (IC50 = 0.3µM) and IKKα (IC50 = 

4µM) and this could vary in different cell types.   These results show that both inhibitors were 

effective at targeting the kinase domain of each IKK protein and successfully inhibited non-

canonical (SU1433) and non-canonical/canonical (BMS-34551) NF-κB signalling respectively.  

Following on from the validation of the effect of these inhibitors on the relevant NF-κB signalling 

pathways, their effects on p-AURKs, AURKA, TPX2, p-PLK/PLK1 were assessed.  As can be 

observed from the quantitative immunoblotting in Figure 3.10 (A) and associated quantification 
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(B), the addition of the IKK kinase inhibitors had no significant impact on the kinetics of change 

through mitosis and modulation of p-AURKs/ AURKA status. The significant (p<0.05 p<0.01, 

p<0.001) decrease in phosphorylation of AURKA, B and C was determined to be as a result 

of the natural decrease in expression/phosphorylation as cells progressed through the cell 

cycle.   There was no significant (p>0.05) changes in total expression and/or phosphorylation 

of the other cell cycle markers (TPX2 and PLK1) in the different treatment groups across the 

different time points relative to the vehicle treated control at each time point.  Any decrease in 

expression observed was again deemed to be due to the progression of the cells through 

mitosis.  Inhibition of IKK catalytic activity played no role in the modulation of mitotic markers.  

This conclusion could have been further confirmed by the infection of cells with adenovirus 

constructs that express dominant negative (DN), catalytically inactive forms of IKKα or IKKβ 

however despite efforts to construct such experiments to examine agonist-stimualted NF-kB 

activation, effective consistent overexpression of DN-IKKα protein could not be established to 

test this hypothesis.   

The potential impact of down-regulating IKK protein expression on IKK-Aurora 

signalling/interactions was also examined by targeting IKKα and IKKβ at the transcriptional 

level using siRNA.  Previous literature suggested conflicting effects of targeting the IKK 

proteins on AURKA cell cycle status.  In a study by Prajapati et al. (2006) it was shown that 

siRNA treatment had no effect on cellular AURKA status, whereas it was shown by Irelan et 

al. (2007)  that siRNA treatment caused a delay in cell cycle progression.  Again, this molecular 

intervention was assessed to see if it interfered with non-canonical and canonical NF-κB 

signalling and to see if it successfully “knocked down” total protein levels of the catalytic IKK 

proteins.  In Figure 3.11 (A) siRNA IKKα was observed, from immunoblotting and subsequent 

quantification (B), to inhibit significantly (p<0.05, p<0.01) the LTX-induced phosphorylation of 

p100 that is associated with non-canonical NF-κB pathway activation at concentrations of 100-

200nM and also successfully resulted in the significant (p<0.001) knock-down of total IKKα 

protein expression across the concentration range (50-200nM).  In Figure 3.11 (C) it was 

observed from immunoblotting that siRNA IKKβ inhibited TNFα-induced phosphorylation of 

p65 and the quantification (D) confirmed that this was significant (p<0.05, p<0.01, p<0.001) at 

concentrations of 100-200nM, this outcome is a hallmark of inhibition of the canonical NF-κB 

signalling.   It was also demonstrated to significantly (p<0.001) knock-down total IKKβ protein 

expression across the concentration range (50-200nM).   However, there was no observed 

reversal of IκBα degradation.  This could possibly be as result of the incomplete rundown of 

both IKK isoforms following siRNA treatment.    Given that there was approximately 15% IKKβ 

protein expression remaining, this may have been sufficient to transduce a signal in the 

already stimulated pathways and therefore still drive an effective IκBα degradation.  siRNA 
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rundown didn’t affect the standard kinetics already recognised for each of the markers 

measured.  Perhaps the most interesting finding was that siRNA IKKβ caused a significant 

decrease in phosphorylation of PLK1 after 30 min (p<0.05) and 60 min (p<0.01) as well as a 

significant decrease in total expression after 120 min (p<0.05) there was no significant 

differences between samples that were treated with either siRNA IKKα or IKKβ compared to 

the vehicle-treated control at the relative time point.  As mentioned previously, the reason or 

significance of this findings would need further investigation but it was shown by (Higashimoto 

et al., 2008) that PLK1 is involved in the regulation of the IKK complex by phosphorylating 

IKKβ. PLK1 phosphorylated IKKβ in vitro at residues Ser733, Ser740 and Ser750 in the 

NBD(Higashimoto et al., 2008).  It was demonstrated by Higashimoto et al. (2008), using 

phosphoantibodies that targeted Ser740, that the NBD is phosphorylated in vivo.  It was also 

shown that constitutive activation of PLK1 in cells TNFα-induced IKK activation, decreased 

phosphorylation of IκBα and reduction in NF-κβ activation (Higashimoto et al., 2008).  Hence, 

PLK1 was found to negatively regulate TNFα-induced IKK activation by phosphorylating the 

NBD of IKKβ and decreasing its affinity for NEMO. 

In the two main studies considered here, reporting on the relationship between IKKs 

and AURKA, (Irelan et al., 2007) and (Prajapati et al., 2006), there were two main differences 

in their siRNA targeting of the IKK proteins to investigate the resulting effect on AURKA 

compared to the siRNA rundown technique here.  This study used cells synchronised with 

nocodazole following treatment with siRNA (closest to mimicking this was a double-thymidine 

synchronisation treatment in the Prajapati paper) and targeted simultaneously both IKKα and 

IKKβ.  To move toward being able to examine the impact of the NBD CPP on AURKs etc. in 

the absence of IKK protein expression a dual siRNA targeting strategy was then adopted. Both 

catalytic IKK proteins were targeted at the same time to generate, in theory, a molecularly 

induced “null IKK” background.  The impact of NBD CPPs on mitotic markers were then 

reappraised in this setting.  Outputs from this approach (Figure 3.13) involving the 

simultaneous targeting of both IKKα and IKKβ whilst incorporating the NBD CPPs, identified 

that there was no significant change to the impact of the NBD WT CPP on mitotic markers in 

these cells with (almost) no IKK protein expression. 

 

3.5.3. Determining the impact of the NBD CPPs on IKK-AURK signalling in a ‘double 

knock-out’ model. 

 

The next series of experiments examining the impact of the NBD CPPs on AURK and 

associated proteins utilised MEF cells deficient for both IKKα and IKKβ, a genetic ‘double 

knock-out’. This was a true null cellular background with no endogenous IKKα and IKKβ.    Both 
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Lanni and Jacks (1998) and Pitto et al. (2009) used knock-out and wild-type MEFs models 

that had been trapped with nocodazole but there are very few examples in the literature of 

studies that use DKO models as used here, i.e. lacking IKKα and IKKβ.  In Figure 3.14 (A) and 

subsequent quantification (B), DKO MEF cells followed a similar pattern of expression of 

mitotic markers to that observed in PC3 cells in Figure 3.1.  Phosphorylation of AURKA and B 

peaked following nocodazole-mediated arrest and AURKA phosphorylation was significantly 

(p<0.05, p<0.01, p<0.001) reduced from 1-6 hours, whereas AURKB phosphorylation wasn’t 

significantly (p<0.05) reduced until after 6 hours.  AURKB is recognised to be involved later in 

the cell cycle (Katayama H, 2003) and the experimental  result reported here may reflect this 

or AURKB may be expressed a lot more highly than AURKA in this cell type.  The total 

expression of AURKA followed a similar pattern to its phosphorylation in that it was significantly 

(p<0.05, p<0.01) reduced from 1-6 hours.  It was also observed from the immunoblotting (A) 

and specifically the quantification (B) that other key related mitotic markers such as TPX2 and 

PLK1 (total expression and phosphorylation) are not significantly (p<0.05) reduced until 6 

hours post-release from nocodazole-mediated arrest, suggesting a possible later role for these 

proteins in the cell cycle in DKO MEF cells. In Figure 3.14 (C) and (D) it can be seen from 

immunoblotting and subsequent quantification of the IKK protein expression in the different 

MEF models (WT , ikka-/-, ikkb-/- and DKO) and the subsequent quantification produced from 

these which showed there were no IKKs present in the DKO model (p<0.001) and confirmed 

these cells were appropriate for further experiments.  These experiments established 

conditions for nocodazole-mediated arrest of DKO MEF cells.  Following this, the NBD WT 

CPP was incorporated into DKO MEF cells to assess the effect of the NBD WT CPP without 

the presence of IKKs on the status of AURKA and related mitotic markers. 

In Figure 3.15 the NBD CPPs were incorporated into the DKO MEF cellular model to 

demonstrate the effect of the IKKβ-derived NBD WT CPP on AURKA 

phosphorylation/degradation and its related protein markers status when there are no catalytic 

IKK proteins present.  In this setting, the NBD WT CPP caused an “accelerated” decrease in 

phosphorylation of AURKA and B as well as total expression of AURKA and TPX2.  

Phosphorylation and total expression of the mitotic kinase PLK1 was also measured and there 

seemed to be no noticeable change in these markers when treated with NBD WT CPP 

compared to the DMSO and NBD MT CPP across the time points.  This could suggest that 

PLK1 is regulated differently in this cellular background compared to in PC3 prostate cancer 

cells.  This suggests that the NBD WT CPP could be affecting AURKA and B phosphorylation 

status as well as TPX2 expression and perhaps disrupting the AURKA/TPX2 interaction.  

Whether these findings are significant or not will need to be qualified with further experimental 

repeats.  The NBD WT CPP derived from IKKβ still influences AURKs signalling in the absence 
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of the IKK proteins and hence this gives more solid evidence to support a hypothesis that the 

impact of the NBD upon AURKs and associated proteins in a cellular setting is mediated in an 

IKK-independent manner, independent of protein expression and/or catalytic activity.  

Following on from preliminary demonstrated impact of the NBD peptide in DKO the 

MEFs cellular model that was lacking the IKKα and IKKβ proteins, we mirrored the experiments 

with the exact same treatment conditions in wild-type (WT) MEFs, which are normal fibroblasts 

derived from the murine setting and crucially they have the two catalytic IKK proteins present.  

This model was used as a comparison to the DKO MEF model to make sure any experimental 

outcome wasn’t as a result of the cell type and is solely due to actions of the NBD WT CPP.  

In Figure 3.16 (A), immunoblotting and the subsequent quantification (B), showed that the 

status of p-AURKs, AURKA, TPX2 and p-PLK1/PLK1 demonstrated a similar pattern of 

expression post-release from nocodazole-mediated arrest to that observed in DKO MEF cells 

in Figure 3.14.   Although, the kinetics were slower in the DKOs compared to the WT MEFs.  

This suggested that the IKK proteins do have some role in regulating the kinetics of progress 

through the cell cycle and exit from mitosis.  AURK dephosphorylation was particularly slower 

in DKO MEFs, where there was a lack of IKK protein expression (less NBD structure present 

to impact on AURKA).  When no IKK proteins present,  this could suggest that there are still 

other regulators to ‘switch off’ AURKA phosphorylation/catalytic activity in the absence of IKK 

proteins. Going forward it could be suggested to carry out experiments with IKK proteins with 

a truncated NBD reintroduced into DKO MEF cells.   The phosphorylation of AURKA and B 

peaked following nocodazole-mediated arrest with AURKA rapidly and significantly (p<0.001) 

decreasing from 30 min through to 6 hours and phosphorylation of AURKB significantly 

(p<0.05) decreased from 1 hour through to 6 hours post-release.  There was also a significant 

decrease in total expression of AURKA (p<0.05) and TPX2 (p<0.05), both of which occurred 

later at 6 hours post-release from nocodazole-mediated arrest.  The main difference that was 

observed from DKO MEF cells was the pattern of total expression and phosphorylation of 

PLK1 in WT MEF cells.  There was a significant and rapid decrease in both the phosphorylation 

(p<0.001) and total expression (p<0.05, p<0.01, p<0.001) of PLK1 from 30 min right through 

to the 6 hour time point post-release from nocodazole-mediated arrest.  As mentioned 

previously, Fukuda et al. (2005) noted that as MEF cells grow at an exponential growth rate, 

AURKA was rapidly turned off following release from the G2/M phase and there may be a 

possibility that the total expression of AURKA remained elevated despite downregulation of 

the phosphorylation, due to potentially being activated by an independent pathway/substrate.  

It was also shown by Lee et al. (2013) that in WT MEFs, AURKA can interact with and 

phosphorylate a prolyl isomerase known as Peptidyl-prolyl cis-trans isomerase NIMA-

interacting 1 (PIN1).  PIN1 is shown to be a negative regulator of G2 activity and hence prevent 
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mitotic entry.  Suppression of PIN1 through its phosphorylation by AURKA is believed to be 

linked to the regulation of mitotic entry via the AURKA/Bora complex (Lee et al., 2013). 

Lastly, Figure 3.17 incorporated the NBD CPPs into WT MEF cells to mirror the 

experiment we carried out in Figure 3.15 in DKO MEF cells.  The NBD WT CPP caused a 

significant inhibition of both AURKA (p<0.05, p<0.001) and AURKB (p<0.01) phosphorylation 

as well as total expression of AURKA (p<0.05).  There was also a significant reduction in 

expression of the AURKA co-activator TPX2 (p<0.01) as well as the phosphorylation (p<0.05) 

and total expression of PLK1 (p<0.05).  This therefore indicated that the NBD WT CPP can 

exert its mechanism of action in WT MEF cells as well as DKO MEF cells and this modulation 

of AURKA status and that of related mitotic protein markers weren’t due to the presence or 

absence of IKKα and IKKβ in the related MEF cellular models. 

      

 

 

3.5.4.  Conclusions. 

 

Through this study it has been established that the nocodazole cell synchronisation 

methodology was effective for arresting PC3 (Section 3.2.1), WT MEF (Section 3.4.3) and 

DKO MEF cells (Section 3.4.1).  They also successfully moved through the cell cycle upon 

release and have allowed the status of p-AURKs, AURKA, TPX2 and p-PLK1/PLK1 to be 

observed post-release from nocodazole-mediated cell synchronisation. It has been identified 

that a recognised short length peptide sequence derived from the NBD of IKKβ, previously 

identified to perturb the protein-protein interactions and signalling of the classical IKK complex, 

in a cell permeable form now also displays alternative cellular targets; inducing the accelerated 

dephosphorylation of AURKA (Thr288), its accelerated degradation through mitosis, and with 

similar patterns of expression and/or dephosphorylation observed for both TPX2 and PLK1 as 

associated regulators of mitosis.  Furthermore, from the results generated here using 

pharmacological and molecular targeting of IKK expression/activity and cells genetically 

deficient for IKK/ protein expression it is also proposed that the impact of the NBD WT CPP 

upon AURKA and related proteins occurs independently of IKK protein expression and 

catalytic activity and is not a result of IKK complex disruption.   

Taking the data gathered here, collectively, the NBD WT CPP can pharmacologically 

modulate AURKA phosphorylation/degradation and expression of key markers in different cell 

types.  Whilst this may suggest a route to targeting and modulating key mitotic regulators in 

prostate cancer PC3 cells it remained to be determined whether the impact of the NBD WT 

CPP observed here could be translated to other cell types, in particular, other cancer cell types 
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where AURKs, TPX2, PLKs etc. have been reported to be over expressed and/or constitutively 

active. 
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 Chapter 4: The effect of NBD CPP-

mediated targeting of AURKA and 

associated proteins and potential 

impact phenotypically in a variety 

of solid tumour cell lines.
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4.1. Introduction. 

 

As described previously in Chapters 1 and 3, the classical IKK complex and IKK proteins 

regulate the activation of the NF-κB signalling pathways (Chen et al., 1996).  Furthermore, it 

is now appreciated that in several disease settings IKK-NF-κB signalling is perturbed and 

dysregulated.  This is particularly common to a number of solid tumours. This is apparent in 

prostate cancer, as demonstrated in PC3 cells (Zhang et al., 2016).  It was detailed by 

Gasparian et al. (2002) that increased activation of the IKK complex lead to continued 

activation of NF-κB signalling and the survival of androgen-independent LNCaP prostate 

cancer cells.  Furthermore, the IKK complex is implicated in the progression of other cancer 

cell types, including breast cancer cells and those derived from glioblastoma.  It has also been 

shown by Yeh et al. (2011) that the IKK complex increased stability of the protein Myc and this 

lead to enhanced progression in MCF7 breast cancer cells whilst a study by Lei et al. (2020) 

showed that TNFAIP3 Interacting Protein 1(TNIP1) was involved in mediating the upregulation 

of the IKK complex and this was implicated in T98G glioblastoma cell proliferation. 

 Interestingly, as well as the perceived consensus that the IKK complex plays a role in 

aberrant tumour expression, across the different cancer cell types, AURKA has also been 

reported to be overexpressed and involved in tumour progression.  For example, in LNCaP 

androgen-insensitive (AI) cells, where the androgen receptor (AR) is still present and driving 

growth but insensitive to androgens, it has been indicated by Shu et al. (2010) that the AR 

acts as a substrate of AURKA and upregulation of AURKA could be a factor in androgen-

independent proliferation through phosphorylation and activation of the AR. Also, in MCF7 

cells, Lee et al. (2008) showed that inhibition of AURKA overrides estrogen-induced growth 

associated chemoresistance.  Also, it was shown by Borges et al. (2012) that inhibition of 

AURKA and AURKB, in T98G Glioblastoma cells, enhances chemosensitivity and sensitivity 

to radiotherapy and may be used as targets in  potential adjuvant therapy. Collectively, across 

these example tumour types there exists a common theme of IKK and AURK signalling 

contributing to tumour progression. 

 As demonstrated in the previous chapter, the utilisation of the short length cell 

permeable NBD peptide derived from IKKβ was able to decrease the phosphorylation and/or 

total expression of AURKA and its protein markers of mitosis in prostate cancer cells (PC3s), 

as well as in both a molecularly-induced and a cellular ‘double-knockout’ model of ‘null IKK’ 

backgrounds.  Hence, in this chapter experiments sought to explore whether the effects of the 

NBD WT CPP in PC3 cells were reproducible across other cancer cell lines representative of 

other solid tumours; in another alternative prostate cancer cell line (LNCaP AI) as well as in a 

Breast cancer cell line (MCF7) and a Glioblastoma (T98G) cell line.  As well as exploring the 
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mechanistic element of the NBD CPPs in each of these cell types, its effect phenotypically, 

WT CPP on the status of p-AURKs, AURKA, TPX2 and p-PLK1/PLK1 in a number of other 

solid tumour cell lines, explore whether the mechanism of action of the peptide demonstrated 

in Chapter 3 in PC3 prostate cancer cells is transferable across different solid tumour cell lines 

and consequently then determine the impact of the NBD WT CPP on the cell viability/growth 

of these different cancer cells. 

Therefore, the specific aims of this chapter, towards reproducing the impact of the NBD CPPs 

both mechanistically and phenotypically in different cancer cell lines, were to: 

 

1. Establish a cell-based assay system in different solid tumour cell lines, to enable the 

assessment of mitotic signalling proteins, based on the nocodazole-mediated cell 

synchronisation technique used in prostate cancer cells. 

2. Confirm the effect of the NBD CPPs on the AURKs in different solid tumour cell lines 

(LNCaP AIs, MCF7 and T98G) and examine its potential effect on related regulatory 

proteins associated with cell cycle progression. 

3. Determine the impact of the NBD CPPs phenotypically on cell viability in different solid 

tumour cells lines (PC3, LNCaP AIs, MCF7 and T98G). 

 

Collectively, these experiments aimed to determine whether the NBD WT CPP impacted on 

the status of AURKA and related protein markers of mitosis as well as phenotypically on cell 

viability across different solid tumour settings. This would identify any potential 

pharmacological utility of the NBD WT CPP in challenging aberrant IKK-AURK signalling in 

these varying cellular settings representative of different solid tumour types.  

 

  

4.2. Determining the effect of the NBD WT CPP mechanistically on AURKA signalling 

and phenotypically on cell viability in solid tumour cell lines. 

 

4.2.1. Optimisation of Nocodazole-mediated cell synchronisation conditions in different 

cancer cell lines (LNCaP AI, MCF7 and T98G cells). 

 

In order to examine cells at the mitotic phase of the cell cycle a nocodazole based strategy, 

like the one used throughout Chapter 3 and described previously in Section 2.2.2.1, was 

instigated to arrest growing cells in mitosis. Based on nocodazole concentrations used in 

previous studies; the prostate cancer cell line, LNCaP (Amin et al., 2014), the breast cancer 

cell line, MCF7 (Gully et al., 2012) and the glioblastoma cell line, T98G (Kim et al., 2008) were 
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treated with various concentrations of nocodazole (25ng/ml, 50ng/ml, 100ng/ml, 200ng/ml, 

400ng/ml) for 16-20 hours.  Cells were washed and released from the nocodazole trap over 2 

hours, similar to that detailed in Section 2.2.2.1.  In Figure 4.1, immunoblotting of AURKA, B 

and C phosphorylation demonstrated that nocodazole successfully arrested LNCaP AI (A), 

MCF7 (B) and T98G (C) cells across all concentrations.  A similar pattern in reduction of 

phosphorylation of AURKs was seen across the different cancer cell types.   It can be observed 

from the resultant immunoblotting panels that a concentration of 50ng/ml was the optimal 

concentration for treatment of the different solid tumour cell lines used.  It was also observed 

across the cell types, that at the higher concentrations of nocodazole (i.e. 200ng/ml and 

400ng/ml) 2 hours post-release from nocodazole-mediated arrest, the cells failed to release 

from nocodazole-mediated arrest as can be seen in LNCaP AI (A) and T98G (C) cells.   

 

 

Figure 4.1.  Effect of different concentrations of Nocodazole trap and release on p-AURKs in LNCaP AI, MCF7 and 

T98G cells. 

 

LNCaP AI (A), MCF7 (B) and T98G (C) cells were grown on 10mm dishes and treated with different concentrations 

of Nocodazole (25ng/ml, 50ng/ml, 100ng/ml, 200ng/ml and 400ng/ml) for 16-20 hours and these were then released 

by washing twice with fresh media; times indicated as hours post-release from Nocodazole trap.  Non-trapped cells 

at 0 and 2h (NT0 and NT2) represent the negative controls.  Whole cell lysates were prepared for separation using 

SDS-PAGE and analysed by Western Blotting using the above antibodies (n=1). 

(A) 

(B) 

(C) 
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4.2.2. Assessment of the status of AURKA and cell cycle components following 

Nocodazole mediated cell cycle arrest/trap and release in LNCaP AI, MCF7 and T98G 

cells. 

 

To establish optimal conditions for nocodazole treatment, LNCaP AI, MCF7 and T98G 

cells were treated with various concentrations of nocodazole for 16-20 hours and examined 

for phosphorylation of AURKA, AURKB and AURKC in synchronised vs non-synchronised 

cells via immunoblotting as detailed in Section 4.2.1.  Following on from this an optimal 

treatment concentration was determined at 50ng/ml and in preparation for experiments cells 

were treated routinely for 16-20 hours to establish cell cycle arrest or ‘trap’. 

In Figure 4.2 (A, C and E) immunoblotting was used to assess the cell cycle status of 

total AURKA and its phosphorylation, as well as the outcome of important cell cycle markers 

(TPX2, p-PLK1, PLK1) in relation to AURKA following nocodazole trap and release at the 

appropriate time points (up to 6 hours) in LNCaP AIs, MCF7 and T98G cells respectively and 

these markers were subsequently quantified (B, D and F).  LNCaP AI, MCF7 and T98G cells 

were treated for 16-20 hours with Nocodazole (50ng/ml).  In all cell types, the phosphorylation 

of the AURKs (A, B and C) were expressed at an elevated and maximum level at the 0 hour 

time point (TR0), which compared consistently with the positive control (TRNR) in which the 

cells had been trapped with nocodazole and not released while incubated for 6 hours.  In 

LNCaP AI cells in Figure 4.2 (A) and B, there was a significant decrease in phosphorylation of 

AURKA following release at 1 hour (TR1) (46.4 ± 17.3%; n=3, p<0.05), 2 hours (TR2) (88.3 ± 

8.9%; n=3, p<0.001), 4 hours (TR4) (93.0 ± 2.3%; n=3, p<0.001) and 6 hours (TR6) (93.7 ± 

1.4%; n=3, p<0.001) respectively, in comparison to the synchronised sample at the 0 time 

point (TR0).  The phosphorylation of AURKB was also significantly reduced after 2 hours (TR2) 

(63.8 ± 22.6%; n=3, p<0.05), 4 hours (TR4) (78.7 ± 7.8%; n=3, p<0.01) and 6 hours (TR6) 

(94.1 ± 1.6%; n=3, p<0.01) relative to the TR0 sample.  For the last of the AURK family, 

AURKC, phosphorylation was significantly reduced in a time-dependent manner after 2 hours 

(TR2) (77.7 ± 17.3%; n=3, p<0.01), 4 hours (TR4) (92.4 ± 4.7%; n=3, p<0.01) and 6 hours 

(TR6) (92.7 ± 6.5%; n=3, p<0.01) compared to the TR0 sample.   

The total expression of AURKA was also analysed and was shown to be significantly 

reduced after 2 hours (TR2) (67.5 ± 4.7%; n=3, p<0.001), 4 hours (TR4) (65.5 ± 5.3%; n=3, 

p<0.001) and 6 hours (TR6) (67.7 ± 4.1%; n=3, p<0.001) relative to the TR0 sample.  As the 

cells were released and progressed through mitosis, AURKA expression and phosphorylation 

(Thr288) was reduced to basal level at the 2 hour time point (also consistent at the 4 and 6 

hour time points) as seen when compared to the negative controls (NT0 and NT6) – which were 

cells not treated/trapped with nocodazole and samples prepared at the 0 and 6 hour time 
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points.  By the quantification indicated in Figure 4.2 (B) the detected phosphorylation of 

AURKA decreased slightly faster kinetically than the total protein expression e.g. significant 

reduction in phosphorylation after 1 hour compared to 2 hours for total AURKA protein 

expression but on the other hand the decrease in total expression of AURKA seems to plateau 

from 2 to 6 hours post-release from nocodazole mediated arrest.  This could suggest the 

phosphorylation of the protein, an indicator of catalytic activity, would firstly need to be 

‘switched off’ before this can lead to degradation of the protein.  A similar pattern was also 

seen in the phosphorylation of AURKB (Thr232), which declined significantly after 2 hours and 

this may have reflected the role of AURKB as being later in the cell cycle and into cytokinesis 

compared to AURKA.  Phosphorylation of AURKC (Thr198) declined in a similar pattern to 

AURKB, which may have suggested a different role compared to the more rapid decrease in 

phosphorylation observed in PC3 cells (Section 3.2.1).  Total protein expression of AURKB 

and C weren’t measured in this study and this would need to be carried out to further 

substantiate the findings based on their phosphorylation. 

As well as the phosphorylation of the AURKs and total expression of AURKA, the 

expression of the critical AURKA co-activator, TPX2, was also measured. The expression 

levels of TPX2 were not significantly reduced until after 6 hours (TR6) (53.4 ± 17.4%; n=3, 

p<0.05) compared to the TR0 sample.  This seems to remain elevated for much longer in this 

prostate cancer cell line (LNCaP AIs) compared to the PC3 cells in Section 3.2.1.  As 

expression of TPX2 remains higher for longer than AURKA, this could suggest that TPX2 could 

be dissociated from AURKA but not necessarily degraded in the cell.  Lastly, the 

phosphorylation and total expression of the mitotic marker PLK1, was measured, which is also 

phosphorylated and regulated by AURKA (Gheghiani et al., 2017). With regards to the 

phosphorylation of PLK1, it was found to be significantly decreased after 2 hours (TR2) (85.4 

± 13.8%; n=3, p<0.01), 4 hours (TR4) (74.6 ± 2.4%; n=3, p<0.05) and 6 hours (TR6) (72.9 ± 

14.5%; n=3, p<0.05) following release from nocodazole arrest relative to the TR0 sample.  A 

similar pattern was observed for the total expression of PLK1 which was also significantly 

reduced after 2 hours (TR2) (52.7 ± 5.8%; n=3 p<0.001), 4 hours (TR4) (79.9 ± 3.7%; n=3, 

p<0.001) and 6 hours (76.6 ± 4.9%; n=3, p<0.001) relative to the TR0 sample.   

Next, in Figure 4.2 (C) and (D) the same protein markers, as described above, were 

examined in the MCF7 breast cancer cell line.  In this cell line, only the phosphorylation of 

AURKA and B were measured as phosphorylation of the AURKC isoform was too low to be 

quantifiable.  In Figure 4.2, as shown by the immunoblotting (C) and subsequent quantification 

(D), there was a rapid, significant decrease in phosphorylation of AURKA following release at 

1 hour (54.0 ± 10.1%; n=3, p<0.05), 2 hours (72.8 ± 20.8%; n=3, p<0.01), 4 hours (84.1 ± 

12.6%; n=3, p<0.01) and 6 hours (87.0 ± 12.8%; n=3, p<0.01) compared to the samples from 
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synchronised cells at the 0 time point (TR0).  As before, phosphorylation of AURKB declined 

later post-release from nocodazole-mediated arrest, again reflecting its later role in mitosis.  

There was significant reduction in phosphorylation after 2 hours (43.6 ± 3.1%; n=3, p<0.001), 

4 hours (84.4 ± 1.3%; n=3, p<0.001) and 6 hours (93.6 ± 2.7%; n=3, p<0.001). 

The total expression of AURKA was also examined and as before it declined later than 

phosphorylation.  It was significantly reduced after 2 hours (53.6 ± 8.6%; n=3, p<0.05), 4 hours 

(56.1 ± 17.1%; n=3, p<0.05) and 6 hours (54.1 ± 13.5%; n=3, p<0.05) relative to the TR0 

sample. By the quantification indicated in Figure 4.2 (D), the detected phosphorylation of 

AURKA decreased faster kinetically than the total AURKA protein.  Again, this was perhaps 

not unexpected given the phosphorylation of the protein, an indicator of catalytic activity, would 

firstly need to be ‘switched off’ prior to degradation of the protein.  The critical AURKA co-

activator TPX2 again peaked in mitosis and remained elevated before it was significantly 

reduced after 4 hours (56.1 ± 10.9%; n=3, p<0.05) and 6 hours (63.0 ± 11.9%; n=3, p<0.01) 

post-release compared to the TR0 sample.  Lastly the mitotic regulator PLK1 displayed 

elevated levels of phosphorylation before it was significantly reduced after 4 hours (59.9 ± 

7.1%; n=3, p<0.01) and 6 hours (50.5 ± 13.3%; n=3, p<0.05) following release from 

nocodazole mediated arrest.  This was mirrored in the total expression of PLK1 which was 

also significantly reduced after 4 hours (39.7 ± 15.3; n=3, p<0.05) and 6 hours (65.1 ± 7.4%; 

n=3, p<0.001) post-release relative to the TR0 sample. 

 Lastly, in Figure 4.2 (E) and (F) T98G Glioblastoma cells were examined for the 

relevant markers to mirror those investigated previously in this Section in LNCaP AI and MCF7 

cells.  The phosphorylation of the AURKs (A, B and C) were expressed at their maximum level 

at the 0 hour time point, which compared consistently with the positive control (TRNR) in which 

the cells had been trapped with nocodazole and not released while incubated for 6 hours.  To 

begin with there was a significant decrease in phosphorylation of AURKA following release at 

1 hour, TR1 (35.2 ± 8.4%; n=3, p<0.05), 2 hours (TR2) (41.0 ± 8.6%; n=3, p<0.05), 4 hours 

(TR4) (45.3 ± 5.4%; n=3, p<0.01) and 6 hours (TR6) (63.3 ± 8.4%; n=3, p<0.001) respectively, 

in comparison to the synchronised sample at the 0 time point (TR0).  The phosphorylation of 

AURKB (Thr232) was also significantly reduced after 2 hours (TR2) (59.7 ± 4.5%; n=3, 

p<0.05), 4 hours (TR4) (56.8 ± 15.7%; n=3, p<0.05) and 6 hours (TR6) (57.4 ± 25.3%; n=3, 

p<0.05) relative to the normalised TR0 sample.  The last of the AURK family, AURKC, was 

also examined in terms of phosphorylation (Thr198), but the expression was too low to be 

measured and quantified.  The total expression of AURKA was also investigated to see if it 

mirrored the pattern of phosphorylation.  The total expression peaked until it was significantly 

reduced at 6 hours (63.1 ± 11.3%; n=3, p<0.05) post-release from nocodazole-mediated arrest 

relative to the TR0 sample.  This elevated total AURKA status late after release from 
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nocodazole-mediated arrest perhaps wasn’t surprising as the phosphorylation of AURKA 

decreased faster kinetically than the total AURKA protein expression.  Hence, the 

phosphorylation of the protein would firstly need to be ‘switched off’ prior to degradation of the 

protein. As before, TPX2 was also examined and its expression mirrored that of AURKA in 

that it was not significantly reduced until the 6-hour time point (48.3 ± 5.4%; n=3, p<0.001).  

Finally, the mitotic kinase PLK1 was also investigated.  It peaked following arrest and was 

significantly reduced after 6 hours post-release from nocodazole mediated arrest both in terms 

of phosphorylation (42.7 ± 1.2%; n=3, p<0.05) and total expression (36.8 ± 2.2%; n=3, p<0.05). 

Collectively, these experimental outcomes demonstrated that nocodazole treatment 

of cells resulted in the arrest of LNCaP AI, MCF7 and T98G cells and could be used in future 

experimental work examining the potential effects of the NBD WT CPP on the same markers 

in these mitotic cells following nocadazole-mediated trap and release. 
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Figure 4.2. Assessment of the status of cell cycle markers following Nocodazole trap and release in LNCaP AI, MCF7 

and T98G cells.   

 

LNCaP AI (A + B), MCF7 (C + D) and T98G (E + F) cells were grown on 10mm dishes and treated with 50ng/ml 

Nocodazole (16-20 hours) and these were then released by washing twice with fresh media; times indicated as hours 

post-release from Nocodazole trap.  Non-trapped cells at 0 and 6h (NT0 and NT6) represent the negative controls.  

Cells treated with Nocodazole but not washed and released represented the positive control (Trap and non-released, 

TRNR).  (A, C, E) whole cell lysates were prepared for separation using SDS-PAGE and analysed by Western Blotting 

using the above antibodies (n=3).  GAPDH was used as a loading control.  (B, D, F) Data was normalised to 

synchronised sample before release at the zero time point (TR0) and represents mean ± S.E.M.  One-way ANOVA 

with post-hoc Dunnett’s test was used to determine statistical significance (p<0.05) of observed changes relative to 

TR0 synchronised sample at 0 min.  (*= p<0.05, **= p<0.01, ***= p<0.001).  All results indicated on graphs represent 

fold change in expression post-release from mitotic arrest compared to the TRO sample.   
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4.2.3. Effects of the NBD WT CPP on the status of AURKA and cell cycle markers 

following nocodazole trap and release in LNCaP AI, MCF7 and T98G cells. 

 

As demonstrated previously in Section 3.3.1, the NBD WT CPP derived from IKKβ can be 

shown to significantly (p<0.05) decrease AURKA phosphorylation and total expression as well 

as the status of key related markers (TPX2, p-PLK1/PLK1) and therefore suggested to impact 

on IKK-Aurora signalling in PC3 cells.  In this section experiments sought to demonstrate that 

this effect was transferable to other solid tumour cell lines (LNCaP AI, MCF7 and T98G).  Cells 

were again treated with nocodazole (50ng/mL) for 16-20 hours prior to being washed and 

released as described previously – Section 2.2.2.1, before NBD MT or NBD WT peptides 

(100µM) were added upon release as described previously and samples prepared thereafter 

at appropriate time points. 

 Figure 4.3 (A) shows by immunoblotting the effect of the MT and WT NBD CPP on the 

status of p-AURKs, AURKA, TPX2 and p-PLK1/PLK1 post-trap and release in LNCaP AI cells. 

In Figure 4.3, from immunoblotting (A) and the associated quantification (B), the NBD WT CPP 

caused a significant (p<0.05) reduction in phosphorylation of AURKA relative to the vehicle 

control at the same time point.  The phosphorylation of AURKA post-release was reduced after 

treatment with the NBD WT CPP at 120 min relative to the vehicle treated sample at this time 

point (42.9 ± 2.8% vs 11.4 ± 5.8%; n=3, p<0.05).  The AURKA phosphorylation decreased 

naturally over time and this decrease in phosphorylation was accelerated by the NBD WT 

CPP.  The reduction in total AURKA expression was also assessed to determine whether the 

kinetics of protein degradation were comparable to the NBD WT CPPs effect on AURKA 

phosphorylation.  In Figure 4.3 (B), the NBD WT CPP caused a significant reduction in 

expression of total AURKA at 120 min relative to the vehicle treated control at this time point 

(62.0 ± 10.7% vs 17.1 ± 2.4%; n=3, p<0.001).  This suggested that the total expression of 

AURKA decreased naturally post-release from nocodazole-mediated arrest and is slightly 

accelerated by the NBD WT CPP but a wider timeframe may be needed to observe more 

significant changes in expression as a result of treatment with the NBD WT CPP.  There was 

also a significant reduction in AURKB phosphorylation following treatment with the NBD WT 

CPP at 120 min in comparison with the vehicle control at the same time point (47.9 ± 2.7% vs 

8.5 ± 2.9%; n=3, p<0.05).  This indicated that AURKB phosphorylation decreased naturally 

over time and this decrease in phosphorylation was accelerated significantly by the NBD WT 

CPP.  Lastly, phosphorylation of AURKC was not significantly reduced (p>0.05) by treatment 

with the NBD WT CPP relative to vehicle control at each of the individual time points.  This 

could be as a result of its already low levels of expression or it may a need wider time frame 
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of treatment with the NBD WT CPP in the LNCaP AI cells.  Expression of total AURKB and C 

were not measured and therefore it remains to be seen if the NBD WT CPP has an inhibitory 

effect on total protein expression across all AURK subtypes in the LNCaP AI cells.   Figure 4.3 

also showed the effect of the NBD WT CPP on the expression of the critical AURKA co-

activator, TPX2.  The NBD WT CPP significantly reduced levels of TPX2 at 120 min in 

comparison to the vehicle treated control at this time point (79.5 ± 5.7% vs 31.4 ± 5.0%; n=3, 

p<0.01).  In Figure 4.3 (B), the NBD WT CPP significantly reduced phosphorylation of PLK1 

at the 60 min (53.4 ± 14.6%; n=3, p<0.05) and 120 min relative to the vehicle control at 0 min 

(78.1 ± 11.1%; n=3, p<0.001).  At the 120-minute time point, this decrease in phosphorylation 

was significant (p<0.05) but there was also a statistically significant decrease in 

phosphorylation measured in cells treated with the vehicle control (62.9 ± 5.5%; n=3, p<0.01) 

and NBD MT CPP (67.3 ± 13.6%; n=3, p<0.01).  This indicates that PLK1 phosphorylation 

decreased naturally over time and this decrease in phosphorylation was accelerated by the 

NBD WT CPP.  Phosphorylation of PLK1 was not significantly reduced (p>0.05) by the NBD 

WT CPP relative to vehicle control at each of the individual time points.  This could be as a 

result of its already low levels of expression or it may need a wider time frame of treatment 

with the NBD WT CPP in the LNCaP AI cells.  Total expression of PLK1 was then assessed 

to see if the effect of the NBD WT CPP on total protein levels of PLK1 was comparable to its 

effect on phosphorylation.  Figure 4.3 (B) shows that there was a significant reduction in total 

PLK1 expression induced by the peptide at 120 min in comparison to the vehicle control at 

this time point (71.9 ± 13.1% vs 14.6 ± 3.1%; n=3, p<0.05).  This significant reduction in total 

expression of PLK1 following treatment with the NBD WT CPP compared to no significant 

change in phosphorylation could be as a result of shorter differences in time frames needed 

to observe the NBD WT CPP effect on phosphorylation. 

Next, in Figure 4.3 (C) and (D) the exact same markers were examined as above to 

investigate the impact of the NBD WT CPP in the MCF7 breast cancer cell line.  As mentioned 

before in Section 4.2.2, in this cell line only the phosphorylation of AURKA and B were 

measured out of the three subtypes as phosphorylation of AURKC was expressed too low to 

be quantifiable.  As shown by the immunoblotting (C) and subsequent quantification (D), 

phosphorylation of AURKA post-release was reduced after treatment with the NBD WT CPP 

at 30 min (90.4 ± 0.8% vs 63.7 ± 10.8%; n=3, p<0.01) and 60 min (75.9 ± 7.4% vs 44.0 ± 8.4%; 

n=3, p<0.01) relative to the vehicle treated sample at these time points.  This indicates that 

AURKA phosphorylation decreased naturally over time and this decrease in phosphorylation 

was accelerated significantly by the NBD WT CPP.  The reduction in total AURKA expression 

was assessed to determine if it was comparable to the NBD WT CPPs effect on AURKA 

phosphorylation.  In Figure 4.3 (D), the NBD WT CPP caused a significant reduction in 
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expression of total AURKA at 60 min post-release from nocodazole mediated arrest relative 

to the vehicle treated sample at this time point (93.3 ± 1.3% vs 51.9 ± 6.9%; n=3, p<0.05). 

There was also a significant reduction in AURKB at each time point post-release after 

treatment with the NBD WT CPP at 30 min (93.9 ± 2.5% vs 48.9 ± 7.1%; n=3, p<0.001), 60 

min (91.4 ± 0.8% vs 43.8 ± 1.5%; n=3, p<0.001) and 120 min (71.5 ± 12.9% vs 36.0 ± 1.6%; 

n=3, p<0.01) relative to the vehicle control at these individual time points.  As was detailed in 

LNCaP AI cells, the impact of the NBD CPPs on TPX2 in MCF7 cells was also measured.  The 

expression of TPX2 was significantly reduced in the NBD WT CPP treated sample at 60 min 

(92.8 ± 1.5% vs 66.2 ± 6.6%; n=3, p<0.01) and 120 min (79.4 ± 5.3% vs 30.4 ± 5.5%; n=3, 

p<0.001) post-release from nocodazole mediated arrest relative to the vehicle treated sample 

at these time points.  The impact of the NBD peptides on the critical mitotic regulator and G2/M 

marker, PLK1 was also investigated, both in terms of total expression and phosphorylation.  

There was a significant reduction in phosphorylation of PLK1 in the sample treated with the 

NBD WT CPP and released from nocodazole mediated arrest at 60 min (92.8 ± 1.5% vs 60.0 

± 3.1%; n=3, p<0.01)  and 120 min (68.0 ± 7.6% vs 34.8 ± 17.5%; n=3, p<0.01) relative to the 

vehicle treated control at these time points.  Total expression of PLK1 was then assessed to 

see if impact of the NBD WT CPP was comparable to its effect on phosphorylation.  Figure 

4.3 (D) shows that there was a significant reduction in total PLK1 expression induced by the 

WT peptide at 60 min (81.5 ± 2.7% vs 36.0 ± 3.0%; n=3, p<0.05) and 120 min (55.8 ± 7.5% 

vs 12.7 ± 2.2%; n=3, p<0.05) post-release, relative to the vehicle treated sample at these time 

points.  Total PLK1 expression decreased naturally over time and the decrease in protein 

expression was accelerated by the NBD WT CPP.  This suggest that the NBD WT CPP caused 

PLK1 to be degraded, as observed in the nocodazole trapped cells (Figure 4.3 C and D) and 

promoted inhibition of phosphorylation of PLK1. Mechanistically this may have been either as 

a result of the impact of the NBD WT CPP on upstream AURKA-TPX2 or a direct effect on 

PLK1 itself. 

Lastly, in Figure 4.3 (E) and (F), T98G Glioblastoma cells were examined for the 

relevant markers to investigate the impact of the NBD CPPs in this cell line as demonstrated 

previously in LNCaP AI and MCF7 cells.  The phosphorylation of the AURK subtypes (A, B 

and C) were examined as before and as has been the case previously, AURKC 

phosphorylation was expressed too low to extract any accurate data from and as such all 

results were shown to be not significant (p>0.05).  In fact, phosphorylation of AURKA and 

AURKB were also shown to not be significantly reduced by the NBD WT CPP compared to 

the vehicle at each time point.  This may be due to NBD WT CPP not being as effective in this 

cell type or may need a wider time frame of treatment than the time points used.  The reduction 

in total AURKA expression was assessed to determine if it was comparable to the NBD WT 



 
 
 
 
 

164 
 

CPPs effect on AURKA phosphorylation.  In Figure 4.3 (F), the NBD WT CPP caused a 

significant reduction in expression of total AURKA at 120 min post-release from nocodazole 

mediated arrest relative to the vehicle treated sample at this time point (83.9 ± 12.9% vs 24.1 

± 12.4%; n=3, p<0.05).  In T98G cells, the NBD WT CPP significantly reduced expression of 

the essential AURKA co-activator TPX2 at 120 min post-release compared to the vehicle 

treated sample at this time point (83.2 ± 7.6% vs 49.8 ± 5.6%; n=3, p<0.05).  As conducted in 

the other cell lines, the impact of the NBD WT CPP on PLK1 status was also investigated.  

The NBD WT CPP significantly reduced both the phosphorylation (79.9 ± 5.8% vs 56.1 ± 8.6%; 

n=3, p<0.05) and total expression of PLK1 (77.1 ± 7.0% vs 26.1 ± 23.5%; n=3, p<0.01) at 120 

min post-release from nocodazole-mediated arrest in comparison to the vehicle treated 

sample at these time points. 

Collectively, these experimental outcomes demonstrated the ability of the NBD WT 

CPP to impact on the status of AURKA and its related protein markers of mitosis across 

different solid tumour cell lines (LNCaP AIs, MCF7 and T98G).  Whilst the NBD WT CPP was 

shown to have different effects on these relevant markers across the different cell lines, with 

varying degrees of impact and kinetics, it commonly ‘accelerated’ the decrease in 

phosphorylation/expression of AURKA and related mitotic markers.  This may represent and 

identify a potentially wider ranging utility of the NBD WT CPP for perturbation of AURK-related 

signalling across different solid tumour types 
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Figure 4.3.  Impact of NBD WT CPP on AURKs and related protein markers of mitosis in LNCaP AI, MCF7 and T98G 

cells. 

 

LNCaP AI (A + B), MCF7 (C + D) and T98G (E + F) cells were grown on 10mm dishes and treated with 50ng/ml 

Nocodazole (16-20 hours) prior to treatment with either NBD WT or MT (100µM) or DMSO as a vehicle control (0.5% 

(v/v)) before release from trap for 30min, 60min and 120min.  (A, C, E) Whole cell lysates were prepared for separation 

using SDS-PAGE and analysed by Western Blotting using the above antibodies (n=3).  GAPDH was used as a loading 

control.  (B, D, F) Data was normalised to the vehicle treated control at 0 min (DMSO 0) and represents mean ± 

S.E.M.  One-way ANOVA with post-hoc Dunnett’s test was used to determine statistical significance (p<0.05) of 

observed changes induced by the peptides relative to vehicle control at the retrospective time point.  (*= p<0.05, **= 

p<0.01, ***=p<0.001). LnCaP:  p-AURKA:  WT(120) vs DMSO(120), *p<0.05. p-AURKB:  WT(120) vs DMSO(120), 

*p<0.05.  MCF7:  p-AURKA:  WT(30) vs DMSO(30), **p<0.01; WT(60) vs DMSO(60), **p<0.01. p-AURKB:  WT(30) 

vs DMSO(30), ***p<0.001; WT(60) vs DMSO(60), ***p<0.001; WT(120) vs DMSO(120), **p<0.01.  T98G:    p-AURKA:  

WT(120) vs DMSO(120), *^p<0.01. 
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4.2.4. Effects of the NBD CPPs on cell viability in PC3, LNCaP AI, MCF7 and T98G cells. 

 

Following on from examining the NBD peptides mechanistically across different solid tumour 

cell lines in Section 4.2.3, experiments then sought to investigate any potential impact of the 

NBD WT CPP phenotypically across these cell lines (PC3, LNCaP AI, MCF7 and T98G cells). 

This allowed a comparison of the selected cell lines (representative of major solid tumour 

types) with the PC3 cells, in terms of potency against cell viability. This could then be 

correlated with and related to the impact of the NBD CPPs on AURKs and related markers, as 

described in the previous section.  In order to assess the impact of the NBD WT CPP 

phenotypically in these different cell lines, the MTT cell viability (i.e. the proportion of live or 

healthy cells in a sample) assay was carried out based on a method detailed by Zhang et al. 

(2019) and described in Section 2.2.7.1 of the Materials and Methods. 

 In Figure 4.4 cells were treated with vehicle (0.5% DMSO (v/v)) or a range of 

concentrations (5μM, 10μM, 25μM, 50μM and 100μM) of either the NBD WT CPP or NBD MT 

CPP for 72h prior to MTT assay and subsequent analysis and quantification.  PC3 cells (A) 

treated with the NBD WT CPP showed a significant reduction in cell viability at a concentration 

of 100μM (63.3 ± 6.7%; n=3, p<0.001) and when analysed further (E) displayed an IC50 of 

51.31μM for the impact of the NBD WT CPP on cell viability in PC3 cells.  In the other prostate 

cancer cell line, LNCaP AI’s (B), the NBD WT CPP demonstrated a more potent effect as there 

was a significant reduction in cell viability at 50μM (43.6 ± 4.8%; n=3, p<0.01) and 100μM 

(54.7 ± 5.1%; n=3, p<0.001).  Indeed, further analysis (E) confirmed this and showed an IC50 

of 35.76μM for the impact of the NBD WT CPP on cell viability in LNCaP AI cells.  Conversely, 

in the MCF7 breast cancer cell line (C), the effect on cell viability was not as potent even 

though there was a significant reduction at 100μM (52.2 ± 7.9%; n=3, p<0.05) and this was 

confirmed (E) as the NBD WT CPP produced a much higher IC50 (83.38μM) for the impact on 

cell viability in MCF7 cells.  Lastly, in the T98G Glioblastoma cell line, the NBD WT CPP 

showed a significant decrease in cell viability across all concentrations; 5μM (30.0 ± 1.4%; 

n=3, p<0.001) , 10μM (29.3 ± 3.2%; n=3, p<0.001), 25μM (21.1 ± 4.7%; n=3, p<0.01), 50μM 

(31.0 ± 5.6%; n=3, p<0.001) and 100μM (59.6 ± 2.9%; n=3, p<0.001) respectively.  Further 

inspection shows that this reduction in cell viability was only 20-30% in concentrations below 

100μM and this is highlighted in Figure 3.4 (E) which indicates an IC50 of 75.16μM for the 

impact of the NBD WT CPP on cell viability in T98G cells.  The NBD MT CPP showed no 

significant (p>0.05) reduction in cell viability across all concentrations in the different cell types. 

 To summarise, these results indicated that the NBD WT CPP can impact 

phenotypically across the different solid tumour cell types and particularly at the concentration 
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(100μM) that was used routinely in all other cell-based assays.  At the 100µM concentration 

used routinely in our cell-based assays there was never a full inhibition across all the cell types 

used here.  Only partial inhibition was observed as there was typically a residual 20-30% 

viability remaining and therefore may need a higher concentration of the NBD WT CPP to 

cause full abolition of cell viability or this represents other cellular pathways contributing to the 

regulation of cell viability and proliferation.  Due to its demonstrated effect at targeting the 

AURKs and related markers across these cell lines, this would suggest that this a plausible 

pharmacological intervention going forward that could be investigated as a single-agent or a 

combination approach that targets other aspects of AURK signalling. 
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Figure 4.4. Impact of NBD CPPs on cell viability of solid tumour cell lines. 

 

PC3 (A), LNCaP AI (B), MCF7 (C) and T98G (D) cells were seeded into 96-well plates and treated with increasing 

concentrations (0-100μM) of NBD MT or WT CPPs for 72h.  Cell viability was measured using the MTT assay.  DMSO 

was used as a vehicle (V) control (0.5% (v/v)).  Cells cultured in media with no treatment represented the positive 

control (C).  Cells cultured in water represented the negative control (Water).  Data was normalised to the vehicle 

control (C + V) and represents mean ± S.E.M of fold change in absorbance at 570nm (n=3).  Triplicates were averaged 

for each experiment.  One-way ANOVA with post-hoc Dunnet’s test was used to determine statistical significance 

(p<0.05) of observed changes relative to control (C). (*= p<0.05, **= p<0.01, ***=p<0.001).  (E)  Comparison of the 

potency of the effect of the NBD WT CPP on cell viability in PC3 (●), LNCaP AI (■), MCF7 (▲) and T98G (□) cells.  

Cells were treated with a full concentration range of 5μM, 10μM, 25μM, 50μM and 100μM of the NBD WT CPP. The 

results were normalised to vehicle treated control and plotted on a log scale as a percentage of the control relative to 

absorbance (n=3).  The data was fitted with the following equation Y=Bottom + (Top-Bottom)/(1+10^((LogIC50-

X)*HillSlope)). 
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4.3. Discussion. 

 

AURKA is recognised to play a pathological role and be upregulated at its chromosome locus 

(20g13) and at both the transcriptional and translational levels in a number of human cancers 

and established cultured cells representative of them including; pancreatic, colorectal, breast, 

ovarian, stomach, cervical and neuroblastoma settings (Briassouli et al., 2007, Kufer et al., 

2002).  For example, related to breast cancer AURKA acted as a positive regulator of YAP 

(Yes-associated protein) in the “triple negative” sub-type – where the estrogen receptor, 

progesterone receptor and HER2 receptor are all not expressed (Chang et al., 2017).  Also, in 

pancreatic adenocarcinomas (a very aggressive cancer with average 5-year survival of only 

5% of patients), overexpression of AURKA has been speculated to cause resistance to the 

taxane family of chemotherapeutics (Anand et al., 2003, Lin et al., 2012).  Inhibition of AURKA 

not only led to reduced tumour cell growth and cell cycle arrest but also increased sensitivity 

to these aforementioned taxanes (Warner et al., 2006).  Thus, it was proposed by Lin et al. 

(2012) that an inhibitor specific for AURKA in synergism with paclitaxel (taxane 

chemotherapeutic) could be a possible combination treatment in pancreatic cancer.  The 

studies described above support the consideration of AURKA as a therapeutic target not just 

in prostate cancer, but in a wide variety of solid tumours. 

  

4.3.1. NBD CPP targeting of AURKA signalling in other solid tumour cell lines. 

 

Prior to the construction of studies designed to test the ability of the NBD WT CPP to impact 

on the AURKA signalling across the different solid tumour cell lines (LNCaP AI, MCF7 and 

T98G), the conditions of nocodazole-mediated arrest, in terms of nocodazole concentration 

had to firstly be optimised and established for each cell line examined (Figure 4.1).  The 

standard ‘wash and release’ procedure that was first utilised in Section 3.2.1 and as described 

in Section 2.2.2.1 of the Materials and Methods was adapted by optimising the nocodazole 

concentration used for each cell line.  This was utilised to determine the status of each marker 

(p-AURKs, AURKA, TPX2, p-PLK1/PLK1) as the cells progressed through the cell cycle and 

to properly assess the impact of the NBD CPPs on each mitotic marker in these different solid 

tumour cell lines.  Unsurprisingly, the cell lines used in this study (PC3, LNCaP AI, MCF7, 
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T98G) were synchronised successfully. Nocodazole has been used in this context for many 

years (Zieve et al., 1980). and has been demonstrated to synchronise successfully a number 

of solid tumour cell types used in this section (prostate, breast and brain) among other cancers 

(pancreatic, renal, lung etc.) (Amin et al., 2014, Gully et al., 2012, Kim et al., 2008, Yang et 

al., 2014, Zadra et al., 2014).  A study by Martins and Kolega (2012) showed the inability of 

cells to completely restore motility via microtubule mobilisation following treatment with high 

concentrations of nocodazole.  It was also observed in the MCF7 cells and T98G cells that 

there was a decrease in proliferation in the samples treated with 200ng/ml and 400ng/ml and 

both Martins and Kolega (2012) and Signoretto et al. (2016) indicated that high concentrations 

of nocodazole can lead to toxicity. 

 In Figure 4.3, the the different solid tumour cell lines (LNCaP AI, MCF7, T98G) were 

treated with the NBD WT CPP to mirror work carried out previously in Section 3.3.1, to 

investigate whether the demonstrated effect of NBD WT CPP on the status of p-AURKs, 

AURKA, TPX2 and p-PLK1/PLK1 in PC3 cells was translatable to other cancer types.  

Similarly to the PC3 cells, the NBD WT CPP significantly reduced (p<0.05) phosphorylation of 

AURKA and B (p-AURKC was not significantly reduced) in LNCaP AI cells and 

phosphorylation of AURKA and B in MCF7 cells (AURKC phosphorylation was not measurable 

as mentioned before). Interestingly, this was highlighted by Zekri et al. (2012) in that AURKC 

expression was low at the mRNA level in MCF7 cells but conversely the more aggressive, 

triple-negative breast cancer cell line MDA-MB-231 showed increased mRNA expression.  The 

NBD WT CPP induced no significant (p>0.05) accelerated reduction in the phosphorylation of 

any of the AURK subtypes in the T98G cell line.  This could have been as a result of a multitude 

of factors; these cells may have needed to be left for longer incubation times post-release to 

see an effect or the NBD peptide may not be as potent against certain key markers in this cell 

type.  There was a sub-maximal impact on cell viability exerted by the NBD WT CPP and this 

could indicate that more than one agent may be needed to target different key markers.   

Interestingly, when targeting AURKs in cancer, most studies utilised a combination approach 

as opposed to single agent treatment (Borges et al., 2012).  Also, overexpression of AURKA 

and B have been shown to be involved in the upregulation of the Telomerase Reverse 

Transcriptase (TERT) promoter which is mutated in the T98G cell line and leads to the 

overexpression of TERT and resultant tumorigenesis in the Glioblastoma setting (Johanns et 

al., 2016, Smith et al., 2005, Yang et al., 2004).  The TERT gene promotes tumorigenesis by 

initiating the production of Telomerase, an enzyme which prevents telomeres from shortening 

and hence allowing the cancer cells to avoid senescence or apoptosis (Johanns et al., 2016).  

The expression of AURKA and the well-established co-activator TPX2 were significantly 

(p<0.05) decreased by the NBD WT CPP across all cell types and this was also similarly 
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observed in the critical mitotic regulator PLK1.  PLK1 was significantly (p<0.05) decreased 

both in terms of total expression and phosphorylation by the NBD WT CPP across all three 

cell lines (LNCaP AIs, MCF7 and T98G).  This indicated that these NBD WT CPP-mediated 

effects on the status of p-AURKs, AURKA, TPX2 and p-PLK1/PLK1 were translatable to other 

cancer cell types and may identify a potential means of intervention in solid tumours by off-

setting aberrant AURK-related signalling.  At that stage the next question, built on these 

experimental findings, related to whether there was any correlatable impact of the NBD WT 

CPP phenotypically on the growth and survival of these different solid tumour cell lines (PC3, 

LNCaP AIs, MCF7 and T98G).  

 

4.3.2. NBD CPP targeting of cell growth in different cancers. 

 

The NBD peptide has been considered extensively in the literature in terms of a 

potential therapeutic intervention (Dai et al., 2004, Gaurnier-Hausser et al., 2011, Habineza 

Ndikuyeze et al., 2014, Ianaro et al., 2009).  Complimentary to the reports above, this study, 

has shown the apparent potential for the inhibition of AURKA-TPX2 signalling to be considered 

as a ‘target’ in the cancer setting.  For instance, the NBD peptide has been demonstrated to 

inhibit in vitro the proliferative activity in both human melanoma and breast cancer cells (Ianaro 

et al., 2009, Rao Ch et al., 2004).  The NBD peptide was also shown to reduce tumour burden 

in a canine model of relapsed, refractory Diffuse Large B-cell Lymphoma (Gaurnier-Hausser 

et al., 2011) and also reduced tumorigenesis when continued to a Phase I clinical trial involving 

dogs with Spontaneous Activated B-cell like Diffuse Large B-cell Lymphoma (Habineza 

Ndikuyeze et al., 2014).  That said, future studies are required to determine the canine 

candidates that display elevated NF-κB activity which makes them suitable for NBD peptide 

treatment and whether this correlates to human studies.  In Figure 4.4, the ability of the NBD 

WT peptide to impact cell viability across different solid tumour cell lines was assessed in two 

Prostate cancer cell lines (AR negative PC3 cells vs AR positive LNCaP AI cells which are 

unresponsive to androgens), a Breast cancer (MCF7) and a Glioblastoma cell line (T98G).  

The NBD WT CPP caused a significant (p<0.05) decrease in cell viability in all the cell lines 

used in these experiments (PC3, LNCaP AIs, MCF7 and T98G) with a noticeable difference 

in potency between cell lines.  For example, the NBD WT CPP was shown to be more than 

twice as potent in LNCaP AI cells (IC50 = 35.76μM) compared to when its impact on cell viability 

was assessed in MCF7 (IC50 = 83.38μM) and T98G (IC50 = 75.16μM) cells.  The NBD WT 

CPP was also assessed in PC3 cells and was shown to be moderately potent (IC50 = 

51.31μM).  The key point to highlight across these cell lines was that there was only partial 

inhibition of cell viability observed, with residual activity still present following treatment with 
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the maximum concentration of the NBD WT CPP used in this study (100µM).  This suggested 

the need to target more than one pathway and perhaps explore other phenotypic outcomes 

(clonogenics, apoptosis) as viable assay outputs to assess the impact of the NBD WT CPP. 

 

4.3.3. Conclusions. 

 

In this chapter, it was demonstrated that the nocodazole ‘trap and release’ procedure, first 

used in Section 3.2.1 in PC3 cells, was as expected transferable to the other solid tumour cell 

lines used here (Section 4.2.2).  These cell lines (LNCaP AIs, MCF7 and T98G) successfully 

moved through the cell cycle upon release and allowed the status of p-AURKs, AURKA, TPX2 

and p-PLK1/PLK1 to be observed post-release from nocodazole-mediated cell 

synchronisation.  The utilisation of the short length peptide derived from the NBD of IKKβ, 

which was identified to accelerate both the dephosphorylation of AURKA (T288) and its 

degradation as it moved through mitosis, with similar patterns of expression and/or 

phosphorylation observed for both TPX2 and PLK1 with a similar effect observed across the 

different solid tumour cell lines.   At this preliminary stage, it was suggested that the NBD WT 

CPP, derived from the IKKβ NBD structure, can pharmacologically modulate AURKA, TPX2, 

PLK1 status, which caused a reduction in expression and/or phosphorylation and accelerated 

degradation across the different cancer cell lines (PC3, LNCaP AIs, MCF7 and T98G) and 

also impacted detrimentally cell viability which correlated with this phenotypic outcome. There 

was a noticeable difference in potency exerted by the NBD WT CPP between the various 

tumour cell lines, with no reduction in cell viability caused by the control peptide (NBD MT 

CPP) or the vehicle.  Although these experimental outcomes indicated that the NBD WT CPP 

had an impact both mechanistically and phenotypically across each tumour cell line, the effect 

was sub-maximal and only caused around 50-60% reduction in cell viability at the highest 

concentration (100μM).  It was detailed by Shah et al. (2019) that the use of Epidermal Growth 

Factor Receptor (EGFR) tyrosine kinase inhibitors (TKIs) – a popular class of ‘anti-cancer’ 

therapeutics, often elicits a sub-maximal response in EGFR-mutant non-small-cell lung cancer 

(NSCLC).  Due to this sub-maximal response, residual disease can persist which goes onto 

acquire resistance and the cancer re-emerges through this means.  In this case, the resistance 

is believed to be through increased AURKA activity and as such AURK inhibitors were shown 

to suppress this drug-resistance survival and increased the magnitude and duration of the 

EGFR inhibitor response in a synergistic combination therapy approach (Shah et al., 2019).  

In the context of this study, the NBD WT CPP could be used alongside existing ATP-

competitive AURK KIs to target AURK signalling. 

 The outcomes above and those in Chapter 3, lead to the question as to whether the 
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treatment of cells with the NBD WT CPP in conjunction with AURK targeting KIs, as a potential 

‘two-site’ dual targeting strategy, could generate greater AURK inhibition and therefore 

increased potency again AURKA itself, the other AURK isoforms, associated mitotic markers 

(e.g. TPX-2 and PLK1) as well as phenotypic outcomes identifiable as hallmarks of tumour 

cell progression.
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Chapter 5: Characterisation of 

pharmacological targeting of AURK 

phosphorylation and expression 

with small molecule AURK kinase 

inhibitors in the absence or 

presence of NBD CPPs in PCa cells.
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5.1. Introduction. 

 

Targeting of the AURK proteins with small molecule kinase inhibitors in cancer and particularly 

in solid tumours has been shown to lack efficacy and a number of reasons have been detailed 

for this, including; the fact that solid tumours proliferate at a slower rate than haematological 

tumours and hence the effect of AURKA inhibitors were observed to be more efficacious in 

blood cancers (Bavetsias and Linardopoulos, 2015a).  These solid tumours (gastric, 

oesophageal and hepatocellular cancer) also display overexpression of the essential AURKA 

co-activator TPX2 which was associated with poor survival outcome (Wang et al., 2018).  

Higher or overexpression of TPX2 in these setting then leads to higher AURKA catalytic 

activity and decreases the efficacy of ATP-competitive inhibitors by reducing the targetability 

of the AURKA ATP-binding site in the active site of the protein (Anderson et al., 2007).  As 

mentioned in the previous chapter, single-agent targeting of varying kinases often produces a 

sub-maximal response in cancer treatment and over time drug resistance develops due to 

remaining cancer cells re-emerging through activation of proteins like the AURKs, which confer 

resistance (Bavetsias and Linardopoulos, 2015a, Shah et al., 2019).  Dual pharmacological 

targeting which involved incorporating kinase inhibitors that target the AURKs(AURKA, 

AURKB and AURKC) showed improvement (compared to single agent treatment) to overcome 

this AURK-associated resistance in cancer and improve the clinical outcome of the disease 

(Bavetsias and Linardopoulos, 2015a). 

 In a study by Anderson et al. (2007), examining the structure-activity relationship 

(SAR) of AURK inhibitors it was found that potency against AURKA activity was impacted in 

the presence of TPX2; an increased expression of TPX2 protein decreased potency.  The 

presence of TPX2 alters the SAR in such a way that the binding of TPX2 to AURKA decreases 

the size of hydrophobic ‘Y-pocket’ adjacent to the ATP binding site and therefore reduces the 

accessibility of this hydrophobic pocket to AURK inhibitors which bind in it (Anderson et al., 

2007). Anderson et al. (2007) highlighted that as the chemical space occupied by any inhibitor 

increased, more developed interactions with the kinase domain of AURKA were required to 

achieve potent inhibition and in the presence of elevated TPX2 expression/interaction that 

reduced accessibility of the ‘Y-pocket’, the ability of the AURK KIs to effectively target and 

reduce catalytic activity decreased.  Therefore, numerous studies have screened in silico, 

using computational- based approaches to identify inhibitors of the AURKA-TPX2 complex 

that accounted for the impact of TPX2 on AURKA binding of ATP-competitive small molecule 

inhibitors.  These include studies by Asteriti et al. (2017) and Cole et al. (2017) that both 

identified (through in silico screening) inhibitors of the AURKA-TPX2 complex, rather than of  

AURKA alone.  Cole et al. (2017) demonstrated inhibition of TPX2 binding to AURKA via 
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fluorescence anisotropy (FA) assay (Ki = 63µM) and Asteriti et al. (2017) showed compounds 

that could not only inhibit AURKA activity in silico but also in vitro when assessed by their 

ability to impact the p-AURKA signal (AURKA activation) in osteosarcoma cells.      

 The NBD WT CPP utilised in this study was hypothesised to target and impact 

AURKA-TPX2 dynamics.  As the peptide wasn’t structurally similar to an ATP-competitive 

molecule, the mechanism of ‘switching off’ AURKA activity is not wholly clear.  PP1a has been 

reported to be involved in the dephosphorylation of AURKA (T288) but it remains unclear what 

the mechanism of TPX2 removal is to start the process of AURKA deactivation.  Is it IKK-

dependent and therefore the terminal NBD domain of the IKKs expressed in cells is involved 

in the competitive removal of TPX2?  Based on results of Chapter 3 it can therefore be 

suggested that the NBD WT CPP can accelerate dephosphorylation of AURKA.  As TPX2 

kinetics for degradation are also impacted by the NBD WT CPP, can the peptide, by virtue of 

its key tryptophan residues (W-S-W) disrupt binding of TPX2 to the ‘Y-pocket’ on AURKA by 

competing with the conserved Tyr-Ser-Tyr (Y-S-Y) motif on TPX2 that binds to AURKA and 

so facilitate its protein degradation also?  Therefore, if the ‘pocket’ can be made more 

accessible by the NBD WT CPP then this would therefore enable various AURK KIs, of 

differing chemical space, to engage the active site of AURKA and reduce catalytic activity. To 

note, is that in this study, the status of AURK phosphorylation (relative to protein expression) 

and expression, has been used in Western blotting experiments as a surrogate marker of 

catalytic activity. 

 Hence in this section of research, experiments sought to demonstrate and confirm the 

efficacy of commercially available ATP-competitive AURK inhibitors on the status of p-AURKs 

in a cell-based assay system involving PC3 cells which have been synchronised with 

nocodazole.  Following on from this, once potency of each kinase inhibitor against p-AURKs 

and AURKA expression was established, experiments were constructed to investigate 

whether incorporation of the NBD WT CPP in a combination with the ATP-competitive AURK 

inhibitors as a dual-targeting treatment approach had any capability to improve the efficacy of 

targeting p-AURKs/AURKA, TPX2 and PLK1. 

Therefore, the specific aims of this chapter, were to: 

1. Establish a cell-based assay system, using nocodazole arrest/trap and release, to 

enable the assessment of the ability of different ATP-competitive AURK inhibitors to 

impact p-AURKs in mitotic PC3 prostate cancer cells. 

2. Determine the impact of the ATP-competitive AURK inhibitors alone and in 

combination with NBD CPPs on the AURKs in mitotic PC3 cells and examine the 

potential effect on related regulatory proteins associated with cell cycle progression. 
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Collectively, these experiments aimed to determine whether treatment of mitotic cells with 

ATP-competitive AURK inhibitors impacted expression/phosphorylation of AURKs and TPX2 

and whether this impact could be enhanced by combined treatment of cells with the NBD WT 

CPP and so potentially improve efficacy beyond that of each used as single-agents. 

 

5.2. Effect of AURK inhibitors and NBD CPPs alone or in combination on the status of 

p-AURKs, AURKA and TPX2. 

 

5.2.1. Assessment of the efficacy of ATP-competitive AURK inhibitors on AURK 

signalling following nocodazole trap and release in PC3 cells. 

 

Before proceeding to experiments which incorporate the NBD WT CPP in combination with 

the commercially available ATP-competitive AURK inhibitors (AURK inhibitor II, AURK inhibitor 

III, Aurora kinase/CDK inhibitor, VX-680 or ZM 447439), initial experiments were constructed 

to determine the potency of these inhibitors alone, at varying concentrations, in mitotic PC3 

cells. 

 In order to assess the potency of the AURK inhibitors (AURK inhibitor II, AURK 

inhibitor III, Aurora kinase/CDK inhibitor, VX-680 or ZM 447439), with varying chemical space, 

isoform selectivity and potencies in cell-free/cell-based assays, PC3 cells were synchronised 

with nocodazole (50ng/ml) for 16-20 hours before wash and release procedure were carried 

out similarly to that described in Section 2.2.2.1 of the Materials and Methods.  Following 

release from nocodazole-mediated cell synchronisation, cells were treated with increasing 

concentrations of; AURK inhibitor II (1μM, 2μM, 5μM, 10μM and 20μM), AURK inhibitor III 

(1μM, 2μM, 5μM, 10μM and 20μM), Aurora kinase/CDK inhibitor (0.25μM, 0.5μM, 1μM, 2μM, 

5μM), VX-680 (0.1μM, 0.3μM, 1μM, 3μM and 10μM) or ZM 447439 (0.1μM, 0.3μM, 1μM, 3μM 

and 10μM) for 30 min before preparation of WCEs.  AURK inhibitors (AURK inhibitor II, AURK 

inhibitor III, Aurora kinase/CDK inhibitor, VX-680 or ZM 447439) were dissolved initially in 

100% DMSO and diluted to appropriate working stock concentrations of 10-20mM.  For cell 

treatments stock solutions were diluted in culture media and added to wells (typical DMSO 

final concentration 0.0005-0.1% (v/v)) and as a result all experiments involving AURK 

inhibitors used DMSO (0.0005-0.1% (v/v)) as a vehicle control.  The effect of the AURK 

inhibitors on the phosphorylation of AURKs were examined by Western blotting at a 30 minute 

time point.    

 Figure 5.1 (A) shows by immunoblotting the effect of the AURK inhibitor II (AII) on the 

status of p-AURKs post-trap and release.  In Figure 5.1 (A), from immunoblotting and the 

subsequent quantification, the AII caused a significant (p<0.05) reduction in phosphorylation 
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of AURKA relative to the vehicle treated sample at 30 min post-release from nocodazole-

mediated arrest. The phosphorylation of AURKA was reduced after treatment with AII at a 

concentration of 20μM (34.3 ± 0.5%; n=3, p<0.05).  There was also a significant reduction in 

the phosphorylation of AURKB caused by treatment with AII at a concentration of 20μM (54.3 

± 15.3%; n=3, p<0.01).  Finally, AII also significantly reduced phosphorylation of AURKC at a 

concentration of 10μM (62.7 ± 13.4%; n=3, p<0.05) and 20μM (82.3 ± 13.2%; n=3, p<0.01).  

Further analysis highlighted the potency of the AII against phosphorylation of the three AURK 

subtypes – as a surrogate markers of catalytic activity.  It was relatively low in potency across 

all three isoforms but displayed a higher degree of potency against phosphorylation of AURKB 

(IC50 = 12.5μM) and C (IC50 = 9.73μM) compared to AURKA (IC50 = >20μM). 

 Next, experiments examined the effects of AURK inhibitor III (AIII) on the 

phosphorylation of the three AURK subtypes.  Results of immunoblotting, subsequent 

quantification and further analysis of potency are depicted in Figure 5.1 (B).  AIII showed no 

significant (p>0.05) reduction of phosphorylation of AURKA, B and C and this was mirrored 

when the potency was quantified, with a low potency (IC50 = >20μM) against all three p-AURK 

subtypes.  This was in contrast to the study by Zhang et al. (2006) which demonstrated that 

the AURK inhibitor III was a potent selective inhibitor of AURKA (IC50 = 42nM) in a cell free 

assay.   

 Following on from this, Figure 5.1 (C), shows the effect of the Aurora kinase/CDK 

inhibitor (AurCDK) on the phosphorylation status of all three AURK subtypes. AurCDK 

significantly reduced phosphorylation of AURKA at a concentration of 0.5μM (36.6 ± 5.3%; 

n=3, p<0.01), 1μM (57.4 ± 12.1%; n=3, p<0.001), 2μM (90.1 ± 7.8%; n=3, p<0.001) and 5μM 

(99.2% ± 0.4%; n=3, p<0.001) respectively, relative to the vehicle treated sample at 30 min 

post-release from nocodazole-mediated arrest.  AurCDK also significantly decreased the 

phosphorylation of AURKB at a concentration of 2μM (93.3 ± 9.7%; n=3, p<0.001) and 5μM 

(98.5 ± 4.5%; n=3, p<0.001).  Lastly, AurCDK also caused a significant reduction in 

phosphorylation of AURKC at concentrations of 2μM (86.0 ± 5.0%; n=3, p<0.05) and 5μM (96.3 

± 1.0%; n=3, p<0.05).  These results for immunoblotting quantification correlated with the 

further analysis of potency.  The Aurora kinase/CDK inhibitor was slightly more potent against 

AURKA (IC50 = 0.812μM) vs AURKB (IC50 = 1.05μM) and C (IC50 = 1.06μM). 

 In Figure 5.1 (D), the pan-AURK inhibitor VX-680 with a more restricted chemical 

space (see Section 2.1.2.2 of Materials and Methods) was utilised.  This is one of the most 

researched AURK inhibitors in the literature and progressed to Phase II of clinical trials before 

it was terminated due to severe toxicity as a result of one of the patients suffering severe 

cardiac problems (Baldini et al., 2014).  In this study, in vitro, VX-680 caused a significant 

reduction in phosphorylation of AURKA across the concentration range used here; 0.1μM 
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(44.1 ± 8.8%; n=3, p<0.001), 0.3μM (63.2 ± 11.1%; n=3, p<0.001), 1μM (93.8 ± 1.2%; n=3, 

p<0.001), 3μM (93.8 ± 4.9%; n=3, p<0.001) and 10μM (97.0 ± 4.2%; n=3, p<0.001) 

respectively.  Similarly, VX-680 also significantly decreased phosphorylation of AURKB at 

concentrations of 1μM (81.3 ± 6.8%; n=3, p<0.001), 3μM (97.8 ± 2.9%; n=3, p<0.001) and 

10μM (97.8 ± 1.5%; n=3, p<0.001).  The effect of VX-680 in reducing AURKC phosphorylation 

mirrored the impact on phosphorylation of AURKB at concentrations of; 1μM (85.4 ± 4.6%; 

n=3, p<0.001), 3μM (94.8 ± 1.9%; n=3, p<0.001) and 10μM (99.4 ± 1.3%; n=3, p<0.001).  This 

quantification correlated with the measure of potency which showed that VX-680 was 

approximately five times more potent against phosphorylation of AURKA (IC50 = 0.137μM) 

versus B (IC50 = 0.573μM) and C (0.540μM). 

 Lastly, this study also investigated the action of the AURK inhibitor ZM 447439 (ZM), 

a molecule with extended chemical space (see Section 2.1.2.2 of Materials and Methods), on 

phosphorylation of the three AURK subtypes.  ZM caused a significant reduction in 

phosphorylation of AURKA at concentrations of; 1μM (21.3 ± 5.8%; n=3, p<0.05), 3μM (38.2 ± 

4.5%; n=3, p<0.001) and 10μM (59.7 ± 1.4%; n=3, p<0.001).  It was apparent by 

immunoblotting and subsequent quantification that ZM was least potent against AURKA 

phosphorylation and caused a significant reduction at 1μM (65.2 ± 14.1%; n=3, p<0.001), 3μM 

(97.8 ± 1.8%; n=3, p<0.001) and 10μM (98.8 ± 1.1%; n=3, p<0.001).   In a similar pattern to 

the effect on phosphorylation of AURKB, ZM also significantly decreased phosphorylation of 

AURKC at concentrations of 0.3μM (57.8 ± 8.3%; n=3, p<0.01), 1μM (83.4 ± 4.7%; n=3, 

p<0.001), 3μM (92.6 ± 2.5%; n=3, p<0.001) and 10μM (99.7 ± 2.7%; n=3, p<0.001).  Further 

analysis confirmed these findings as the ZM inhibitor was shown to be ten times less potent 

against phosphorylation of AURKA and the rank order of potency was; AURKC (IC50 = 

(0.236μM)) > AURKB (IC50 = 0.624μM) > AURKA IC50 = (6.2μM). 

 Collectively, treatment with the various ATP-competitive AURK inhibitors (AURK 

inhibitor II, AURK inhibitor III, Aurora kinase/CDK inhibitor, VX-680 or ZM 447439) allowed the 

establishment of a concentration gradient and rank order of potency for each inhibitor in a 

robust cell-based assay system. This could be used in future experimental studies examining 

the potential effects of the NBD WT CPP and the aforementioned AURK inhibitors in 

combination against AURKA-TPX2 signalling in mitotic cells. 
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Figure 5.1.  Effect of different concentrations of AURK inhibitors (AURK inhibitor II, AURK inhibitor III, Aurora 

kinase/CDK inhibitor, VX-680 or ZM 447439) on phosphorylation of Aurora kinases. 

 

PC3 cells were grown on 10mm dishes and treated with 50ng/ml Nocodazole (16-20 hours) prior to treatment with 

AURK inhibitor II (A), AURK inhibitor III (B), Aurora kinase/CDK inhibitor (C), VX-680 (D) or ZM 447439 (E)  DMSO 

as a vehicle control for each inhibitor (0.1%, 0.2%, 0.001%, 0.005% and 0.0005%(v/v) respectively) upon release 

from trap at 30min. Whole cell lysates were prepared for separation using SDS-PAGE and analysed by Western 

Blotting using the above antibodies (n=3). (C) and (C + V) represents the non-treated and vehicle treated control 

respectively in non-synchronised cells.  GAPDH was used as a loading control.  Data was normalised to synchronised 

sample treated with DMSO before release from trap at 30min time point (TR30 V) and represents mean ± S.E.M.  

One-way ANOVA with post-hoc Dunnett’s test was used to determine statistical significance (p<0.05) of observed 

changes relative to TR30 (V) sample (*= p<0.05, **= p<0.01, ***= p<0.001).  Comparison of the potency of ATP-

competitive AURK inhibitors on expression of p-AURKA (●), p-AURKB (■), p-AURKC (▲).  Cells were treated with a 

full concentration range for each inhibitor:  AURK inhibitor II (1μM, 2μM, 5μM, 10μM and 20μM), AURK inhibitor III 

(1μM, 2μM, 5μM, 10μM and 20μM), Aurora kinase/CDK inhibitor (0.25μM, 0.5μM, 1μM, 2μM, 5μM), VX-680 (0.1μM, 

0.3μM, 1μM, 3μM and 10μM) and ZM 447439 (0.1μM, 0.3μM, 1μM, 3μM and 10μM).  The results were normalised to 

the vehicle treated control expression and plotted on a log scale as a percentage of the control with regards to 

expression (n=3).  The data was fitted with the following equation: Y=Bottom + (Top-Bottom)/(1+10^((LogIC50-

X)*HillSlope)). 
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5.2.2. Effect of AURK inhibitor II alone or in combination with NBD WT CPP on AURKA 

status/signalling. 

 

As demonstrated previously, the NBD WT CPP derived from IKKβ significantly (p<0.05) 

decreased AURKA phosphorylation and total expression as well as the status of key related 

markers (TPX2, p-PLK1/PLK1) and therefore suggested to impact on IKK-AURK signalling in 

PC3 (Section 3.3.1), LNCaP AI, MCF7 and T98G cells respectively.  In Section 5.2.1, 

experiments utilised commercially available ATP-competitive AURK inhibitors (AURK inhibitor 

II, AURK inhibitor III, Aurora kinase/CDK inhibitor, VX-680 or ZM 447439) in a cell-based assay 

involving synchronised PC3 cells to demonstrate their efficacy as a single-agent treatment.  In 

this Section and the proceeding Sections, experiments sought to determine, through 

simultaneous treatment of cells with the NBD WT CPP and AURK inhibitors (AURK inhibitor 

II, AURK inhibitor III, Aurora kinase/CDK inhibitor, VX-680 or ZM 447439) in combination, the 

resultant impact on the status of AURKA/TPX2 signalling compared to the single-agent 

treatments.  Cells were again treated with nocodazole (50ng/mL) for 16-20 hours prior to being 

washed and released as described previously – Section 2.2.2.1, before NBD WT CPP (100µM) 

and/or AURK inhibitor II (10μM) were added upon release and samples prepared thereafter at 

appropriate time points.  The WT peptide and the AURK inhibitor II in parallel to vehicle were 

prepared as described previously.  The effect of the NBD WT CPP and/or AURK inhibitor II on 

AURKA and its related mitotic markers in terms of their expression and/or phosphorylation 

were examined by Western blotting at 10, 20 and 30 minute time points. 

 Figure 5.2 showed by immunoblotting the effect of the NBD WT CPP and/or AURK 

inhibitor II on the status of p-AURKs and AURKA post-trap and release; (A) 0, 10 and 20 min 

and (B) 0, 20 and 30 min.  It was demonstrated in the subsequent quantification (C) at 0, 10 

and 20 min and (D) at 0, 20 and 30 min in PC3 cells, the NBD WT CPP in combination with 

the AURK inhibitor II caused a significantly greater reduction in phosphorylation of AURKA 

relative to the vehicle control sample, NBD WT CPP alone and AURK inhibitor II alone at each 

time point in PC3 cells. In Figure 5.2 (A + C), the phosphorylation of AURKA was reduced after 

treatment with the NBD WT CPP in combination with AURK inhibitor II compared to the vehicle 

control at 10 min (96.7 ± 11.4% vs 55.7 ±4.9%; n=3, p<0.05).  In Figure 5.2 (B +D) the NBD 

WT CPP in combination with AURK inhibitor II caused a significant reduction in 

phosphorylation of AURKA in comparison to the vehicle treated control after 30 min (64.3 ± 

8.6% vs 12.4 ± 1.3%; n=3, p<0.001).  There was also a significant difference in the reduction 

in AURKA phosphorylation in the sample treated with a combination of the two agents 
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compared to single-agent treatment with; NBD WT CPP (50.2 ± 3.9% vs 12.4 ± 1.3%; n=3, 

p<0.01) or AURK inhibitor II (43.5 ± 3.1% vs 12.4 ± 1.3%; n=3, p<0.05) at the 30 minute time-

point.  There was also a significant reduction in AURKB phosphorylation (Figure 5.2 A + C) 

caused by treatment with the NBD WT CPP and AURK inhibitor II in combination compared 

the vehicle control after 10 min (84. 3 ± 10.0% vs 44.5 ± 6.4%; n=3, p<0.05) and 20 min (75.5 

± 4.7% vs 32.1 ± 4.8%; n=3, p<0.01) post-release from nocodazole-mediated arrest.  In Figure 

5.2 (B + D), AURKB phosphorylation was again shown to be significantly reduced in the 

sample treated with the combination of agents after 20 min (66.3 ± 4.4% vs 29.0 ± 6.0%; n=3, 

p<0.001) and also after 30 min (58.4 ± 2.8% vs 15.1 ± 1.7%; n=3, p<0.001) compared to the 

vehicle treated samples at each of these time points.  At the 30-minute time point, the sample 

treated simultaneously with the NBD WT CPP and AURK inhibitor II was also significantly 

further reduced in comparison to treatment with the NBD WT CPP (51.9 ± 4.4% vs 15.1 ± 

1.7%; n=3, p<0.001) or AURK inhibitor II (39.6 ± 4.3% vs 15.1 ± 1.7%; n=3, p<0.05) alone at 

this time point.  Lastly, the phosphorylation of AURKC was also significantly reduced by the 

combination treatment after 30 min relative to the vehicle treated sample (46.5 ± 14.0% vs 5.2 

± 3.9%; n=3, p<0.05) but was not significantly reduced in comparison to the single agent 

treatments.  

The reduction in total AURKA expression was assessed to determine if it was 

comparable to the effect of the NBD WT CPP and AURK inhibitor II on AURKA 

phosphorylation.  To begin with, following combination treatment, there was a significant 

reduction in total AURKA expression at 20 minutes post-release relative to the vehicle treated 

sample.  This was observed in both Figure 5.2 C (82.3 ± 6.8% vs 30.1 ± 2.8%; n=3, p<0.05) 

and Figure 5.2 D (69.2 ± 6.0% vs 32.8 ± 2.7%; n=3, p<0.05) respectively.  Beyond this, there 

was also a significant reduction in total expression of AURKA caused by the simultaneous 

treatment of the NBD WT CPP and AURK inhibitor II at the 30 minute time point (57.2 ± 3.9% 

vs 21.8 ± 5.5%; n=3, p<0.05), compared to the vehicle treated sample.  Similarly to the 

phosphorylation, there was also an enhanced, significant reduction in AURKA total expression 

in the sample treated with a combination of the two agents compared to single-agent treatment 

with; NBD WT CPP (61.1 ± 3.4% vs 21.8 ± 5.5%; n=3, p<0.05) or AURK inhibitor II (63.3 ± 

9.6% vs 21.8 ± 5.5%; n=3, p<0.01) at the 30 minute time point.  

Collectively, these experimental outcomes demonstrated the ability of the NBD WT 

CPP and AURK inhibitor II, when used in combination, to significantly enhance the reduction 

of the expression and/or phosphorylation of AURKs in comparison to when these agents were 

used alone.  Whether this enhancement of efficacy and improved ability to impact AURKA and 

related mitotic markers could be extended to the other ATP-competitive AURK inhibitors 

(AURK inhibitor III, Aurora kinase/CDK inhibitor, VX-680 or ZM 447439), again with differing 
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chemical space, selectivity and potencies used in Section 5.2.1, in combination with the NBD 

WT CPP, was investigated next. 
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Figure 5.2.  Effect of AURK inhibitor II alone or in combination with NBD WT CPP on AURKs and related protein 

markers of mitosis in PC3 cells. 

 

PC3 cells were grown on 10mm dishes and treated with 50ng/ml Nocodazole (16-20 hours) prior to treatment with 

AURK inhibitor II (10μM), NBD WT CPP (100µM), DMSO as a vehicle control (0.5% (v/v)) or NBD WT CPP (WT) and 

AURK inhibitor II (AII) in combination upon release from trap at: (A + C) 0, 10 and 20 min; (B +D) 0, 20 and 30 min. A 

and B: Whole cell lysates were prepared for separation using SDS-PAGE and analysed by Western Blotting using the 

above antibodies (n=3).  GAPDH was used as a loading control.  C and D: Data was normalised to the vehicle treated 

control at 0 min (V0) and represents mean ± S.E.M.  One-way ANOVA with post-hoc Tukey multiple comparisons test 

was used to determine statistical significance (p<0.05) of observed changes between the means of the different 

treatment groups compared to the WT + AII at the same time point (*= p<0.05, **= p<0.01, ***= p<0.001).  (C):  p-

AURKA:  WT + AII (10) vs V(10), *p<0.05.  p-AURKB:  WT + AII (10) vs V (10), *p<0.05; WT + AII (20) vs V(20), 

**p<0.01.  (D):  p-AURKB:  WT + AII (20) vs V(20), ***p<0.001; WT + AII (20) vs WT(20), *p<0.05; WT + AII (30) vs 

V(30), ***p<0.001; WT + AII (30) vs AII(30), *p<0.05; WT + AII (30) vs WT(30), ***p<0.001.  p-AURKC:  WT + AII (30) 

vs V(30), *p<0.05; WT (30) vs V(30), *p<0.05. 
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5.2.3. Effect of AURK inhibitor III alone and in combination with NBD WT CPP on AURKA 

signalling. 

 

Following on from the demonstrated impact of the NBD WT CPP and AURK inhibitor II in 

combination on the status AURKs and AURKA (Section 5.2.2), experiments then sought to 

determine whether this enhanced efficacy through this combination treatment approach was 

apparent with other AURK inhibitors (AURK inhibitor III, Aurora kinase/CDK inhibitor, VX-680 

or ZM 447439) utilised in this study.  To begin with, treatment with the NBD WT CPP and/or 

Cyclopropane carboxylic acid-(3-(4-(3-trifluoromethyl-phenylamino)-pyrimidin-2-ylamino)-

phenyl)-amide (AURK Inhibitor III) and the resultant impact on AURKA signalling compared to 

treatment with these agents alone or vehicle was investigated.  Cells were again treated with 

nocodazole (50ng/ml) for 16-20 hours prior to being washed and released as described 

previously – Section 2.2.2.1, before NBD WT CPP (100µM) and/or AURK inhibitor III (20μM) 

were added upon release and samples prepared thereafter at appropriate time points.  The 

WT peptide and the AURK inhibitor III in parallel to vehicle were prepared as described 

previously.  The effect of the NBD WT CPP and/or AURK inhibitor III on AURKA and its related 

mitotic markers in terms of their expression and/or phosphorylation were examined by Western 

blotting at 10, 20 and 30 minute time points.  

 Figure 5.3 demonstrated by immunoblotting, the effect of the NBD WT CPP and/or 

AURK inhibitor III on the status of p-AURKs and AURKA post-trap and release; (A) 0, 10 and 

20 min and (B) 0, 20 and 30 min. It was demonstrated in the subsequent quantification (C) at 

0, 10 and 20 min and (D) at 0, 20 and 30min in PC3 cells, the NBD WT CPP in combination 

with the AURK inhibitor III caused a reduction in phosphorylation of AURKA relative to the 

vehicle, NBD WT CPP alone and AURK inhibitor III alone at each time point in PC3 cells. In 

Figure 5.3 (A + C), phosphorylation of AURKA was reduced after treatment with the NBD WT 

CPP and AURK inhibitor III in combination compared to the vehicle control at 10 min (86.2 ± 

3.7% vs 47.5 ±6.5%; n=3, p<0.01) and 20 min (76.7 ± 9.8% vs 29.1 ± 4.6%; n=3, p<0.001).  

This decrease in phosphorylation of AURKA caused by the combination treatment after 20 

minutes was also significantly different from the reduction in phosphorylation caused by the 

NBD WT CPP (66.7 ± 4.6% vs 29.1 ± 4.6%; n=3, p<0.01) or AURK inhibitor III (74.6 ± 3.2% 

vs 29.1 ± 4.6%; n=3, p<0.001) alone. Similar was also seen at the 20 minute time point in 

Figure 5.3 (D), in which there was also a significant reduction in AURKA induced by treatment 

with the NBD WT CPP and AURK inhibitor III together, relative to the vehicle treated sample 

(79.0 ± 5.9% vs 41.1 ± 3.9%; n=3, p<0.05).  Again, there was a significant difference in the 

reduction of AURKA phosphorylation between the NBD WT CPP and AURK inhibitor III in 

combination compared to the single agents alone at the 20 minute time point; NBD WT CPP 
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(77.1 ± 7.8% vs 41.1 ± 3.9%; n=3, p<0.05) or AURK inhibitor III (87.2 ± 2.4% vs 41.1 ± 3.9%; 

n=3, p<0.01).  In Figure 5.3 (D) the NBD WT CPP in combination with AURK inhibitor III also 

caused a significant reduction in phosphorylation of AURKA in comparison to the vehicle 

treated control after 30 min (77.4 ± 9.2% vs 15.0 ± 3.2%; n=3, p<0.001).  There was also a 

significant difference in the reduction in AURKA phosphorylation in the sample treated with a 

combination of the two agents compared to single-agent treatment with; NBD WT CPP (50.2 

± 3.9% vs 12.4 ± 1.3%; n=3, p<0.01) or AURK inhibitor III (43.5 ± 16.7% vs 12.4 ± 1.3%; n=3, 

p<0.05) at the 30 minute time-point.  There was also a significant reduction in AURKB 

phosphorylation (Figure 5.3 A + C) caused by treatment with the NBD WT CPP and AURK 

inhibitor III in combination compared to the vehicle control after 10 min (80.7 ± 1.1% vs 49.3 ± 

0.4%; n=3, p<0.05) and 20 min (82.3 ± 8.4% vs 42.8 ± 2.1%; n=3, p<0.01).  At the 20 minute 

time point there was also a significant difference between treatment with AURK inhibitor III 

alone and treatment with a combination of the NBD WT CPP and AURK inhibitor III (77.1 ± 

5.9% vs 42.8 ± 2.1%; n=3, p<0.05).  In Figure 5.3 (B + D), AURKB phosphorylation was again 

shown to be significantly reduced in the sample treated with the combination therapy after 20 

min (79.5 ± 3.4% vs 49.3 ± 3.4%; n=3, p<0.05) and after 30 min (84.2 ± 6.5% vs 15.8 ± 6.6%; 

n=3, p<0.001) compared to the vehicle treated samples at these time points.  At the 30 minute 

time point, the sample treated simultaneously with the NBD WT CPP and AURK inhibitor III 

was also significantly further reduced in comparison to treatment with the NBD WT CPP (46.2 

± 1.8% vs 15.8 ± 6.6%; n=3, p<0.05) or AURK inhibitor III (61.1 ± 10.7% vs 15.8 ± 6.6%; n=3, 

p<0.001) alone at this time point.  Lastly, in Figure 5.3 (C) the phosphorylation of AURKC was 

also significantly reduced by the combination treatment after 10 min (73.6 ± 6.4% vs 30.8 ± 

2.8%; n=3, p<0.001) relative to the vehicle treated sample at this time point.  There was also 

a significant difference in the reduction in AURKC phosphorylation in the sample treated with 

a combination of the two agents compared to single-agent treatment with the AURK inhibitor 

III (73.8 ± 6.1% vs 30.8 ± 2.8%; n=3, p<0.001) at the 10 minute time point.  There was also 

significant reduction in the combination treatment sample at the 20 minute time point relative 

to the vehicle treated sample (56.9 ± 6.1% vs 22.9 ± 2.8%; n=3, p<0.01).  There was also a 

significant difference between treatment of the AURK inhibitor III on its own and the inhibitor 

in combination with the NBD WT CPP (69.6 ± 7.0% vs 22.9 ± 2.8%; n=3, p<0.01).  Similarly, 

in Figure 5.3 (D), treatment with the NBD WT CPP and AURK inhibitor III significantly reduced 

AURKC phosphorylation at the 20 minute time point (59.1 ± 1.5% vs 13.9 ± 8.0%; n=3, 

p<0.01). 

The reduction in total AURKA expression was assessed to determine if it was 

comparable to the effect of the NBD WT CPP and AURK inhibitor III on AURKA 

phosphorylation.  To begin with, following combination treatment, there was a significant 
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reduction in total AURKA expression at 20 minutes post-release from nocodazole-mediated 

arrest, relative to the vehicle treated sample.  This was observed in both Figure 5.3C (81.0 ± 

11.1% vs 18.3 ± 8.4%; n=3, p<0.001) and Figure 5.3D (81.1 ± 6.8% vs 33.7 ± 4.7%; n=3, 

p<0.001) respectively.  Similarly in Figure 5.3C, there was a significant difference in the 

decrease in phosphorylation brought about by the combination of the two agents compared to 

the single agents alone after 20 minutes; NBD WT CPP (67.3 ± 3.3% vs 18.3 ± 8.4%; n=3, 

p<0.01) or AURK inhibitor III (75.3 ± 11.5% vs 18.3 ± 8.4%; n=3, p<0.001).  This comparison 

between the combination treatment and single agents alone was mirrored in Figure 5.3D at 

the 20 minute time point; NBD WT CPP (59.1 ± 2.8% vs 33.7 ± 4.7%; n=3, p<0.001) or AURK 

inhibitor III (72.7 ± 9.3% vs 33.7 ± 4.7%; n=3, p<0.001) respectively.  There was also a 

significant reduction in AURKA total expression caused by treatment of the NBD WT CPP and 

AURK inhibitor III at the 30 minute time point (68.7 ± 2.0% vs 21.9 ± 3.9%; n=3, p<0.001).   

Similar to the findings observed with AURKA phosphorylation, there was also an enhanced, 

significant reduction in AURKA total expression in the sample treated with a combination of 

the two agents compared to single-agent treatment with the AURK inhibitor III (60.3 ± 5.9% vs 

21.9 ± 3.9%; n=3, p<0.001) at the 30 minute time point.  There was also a significant difference 

in total AURKA expression observed in the sample treated with the NBD WT CPP compared 

to the vehicle at the 30 minute time point (68.7 ± 2.0% vs 21.9 ± 5.8%; n=3, p<0.001).  This 

showed that the total expression of AURKA had declined to basal levels by the 30 minute time 

point as there was no significant difference between treatment with NBD WT CPP alone and 

the combination treated sample at this time point. 

Collectively, these experimental outcomes demonstrated the ability of the NBD WT 

CPP and AURK inhibitor III, when used in combination, to significantly enhance the reduction 

of AURKA phosphorylation and expression in comparison to when these agents were used 

alone.  Whether this enhancement of efficacy and improved ability to impact AURKA and 

related mitotic markers can be extended to the other ATP-competitive AURK inhibitors (Aurora 

kinase/CDK inhibitor, VX-680 or ZM 447439) again with differing chemical space, selectivity 

and potencies, used in Section 5.2.1, in combination with the NBD WT CPP, was investigated 

next. 
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Figure 5.3.  Effect of AURK inhibitor III alone or in combination with NBD WT CPP on AURKs and related protein 

markers of mitosis in PC3 cells. 

 

PC3 cells were grown on 10mm dishes and treated with 50ng/ml Nocodazole (16-20 hours) prior to treatment with 

AURK inhibitor III (20μM), NBD WT CPP (100µM), DMSO as a vehicle control (0.5% (v/v)) or NBD WT CPP (WT) and 

AURK inhibitor III (AIII) in combination upon release from trap at: (A + C) 0, 10 and 20 min (B +D) 0, 20 and 30 min. 

A and B: Whole cell lysates were prepared for separation using SDS-PAGE and analysed by Western Blotting using 

the above antibodies (n=3).  GAPDH was used as a loading control.  C and D: Data was normalised the vehicle 

treated control at 0 min (V0) and represents mean ± S.E.M.  One-way ANOVA with post-hoc Tukey multiple 

comparisons test was used to determine statistical significance (p<0.05) of observed changes between the means of 

the different treatment groups compared to the WT + AIII at the same time point (*= p<0.05, **= p<0.01, ***= p<0.001).  

(C):  p-AURKA:  WT + AIII (10) vs V(10), **p<0.01; WT + AIII (20) vs V(20), ***p<0.001; WT + AIII (20) vs AIII(20), 

***p<0.001; WT + AIII (20) vs WT(20), **p<0.01 .  p-AURKB:  WT + AIII (10) vs V(10), *p<0.05; WT + AIII (20) vs 

V(20), **p<0.01; WT + AIII (20) vs AIII(20), *p<0.05.  p-AURKC:  WT + AIII (10) vs V(10), ***p<0.001; WT + AIII (10) 

vs AIII(10), ***p<0.001; WT + AIII (20) vs V(20), **p<0.01; WT + AIII (20) vs AIII(20), ***p<0.001.  (D):  p-AURKA:  WT 

+ AIII (20) vs V(20), *p<0.05; WT + AIII (20) vs AIII(20), **p<0.01; WT + AIII (20) vs WT(20), *p<0.05; WT + AIII (30) 

vs V(30), ***p<0.001; WT + AIII (30) vs AIII(30), *p<0.05; WT + AIII (30) vs WT(30), **p<0.01.   p-AURKB:  WT + AIII 

(20) vs V(20), *p<0.05; WT + AIII (30) vs V(30), ***p<0.001; WT + AIII (30) vs AIII(30), **p<0.01; WT + AIII (30) vs 

WT(30), *p<0.05.  p-AURKC:  WT + AIII (20) vs V(20), **p<0.01. 
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5.2.4. Effect of Aurora kinase/CDK inhibitor alone or in combination with NBD WT CPP 

on AURKA-TPX2 signalling. 

 

Next, treatment with the NBD WT CPP and/or 4-(5-Amino-1-(2,6-difluorobenzoyl)-1H-[1,2,4] 

triazol-3-ylamino)-benzenesulfonamide (Aurora kinase/CDK inhibitor) and the resultant impact 

on AURKA/TPX2 signalling compared to treatment with these agents alone or vehicle was 

explored.  Cells were again treated with nocodazole (50ng/ml) for 16-20 hours prior to being 

washed and released as described previously – Section 2.2.2.1, before NBD WT CPP (100µM) 

and/or Aurora kinase/CDK inhibitor (0.5μM) were added upon release and samples prepared 

thereafter at appropriate time points.  The WT peptide and the Aurora kinase/CDK inhibitor 

were prepared as described previously.  The effect of the NBD WT CPP and/or Aurora 

kinase/CDK inhibitor on AURKA and its related mitotic markers in terms of their expression 

and/or phosphorylation were examined by Western blotting at 10, 20 and 30 minute time 

points. 

In Figure 5.4, immunoblotting showed the effect of the NBD WT CPP and/or Aurora 

kinase/CDK inhibitor on the status of p-AURKs, AURKA and TPX2 post-trap and release; (A) 

0, 10 and 20 min and (B) 0, 20 and 30 min.   It was demonstrated in the subsequent 

quantification (C) at 0, 10 and 20 min and (D) at 0, 20 and 30 min in PC3 cells, the NBD WT 

CPP in combination with Aurora kinase/CDK inhibitor caused a reduction in phosphorylation 

of AURKA relative to the vehicle, NBD WT CPP and Aurora kinase/CDK inhibitor at each time 

point. In Figure 4.4 (A + C), the phosphorylation of AURKA was reduced after treatment with 

the NBD WT CPP and Aurora kinase/CDK inhibitor in combination, compared to the vehicle 

control at 20 min (78.3 ± 5.8% vs 20.4 ± 5.0%; n=3, p<0.001).  This decrease in 

phosphorylation of AURKA caused by the combination treatment was also significantly 

different from the decrease caused by the NBD WT CPP (70.5 ± 0.9% vs 20.4 ± 5.0%; n=3, 

p<0.001) or Aurora kinase/CDK inhibitor (54.5 ± 4.1% vs 20.4 ± 5.0%; n=3, p<0.001) alone at 

the 20 minute time point.  This was mirrored in Figure 5.4 (D) in which there was again a 

significant reduction in AURKA phosphorylation at 20 min post-release from nocodazole-

mediated arrest (81.5 ± 8.5% vs 21.6 ± 5.4%; n=3, p<0.01) compared to the vehicle at this 

time point.  As before, this effect exerted by the combination treatment to cause an increased 

reduction in AURKA phosphorylation was significantly enhanced compared to that induced by 

the single agent treatments of NBD WT CPP (63.2 ± 4.5% vs 21.6 ± 5.4%; n=3, p<0.01) or 

Aurora kinase/CDK inhibitor (65.8 ± 3.9% vs 21.6 ± 5.4%; n=3, p<0.01) at the 20 minute time 

point. Similar results were also seen at the 30 minute time point in Figure 5.4 (D), in which 

there was also a significant reduction in AURKA phosphorylation induced by treatment with 
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the NBD WT CPP and Aurora kinase/CDK inhibitor in combination, relative to the vehicle 

treated sample (63.3 ± 10.0% vs 8.5 ± 0.8%; n=3, p<0.001).  Again, there was a significant 

difference in the reduction of AURKA phosphorylation between the NBD WT CPP and Aurora 

kinase/CDK inhibitor in combination compared to the single agent treatment with the NBD WT 

CPP at the 30 minute time point (40.3 ± 9.6% vs 8.5 ± 0.8%; n=3, p<0.05).  There was also a 

significant reduction in AURKB phosphorylation (Figure 5.4 A + C) caused by treatment with 

the NBD WT CPP and Aurora kinase/CDK inhibitor in combination compared to the vehicle 

control after 20 min (85.4 ± 3.3% vs 18.1 ± 7.3%; n=3, p<0.001).  AURKB phosphorylation 

was again shown to be significantly reduced in the sample treated with the combination of 

agents in comparison to the NBD WT CPP (58.8 ± 4.4% vs 18.1 ± 7.3%; n=3, p<0.001) and 

Aurora kinase/CDK inhibitor (61.2 ± 12.4% vs 18.1 ± 7.3%; n=3, p<0.01) alone at 20 minutes 

post-release from nocodazole-mediated arrest. This was mirrored in Figure 5.4 (D) in which 

there was a significant reduction in AURKB phosphorylation caused by treatment with the NBD 

WT CPP and Aurora kinase/CDK inhibitor in combination compared to the vehicle (87.1 ± 

1.9% vs 15.8 ± 6.2%; n=3, p<0.001), NBD WT CPP (49.3 ± 7.5% vs 15.8 ± 6.2%; n=3, p<0.01) 

or Aurora kinase/CDK inhibitor (67.3 ± 6.8% vs 15.8 ± 6.2%; n=3, p<0.001) at the 20 minute 

time point.  At the 30 minute time point, the sample treated simultaneously with the NBD WT 

CPP and Aurora kinase/CDK inhibitor was also significantly reduced in comparison to the 

vehicle treatment (79.2 ± 5.8% vs 8.3 ± 2.1%; n=3, p<0.001). The combination treatment also 

displayed significant reduction in comparison to treatment with the NBD WT CPP (50.0 ± 3.3% 

vs 8.3 ± 2.1%; n=3, p<0.001) alone at the 30 minute time point.  Lastly, there was no significant 

difference in reduction of AURKC phosphorylation between treatment groups compared to the 

NBD WT CPP and Aurora kinase/CDK inhibitor in combination across the different time points.  

This could be due to the low levels of AURKC phosphorylation observed in the immunoblotting 

in Figure 5.4 (A and B). 

The reduction in total AURKA expression was assessed to determine if it was 

comparable to the effect of the NBD WT CPP and Aurora kinase/CDK inhibitor on AURKA 

phosphorylation.  To begin with, in Figure 5.4 (C), following combination treatment, there was 

a significant reduction in total AURKA expression at 20 minutes (82.0 ± 6.0% vs 27.3 ± 5.2%; 

n=3, p<0.001) post-release relative to the vehicle treated sample at the retrospective time 

point.  At the 20 minute time point there was also a significant difference in the reduction of 

total AURKA expression caused by the simultaneous treatment with the NBD WT CPP and 

Aurora kinase/CDK inhibitor compared to single treatment with the Aurora kinase/CDK 

inhibitor (72.3 ± 3.8% vs 27.3 ± 5.2%; n=3, p<0.01) or NBD WT CPP (62.9 ± 13.1% vs 27.3 ± 

5.2%; n=3, p<0.05).  In Figure 5.4 (D) there was a significant decrease in total AURKA 

expression caused by the combination treatment after 20 min (78.2 ± 6.9% vs 20.9 ± 2.3%; 
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n=3, p<0.001) and 30 min (59.7 ± 2.5% vs 10.3 ± 5.0%; n=3, p<0.001) post-release compared 

to the vehicle treated sample. There was also a further, significant reduction in total AURKA 

expression in the sample treated with a combination of the two agents compared to single-

agent treatment with; NBD WT CPP (56.6 ± 1.7% vs 20.9 ± 2.3%; n=3, p<0.05) or Aurora 

kinase/CDK inhibitor (58.2 ± 13.6% vs 20.9 ± 2.3%; n=3, p<0.01) at the 20 minute time point.  

At the 30 minute time point there was also a significant difference in the reduction in total 

AURKA expression through combination treatment of the NBD WT CPP and Aurora 

kinase/CDK inhibitor in comparison to the NBD WT CPP alone (43.6 ± 6.9% vs 10.3 ± 5.0%; 

n=3, p<0.05). 

In this section, the effect of the NBD WT CPP and Aurora kinase/CDK inhibitor on the 

expression of the critical AURKA co-activator TPX2 was also examined.  In Figure 5.4 (D), 

there was a significant reduction in TPX2 expression caused by simultaneous treatment with 

the NBD WT CPP and the Aurora kinase/CDK inhibitor compared to the vehicle treated sample 

at the 30 minute time point (91.8 ± 3.4% vs 21.3 ± 10.3%; n=3, p<0.001).  This decrease in 

expression of TPX2 caused by the combination treatment was also significantly different from 

the decrease caused by the NBD WT CPP (65.3 ± 4.2% vs 21.3 ± 10.3%; n=3, p<0.001) or 

Aurora kinase/CDK inhibitor (85.0 ± 7.7% vs 21.3 ± 10.3%; n=3, p<0.001) alone at 30 minutes 

post-release from nocodazole-mediated arrest. 

Collectively, these experimental outcomes demonstrated the ability of the NBD WT 

CPP and Aurora kinase/CDK inhibitor, when used in combination, to significantly enhance the 

reduction of AURKA phosphorylation and/or expression as well as the expression of TPX2 in 

comparison to when these agents were used alone.   
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Figure 5.4.  Effect of Aurora kinase/CDK inhibitor alone and in combination with NBD WT CPP on AURKs and related 

protein markers of mitosis in PC3 cells. 

 

PC3 cells were grown on 10mm dishes and treated with 50ng/ml Nocodazole (16-20 hours) prior to treatment with 

Aurora kinase/CDK inhibitor (0.5μM), NBD WT CPP (100µM), DMSO as a vehicle control (0.5% (v/v)) or NBD WT 

CPP (WT) and Aurora kinase/CDK (AurCDK) inhibitor in combination upon release from trap at: (A + C) 0, 10 and 20 

min (B +D) 0, 20 and 30 min. A and B: Whole cell lysates were prepared for separation using SDS-PAGE and analysed 

by Western Blotting using the above antibodies (n=3).  GAPDH was used as a loading control.  C and D: Data was 

(D) 



 
 
 
 
 

213 
 

normalised to the vehicle treated control at 0 min (V0) and represents mean ± S.E.M.  One-way ANOVA with post-

hoc Tukey multiple comparisons test was used to determine statistical significance (p<0.05) of observed changes 

between the means of the different treatment groups compared to the WT + AurCDK at the same time point (*= 

p<0.05, **= p<0.01, ***= p<0.001). (C):  p-AURKA:  WT + AurCDK (20) vs V(20), ***p<0.001; WT + AurCDK (20) vs  

AurCDK (20), ***p<0.001; WT + AurCDK (20) vs WT(20), ***p<0.001.  p-AURKB:  WT + AurCDK (20) vs V(20), 

***p<0.001; WT + AurCDK (20) vs AurCDK (20), **p<0.01; WT + AurCDK (20) vs WT(20), ***p<0.001.  (D):  p-AURKA:  

WT + AurCDK (20) vs V(20), **p<0.01; WT + AurCDK (20) vs AurCDK (20), **p<0.01; WT + AurCDK (20) vs WT(20), 

**p<0.01; WT + AurCDK (30) vs V(30), ***p<0.001; WT + AurCDK (30) vs WT(30), *p<0.05.   p-AURKB:  WT + 

AurCDK (20) vs V(20), ***p<0.001; WT + AurCDK (20) vs AurCDK(20), ***p<0.001; WT + AurCDK (20) vs WT(20), 

**p<0.01; WT + AurCDK (30) vs V(30), ***p<0.001; WT + AurCDK (30) vs WT(30), ***p<0.001 

 

5.2.5. Effect of VX-680 alone and in combination with NBD WT CPP on AURKA-TPX2 

signalling. 

 

Following on from the demonstrated effect of simultaneous targeting with NBD WT CPP and 

the Aurora kinase/CDK inhibitor to exert an increased disruption of AURKA/TPX2 signalling, 

the treatment with the NBD WT CPP and/or N-[4-[[4-(4-Methyl-1-piperazinyl)-6-[(5-methyl-1H-

pyrazol-3-yl)amino]-2-pyrimidinyl]thio]phenyl]cyclopropanecarboxamide (VX-680) and the 

resultant impact on AURKA-TPX2 signalling compared to treatment with these agents alone 

or vehicle were explored.  Cells were again treated with nocodazole (50ng/ml) for 16-20 hours 

prior to being washed and released as described previously – Section 2.2.2.1, before NBD 

WT CPP (100µM) and/or VX-680 (0.1μM) were added upon release and samples prepared 

thereafter at appropriate time points.  The WT peptide and the VX-680 were prepared as 

described previously.  The effect of the NBD WT CPP and/or VX-680 on AURKA and its related 

mitotic markers in terms of their expression and/or phosphorylation were examined by Western 

blotting at 10, 20 and 30 minute time points.   

 Figure 5.5, confirmed by means of immunoblotting the effect of the NBD WT CPP 

and/or VX-680 on the status of p-AURKs, AURKA and TPX2 post-trap and release; (A) 0, 10 

and 20 min and (B) 0, 20 and 30 min.  It was demonstrated in the subsequent quantification 

(C) at 0, 10, and 20 min and (D) at 0, 20 and 30min in PC3 cells, the NBD WT CPP in 

combination with VX-680 caused a reduction in phosphorylation of AURKA relative to the 

vehicle, NBD WT CPP and VX-680 at each time point.  In Figure 5.5 (A + C), the 

phosphorylation of AURKA was reduced after treatment with the NBD WT CPP and VX-680 

in combination, compared to the vehicle control at 10 min (79.4 ± 9.4% vs 46.5 ± 6.3%; n=3, 

p<0.001) and 20 min (77.5 ± 3.3% vs 19.4 ± 1.9%; n=3, p<0.001).  This decrease in 

phosphorylation of AURKA caused by the combination treatment was also significantly 

different from the decrease caused by the NBD WT CPP (73.5 ± 5.9% vs 46.5 ± 6.3%; n=3, 

p<0.01) or VX-680 (70.0 ± 3.8% vs 46.5 ± 6.3%; n=3, p<0.05) alone at 10 minutes post-release 
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from nocodazole-mediated arrest.  There was also a significant difference in the reduction in 

AURKA phosphorylation as a result of the combination treatment compared to single agent 

treatment with the NBD WT CPP (68.0 ± 1.3% vs 19.4 ± 1.9%; n=3, p<0.001) or VX-680 (52.7 

± 5.2% vs 19.4 ± 1.9%; n=3, p<0.001) alone at the 20 minute time point.  This was mirrored in 

Figure 5.5 (D) in which there was again a significant reduction in AURKA phosphorylation at 

20 min post-release (83.7 ± 7.7% vs 25.6 ± 2.5%; n=3, p<0.001) compared to the vehicle.  As 

before, this effect exerted by the combination treatment on AURKA phosphorylation was 

significantly different from the single agent treatments of NBD WT CPP (70.4 ± 12.3% vs 25.6 

± 2.5%; n=3, p<0.001) or VX-680 (55.3 ± 4.2% vs 25.6 ± 2.5%; n=3, p<0.05) alone at the 20 

minute time point. Similar was also seen at the 30 minute time point in Figure 4.5 (D), in which 

there was also a significant reduction in AURKA phosphorylation induced by simultaneous 

treatment with the NBD WT CPP and VX-680, relative to the vehicle treated sample (65.4 ± 

3.4% vs 12.1 ± 1.9%; n=3, p<0.001) at this time point.  Again, there was a significant difference 

in the reduction of AURKA phosphorylation between the NBD WT CPP and VX-680 in 

combination compared to the single agent treatment with the NBD WT CPP at the 30 minute 

time point (51.8 ± 7.4% vs 12.1 ± 1.9%; n=3, p<0.01).  There was also a significant reduction 

in AURKB phosphorylation (Figure 5.5 A + C) caused by treatment with the NBD WT CPP and 

VX-680 in combination compared to the vehicle control at 20 min post-release (84.2 ± 7.3% 

vs 27.3 ± 10.7%; n=3, p<0.01).  AURKB phosphorylation was again shown to be significantly 

reduced in the sample treated with the combination therapy in comparison to the NBD WT 

CPP (71.4 ± 1.8% vs 27.3 ± 10.7%; n=3, p<0.05) and VX-680 (75.4 ± 15.5% vs 27.3 ± 10.7%; 

n=3, p<0.05) alone at 20 min post-release from nocodazole-mediated arrest. This was 

mirrored in Figure 5.5 (D) in which there was a significant reduction in AURKB phosphorylation 

caused by treatment with the NBD WT CPP and VX-680 in combination compared to the 

vehicle (88.2 ± 12.6% vs 28.4 ± 1.0%; n=3, p<0.001), NBD WT CPP (71.3 ± 3.7% vs 28.4 ± 

1.0%; n=3, p<0.05) or VX-680 (75.8 ± 12.6% vs 28.4 ± 1.0%; n=3, p<0.01) alone at the 20 

minute time point.  At the 30 minute time point, the sample treated simultaneously with the 

NBD WT CPP and VX-680 was also significantly reduced in comparison to the vehicle 

treatment (74.3 ± 8.2% vs 13.7 ± 3.9%; n=3, p<0.001). The combination treatment caused a 

further enhanced reduction which was significantly reduced in comparison to treatment with 

the NBD WT CPP (56.4 ± 2.0% vs 13.7 ± 3.9%; n=3, p<0.05) or VX-680 (56.1 ± 16.1% vs 13.7 

± 3.9%; n=3, p<0.05) alone at the 30 minute time point post-release.  Lastly, there was also a 

significant difference in the reduction of AURKC phosphorylation in the sample treated with a 

combination of the NBD WT CPP and VX-680 compared to the vehicle treated sample (84.9 

± 6.4% vs 19.4 ± 7.8%; n=3, p<0.001) or the sample treated with VX-680 (64.1 ± 12.9% vs 

19.4 ± 7.8%; n=3, p<0.05) at 10 min post-release. AURKC phosphorylation was also 
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significantly reduced following simultaneous treatment with the NBD WT CPP and VX-680 at 

the 20 minute time point in both Figure 5.5C (57.3 ± 3.2% vs 4.8 ± 1.1%; n=3, p<0.01) and 

5.5D (70.0 ± 11.5% vs 12.7 ± 0.9%; n=3, p<0.05). 

The reduction in total AURKA expression was assessed to determine if it was 

comparable to the effect of the NBD WT CPP and VX-680 in combination on AURKA 

phosphorylation.  In Figure 5.5 (C), following combination treatment with the NBD WT CPP 

and VX-680, there was a significant reduction in total AURKA expression at 20 minutes (86.7 

± 4.2% vs 46.7 ± 12.7%; n=3, p<0.001) post-release from nocodazole-mediated arrest relative 

to the vehicle treated sample.  At the 20 minute time point there was also a significant 

difference in the reduction of total AURKA expression caused by the simultaneous treatment 

of the NBD WT CPP and VX-680 compared to single agent treatment with VX-680 (72.5 ± 

6.1% vs 46.7 ± 12.7%; n=3, p<0.05ne) alone.  In Figure 5.5 (D) there was a significant 

decrease in total AURKA expression caused by the combination treatment after 20 min (86.4 

± 2.9% vs 60.5 ± 4.1%; n=3, p<0.01) and 30 min (80.1 ± 5.5% vs 19.5 ± 2.5%; n=3, p<0.001) 

post-release compared to the vehicle treated sample. There was also a further, significant 

reduction in total AURKA expression in the sample treated with a combination of the two 

agents compared to single-agent treatment with; NBD WT CPP  (52.6 ± 8.5% vs 19.5 ± 2.5%; 

n=3, p<0.001) or VX-680 (64.3 ± 2.9% vs 19.5 ± 2.5%; n=3, p<0.001) at the 30 minute time 

point.  

Lastly, we examined the effect of the NBD WT CPP and VX-680 on the expression of 

the AURKA co-activator TPX2.  In Figure 5.5 (D), there was a significant reduction in TPX2 

expression caused by simultaneous treatment with the NBD WT CPP and VX-680 in 

comparison to the vehicle treated sample at the 30 minute time point (84.5 ± 3.1% vs 39.3 ± 

9.5%; n=3, p<0.01).  This decrease in expression of TPX2 caused by the combination 

treatment was also significantly different from the decrease caused by the NBD WT CPP (79.8 

± 8.3% vs 39.3 ± 9.5%; n=3, p<0.01) or VX-680 (78.9 ± 3.0% vs 21.3 ± 39.3 ± 9.5%; n=3, 

p<0.01) alone at 30 min post-release. 

Collectively, these experimental outcomes demonstrated the ability of the NBD WT 

CPP and VX-680, when used in combination, to significantly enhance the reduction of AURKA 

phosphorylation and/or expression as well as the expression of TPX2 in comparison to when 

these agents were used alone. 
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Figure 5.5.  Effect of VX-680 alone and in combination with NBD WT CPP on AURKs and related protein markers of 

mitosis in PC3 cells. 

 

PC3 cells were grown on 10mm dishes and treated with 50ng/ml Nocodazole (16-20 hours) prior to treatment with 

VX-680 (0.1μM), NBD WT CPP (100µM), DMSO as a vehicle control (0.5% (v/v)) or NBD WT CPP (WT) and VX-680 

(VX) in combination upon release from trap at: (A + C) 0, 10 and 20 min (B +D) 0, 20 and 30 min. A and B: Whole cell 

lysates were prepared for separation using SDS-PAGE and analysed by Western Blotting using the above antibodies 

(n=3).  GAPDH was used as a loading control.  C and D: Data was normalised to the vehicle treated control at 0 min 

(D) 
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(V0) and represents mean ± S.E.M.  One-way ANOVA with post-hoc Tukey multiple comparisons test was used to 

determine statistical significance (p<0.05) of observed changes between the means of the different treatment groups 

compared to the WT + VX at the same time point (*= p<0.05, **= p<0.01, ***= p<0.001). (C):  p-AURKA:  WT + VX 

(10) vs V(10), ***p<0.001; WT + VX (10) vs VX(10), **p<0.01; WT + VX(10) vs WT(10), *p<0.05; WT + VX(20) vs 

V(20), ***p<0.001; WT + VX (20) vs VX(20), ***p<0.001;  WT + VX (20) vs WT(20), ***p<0.001.  p-AURKB:  WT + VX 

(20) vs V(20), **p<0.01; WT + VX(20) vs VX(20), *p<0.05; WT + VX(20) vs WT(20), *p<0.05.  p-AURKC:  WT + VX 

(10) vs V(10), ***p<0.001; WT + VX (10) vs VX(10), *p<0.05; WT + VX (20) vs V(20), **p<0.01.  (D):  p-AURKA:  WT 

+ VX (20) vs V(20), ***p<0.001; WT + VX (20) vs VX(20), *p<0.05; WT + VX (20) vs WT(20), ***p<0.001; WT + VX 

(30) vs V(30), ***p<0.001; WT + VX (30) vs WT(30), **p<0.01.  p-AURKB:  WT + VX (20) vs V(20), ***p<0.001; WT + 

VX (20) vs VX(20), **p<0.01; WT + VX (20) vs WT(20), *p<0.05; WT + VX (30) vs V(30), ***p<0.001; WT + VX (30) 

vs VX(30), *p<0.05; WT + VX (30) vs WT(30), *p<0.05.  p-AURKC:  WT + VX (20) vs V(20), *p<0.05. 

 

 

5.2.6. Effect of ZM 447439 alone and in combination with NBD WT CPP on AURKA 

signalling. 

  

Lastly, the effect of the NBD WT CPP and/or N-[4-[[6-methoxy-7-[3-(4-morpholinyl)propoxy]-

4-quinazolinyl]amino]phenyl]-benzamide (ZM 447439) and the resultant impact on AURKA 

signalling compared to treatment with these agents alone or vehicle was explored.  Cells were 

again treated with nocodazole (50ng/ml) for 16-20 hours prior to being washed and released 

as described previously – Section 2.2.2.1, before NBD WT CPP (100µM) and/or ZM 447439 

(0.1μM) were added upon release and samples prepared thereafter at appropriate time points.  

The WT peptide and the ZM 447439 were prepared as described previously.  The effect of the 

NBD WT CPP and/or ZM 447439 on AURKA and its related mitotic markers in terms of their 

expression and/or phosphorylation were examined by Western blotting at 10, 20 and 30 minute 

time points.  

Figure 5.6 indicated by immunoblotting the effect of the NBD WT CPP and/or ZM 

447439 on the status of p-AURKs and AURKA post-trap and release; (A) 0, 10 and 20 min 

and (B) 0, 20 and 30 min.  It was demonstrated in the subsequent quantification (C) at 0, 10, 

and 20 min and (D) at 0, 20 and 30 min in PC3 cells, the NBD WT CPP in combination with 

ZM 447439 caused a reduction in phosphorylation of AURKA relative to the vehicle, NBD WT 

CPP and ZM 447439 at each time point. In Figure 5.6 (A + C), the phosphorylation of AURKA 

was reduced after treatment with the NBD WT CPP and ZM 447439 in combination, compared 

to the vehicle control at 10 min (54.1 ± 1.3% vs 31.1 ± 3.9%; n=3, p<0.01) and 20 min (57.8 ± 

1.2% vs 31.7 ± 0.3% ;n=3, p<0.01) post-release from nocodazole-mediated arrest.  This 

decrease in phosphorylation of AURKA caused by the combination treatment with the NBD 

WT CPP and ZM 447439 was also significantly different from the decrease caused by the ZM 

447439 alone at 10 min (52.4 ± 1.0% vs 31.1 ± 3.9%; n=3, p<0.05) and 20 min (68.1 ± 1.0% 
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vs 31.7 ± 0.3% ;n=3, p<0.001) post-release. Similar was also seen at the 20 minute time point 

in Figure 5.6D, in which there was also a significant reduction in phosphorylation of AURKA 

induced by treatment with the NBD WT CPP and ZM 447439 in combination, relative to the 

vehicle treated sample (56.2 ± 3.4% vs 27.2 ± 3.1%; n=3, p<0.01) at this time point.  Again, 

there was a significant difference in the reduction of AURKA phosphorylation between the 

NBD WT CPP and ZM 447439 in combination and the single agent treatment with ZM 447439 

at the 20 minute time point (62.2 ± 4.9% vs 27.2 ± 3.1%; n=3, p<0.001). The NBD WT CPP 

and ZM 447439 combination also caused a significant reduction in phosphorylation of AURKA 

in comparison to the vehicle treated control at 30 min (56.5 ± 5.7% vs 4.1 ± 2.2%; n=3, 

p<0.001) post-release.  There was also a significant difference in the reduction in AURKA 

phosphorylation in the sample treated with a combination of the two agents compared to 

single-agent treatment with; NBD WT CPP (26.9 ± 3.0% vs 4.1 ± 2.2%; n=3, p<0.05) or ZM 

447439 (48.6 ± 4.8% vs 4.1 ± 2.2%; n=3, p<0.001) at 30 minutes post-release.  There was 

also a significant reduction in AURKB phosphorylation (Figure 5.6 A + C) caused by treatment 

with the NBD WT CPP and ZM 447439 in combination compared to the vehicle control at 20 

min (66.5 ± 4.7% vs 24.5 ± 2.4%; n=3, p<0.001) post-release. AURKB phosphorylation was 

again shown to be significantly reduced in the sample treated with the combination therapy of 

the NBD WT CPP and ZM 447439 in comparison to the ZM 447439 alone after 20 min (68.4 

± 2.4% vs 24.5 ± 2.4%; n=3, p<0.001).  This was mirrored in Figure 5.6D in which there was 

a significant reduction in AURKB phosphorylation caused by treatment with the NBD WT CPP 

and ZM 447439 in combination compared to the vehicle (61.1 ± 2.3% vs 15.2 ± 2.2%; n=3, 

p<0.001) and ZM 447439 (64.6 ± 3.7% vs 15.2 ± 2.2%; n=3, p<0.001) alone at the 20 minute 

time point post-release.  At the 30 minute time point, the sample treated simultaneously with 

the NBD WT CPP and ZM 447439 was also significantly reduced in comparison to the vehicle 

treatment (65.8 ± 5.2% vs 4.7 ± 2.0%; n=3, p<0.001). The combination treatment caused a 

further significant reduction in comparison to treatment with the NBD WT CPP (26.2 ± 3.2% 

vs 4.7 ± 2.0%; n=3, p<0.05) or ZM 447439 (51.8 ± 4.2% vs 4.7 ± 2.0%; n=3, p<0.001) alone 

at the 30 minute time point post-release.  Lastly, in Figure 5.6D, the phosphorylation of AURKC 

was also significantly reduced by the combination treatment after 30 min post-release relative 

to the vehicle treated sample (75.3 ± 13.0% vs 4.9 ± 0.5%; n=3, p<0.001).  There was also a 

significant reduction in AURKC phosphorylation as a result of simultaneous treatment of the 

NBD WT CPP and ZM 447439 in comparison to the single agent treatments; NBD WT CPP 

(56.9 ± 5.6% vs 4.9 ± 0.5%; n=3, p<0.01) or ZM 447439 (48.1 ± 9.1% vs 4.9 ± 0.5%; n=3, 

p<0.05). 

The reduction in total AURKA expression was assessed to determine if it was 

comparable to the effect of the NBD WT CPP and ZM 447439 on AURKA phosphorylation.  In 
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Figure 5.6 (C) following combination treatment with the NBD WT CPP and the ZM 447439, 

there was a significant reduction in total AURKA expression at 10 min (80.8 ± 5.4% vs 35.1 ± 

7.1%; n=3, p<0.01) and 20 min (57.1 ± 11.9% vs 9.7 ± 2.3% ; n=3, p<0.001) post-release 

relative to the vehicle treated sample.  At the 10 minute time point there was also a significant 

difference in the reduction of total AURKA expression caused by the simultaneous treatment 

of the NBD WT CPP and ZM 447439 compared to single treatment with ZM 447439 (77.5 ± 

9.8% vs 35.1 ± 7.1%; n=3, p<0.01).  In Figure 5.6D there was a significant decrease in total 

AURKA expression caused by the combination treatment after 20 min (75.8 ± 7.4% vs 27.7 ± 

5.6%; n=3, p<0.05) and 30 min (69.4 ± 6.8% vs 7.9 ± 4.5%; n=3, p<0.001) post-release 

compared to the vehicle treated sample.  Similarly to the phosphorylation, there was also a 

further, significant reduction in total AURKA expression in the sample treated with a 

combination of the two agents compared to single-agent treatment with; NBD WT CPP (53.0 

± 3.4% vs 7.9 ± 4.5%; n=3, p<0.05) or ZM 447439 (64.3 ± 7.4% vs 7.9 ± 4.5%; n=3,  p<0.01) 

at the 30 minute time point. Collectively, these experimental outcomes demonstrated the 

ability of the NBD WT CPP and ZM 447439, when used in combination, to significantly 

enhance the reduction of the expression and/or phosphorylation of AURKs in comparison to 

when these agents were used alone. 
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Figure 5.6. Effect of ZM 447439 alone and in combination with NBD WT CPP on AURKs and related protein markers 

of mitosis in PC3 cells. 

 

PC3 cells were grown on 10mm dishes and treated with 50ng/ml Nocodazole (16-20 hours) prior to treatment with 

ZM 447439 (0.1μM), NBD WT CPP (100µM), DMSO as a vehicle control (0.5% (v/v)) or NBD WT CPP (WT) and ZM 

447439 (ZM) in combination upon release from trap at: (A + C) 0, 10 and 20 min (B +D) 0, 20 and 30 min. A and B: 

Whole cell lysates were prepared for separation using SDS-PAGE and analysed by Western Blotting using the above 

antibodies (n=3).  GAPDH was used as a loading control.  C and D: Data was normalised to the vehicle treated control 

at 0 min (V0) and represents mean ± S.E.M.  One-way ANOVA with post-hoc Tukey multiple comparisons test was 

used to determine statistical significance (p<0.05) of observed changes between the means of the different treatment 

groups compared to the WT + ZM at the same time point (*= p<0.05, **= p<0.01, ***= p<0.001).  (C):  p-AURKA:  WT 

+ ZM (10) vs V(10), **p<0.01; WT + ZM (10) vs ZM(10), *p<0.05; WT + ZM (20) vs V(20), **p<0.01; WT + ZM (20) vs 

ZM(20), ***p<0.001.  p-AURKB:  WT + ZM (20) vs V(20), ***p<0.001; WT + ZM(20) vs ZM(20), ***p<0.001.  (D):  p-

AURKA:  WT + ZM (20) vs V(20), **p<0.01; WT + ZM (20) vs ZM(20), ***p<0.001; WT + ZM (30) vs V(30), ***p<0.001; 

WT + ZM (30) vs ZM(30), ***p<0.001; WT + ZM (30) vs WT(30), *p<0.05.  p-AURKB:  WT + ZM (20) vs V(20), 

***p<0.001; WT + ZM (20) vs ZM(20), ***p<0.001; WT + ZM (30) vs V(30), ***p<0.001; WT + ZM (30) vs ZM(30), 

***p<0.001; WT + ZM (30) vs WT(30), *p<0.05.  p-AURKC:  WT + ZM (30) vs V(30), ***p<0.001; WT + ZM (30) vs 

ZM(30), *p<0.05; WT + ZM (30) vs WT(30), **p<0.01. 
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5.3. Discussion. 

 

AURKA and TPX2 overexpression simultaneously, leads to non-limiting amounts of TPX2 

(which is the co-activator for AURKA), which can lead to abnormal AURKA-mediated 

phosphorylation of downstream targets (Asteriti et al., 2010) which in turn leads to accelerated 

progression through mitosis and an increased rate of proliferation.  The upregulation of this 

complex of AURKA and TPX2 can cause; deregulation of spindle formation function and 

chromosome segregation, giving rise to aneuploid daughter cells (Asteriti et al., 2010).  This 

can lead to a proliferative advantage and favour tumorigenesis.  Recent studies have shown 

that a mutant version of AURKA (S155R) displayed low kinase activity due to the inability of 

TPX2 to bind and cause full activation, as such the AURKA/TPX2 complex has been 

suggested as a “holoenzyme” (a biochemically active enzyme in which full activation occurs 

upon binding of a coenzyme) (Asteriti et al., 2010, Bibby et al., 2009).  The AURKA-TPX2 

complex has therefore emerged as a potential oncogenic target and this has been 

demonstrated in various cancer studies.  AURKA and TPX2 have been shown to act as 

potential biomarkers in KRAS-driven pancreatic ductal adenocarcinomas (PDACs) and 

inhibition of the AURKA-TPX2 signalling axis may be a potentially lethal therapeutic 

intervention in MYC-regulated colon cancers (Gomes-Filho et al., 2020b, Takahashi et al., 

2015).  Another study by van Gijn et al. (2019) demonstrated that BRCA2-deficient, 

genomically-unstable cancer cells are more sensitive to AURKA or TPX2 inhibition.  Therefore, 

with these selected examples it is no surprise that the AURKA-TPX2 complex is being 

considered a potential drug target beyond previous focus on AURKA alone. Thus, the 

experimental work carried out in this chapter sought to characterise the effects of 

simultaneously targeting AURKA-TPX2 signalling pharmacologically in prostate cancer cells.  

Furthermore, this was approached with a hypothesis that the treatment of prostate cancer cells 

with NBD WT would potentially enable improved targeting of AURKA-TPX2 binding with a 

range of pharmacological kinase inhibitors. Moreover, with variable pharmacological 

characteristics determined by varying chemical space it was further hypothesised that the NBD 

WT CPP would enable those molecules with extended structure that were less potent in vitro 

in cells to display an enhanced efficacy to impact on expression/phosphorylation of AURKs 

and TPX2. 

 

5.3.1. Single-agent pharmacological targeting of AURK signalling. 

 

Commercially available ATP-competitive AURK inhibitors were tested for their ability to impact 

AURKs and cause a reduction of phosphorylation of the three AURK isoforms in cell-based 
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assays with synchronised PCa cells that had undergone nocodazole-mediated arrest (Figure 

5.1).  This initial experiment was carried out to establish both the potency of each inhibitor in 

this assay and the robustness of the retrospective assay before proceeding to further studies 

to investigate their impact on the status of p-AURKs, AURKA and TPX2. 

 The AURK inhibitor II, which was an early hit compound discovered in a screen of 

AstraZeneca compounds by Heron et al. (2006), was identified by means of a kinase assay in 

vitro and cell-based assays.  This AURK inhibitor produced an IC50 of 310nM against AURKA 

in this paper vs the assays here in which it produced IC50 values against the phosphorylation 

status of AURKA, B and C as follows; >20μM, 12.5μM and 9.73μM respectively.  The study by 

Heron et al. (2006) also indicated that the cellular potency of this initial hit could be improved 

by replacing the methoxy group (O-CH3) at the C7 position of the quinazoline with a 3-(1-

morpholino) propoxy side chain.  The AURK inhibitor III was discovered during a high-

throughput screening (HTS) of 4,6-Disubstituted Pyrimidines compounds which inhibited 

kinase activity of the EGFR, it was shown to be ineffective at 10μM but inhibited AURKA 

activity potently in vitro with an IC50 = 42nM (Zhang et al., 2006).  This contrasted with the 

potency observed against phosphorylation of AURKA, B and C in the cell-based assays used 

here, in which the IC50 value was >20μM across all three subtypes.  A [1,2,4]triazole-3,5-

diamine dual CDK/AURK inhibitor  examined in Figure 5.1 (C) showed nanomolar to low 

micromolar potency against phosphorylation of the AURK isoforms in the described assays 

with synchronised cells; AURKA (0.812μM), AURKB (1.06μM) and AURKC (1.05μM) 

respectively.  This correlated relatively well with a study by Emanuel et al. (2005) which 

showed that the Aurora kinase/CDK inhibitor blocked AURKA (IC50 = 11nM) and AURKB (IC50 

= 15nM) activity in vitro (i.e. a cell-free assay). It also inhibited cell cycle regulatory proteins 

(CDK1/B, CDK2/A, CDK2/E, Wee1, Myt1, etc.) at low micromolar concentrations in 

nocodazole synchronised cells (Emanuel et al., 2005), in a similar manner to the conditions 

carried out in the assays used here  The pan-AURK inhibitor, VX-680 potently inhibited kinase 

activity of AURKA, B and C (IC50 = 0.6nM, 18nM and 5nM) (Bebbington et al., 2009).  VX-680 

was also shown to bind to AURKA in what is known as a “closed, inactive” confirmation, the 

cyclopropyl group of the amide in the VX-680 inhibitor makes interactions with a lipophilic 

pocket derived from the F275 of the DFG loop that is not present in the “open, active” 

confirmation (Bebbington et al., 2009).  A similar pattern of potency was seen in the cell-based 

assay here which examined the effect of VX-680 on phosphorylation of the three AURK 

isoforms; AURKA (IC50 = 0.137μM), AURKB (IC50 = 0.573μM) and AURKC (IC50 = 0.540μM). 

The more restricted chemical structure/space of this compound relative to the other 

compounds used here likely accounts for its selectivity profile for the three AURK isoforms, 

being a pan-inhibitor and less selective in binding. Lastly, the AURK inhibitor ZM 447439, 
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which was discovered by Ditchfield et al. (2003) inhibited activity of AURKA (IC50 = 110nM) 

and AURKB (IC50 = 130nM).  These reported effects were replicated in this study based on its 

effect on phosphorylation of AURK family members in the trap/release assay -  (Figure 5.1E); 

AURKA (IC50 = 6.2μM), AURKB (IC50 = 0.624μM) and AURKC (IC50 = 0.236μM) respectively.  

Therefore, the assay used in this section has been robust and consistent enough to allow the 

quantification of the potency of different ATP-competitive AURK inhibitors (AURK inhibitor II, 

AURK inhibitor III, Aurora kinase/CDK inhibitor, VX-680 or ZM 447439) to impact on p-AURKs 

in PCa cells.  The substantial discrepancies between IC50 values reported in the literature and 

those reported here is due to; the studies in the literature take place in cell-free assays only, 

with no other proteins present to compete for binding with the protein of interest or impact the 

accessibility of the kinase ATP-binding pocket (e.g. TPX2).  Also, the assay here used 

synchronised cells – AURKs are upregulated in the synchronised cells and in the case of 

AURKA, TPX2 is likely to be upregulated in a cell-cycle dependent manner and also bound 

with AURKA, making it a more challenging target, less accessible to ATP-competitive AURK 

inhibitors and therefore less susceptible to inhibition and associated dephosphorylation.   

 

 

5.3.2. Dual pharmacological targeting of AURKA-TPX2 signalling. 

 

It was shown by Anderson et al. (2007) that the presence of TPX2 in an in vitro (i.e. performed 

in a cell-free assay in a test tube with no other competing proteins except AURKA and TPX2) 

kinase assay incorporating ATP-competitive AURK inhibitors, reduced the size and the 

accessibility of a hydrophobic ‘Y’ pocket (where TPX2 binds to AURKA) to inhibitors that 

access this allosteric site adjacent to the ATP binding site.  As described previously, it was 

hypothesised that, to improve the efficacy of these ATP-competitive AURK inhibitors (AURK 

inhibitor II, AURK inhibitor III, Aurora kinase/CDK inhibitor, VX-680 or ZM 447439) when 

utilised alone (as demonstrated in Figure 5.1) they could be combined with the NBD WT CPP 

to generate improved and better targeting of markers of AURKA status/activity. This was 

demonstrated as a significant (p<0.05) improvement in efficacy of ATP-competitive AURK 

inhibitors (AURK inhibitor II, AURK inhibitor III, Aurora kinase/CDK inhibitor, VX-680 or ZM 

447439) at concentrations in which they were previously ineffective (Figure 5.1) when used as 

single agent treatments.  There was a reduction in phosphorylation of AURKs and AURKA 

total expression which was significantly (p<0.05) enhanced in samples treated with a 

combination of the NBD WT CPP and AURK inhibitors (AURK inhibitor II, AURK inhibitor III, 

Aurora kinase/CDK inhibitor, VX-680 and ZM447439) compared to the single agent or vehicle 

treatment at the same time point post-release from nocodazole mediated arrest.  There was 
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also a similar pattern observed against TPX2 expression following treatment with Aurora 

kinase/CDK inhibitor or VX-680 in combination with the NBD WT CPP.  This enhancement in 

efficacy was particularly prominent in Figures 5.4, 5.5 and 5.6, which involved combination 

treatments with the Aurora kinase/CDK inhibitor and VX-680.  Interestingly there was rank 

order of potency, rather a rank order of combined enhancement of potency which was VX-680 

> ZM447439 > Aurora kinase/CDK inhibitor > AURK inhibitor II > AURK inhibitor III.   It was 

shown by Anderson et al. (2007) that VX-680 does not full occupy the hydrophobic ‘back 

pocket’, its cyclopropane ring is extended and approaches the pocket.  Hence it was 

hypothesised by  Anderson et al. (2007) that inhibitors like VX-680 that interacted with the 

‘back pocket’ were more challenged to bind AURKA when TPX2 was bound due to a reduction 

in size of the hydrophobic pocket in which they bind.  TPX2 would limit access to the deeper 

sites of interaction within the binding pocket of the kinase domain.  Hence, the data reported 

here supports the suggestion that the NBD WT CPP may be able to compete with TPX2 and 

prevent it’s binding to AURKA, improving accessibility to the hydrophobic ‘Y-pocket’ for the 

AURK inhibitors (AURK inhibitor II, AURK inhibitor III, Aurora kinase/CDK inhibitor, VX-680 or 

ZM 447439) to exert their effects on AURKA phosphorylation and status.  Future studies 

involving the use of kinase assays as well as co-immunoprecipitation strategies, where the 

NBD WT CPP was incorporated alone or in combination with the AURK inhibitors would allow 

the  further assessment of the potential impact on catalytic activity of AURKA and AURKA-

TPX2 binding respectively. 

 

5.3.3. Conclusions. 

 

In this chapter, it was firstly demonstrated that the previously utilised trap/release assay 

approach could be developed to establish a robust assay format for assessing the potency of 

ATP-competitive AURK inhibitors in challenging/monitoring phosphorylation of AURKA, B and 

C (Figure 5.1) as PC3 cells moved through the cell cycle upon release from nocodazole-

mediated arrest.  Following establishment of the potency of AURK inhibitors alone in this cell-

based assay, incorporation of the NBD WT CPP in combination with AURK inhibitors 

demonstrated an improvement in efficacy with regards to impacting AURKA-TPX2 signalling.  

A study by Lake et al. (2018) suggested a molecular mechanism for AURK inhibitors 

interacting with AURKA when TPX2 was bound.  They suggested that binding of TPX2 to 

AURKA restrains AURKA in a DFG-in state, causing it to become more resistant to inhibitors 

which favour the DFG-out confirmation but promotes the binding of inhibitors which favour the 

DFG-in confirmation (Lake et al., 2018).  Thus, any cellular state which favours TPX2 bound 

to AURKA will be less sensitive to DFG-out inhibitors, for example, in the experimental 
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conditions used in this study when cells were synchronised with nocodazole at the G2/M phase 

in the cell cycle (Lake et al., 2018).  More recently it has been shown by Janeček et al. (2016) 

that in appreciating the impact of TPX2 on the ability to target AURKA they developed a 

molecule known as AurkinA that inhibited the interaction between AURKA and TPX2, by 

binding to the hydrophobic ‘Y-pocket’ which was normally bound by a conserved Tyr8-Ser9-

Tyr10 (Y-S-Y) motif of  TPX2.  Thus, with the observation made through this study, it could be 

proposed that the NBD WT CPP can compete with TPX2 at the ‘Y-pocket’ in a similar manner 

to AurkinA due to the key hexapeptide sequence (LDWSWL) of the NBD WT CPP.  The Try-

Ser-Try (W-S-W) sequence present in the NBD WT CPP may perhaps mimics that of the 

critical TPX2 motif (Y-S-Y) which binds AURKA, with the more hydrophobic and bulkier 

extended side chains of NBD may preferentially compromise TPX2 binding to AURKA via the 

Y-S-Y motif.  Through this hypothesised mechanism it can be suggested that the NBD WT 

CPP competes with TPX2 and potentially improved accessibility and efficacy of AURK 

inhibitors to AURKA.  Lastly, AURKB and AURKC are activated and regulated in similar pattern 

by the protein INCENP (Abdul Azeez et al., 2019).  AURKA and AURKB share nearly identical 

active sites and both are dependent on co-activators for full activation, the selectivity of AURK 

inhibitors against these other AURK family members may also be driven by similar 

conformational effects and this may be extended to AURKC (Lake et al., 2018).  To establish 

the full effect of the NBD WT CPP on AURKB and AURKC and whether efficacy of AURK 

inhibitors can be improved in relation to these proteins, their total expression along with that 

of the critical co-activator protein INCENP and parallel kinase assay in vitro will need to be 

evaluated in future studies to mimic the study carried out here with regards to AURKA and 

TPX2. Also, reflecting on previous work in the lab, IKKβ could also bind to AURKB and AURKC 

on the scanning peptide arrays. Could the reverse binding be examined and would AURKB 

and AURKC also interact with the NBD given that they are targetable with the NBD WT CPP? 

 To conclude, experiments here established a successful and robust assay to quantify 

the potency of ATP-competitive AURK inhibitors to effect the phosphorylation status of 

AURKA, B and C.  Additionally, incorporation of the NBD WT CPP in combination with the 

AURK inhibitors improved the efficacy of disruption to AURKA/TPX2 signalling compared to 

the single agents alone.  With this it can be proposed that mechanistically this could be through 

competition of the NBD WT CPP with TPX2, allowing improved accessibility to the AURKA 

active site for the AURK inhibitors to then impact AURKA phosphorylation, as a surrogate 

marker for catalytic activity and expression.  Further structural biology studies will need to be 

carried out to determine this fully, reliant on a protein crystallisation of AURKA in concert with 

NBD WT-related peptides.  Generation of such a peptide-protein co-crystal would allow further 
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understanding of and insight into the potential interactions developed between the NBD WT 

peptide and AURKA.  

Given the ability of the AURK KIs and NBD WT in combination to target AURKs and 

AURKA status it remained to be determined whether the observations made here could be 

translated to impact on phenotypic outcomes associated with tumour development and 

progression; increased cell proliferation, enhanced replicative potential, avoidance of 

apoptosis etc, commonly recognised as Hallmarks of cancer.   
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Chapter 6: Characterising the 

phenotypic outcomes of disrupting 

AURKA-TPX2 signalling in PCa 

cells.



 
 
 
 
 

232 
 

6.1. Introduction. 

 

Inhibition of AURKA or TPX2 through pharmacological and/or molecular targeting also 

has the potential to impact related downstream phenotypic outcome of cancer cells.  The 

inhibition of AURKA (via targeting with microRNA, siRNA and ATP-competitive AURK 

inhibitors) has been described to impact phenotypically across a variety of different cancer 

cells in a multitude of ways including; inhibition of cell proliferation (Min et al., 2016, Ryu et al., 

2018), induction of apoptosis (Yuan et al., 2015), inhibition of replicative potential (Zhang et 

al., 2018) and improving sensitivity to radiotherapy (Hu et al., 2020).  Similar phenotypic 

outcomes were observed when expression of TPX2 was downregulated by means of siRNA 

targeting in a study by Warner et al. (2009). Through this molecular targeting at the 

transcriptional level, inhibition of cell proliferation and colony formation as well as the induction 

of apoptosis were all observed in pancreatic cancer cell lines.  Overexpression of TPX2 was 

also shown to promote proliferation and invasiveness in Glioblastoma cell lines (Gu et al., 

2016) as well as metastasis in colon cancer cells (Wei et al., 2013).  This highlights how 

approaches towards development of future cancer therapeutics could incorporate the targeting 

of AURKA and TPX2 individually as well as the potential of targeting both proteins 

simultaneously. 

The treatment of cancers with two or more therapeutic interventions/agents (so-called 

combination therapy) is a key foundation of cancer treatments which aims to target vital 

pathways in a synergistic or additive manner through amalgamation of these anti-cancer 

therapies, which leads to enhanced efficacy (Bayat Mokhtari et al., 2017).  This also reduced 

the required dose of each individual agent, thus reducing their associated potential side-

effects/toxicities (Bayat Mokhtari et al., 2017).  This treatment approach has the potential to 

reduce drug resistance while at the same time providing anti-cancer benefits such as; reducing 

tumour growth and metastatic potential, arresting mitotically active cells, causing a reduction 

in cancer stem cell populations and induction of apoptosis (Bayat Mokhtari et al., 2017).  

Cancer drug discovery has mainly focussed on the search for synergistic combination 

therapies (interaction of two or more agents to produce a combined effect greater than the 

sum of their separate effects) due to the perceived enhancement of therapeutic efficacy at 

lower doses (Saputra et al., 2018).  It was suggested by Saputra et al. (2018) that computer 

simulations indicated that synergistic drug combinations were most effective at delaying 

resistance onset, through early annihilation of cell numbers versus antagonistic drug 

combinations (combination which leads to a smaller effect than expected), which were 

effective at suppressing the expansion of resistant sub-clones in an “anti-resistant” approach.   
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It was hypothesised, based on results in Chapter 5, that there was potential to target the 

AURKA-TPX2 complex in two different ways (dual targeting) – NBD peptide disruption at an 

as yet fully defined allosteric site (that could be the AURKA-TPX2 interface) and at the catalytic 

site through ATP-competitive AURK inhibitor targeting.  Hence in this chapter it was sought to 

investigate whether targeting alone with each of the ATP-competitive AURK inhibitors utilised 

in the previous chapter (AURK inhibitor III, AURK inhibitor II, Aurora Kinase/CDK inhibitor, VX-

680 and ZM 447439) and the NBD WT CPP can show an enhancement in efficacy and 

improved ability to impact cell viability and clonogenic survival of PC3 cells when used in 

combination.  Furthermore, this study also explored the potential of the NBD WT CPP in 

combination with AURK inhibitors (AURK inhibitor III, AURK inhibitor II, Aurora Kinase/CDK 

inhibitor, VX-680 and ZM 447439) to induce apoptosis. 

Therefore, the specific aims of this chapter examining the changes in phenotypic 

outcomes associated with targeting AURKA-TPX2 signalling, were to: 

 

1. Examine the impact of the NBD CPPs alone on phenotypic outcomes of cell 

viability and clonogenic survival in PC3 cells. 

2. Determine the impact of ATP-competitive AURK inhibitors (AURK inhibitor III, 

AURK inhibitor II, Aurora Kinase/CDK inhibitor, VX-680 and ZM 447439) alone 

and in combination with the NBD CPPs on phenotypic outcomes of cell viability 

and clonogenic survival in PC3 cells and quantify potential outcomes using 

Combination Index Analysis (CIA). 

3. Determine the impact of the AURK inhibitor, VX-680, alone and in combination 

with the NBD CPPs on phenotypic outcomes of apoptosis in PC3 cells.  

 

Collectively, these experiments aimed to determine whether the ATP-competitive AURK 

inhibitors (AURK inhibitor III, AURK inhibitor II, AURK/CDK inhibitor, VX-680 and ZM 447439) 

could impact the phenotypic outcomes (cell viability, clonogenic survival, apoptosis) of PC3 

cells and whether this impact could be enhanced quantitatively by using the NBD WT CPP in 

combination with the individual AURK inhibitors compared to the efficacy of either peptide or 

inhibitors alone. 

 

  



 
 
 
 
 

234 
 

 

6.2. Effect NBD CPPs or AURK inhibitors alone and in combination on phenotypic 

characteristics of prostate cancer cells. 

 

6.2.1. Effect of NBD WT CPPs on cell viability and clonogenic survival in PC3 cells. 

 

Following on from Chapter 5 that demonstrated the targeted inhibition of AURKA-TPX2 

signalling by the NBD WT CPP in combination with ATP-competitive AURK inhibitors (AURK 

inhibitor II, AURK inhibitor III, AURK/CDK inhibitor, ZM 447439 and VX-680), experiments 

were constructed that sought to investigate whether AURKA-TPX2 targeting translated to the 

phenotypic outcomes of PC3 cells.  Initial experiments examined the effects of the NBD CPPs 

alone on the phenotypic characteristics.  The effect of the NBD MT CPP and NBD WT CPP 

on PC3 cell viability was previously demonstrated in Section 4.2.4.  This was also investigated 

and analysed along with each AURKA inhibitor in the combination treatments in the MTT 

assays carried out in this chapter.  Previously, in Figure 4.4, the NBD WT CPP showed a 

significant reduction in cell viability at a concentration of 100μM (63.3 ± 6.7%; n=3, p<0.001) 

and when analysed further displayed an IC50 of 51.31μM for the impact of the NBD WT CPP 

on cell viability in PC3 cells. 

 To assess the impact of the NBD CPPs on the replicative potential of PC3 cells, the 

clonogenic survival/colony formation assay was carried out based on a method described by 

Carlin et al. (2000) and detailed in Section 2.2.7.2.  In Figure 6.1, PC3 cells were treated with 

vehicle (0.5% DMSO (v/v)) and increasing concentrations (5μM, 10μM, 25μM, 50μM and 

100μM) of either the NBD WT CPP or NBD MT CPP for 72h prior to clonogenic assay and 

subsequent analysis and quantification.  Following treatment with the NBD WT CPP (Figure 

5.1 A + B) PC3 cells showed a significant reduction in clonogenic survival at concentrations of 

10µM (26.1 ± 5.0%; n=3, p<0.05), 25µM (26.3 ± 2.6%; n=3, p<0.05), 50µM (30.9 ± 9.5%; n=3, 

p<0.01) and 100µM (61.6 ± 1.9%; n=3, p<0.001).  When analysed further, in Figure 6.1 (C) 

the NBD WT CPP displayed an IC50 of 59.3µM.  The NBD MT CPP caused no significant 

(p>0.05) reduction in clonogenic survival across the concentration range in PC3 cells (Figure 

6.1 A and B).  Inhibition caused by NBD WT CPP was not of the classical sigmoidal 

concentration-dependent form however there was partial/incomplete inhibition at the highest 

concentration (100μM). 

 To summarise, these experimental outcomes indicated that the NBD WT CPP can 

impact phenotypically on both cell viability (Section 4.2.4) and clonogenic survival across 

different concentrations (10-100µM) and correlated well with the concentration (i.e. 100μM) 

that was used to target AURKA-TPX2 signalling in different cell-based assays throughout this 
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thesis.  There was also no significant impact on clonogenic survival caused by the “control” 

mutated and inactive NBD MT CPP.  This suggested that treating cells with NBD WT CPP and 

targeting potentially AURKA-TPX2 signalling could be a plausible pharmacological 

intervention to impact on phenotypic outcomes of prostate cancer cells. Therefore, it could 

potentially be utilised as a component of a combined treatment approach alongside AURK 

inhibitors (AURK inhibitor II, AURK inhibitor III, AURK/CDK inhibitor, ZM 447439 and VX-680) 

to further enhance the inhibition of phenotypic characteristics of PCa cells. 

 

 

 

(A) 
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Figure 6.1.  Effect of NBD CPPs treatment on clonogenic survival of PC3 cells. 

 

PC3 cells were seeded (300 cells / ml) into 6-well plates and treated with increasing concentrations of NBD MT or WT 

(5µM, 10µM, 25µM, 50µM and 100µM) for 72h.  Replicative potential was measured using the clonogenic survival 

assay as described in materials and methods and photographed, also in panel A.  DMSO was used as a vehicle (C + 

V) control (0.5% (v/v)).  Data was normalised to the vehicle control (C + V) and represents mean ± S.E.M of change 

in percentage survival (n=3). (B) One-way ANOVA with post-hoc Dunnet’s test was used to determine statistical 

significance (p<0.05) of observed changes relative to vehicle treated control (C + V).  (*= p<0.05, **= p<0.01, 

***=p<0.001).  (C) Potency of the NBD WT CPP (●) to effect clonogenic survival in PC3 cells. The results were 

normalised to vehicle treated control and plotted on a log scale as a percentage of the control relative to clonogenic 

survival (n=3).  The data was fitted with the following equation: Y=Bottom + (Top-Bottom)/(1+10^((LogIC50-

X)*HillSlope)).  Broken X-axis was used to represent vehicle treated control. 

 

 

(B) 

(C) 
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6.2.2. Effect of AURK inhibitor II and NBD WT CPP alone and in combination on cell 

viability and clonogenic survival of prostate cancer cells. 

 

As mentioned previously, the NBD WT CPP caused a significant (p<0.05) but incomplete or 

partial reduction in cell viability (Figure 4.4) and as above impacted clonogenic survival also 

(Figure 6.1).  A similar pattern was observed in terms of the impact of single-agent treatment 

of the NBD WT CPP, on AURKA-TPX2 signalling, which caused a submaximal reduction in 

AURKA phosphorylation and protein expression (Figure 3.3).  Following on from this, as 

demonstrated in Chapter 5, treatment of PC3 cells simultaneously with the NBD WT CPP in 

combination with ATP-competitive AURK inhibitors (AURK inhibitor II, AURK inhibitor III, 

AURK/CDK inhibitor, ZM 447439 and VX-680), enhanced efficacy of impact on AURKA-TPX2 

signalling, again reducing AURKA phosphorylation and protein expression.  Hence, this study 

sought to investigate whether this observed enhanced pharmacological efficacy, against 

AURKA-TPX2 signalling, displayed by both agents when combined, could be translated to 

potential synergistic inhibition of cellular phenotypic outcomes. 

 Firstly, in Figure 6.2 (A – C), to assess impact on cell viability, PC3 cells were treated 

with vehicle, the NBD WT CPP (100µM) and/or AURK inhibitor II (1µM, 2µM, 5µM, 10µM and 

20µM), prepared as described previously for 72h prior to MTT assay and subsequently 

analysed as detailed in Section 2.2.7.1 of the Materials & Methods.  Also, in Figure 5.2 (D – 

H), PC3 cells were treated with the NBD WT / MT CPP (100µM) and/or AURK inhibitor II 

(0.1µM, 0.3µM, 1µM, 3µM and 10µM) for 72h prior to clonogenic survival assay and associated 

analysis as detailed in Section 2.2.7.2 of the Materials & Methods.    

 In Figure 6.2 (A) treatment of cells with AURK inhibitor II in combination with a constant 

single concentration of NBD WT CPP (100µM) (that generated partial inhibition), significantly 

(p<0.05) enhanced reduction of cell viability compared to single agent treatment with the NBD 

WT CPP.  This enhanced reduction in cell viability caused by the combination treatment 

approach compared to the NBD WT CPP alone was significant at a AURK inhibitor II 

concentration of 20µM (52.2 ± 11.0% vs 20.6 ± 4.5%; n=3, p<0.01).  Following on from this, in 

Figure 5.2 (B) the combination of the two agents was analysed to determine the degree of 

drug interaction based on the calculation of combination index (CI) values (CI < 1 - synergism, 

CI = 1 – Additivity and CI > 1 – Antagonism) by the methodology detailed in Section 2.8.2.  

The drug combination between AURK inhibitor II and the NBD WT CPP was characterised as 

synergistic across the concentration range of AURK inhibitor II; 1µM (CI = 0.83), 2µM (CI = 

0.78), 5µM (CI = 0.79), 10µM (CI = 0.77) and 20µM (CI = 0.76).  The data was then further 

analysed to determine the potency of the AURK inhibitor II as a single agent and in 
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combination with the NBD WT CPP to effect cell viability (Figure 6.2 C), which produced IC50 

values as follows; AURK inhibitor II (IC50 = >20µM) and AURK inhibitor II in combination with 

the NBD WT CPP (IC50 = 2.9µM).  The results above highlighted an estimated 2-fold increase 

in potency to effect cell viability when the AURK inhibitor II was utilised simultaneously in 

combination with the NBD WT CPP compared to single agent treatment with the NBD WT 

CPP. 

In Figure 6.2 (D + F), combination treatment with a constant single concentration of 

NBD WT CPP (100µM) and a concentration range of the AURK inhibitor II significantly 

(p<0.05) enhanced reduction of clonogenic survival.  This enhanced reduction in clonogenic 

survival caused by the combination treatment compared to the NBD WT CPP alone was 

significant (p<0.05) at a concentrations of; 10µM (38.4 ± 1.9% vs 0.5 ± 0.5%; n=3, p<0.001).  

The AURK inhibitor II in combination with the ‘control’ NBD MT CPP caused no significant 

difference in reduction of clonogenic survival across the concentration range compared to the 

NBD MT CPP or AURK inhibitor II alone (Figure 6.2 E). Following on from this, in Figure 6.2 

(G) the treatment combination was analysed to determine the degree of agent interaction 

based on the calculation of combination index (CI) values (CI < 1 - synergism, CI = 1 – 

Additivity and CI > 1 – Antagonism).  The combination treatment between AURK inhibitor II 

and the NBD WT CPP was characterised as synergistic across the concentration range of 

AURK inhibitor II; 0.1µM (CI = 0.03), 0.3µM (CI = 0.018), 1µM (CI = 0.12), 3µM (CI = 0.16) and 

10µM (CI = 0.17).  Further analysis of the data to determine the potency of the AURK inhibitor 

II as a single agent and in combination with the NBD WT CPP to effect clonogenic survival 

(Figure 6.2 H) produced IC50 values as follows; AURK inhibitor II (IC50 = 1.04µM) and AURK 

inhibitor II + NBD WT CPP (IC50 = 0.02µM).  The results above highlighted an estimated 20 to 

30 fold increase in potency to effect clonogenic survival when the AURK inhibitor II was utilised 

simultaneously in combination with the NBD WT CPP compared to single agent treatment with 

the NBD WT CPP.  The potential of the other AURK inhibitors to manifest similar results was 

investigated next. 
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Figure 6.2.  Effect of NBD MT/WT CPP and AURK inhibitor II alone or in combination on cell viability and 

clonogenic survival of PC3 cells. 

(A – C) PC3 cells were seeded into 96-well plates and treated with NBD WT (100µM) and/or increasing concentrations 

of AURK inhibitor II (1µM, 2µM, 5µM, 10µM and 20µM) for 72h.  Cell viability was measured using the MTT assay.  

DMSO was used as a vehicle (C + V) control (0.5% (v/v)).  Cells cultured in media with no treatment represented the 

positive control (C).  Cells cultured in water represented the negative control (Water).  (A) Data was normalised to the 

vehicle control (C + V) and represents mean ± S.E.M of fold change in absorbance at 570nm (n=3).  Triplicates were 

averaged for each experiment.  One-way ANOVA with post-hoc Dunnet’s test was used to determine statistical 

significance (p<0.05) of observed changes between combination treatment and the NBD WT CPP alone to impact on 

cell viability (*= p<0.05, **= p<0.01, ***=p<0.001).  (B) Fraction affected-combination index (Fa-CI) plots of combined 

treatment of NBD WT CPP and AURK inhibitor II in PC3 cells.   Combination indices (CI) for drug-interaction 

determination were indicated as follows; CI<1 (synergism), CI=1 (additivity) and CI>1 (antagonism).  The combined 

effect of NBD WT CPP (100µM) and AURK inhibitor II (1µM, 2µM, 5µM, 10µM and 20µM) on cell viability was 

determined and plotted (n=3)  WT + AII (1µM) [CI = 0.83], WT + AII (2µM) [CI =0.78], WT + AII (5µM) [CI = 0.79], WT 

+ AII (10µM) [CI = 0.77], WT + AII (20µM) [CI = 0.76],  (C) Comparison of the potency of the NBD WT CPP (♦), AURK 

inhibitor II (●) or NBD WT CPP + AURK inhibitor II (■) on cell viability in PC3 cells.  The results were normalised to 

vehicle treated control and plotted on a log scale as a percentage of the control with regards to cell viability (n=3).  

The data was fitted with the following equation Y=Bottom + (Top-Bottom)/(1+10^((LogIC50-X)*HillSlope)).  Broken X-

axis was used to represent vehicle treated control.  (D – H) PC3 cells were seeded (300 cells / ml) into 6-well plates 

and treated with NBD MT or WT (both 100µM) and/or increasing concentrations of AURK inhibitor II (0.1µM, 0.3µM, 

1µM, 3µM and 10µM) for 72h.   Replicative potential was measured using the clonogenic survival assay as described 

in M&M and photographed also in panel D.  DMSO was used as a vehicle (C + V) control (0.5% (v/v)).  (E + F) Data 

was normalised to the vehicle control (C + V) and represents mean ± S.E.M of change in percentage survival (n=3).  

One-way ANOVA with post-hoc Dunnet’s test was used to determine statistical significance (p<0.05) of observed 

changes between combination treatment and the NBD WT CPP alone to impact on clonogenic survival (*= p<0.05, 

**= p<0.01, ***=p<0.001).  (G) Fraction affected-combination index (Fa-CI) plots of combined treatment of NBD WT 

CPP and AURK inhibitor II in PC3 cells.   Combination indices (CI) for drug-interaction determination were indicated 

as follows; CI<1 (synergism), CI=1 (additivity) and CI>1 (antagonism).  The combined anti-proliferative effect of NBD 

WT CPP (100µM) and AURK inhibitor II (0.1µM, 0.3µM, 1µM, 3µM and 10µM) was determined and plotted (n=3).  WT 

+ AII (0.1µM) [CI = 0.03], WT + AII (0.3µM) [CI =0.018], WT + AII (1µM) [CI = 0.121], WT + AII (3µM) [CI = 0.16], WT 

+ AII (10µM) [CI = 0.174],  (H) Comparison of the potency of the NBD WT CPP (♦), AURK inhibitor II (●) or NBD WT 

CPP + AURKi nhibitor II (■) on clonogenic survival in PC3 cells.  The results were normalised to vehicle treated control 

and plotted on a log scale as a percentage of the control with regards to clonogenic survival (n=3).  The data was 

fitted with the following equation Y=Bottom + (Top-Bottom)/(1+10^((LogIC50-X)*HillSlope)).  Broken X-axis was used 

to represent vehicle treated control. 
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6.2.3. Effect of AURK inhibitor III and NBD WT CPP alone and in combination on cell 

viability and clonogenic survival of prostate cancer cells. 

 

Following on from the demonstrated impact of the NBD WT CPP and AURK inhibitor II in 

combination on cell viability and clonogenic survival (Section 6.2.2), we then sought to 

determine whether this enhanced efficacy through this combination treatment approach was 

transferable to other AURK inhibitors (AURK inhibitor III, AURK/CDK inhibitor, VX-680 or ZM 

447439) utilised in this study in conjunction with the NBD WT CPP.  Similar to the previous 

section, in Figure 6.3 (A – D), to assess impact on cell viability, PC3 cells were treated with 

the NBD WT/ MT CPP (100µM) and/or AURK inhibitor III (1µM, 2µM, 5µM, 10µM and 20µM) 

for 72h prior to MTT assay and subsequently analysed as detailed in Section 2.2.7.1 of the 

Materials & Methods.  Also, in Figure 6.3 (D – I), PC3 cells were treated with the NBD WT/ MT 

CPP (100µM) and/or AURK inhibitor III (1µM, 2µM, 5µM, 10µM and 20µM) for 72h prior to 

clonogenic survival assay and retrospective analysis as detailed in Section 2.2.7.2 of the 

Materials & Methods.  The MT/WT peptide and the AURK inhibitor III were dissolved in 100% 

DMSO as described previously and as a result all experiments involving the NBD CPPs and 

AURK inhibitor III used DMSO as a vehicle control.  

In Figure 6.3 (B) treatment of cells with AURK inhibitor III in combination with a 

constant single concentration of NBD WT CPP (100µM) (that generated partial inhibition), 

significantly (p<0.05) enhanced reduction of cell viability compared to single agent treatment 

with the NBD WT CPP.  This enhanced reduction in cell viability caused by the combination 

treatment approach compared to the NBD WT CPP alone was significant at a AURK inhibitor 

III concentration of 20µM (56.2 ± 7.8% vs 26.0 ± 4.1%; n=3, p<0.05).  The AURK inhibitor III 

in combination with NBD MT CPP ‘control’ peptide caused no significant difference in reduction 

of cell viability across the concentration range compared to the NBD MT CPP or AURK inhibitor 

III alone (Figure 6.3 A).  Following on from this, in Figure 6.3 (C) the treatment combination of 

the NBD WT CPP and AURK inhibitor III was analysed to determine the degree of agent 

interaction based on the calculation of combination index (CI) values (CI < 1 - synergism, CI 

= 1 – Additivity and CI > 1 – Antagonism).  The combination of AURK inhibitor III with the NBD 

WT CPP was classified as synergistic across the concentration range of AURK inhibitor III; 

1µM (CI = 0.27), 2µM (CI = 0.30), 5µM (CI = 0.34), 10µM (CI = 0.42) and 20µM (CI = 0.50).  

Further analysis of the data to determine the potency of the AURK inhibitor III as a single agent 

and in combination with the NBD WT CPP to effect cell viability (Figure 6.3 D) produced IC50 

values as follows; AURK inhibitor III (IC50 = >20µM) and AURK inhibitor III + NBD WT CPP 

(IC50 = 7.0µM).  The results above highlighted an estimated 2-fold increase in potency to effect 
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cell viability when the AURK inhibitor III was utilised simultaneously in combination with the 

NBD WT CPP compared to single agent treatment with the NBD WT CPP. 

In Figure 6.3 (E + G) combination treatment with a constant single concentration of 

NBD WT CPP (100µM) and a concentration range of the AURK inhibitor III (1-20µM) enhanced 

reduction of clonogenic survival.  This enhanced reduction in clonogenic survival caused by 

the combination treatment was significant (p<0.05) at a concentration of 20µM (38.4 ± 1.9% 

vs 4.2 ± 1.4%; n=3, p<0.001) in comparison to single agent treatment with the NBD WT CPP.  

The AURK inhibitor III in combination with NBD MT CPP caused no significant difference in 

reduction of clonogenic survival across the concentration range compared to the NBD WT 

CPP or AURK inhibitor III alone (Figure 6.3 F).  Following on from this, in Figure 6.3 (H) the 

treatment combination of the NBD WT CPP and AURK inhibitor III was analysed to determine 

the degree of agent interaction based on the calculation of combination index (CI) values (CI 

< 1 - synergism, CI = 1 – Additivity and CI > 1 – Antagonism).  The treatment combination 

between AURK inhibitor III and the NBD WT CPP was characterised as synergistic at the 

following AURK inhibitor III concentrations: 5µM (CI = 0.82), 10µM (CI = 0.26) and 20µM (CI 

= 0.08).  At the lower concentrations of AURK inhibitor III in combination with the NBD WT 

CPP the drug interaction was classified as antagonistic; 1µM (CI = 2.63) and 2µM (CI = 1.71).  

Further analysis of the data to determine the potency of the AURK inhibitor III as a single agent 

and in combination with the NBD WT CPP to effect clonogenic survival (Figure 6.3 I) produced 

IC50 values as follows; AURK inhibitor III (IC50 = 19.1µM) and AURK inhibitor III + NBD WT 

CPP (IC50 = 2.3µM).  The results above displayed around a 30-fold increase in potency to 

effect clonogenic survival when the AURK inhibitor III was utilised simultaneously in 

combination with the NBD WT CPP compared to single agent treatment with the NBD WT 

CPP. 

The potential of the other AURK inhibitors (AURK/CDK inhibitor, VX-680 or ZM 

447439) in combination with the NBD WT CPP, will be explored in the proceeding sections of 

this chapter. 
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Figure 6.3.  Effect of NBD MT/WT CPP and AURK inhibitor III alone or in combination on cell viability and 

clonogenic survival of PC3 cells. 

 

(A – D) PC3 cells were seeded into 96-well plates and treated with NBD MT (A) or WT (B) (both 100µM) and/or 

increasing concentrations of AURK inhibitor III (1µM, 2µM, 5µM, 10µM and 20µM) for 72h.  Cell viability was measured 

using the MTT assay.  DMSO was used as a vehicle (C + V) control (0.5% (v/v)).  Cells cultured in media with no 

treatment represented the positive control (C).  Cells cultured in water represented the negative control (Water).  Data 

was normalised to the vehicle control (C + V) and represents mean ± S.E.M of fold change in absorbance at 570nm 

(n=3).  Triplicates were averaged for each experiment.  One-way ANOVA with post-hoc Dunnet’s test was used to 

determine statistical significance (p<0.05) of observed changes between combination treatment and the NBD WT 

CPP alone to impact on cell viability (*= p<0.05, **= p<0.01, ***=p<0.001).  (C) Fraction affected-combination index 

(Fa-CI) plots of combined treatment of NBD WT CPP and AURK inhibitor III in PC3 cells.   Combination indices (CI) 

for drug-interaction determination were indicated as follows; CI<1 (synergism), CI=1 (additivity) and CI>1 

(antagonism).  The combined effect of NBD WT CPP (100µM) and AURK inhibitor III (1µM, 2µM, 5µM, 10µM and 

20µM) on cell viability was determined and plotted.  WT + AIII (1µM) [CI = 0.273], WT + AIII (2µM) [CI =0.295], WT + 

AIII (5µM) [CI = 0.34], WT + AIII (10µM) [CI = 0.418], WT + AIII (20µM) [CI = 0.501],  (D) Comparison of the potency 

of the NBD WT CPP (♦), AURK inhibitor III (●) or NBD WT CPP + AURK inhibitor III (■) on cell viability in PC3 cells.  

The results were normalised to vehicle treated control and plotted on a log scale as a percentage of the control with 

regards to cell viability (n=3).  The data was fitted with the following equation Y=Bottom + (Top-

Bottom)/(1+10^((LogIC50-X)*HillSlope)).  Broken X-axis was used to represent vehicle treated control.  (E – I) PC3 

cells were seeded (300 cells / ml) into 6-well plates and treated with NBD MT (F) or WT (G) (both 100µM) and/or 

increasing concentrations of AURK inhibitor III (1µM, 2µM, 5µM, 10µM and 20µM) for 72h.  Replicative potential was 

measured using the clonogenic survival assay as described in M&M and photographed also in panel E.  DMSO was 

used as a vehicle (C + V) control (0.5% (v/v)).  Data was normalised to the vehicle control (C + V) and represents 

mean ± S.E.M of change in percentage survival (n=3).  One-way ANOVA with post-hoc Dunnet’s test was used to 

determine statistical significance (p<0.05) of observed changes between combination treatment and the NBD WT 

CPP alone to impact on clonogenic survival (*= p<0.05, **= p<0.01, ***=p<0.001).  (H) Fraction affected-combination 

index (Fa-CI) plots of combined treatment of NBD WT CPP and AURK inhibitor III in PC3 cells.   Combination indices 

(CI) for drug-interaction were indicated as follows; CI<1 (synergism), CI=1 (additivity) and CI>1 (antagonism).  The 

combined anti-proliferative effect of NBD WT CPP (100µM) and AURK inhibitor III (1µM, 2µM, 5µM, 10µM and 20µM) 

was determined and plotted.  WT + AIII (1µM) [CI = 2.63], WT + AIII (2µM) [CI = 1.71], WT + AIII (5µM) [CI = 0.82], 

WT + AIII (10µM) [CI = 0.26], WT + AIII (20µM) [CI = 0.08],  (I) Comparison of the potency of the NBD WT CPP (♦), 

AURK inhibitor III (●) or NBD WT CPP + AURK inhibitor III (■) on clonogenic survival in PC3 cells.  The results were 

normalised to vehicle treated control and plotted on a log scale as a percentage of the control with regards to 
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clonogenic survival (n=3).  The data was fitted with the following equation Y=Bottom + (Top-

Bottom)/(1+10^((LogIC50-X)*HillSlope)).  Broken X-axis was used to represent vehicle treated control.  

 

6.2.4. Effect of Aurora kinase/CDK inhibitor and NBD WT CPP alone and in combination 

on cell viability and clonogenic survival of prostate cancer cells. 

 

Following on from the demonstrated impact of the NBD WT CPP and AURK inhibitor III in 

combination on cell viability and clonogenic survival (Section 6.2.3), it was then sought to 

determine in the proceeding sections of this chapter, whether this enhanced efficacy through 

this combination treatment approach was transferable to other AURK inhibitors (Aurora 

kinase/CDK inhibitor, VX-680 or ZM 447439) utilised in this study in conjunction with the NBD 

WT CPP.  Firstly, in Figure 6.4 (A – D), to assess impact on cell viability, PC3 cells were 

treated with the NBD WT/ MT CPP (100µM) and/or Aurora kinase/CDK inhibitor (0.25µM, 

0.5µM, 1µM, 2µM and 5µM) for 72h prior to MTT assay and subsequently analysed as detailed 

in Section 2.2.7.1 of the Materials & Methods.  Also, in Figure 6.4 (E – I), PC3 cells were 

treated with the NBD WT/ MT CPP (100µM) and/or Aurora kinase/CDK inhibitor (10nM, 30nM, 

100nM, 300nM and 1µM) for 72h prior to clonogenic survival assay and associated analysis 

as detailed in Section 2.2.7.2 of the Materials & Methods.  The MT/WT peptide and the 

AURK/CDK inhibitor were dissolved in 100% DMSO as described previously. 

In Figure 6.4 (B), combination treatment of cells with a constant single concentration 

of NBD WT CPP (100µM) and a concentration range of the Aurora kinase/CDK inhibitor (0.25 

- 5µM) significantly (p<0.05) enhanced reduction of cell viability.  This enhanced reduction in 

cell viability caused by the combination treatment compared to the NBD WT CPP alone was 

significant at an Aurora kinase/CDK inhibitor concentration of 5µM (58.9 ± 10.9% vs 24.3 ± 

3.0%; n=3, p<0.01).  The Aurora kinase/CDK inhibitor in combination with NBD MT CPP 

caused no significant difference in reduction of cell viability across the concentration range 

compared to the NBD MT CPP or Aurora kinase/CDK inhibitor alone (Figure 6.4 A).  Following 

on from this, in Figure 6.4 (C) the treatment combination of the Aurora kinase/CDK inhibitor 

and the NBD WT CPP was analysed to determine the degree of agent interaction based on 

the calculation of combination index (CI) values (CI < 1 - synergism, CI = 1 – Additivity and CI 

> 1 – Antagonism).  The treatment combination between the Aurora kinase/CDK inhibitor and 

the NBD WT CPP was classified as synergistic across the concentration range of the Aurora 

kinase/CDK inhibitor; 0.25µM (CI = 0.48), 0.5µM (CI = 0.50), 1µM (CI = 0.46), 2µM (CI = 0.40) 

and 5µM (CI = 0.28).  Further analysis of the data to determine the potency of the Aurora 

kinase/CDK inhibitor as a single agent and in combination with the NBD WT CPP to effect cell 

viability (Figure 6.4 D) produced IC50 values as follows; Aurora kinase/CDK inhibitor (IC50 = 

>5µM) and Aurora kinase/CDK inhibitor + NBD WT CPP (IC50 = 0.45µM).  The results above 
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highlighted an almost 3-fold increase in potency to effect cell viability when the Aurora 

kinase/CDK inhibitor (at a concentration of 5μM) was utilised simultaneously in combination 

with the NBD WT CPP compared to single agent treatment with the NBD WT CPP. 

In Figure 6.4 (E + G), combination treatment with a constant single concentration of 

NBD WT CPP (100µM) and a concentration range of the Aurora kinase/CDK inhibitor (10nM 

- 1µM) enhanced reduction of clonogenic survival.  This enhanced reduction in clonogenic 

survival caused by the combination treatment compared to the NBD WT CPP alone was 

significant (p<0.05) across the concentration range; 10nM (38.4 ± 1.9% vs 16.1 ± 3.0%; n=3, 

p<0.05), 30nM (38.4 ± 1.9% vs 15.4 ± 3.5%; n=3, p<0.01), 100nM (38.4 ± 1.9% vs 11.0 ± 

4.1%; n=3, p<0.001), 300nM (38.4 ± 1.9% vs 12.6 ± 3.3%; n=3, p<0.001) and 1μM (38.4 ± 

1.9% vs 1.6 ± 1.6%; n=3, p<0.001).  The Aurora kinase/CDK inhibitor in combination with the 

NBD MT CPP caused no significant difference (p>0.05) in reduction of clonogenic survival 

across the concentration range compared to the NBD MT CPP or Aurora kinase/CDK inhibitor 

alone (Figure 6.4 F).  Following on from this, in Figure 6.4 (H) the treatment combination was 

analysed to determine the degree of agent interaction based on the calculation of combination 

index (CI) values (CI < 1 - synergism, CI = 1 – Additivity and CI > 1 – Antagonism).  The 

combination treatment between the Aurora kinase/CDK inhibitor and the NBD WT CPP was 

characterised as synergistic across the concentration range of Aurora kinase/CDK inhibitor; 

10nM (CI = 0.09), 30nM (CI = 0.11), 100nM (CI = 0.11), 300nM (CI = 0.37) and 1µM (CI = 

0.02).  Further analysis of the data to determine the potency of the Aurora kinase/CDK inhibitor 

as a single agent and in combination with the NBD WT CPP to effect clonogenic survival 

(Figure 6.4 I) produced IC50 values as follows; Aurora kinase/CDK inhibitor (IC50 = 28.5nM) 

and Aurora kinase/CDK inhibitor + NBD WT CPP (IC50 = 6.3nM).   

The results above showed an average 5-20 fold increase in potency to effect 

clonogenic survival across the concentration range of the Aurora kinase/CDK inhibitor, when 

the Aurora kinase/CDK inhibitor was utilised simultaneously in combination with the NBD WT 

CPP compared to single agent treatment with the NBD WT CPP.  

These results demonstrated the ability of the NBD WT CPP and Aurora kinase/CDK 

inhibitor, when used in combination, to significantly and synergistically enhance the reduction 

in cell viability and clonogenic survival in comparison to when these agents were used alone 

as single-agent treatments.   
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Figure 6.4.  Effect of NBD MT/WT CPP and Aurora kinase/CDK inhibitor alone or in combination on cell 

viability and clonogenic survival of PC3 cells. 

 

(A – D) PC3 cells were seeded into 96-well plates and treated with NBD MT (A) or WT (B) (both 100µM) and/or 

increasing concentrations of Aurora kinase/CDK inhibitor (0.25µM, 0.5µM, 1µM, 2µM and 5µM) for 72h.  Cell viability 

was measured using the MTT assay.  DMSO was used as a vehicle (C + V) control (0.5% (v/v)).  Cells cultured in 

media with no treatment represented the positive control (C).  Cells cultured in water represented the negative control 

(Water).  Data was normalised to the vehicle control (C + V) and represents mean ± S.E.M of fold change in 

absorbance at 570nm (n=3).  Triplicates were averaged for each experiment.  One-way ANOVA with post-hoc 

Dunnet’s test was used to determine statistical significance (p<0.05) of observed changes between combination 

treatment and the NBD WT CPP alone to impact on cell viability (*= p<0.05, **= p<0.01, ***=p<0.001).  (C) Fraction 

affected-combination index (Fa-CI) plots of combined treatment of NBD WT CPP and Aurora kinase/CDK inhibitor in 

PC3 cells.   Combination indices (CI) for drug-interaction determination were indicated as follows; CI<1 (synergism), 

CI=1 (additivity) and CI>1 (antagonism).  The combined effect of NBD WT CPP (100µM) and Aurora kinase/CDK 

inhibitor (0.25µM, 0.5µM, 1µM, 2µM and 5µM) on cell viability was determined and plotted.  WT + AurCDK (0.25µM) 

[CI = 0.484], WT + AurCDK (0.5µM) [CI = 0.495], WT + AurCDK (1µM) [CI = 0.46], WT + AurCDK (2µM) [CI = 0.398], 

WT + AurCDK (5µM) [CI = 0.275],  (D) Comparison of the potency of the NBD WT CPP (♦), Aurora kinase/CDK 

inhibitor (●) or NBD WT CPP + Aurora kinase/CDK inhibitor (■) on cell viability in PC3 cells.  The results were 

normalised to vehicle treated control and plotted on a log scale as a percentage of the control with regards to cell 

viability (n=3).  The data was fitted with the following equation Y=Bottom + (Top-Bottom)/(1+10^((LogIC50-

X)*HillSlope)).  Broken X-axis was used to represent vehicle treated control.  (E – I) PC3 cells were seeded (300 cells 

/ ml) into 6-well plates and treated with NBD MT (F) or WT (G) (both 100µM) and/or increasing concentrations of 

Aurora kinase/CDK inhibitor (10nM, 30nM, 100nM, 300nM and 1µM) for 72h Replicative potential was measured 

using the clonogenic survival assay as described in M&M and photographed also in panel E.  DMSO was used as a 

vehicle (C + V) control (0.5% (v/v)).  Data was normalised to the vehicle control (C + V) and represents mean ± S.E.M 

of change in percentage survival (n=3).  One-way ANOVA with post-hoc Dunnet’s test was used to determine 

statistical significance (p<0.05) of observed changes between combination treatment and the NBD WT CPP alone to 

impact on clonogenic survival (*= p<0.05, **= p<0.01, ***=p<0.001).    (H) Fraction affected-combination index (Fa-

CI) plots of combined treatment of NBD WT CPP and Aurora kinase/CDK inhibitor in PC3 cells.   Combination indices 

(CI) for drug-interaction determination were indicated as follows; CI<1 (synergism), CI=1 (additivity) and CI>1 

(antagonism).  The combined anti-proliferative effect of NBD WT CPP (100µM) and Aurora kinase/CDK inhibitor 

(10nM, 30nM, 100nM, 300nM and 1µM) was determined and plotted.  WT + AurCDK (10nM) [CI = 0.09], WT + AurCDK 
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(30nM) [CI = 0.112], WT + AurCDK (100nM) [CI = 0.114], WT + AurCDK (300nM) [CI = 0.365], WT + AurCDK (1µM) 

[CI = 0.022],  (I) Comparison of the potency of the NBD WT CPP (♦), Aurora kinase/CDK inhibitor (●) or NBD WT CPP 

+ Aurora kinase/CDK inhibitor (■) on clonogenic survival in PC3 cells.  The results were normalised to vehicle treated 

control and plotted on a log scale as a percentage of the control with regards to clonogenic survival (n=3).  The data 

was fitted with the following equation Y=Bottom + (Top-Bottom)/(1+10^((LogIC50-X)*HillSlope)).  Broken X-axis was 

used to represent vehicle treated control. 

 

6.2.5. Effect of ZM 447439 and NBD WT CPP alone and in combination on cell viability 

and clonogenic survival of prostate cancer cells. 

 

In Figure 6.5 (A – D), to assess impact on cell viability, PC3 cells were treated with the NBD 

WT/ MT CPP (100µM) and/or ZM 447439 (0.1µM, 0.3µM, 1µM, 3µM and 10µM) for 72h prior 

to MTT assay and subsequently analysed as detailed in Section 2.2.7.1 of the Materials & 

Methods.  Also, in Figure 6.5 (E – I), PC3 cells were treated with the NBD WT/ MT CPP 

(100µM) and/or ZM 447439 (10nM, 30nM, 100nM, 300nM and 1µM) for 72h prior to clonogenic 

survival assay and associated analysis as detailed in Section 2.2.7.2 of the Materials & 

Methods.  The MT/WT peptide and the ZM 447439 were dissolved in 100% DMSO as 

described previously and as a result all experiments involving the NBD CPPs and ZM 447439 

used DMSO as a vehicle control.  

 To commence, in Figure 6.5 (B), combination treatment of PC3 cells with a constant 

single concentration of NBD WT CPP (100µM) and a concentration range of the ZM 447439 

(0.1 - 1µM) enhanced reduction of cell viability.  This enhanced reduction in cell viability caused 

by the combination treatment approach compared to the NBD WT CPP alone was significant 

at the ZM 447439 concentration of 10µM (58.9 ± 10.9% vs 32.7 ± 3.9%; n=3, p<0.01).  The 

ZM 447439 in combination with NBD MT CPP caused no significant difference (p>0.05) in 

reduction of cell viability across the concentration range compared to the NBD MT CPP or ZM 

447439 alone (Figure 6.5 A).  Following on from this, in Figure 6.5 (C) the combination 

treatment of ZM 447439 and the NBD WT CPP was analysed to determine the degree of agent 

interaction based on the calculation of combination index (CI) values (CI < 1 - synergism, CI 

= 1 – Additivity and CI > 1 – Antagonism).  The treatment combination between ZM 447439 

and the NBD WT CPP was classified as synergistic across the concentration range of ZM 

447439; 0.1µM (CI = 0.56), 0.3µM (CI = 0.41), 1µM (CI = 0.32), 3µM (CI = 0.40) and 10µM (CI 

= 0.30).  The data was then further analysed to determine the potency of the ZM 447439 as a 

single agent and in combination with the NBD WT CPP to effect cell viability (Figure 6.5 D) 

produced IC50 values as follows; ZM 447439 (IC50 = 14.1µM) and ZM 447439 + NBD WT CPP 

(IC50 = 0.836µM).  The results above highlighted an around 2-fold increase in potency to effect 

cell viability when the ZM 447439 (at a concentration of 10μM) was utilised simultaneously in 
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combination with the NBD WT CPP compared to single agent treatment with the NBD WT 

CPP.  

 In Figure 6.5 (E + G), combination treatment with a constant single concentration of 

NBD WT CPP (100µM) and a concentration range of the ZM 447439 enhanced reduction of 

clonogenic survival.  This enhanced reduction in clonogenic survival caused by the 

combination treatment compared to the NBD WT CPP alone was significant (p<0.05) at 

concentrations of; 100nM (38.4 ± 1.9% vs 6.4 ± 1.8%; n=3, p<0.05), 300nM (38.4 ± 1.9% vs 

2.9 ± 0.9%; n=3, p<0.05) and 1μM (38.4 ± 1.9% vs 0.7 ± 0.2%; n=3, p<0.05).  The ZM 447439 

compound in combination with the NBD MT CPP caused no significant difference in reduction 

of clonogenic survival across the concentration range compared to the NBD MT CPP or ZM 

447439 alone (Figure 6.5 F).  Following on from this, in Figure 6.5 (H) the combination 

treatment of ZM 447439 and the NBD WT CPP was analysed to determine the degree of agent 

interaction based on the calculation of combination index (CI) values (CI < 1 - synergism, CI 

= 1 – Additivity and CI > 1 – Antagonism).  The treatment combination between ZM 447439 

and the NBD WT CPP was characterised as synergistic at the following ZM 447439 

concentrations: 10nM (CI = 0.24), 30nM (CI = 0.39) and 100nM (CI = 0.61).  At the higher 

concentrations of ZM 447439 in combination with the NBD WT CPP the agent interaction was 

classified as slightly antagonistic; 300nM (CI = 1.34) and 1µM (CI = 1.19).   The data was 

further analysed to determine the potency of the ZM 447439 as a single agent and in 

combination with the NBD WT CPP to effect clonogenic survival (Figure 6.5 I) and produced 

IC50 values as follows; ZM 447439 (IC50 = 417nM) and ZM 447439 + NBD WT CPP (IC50 = 

27.5nM).  The results above highlighted an almost 20-30 fold increase in potency to effect 

clonogenic survival when the higher concentrations of ZM 447439 (100nM, 300nM and 1μM) 

were utilised simultaneously in combination with the NBD WT CPP compared to single agent 

treatment with the NBD WT CPP.  

. These outcomes demonstrated the ability of the NBD WT CPP and ZM 447439, when 

used in combination, to significantly and synergistically enhance the reduction in cell viability 

and clonogenic survival in comparison to when these agents were used alone as single-agent 

treatments.   
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Figure 6.5.  Effect of NBD MT/WT CPP and ZM447439 alone or in combination on cell viability and clonogenic 

survival of PC3 cells.   

(A – D) PC3 cells were seeded into 96-well plates and treated with NBD MT (A) or WT (B) (both 100µM) and/or 

increasing concentrations of ZM 447439 (0.1µM, 0.3µM, 1µM, 3µM and 10µM) for 72h.  Cell viability was measured 

using the MTT assay.  DMSO was used as a vehicle (C + V) control (0.5% (v/v)).  Cells cultured in media with no 

treatment represented the positive control (C).  Cells cultured in water represented the negative control (Water).  Data 

was normalised to the vehicle control (C + V) and represents mean ± S.E.M of fold change in absorbance at 570nm 

(n=3).  Triplicates were averaged for each experiment.  One-way ANOVA with post-hoc Dunnet’s test was used to 

determine statistical significance (p<0.05) of observed changes between combination treatment and the NBD WT 

CPP alone to impact on cell viability (*= p<0.05, **= p<0.01, ***=p<0.001).  (C) Fraction affected-combination index 

(Fa-CI) plots of combined treatment of NBD WT CPP and ZM 447439 in PC3 cells.   Combination indices (CI) for 

drug-interaction determination were indicated as follows; CI<1 (synergism), CI=1 (additivity) and CI>1 (antagonism).  

The combined effect of NBD WT CPP (100µM) and ZM 447439 (0.1µM, 0.3µM, 1µM, 3µM and 10µM)) on cell viability 

was determined and plotted.  WT + ZM (0.1µM) [CI = 0.56], WT + ZM (0.3µM) [CI = 0.41], WT + ZM (1µM) [CI = 0.32], 

WT + ZM (3µM) [CI = 0.4], WT + ZM (10µM) [CI = 0.3],  (D) Comparison of the potency of the NBD WT CPP (♦), ZM 

447439 (●) or NBD WT CPP + ZM 447439 (■) on cell viability in PC3 cells.  The results were normalised to vehicle 

treated control and plotted on a log scale as a percentage of the control with regards to cell viability (n=3).  The data 

was fitted with the following equation Y=Bottom + (Top-Bottom)/(1+10^((LogIC50-X)*HillSlope)).  Broken X-axis was 

used to represent vehicle treated control.  (E – I) PC3 cells were seeded (300 cells / ml) into 6-well plates and treated 

with NBD MT (F) or WT (G) (both 100µM) and/or increasing concentrations of ZM 447439 (10nM, 30nM, 100nM, 

300nM and 1µM) for 72h.   Replicative potential was measured using the clonogenic survival assay as described in 

M&M and photographed also in panel E.  DMSO was used as a vehicle (C + V) control (0.5% (v/v)).  Data was 

normalised to the vehicle control (C + V) and represents mean ± S.E.M of change in percentage survival (n=3).  One-

way ANOVA with post-hoc Dunnet’s test was used to determine statistical significance (p<0.05) of observed changes 

between combination treatment and the NBD WT CPP alone to impact on clonogenic survival (*= p<0.05, **= p<0.01, 

***=p<0.001).  (H) Fraction affected-combination index (Fa-CI) plots of combined treatment of NBD WT CPP and ZM 

447439 in PC3 cells.   Combination indices (CI) for drug-interaction determination were indicated as follows; CI<1 

(synergism), CI=1 (additivity) and CI>1 (antagonism).  The combined anti-proliferative effect of NBD WT CPP (100µM) 

and ZM 447439 (10nM, 30nM, 100nM, 300nM and 1µM) was determined and plotted. WT + ZM (10nM) [CI = 0.237], 

WT + ZM (30nM) [CI = 0.385], WT + ZM (100nM) [CI = 0.61], WT + ZM (300nM) [CI = 1.344], WT + ZM (1µM) [CI = 

1.185],  (I) Comparison of the potency of the NBD WT CPP (♦), ZM 447439 (●) or NBD WT CPP + ZM 447439 (■) on 

clonogenic survival in PC3 cells.  The results were normalised to vehicle treated control and plotted on a log scale as 

(I) 
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a percentage of the control with regards to clonogenic survival (n=3).  The data was fitted with the following equation 

Y=Bottom + (Top-Bottom)/(1+10^((LogIC50-X)*HillSlope)).  Broken X-axis was used to represent vehicle treated 

control. 

 

 

6.2.6. Effect of VX-680 and NBD WT CPP alone and in combination on cell viability and 

clonogenic survival of prostate cancer cells. 

 

Lastly, in Figure 6.6 (A– D), to assess impact on cell viability, PC3 cells were treated with the 

NBD WT/ MT CPP (100µM) and/or VX-680 (0.1µM, 0.3µM, 1µM, 3µM and 10µM) for 72h prior 

to MTT assay and subsequently analysed as detailed in Section 2.2.7.1 of the Materials & 

Methods.  Also, in Figure 6.6 (E – I), PC3 cells were treated with the NBD WT/ MT CPP 

(100µM) and/or VX-680 (1nM, 3nM, 10nM, 30nM and 100nM) for 72h prior to clonogenic 

survival assay and associated quantitative analysis as detailed in Section 2.2.7.2 of the 

Materials & Methods.  The MT/WT peptide and the VX-680 were dissolved in 100% DMSO as 

described previously and as a result all experiments involving the NBD CPPs and VX-680 

used DMSO as a vehicle control. 

 To start, in Figure 6.6 (B) combination treatment with a constant single concentration 

of NBD WT CPP (100µM) and a concentration range of VX-680 (0.1 - 10µM) enhanced 

reduction of cell viability.  This enhanced reduction in cell viability caused by the combination 

treatment approach compared to the NBD WT CPP was significant (p<0.05) at a concentration 

of 10µM (46.8 ± 2.5% vs 16.7 ± 1.5%; n=3, p<0.05).  The VX-680 in combination with NBD 

MT CPP caused no significant difference (p>0.05) in reduction of cell viability across the 

concentration range compared to the NBD MT CPP or VX-680 alone (Figure 6.6 A).  Following 

on from this, in Figure 6.6 (C) the combination treatment was analysed to determine the degree 

of agent interaction based on the calculation of combination index (CI) values (CI < 1 - 

synergism, CI = 1 – Additivity and CI > 1 – Antagonism).  The treatment combination between 

VX-680 and the NBD WT CPP was characterised as synergistic at the following VX-680 

concentrations; 0.3µM (CI = 0.95), 1µM (CI = 0.91), 3µM (CI = 0.37) and 10µM (CI = 0.27).  At 

the lowest concentration of VX-680 in combination with the NBD WT CPP the drug interaction 

was classified as slightly antagonistic; 0.1µM (CI = 1.11).  The data was further analysed to 

determine the potency of the VX-680 as a single agent and in combination with the NBD WT 

CPP to cause a reduction in cell viability (Figure 6.6 D) and produced IC50 values as follows; 

VX-680 (IC50 = 17.1µM) and VX-680 + NBD WT CPP (IC50 = 2.2µM).  The results above 

highlighted an around 3-fold increase in potency to effect cell viability when the VX-680 (at a 

concentration of 10μM) was utilised simultaneously in combination with the NBD WT CPP 

compared to single agent treatment with the NBD WT CPP. 
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In Figure 6.6 (E + G), combination treatment with a constant single concentration of 

NBD WT CPP (100µM) and a concentration range of the VX-680 (1-100nM) enhanced 

reduction of clonogenic survival.  In comparison to treatment with the NBD WT CPP alone, 

this enhanced reduction in clonogenic survival caused by the combination treatment approach 

was significant (p<0.05) at concentrations of; 30nM (38.4 ± 1.9% vs 7.9 ± 4.3%; n=3, p<0.05) 

and 100nM (38.4 ± 1.9% vs 1.7 ± 1.7%; n=3, p<0.01).  The VX-680 in combination with the 

NBD MT CPP caused no significant difference (p>0.05) in reduction of clonogenic survival 

across the concentration range compared to the NBD MT CPP or VX-680 alone (Figure 5.6 

F).  Following on from this, in Figure 6.6 (H) the combination treatment was analysed to 

determine the degree of agent interaction based on the calculation of combination index (CI) 

values (CI < 1 - synergism, CI = 1 – Additivity and CI > 1 – Antagonism).  The treatment 

combination between VX-680 and the NBD WT CPP was characterised as synergistic across 

the concentration range of VX-680; 1nM (CI = 0.30), 3nM (CI = 0.19), 10nM (CI = 0.64), 30nM 

(CI = 0.86) and 100nM (CI = 0.23).  The data was further analysed to determine the potency 

of the VX-680 as a single agent and in combination with the NBD WT CPP to effect clonogenic 

survival (Figure 6.6 I) and produced IC50 values as follows; VX-680 (IC50 = 7.2nM) and VX-

680 + NBD WT CPP (IC50 = 0.23nM).  The results above highlighted an average 5 to 30 fold 

increase in potency to effect clonogenic survival when the higher concentrations of VX-680 

(30nM and 100nM) were utilised simultaneously in combination with the NBD WT CPP 

compared to single agent treatment with the NBD WT CPP. 

These results demonstrated the ability of the NBD WT CPP and VX-680, when used 

in combination, to significantly and synergistically enhance the reduction in cell viability and 

clonogenic survival in comparison to when these agents were used alone as single-agent 

treatments.  Overall, this was common to all the AURK inhibitors (AURK inhibitor II, AURK 

inhibitor III, Aurora kinase/CDK inhibitor, ZM 447439 and VX-680) used in this study in that 

there was a significant improvement in efficacy to impact on cell viability and clonogenic 

survival when used in combination with the NBD WT CPP compared to single-agent treatment.  

The impact of the VX-680 alone and in combination with the NBD WT CPP to effect other 

phenotypic outcomes (induction of apoptosis) will be focussed on for the remainder of this 

chapter. 
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Figure 6.6. Effect of NBD MT/WT CPP and VX-680 alone or in combination on cell viability and clonogenic 

survival of PC3 cells. 

 

(A – D) PC3 cells were seeded into 96-well plates and treated with NBD MT (A) or WT (B) (both 100µM) and/or 

increasing concentrations of VX-680 (0.1µM, 0.3µM, 1µM, 3µM and 10µM) for 72h.  Cell viability was measured using 

the MTT assay.  DMSO was used as a vehicle (C + V) control (0.5% (v/v)).  Cells cultured in media with no treatment 

represented the positive control (C).  Cells cultured in water represented the negative control (Water).  Data was 

normalised to the vehicle control (C + V) and represents mean ± S.E.M of fold change in absorbance at 570nm (n=3).  

Triplicates were averaged for each experiment.  One-way ANOVA with post-hoc Dunnet’s test was used to determine 

statistical significance (p<0.05) of observed changes between combination treatment and the NBD WT CPP alone to 

impact on cell viability (*= p<0.05, **= p<0.01, ***=p<0.001).  (C) Fraction affected-combination index (Fa-CI) plots of 

combined treatment of NBD WT CPP and VX-680 in PC3 cells.   Combination indices (CI) for drug-interaction 

determination were indicated as follows; CI<1 (synergism), CI=1 (additivity) and CI>1 (antagonism).  The combined 

effect of NBD WT CPP (100µM) and VX-680 (0.1µM, 0.3µM, 1µM, 3µM and 10µM)) on cell viability was determined 

and plotted.  WT + VX (0.1µM) [CI = 1.11], WT + VX (0.3µM) [CI = 0.95], WT + VX (1µM) [CI = 0.91], WT + VX (3µM) 

[CI = 0.37], WT + VX (10µM) [CI = 0.27],  (D) Comparison of the potency of the NBD WT CPP (♦), VX-680 (●) or NBD 

WT CPP + VX-680 (■) on cell viability in PC3 cells.  The results were normalised to vehicle treated control and plotted 

on a log scale as a percentage of the control with regards to cell viability (n=3).  The data was fitted with the following 

equation Y=Bottom + (Top-Bottom)/(1+10^((LogIC50-X)*HillSlope)).  Broken X-axis was used to represent vehicle 

treated control.  (E – I) PC3 cells were seeded (300 cells / ml) into 6-well plates and treated with NBD MT or WT (both 

100µM) and/or increasing concentrations of VX-680 (1nM, 3nM, 10nM, 30nM and 100nM) for 72h.  Replicative 

potential was measured using the clonogenic survival assay as described in M&M and photographed also in panel E.  

DMSO was used as a vehicle (C + V) control (0.5% (v/v)).  Data was normalised to the vehicle control (C + V) and 

represents mean ± S.E.M of change in percentage survival (n=3).  One-way ANOVA with post-hoc Dunnet’s test was 

used to determine statistical significance (p<0.05) of observed changes between combination treatment and the NBD 

WT CPP alone to impact on clonogenic survival (*= p<0.05, **= p<0.01, ***=p<0.001).  (H) Fraction affected-

combination index (Fa-CI) plots of combined treatment of NBD WT CPP and VX-680 in PC3 cells.   Combination 

indices (CI) for drug-interaction determination were indicated as follows; CI<1 (synergism), CI=1 (additivity) and CI>1 

(antagonism).  The combined anti-proliferative effect of NBD WT CPP (100µM) and VX-680 (1nM, 3nM, 10nM, 30nM 

and 100nM) was determined and plotted.  WT + VX (1nM) [CI = 0.3], WT + VX (3nM) [CI = 0.194], WT + VX (10nM) 

[CI = 0.639], WT + VX (30nM) [CI = 0.864], WT + VX (100nM) [CI = 0.229],  (I) Comparison of the potency of the NBD 

(I) 
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WT CPP (♦), VX-680 (●) or NBD WT CPP + VX-680 (■) on clonogenic survival in PC3 cells.  The results were 

normalised to vehicle treated control and plotted on a log scale as a percentage of the control with regards to 

clonogenic survival (n=3).  The data was fitted with the following equation Y=Bottom + (Top-

Bottom)/(1+10^((LogIC50-X)*HillSlope)).  Broken X-axis was used to represent vehicle treated control. 

 

 

6.2.7. Effect of VX-680 and NBD WT CPP alone and in combination on the induction of 

apoptosis in prostate cancer cells. 

 

Following on from the demonstration of the effect of the NBD WT CPP in combination with 

ATP-competitive AURK inhibitors (AURK inhibitor II, AURK inhibitor III, AURK/CDK inhibitor, 

ZM 447439 and VX-680) to impact  clonogenic survival and cell viability, in this section, this 

study investigated the ability of VX-680 to induce apoptosis as demonstrated in the literature 

(Gizatullin et al., 2006) and whether it’s efficacy could be enhanced in combination with the 

NBD WT CPP, to cause an accelerated initiation of cell death in comparison to the single 

agents alone. 

In Figure 6.7 (A + B), to assess the impact on the induction of apoptosis, PC3 cells 

were treated with the NBD WT/ MT CPP (100µM) as agents alone or in combination with VX-

680 (10nM, 30nM, 100nM, 300nM, 1µM, 3µM and 10µM) for 72h prior to NucView® 488 

caspase-3/7 substrate assay and associated analysis as detailed in Section 2.2.7.3 of the 

Materials & Methods.  The MT/WT peptide and the VX-680 were dissolved in 100% DMSO as 

described previously and as a result all experiments involving the NBD CPPs and VX-680 

used DMSO as a vehicle control. 

It can be observed in Figure 6.7 from the representative images (A) and subsequent 

quantification (B) that there was no change in Corrected Total Cell Fluorescence (CTCF) and 

hence no induction of apoptosis across the concentration range of the NBD MT CPP compared 

to the vehicle treated control. In comparison there was a substantial concentration-dependent 

increase in CTCF, which translated to an increased induction of apoptosis, following treatment 

with the NBD WT CPP.  There was also an increase in the induction of apoptosis following 

treatment with the VX-680 alone, which peaked at around a 5-fold change in CTCF.  When 

the NBD WT CPP was used in combination with the VX-680, this substantially enhanced the 

induction of apoptosis compared to single agent treatment and this was particularly apparent 

at the higher concentrations of VX-680 (3µM and 10µM) which produced a fold change in 

CTCF of around 10- and 15-times respectively. 

Collectively, these results highlighted the ability of the NBD WT CPP and VX-680 to 

accelerate the induction of apoptosis when used in combination in a similar manner to the 

effect both agents had on cell viability and clonogenic survival (Figure 6.6).  Whether these 
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results translate to be statistically significant or not, further repeats will need to be carried out 

to determine this. 

 

 

 

Figure 6.7.  Effect of NBD MT/WT CPP and VX-680 alone or in combination on induction of apoptosis in PC3 

cells. 

 

(A + B) PC3 cells were seeded (5x104 cells / well) into 96-well plates and treated with NBD MT or WT (both 100µM) 

and/or increasing concentrations of VX-680 (10nM, 30nM, 100nM, 300nM, 1µM, 3µM and 10µM) for 72h. (A) 

Apoptosis was measured using the NUCVIEW® 488 Caspase-3/7 substrate assay (green fluorescent cells).  DMSO 

was used as a vehicle (C + V) control (0.5% (v/v)).  Cells cultured in media with no treatment represented a negative 

control (C). (B) Data was normalised to the vehicle treated control (C + V) and represents mean of fold change in 

Corrected Total Cell Fluorescence (CTCF) (n=2).  Duplicates were averaged for each treatment group. Scale bar, 

500µm. 

(A) 
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6.3. Discussion. 
 

As detailed previously in this thesis, overexpression of AURKA and TPX2 are key targets in a 

variety of different cancers.  These are associated with most of the hallmarks of cancer 

(Hanahan and Weinberg, 2011) and this manifests to make these drug targets at a molecular 

and phenotypic level.  AURKA upregulation is linked to; cell proliferation (Min et al., 2016), cell 

survival (Willems et al., 2019) and inhibition of apoptosis (Katayama et al., 2012) among other 

phenotypic characteristics.  Targeting of TPX2 has been demonstrated to result in inhibition of 

cell proliferation, cell survival and apoptosis (Zou et al., 2018b) as well as invasion/migration 

(Yang et al., 2015b) of cancerous cells. 

 The NBD WT CPP which formed basis of the research carried out in this thesis had 

been previously demonstrated to inhibit cell proliferation and survival (Ianaro et al., 2009) as 

well as accelerated the induction of apoptosis (Choi et al., 2003).  This inhibition of cell viability 

following treatment with the NBD WT CPP was also demonstrated in different solid tumour cell 

lines in Figure 4.4.  In this chapter the NBD WT CPP was utilised in combination with ATP-

competitive AURK inhibitors (AURK inhibitor III, AURK inhibitor II, Aurora kinase/CDK inhibitor, 

VX-680 and ZM 447439), as used in previous chapters throughout this thesis, to investigate a 

potential synergistic effect through targeting of AURKA (ATP competitive AURK inhibitors) and 

TPX2 (NBD WT CPP – based on our hypothesis that it disrupts AURKA/TPX2 interaction) and 

whether this correlated to an enhanced efficacy to impact on phenotypic outcomes (cell 

viability, clonogenic survival and apoptosis). 

 

 

6.3.1. Dual pharmacological targeting and the impact on cancer cell viability and 

survival. 

 

Firstly, in Figures 6.2 – 6.6, commercially available ATP-competitive AURK inhibitors (AURK 

inhibitor II, AURK inhibitor III, Aurora kinase/CDK inhibitor, VX-680 and ZM 447439) and the 

NBD WT CPP as single agents or in combination were tested on their ability to impact on 

clonogenic survival and cell viability.  Tumours often confer resistance through AURKs, 

especially in terms of resistance to radiotherapy and chemotherapy (Tang et al., 2017b).  

Therefore, combination therapies utilising small-molecule kinase inhibitors that target AURKs 

along with therapies that inhibit other drug targets are popular therapeutic interventions that 

leads to anti-tumourigenic, anti-proliferative and anti-apoptotic activity in cancer cells (Liu et 

al., 2019, Mattei et al., 2020, Paller et al., 2014, Sehdev et al., 2013). 

 In this study, in Figure 6.2, the AURK inhibitor II in combination with the NBD WT CPP 

synergistically (CI < 1) impacted on cell viability and clonogenic survival with a significantly 
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(p<0.05) enhanced efficacy compared to the NBD WT CPP or AURK inhibitor II as a single 

agent; cell viability (IC50 = 2.9µM vs >20µM) and clonogenic survival (IC50 = 0.02µM vs 

1.04µM).  The AURK inhibitor II was used in study by Epis et al. (2017) in combination with 

miR-331-3p to synergistically inhibit the proliferation and cause a decrease in cell viability of 

prostate cancer cells through the potential targeting of the Ras-RALA pathway.  A possible 

reason for the large difference in IC50 values between cell viability and clonogenic survival 

could be that AURK inhibitors are cytostatic agents (Gong et al., 2019).  Cytostatic agents are 

thought to have less of an effect in a “live/dead” cell viability assay compared to a clonogenic 

survival assay which measures the ability of colonies to grow and replicate following treatment.   

There was no real evidence of AURK inhibitor III being used in cell-based assays to 

investigate its effect on phenotypic outcomes.  In Figure 6.3, the AURK inhibitor III in 

combination with the NBD WT CPP synergistically (CI < 1) inhibited cell viability across all 

concentrations and clonogenic survival at the higher concentrations of AURK inhibitor III in 

PCa cells.  The combination treatment significantly (p<0.05) enhanced efficacy compared to 

the NBD WT CPP or AURK inhibitor III as a single agent; cell viability (IC50 = 7.0µM vs >20µM) 

and clonogenic survival (IC50 = 2.3μM vs 19.1μM).  The combination therapy was described as 

antagonistic (combining the two treatments leads to a smaller effect than expected) at the two 

lower concentrations of 1µM (CI = 2.63) and 2µM (CI = 1.71) in the clonogenic survival assay.   

In this study, in Figure 6.4, the AURK/CDK inhibitor in combination with the NBD WT 

CPP synergistically (CI < 1) caused a reduction in cell viability and clonogenic survival with a 

significantly (p<0.05) enhanced efficacy compared to the NBD WT CPP or Aurora kinase/CDK 

inhibitor as a single agent; cell viability (IC50 = 0.45µM vs >5µM) and clonogenic survival (IC50 

= 6.3nM vs 28.5nM).  Next, the AURK/CDK inhibitor was shown in a study by Emanuel et al. 

(2005) to potently inhibit the proliferation of a variety of different human cancer cell lines (IC50 

= 112nM to 514nM).  The AURK/CDK inhibitor synergistically inhibited viability in Leukemia 

cells when used in combination with radiotherapy at concentrations ranging from 100nM to 

10μM (Rodland et al., 2019).   

 In Figure 6.5, the ZM447439 in combination with the NBD WT CPP synergistically (CI 

< 1) inhibited cell viability across all concentrations and clonogenic survival at the higher 

concentrations of ZM447439 in prostate cancer cells.  Treatment of cells with the two agents 

in combination significantly (p<0.05) enhanced efficacy compared to the NBD WT CPP or 

ZM447439 as a single agent; cell viability (IC50 = 0.836µM vs >10µM) and clonogenic survival 

(IC50 = 27.5nM vs 417nM).  The combination treatment was described as antagonistic at the 

two highest concentrations of 300nM (CI = 2.63) and 1µM (CI = 1.71) when exploring the 

impact on clonogenic survival.  ZM447439 significantly inhibited cell proliferation and cell 

viability at a concentration of 2μM in HEK293 cells and also inhibited cell viability in the GL-1 
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(4.77μM) and EMA (8.03μM) Canine lymphoid cell lines (Girdler et al., 2006, Shiomitsu et al., 

2013).     

 In this study, in Figure 6.6, VX-680 used in a combination treatment with the NBD WT 

CPP synergistically (CI < 1) caused a reduction in cell viability at all concentrations except the 

lowest concentration of VX-680 and clonogenic survival across all concentrations of VX-680 

in PCa cells.  Both agents in combination significantly (p<0.05) enhanced efficacy compared 

to the NBD WT CPP or VX-680 as a single agent; cell viability (IC50 = 2.6µM vs 19.8µM) and 

clonogenic survival (IC50 = 0.23nM vs 7.2nM).  The combination treatment was described as 

antagonistic at lowest concentrations of 0.1μM (CI = 1.11) against cell viability.  Lastly, VX-

680 had been shown to effect cell survival and viability in various studies.  In Renal cell 

carcinoma (RCC) cell lines, VX-680 exerted an antiproliferative effect on all 11 RCC cell lines 

studied with IC50 values ranging from 100nM to 10μM (Li et al., 2010).  Similarly to the other 

AURK inhibitors already mentioned, VX-680 can enhance the sensitivity of cancer cells to 

chemotherapeutics.  Indeed, in a study by Yao et al. (2014), VX-680 and Cisplatin 

synergistically inhibited proliferation of the HepG2 hepatocellular carcinoma cell line.   

  

 

6.3.2. Combination treatment and the impact on the growth of 3D cultures and the 

induction of cell death. 

 

VX-680 was the sole AURK inhibitor used to investigate the impact of combination treatments 

with the NBD CPPs on further phenotypic characteristics due to the fact it is probably the best 

characterised AURK inhibitor in the literature and time constraints in the project prevented 

further exploration with the other inhibitors.  VX-680 was shown to induce apoptosis in human 

cholangiocarcinoma cell lines (QBC939 and HCCC-9810) and is believed to exert it’s effect 

on cell death through a Caspase-3-dependent pathway (Liu and Qin, 2018).  As a result, this 

study utilised a Caspase-3/7 substrate assay to quantify the apoptosis induced by the two 

single agents and both simultaneously as a combination treatment.  The induction of the 

apoptosis by the NBD WT CPP increased in a concentration-dependent manner, whereas the 

induction by VX-680 wasn’t as substantial.  Both agents used in a combination treatment 

produced a substantial, enhanced induction of apoptosis, especially at the higher 

concentrations of VX-680, compared to both the single agent treatments alone.  This 

correlated well with a study which showed the use of VX-680 in the same caspase-3 substrate 

assay in Hepatoblastoma cells and the results were similar in terms of the impact of the VX-

680 to induce apoptosis (Dewerth et al., 2012).   
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6.3.3. Conclusions. 

 

In this chapter, it has been demonstrated that the NBD WT CPP alone could impact  

clonogenic survival, to parallel the data gathered around its impact on cell viability in different 

tumour cell line models (Figure 4.4).  Following on from this, demonstration of a synergistically 

significant reduction in cell viability and clonogenic survival was apparent following 

combination treatment with the NBD WT CPP and each one of the ATP-competitive AURK 

inhibitors (AURK inhibitor II, AURK inhibitor III, Aurora kinase/CDK inhibitor, ZM 447439 and 

VX-680).  The problem with these inhibitors was that they have not shown clinical efficacy in 

a patient setting as single agents.  For example, a Genome-wide CRISPR screen was 

performed to pinpoint genes which showed synthetic lethality following treatment with VX-680 

(Huang et al., 2020).  The top ‘Hit’ gene was GSG2 (Haspin) and the depleting of Haspin and 

VX-680 was controlled by inhibition of Haspin with AURKB (Huang et al., 2020).  Combination 

therapy that targets both Haspin and AURKB synergistically enhanced the efficacy in 

comparison to single agent treatment in head and neck squamous cell carcinoma and non-

small cell lung cancer (NSCLC) (Huang et al., 2020).  Investigation of VX-680 in combination 

with the NBD WT CPP to impact on further phenotypic outcomes (apoptosis) was also carried 

out and the results correlated well with similar studies found in the literature(Dewerth et al., 

2012). 

 In conclusion, the NBD WT CPP in combination with ATP-competitive AURK inhibitors 

can synergistically enhance the efficacy and ability to impact cell viability and clonogenic 

survival compared to the NBD WT CPP alone.  The NBD WT CPP in combination with VX-

680 enhanced the induction of apoptosis; whether this is statistically significant and translates 

to the other AURK inhibitors will need to be confirmed by further studies.  In conclusion, the 

work presented in this chapter, has suggested that the impact on phenotypic outcomes 

detailed above can be correlated with the synergistic targeting of AURKA and the disruption 

of AURKA-TPX2 signalling as presented in Chapter 5. 
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Chapter 7: GENERAL DISCUSSION.
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There were five main aims driving the experimental work presented in this study and thesis.  

Firstly, to characterise the impact of the IKKβ-derived NBD WT CPP on IKK-AURKA signalling 

and determine the impact of this targeting upon other related markers of AURK signalling 

linked to cellular migration; TPX-2 as a critical regulator of AURKA activation and deactivation, 

PLK1 as a downstream substrate for AURKA activated via phosphorylation to support further 

progression through cell division.  Thereafter, the second aim was to determine the 

mechanism of IKK-mediated targeting of AURKA-TPX2 status and by comparative analysis 

using both molecular (siRNA ‘run-down’) and pharmacological (small molecule kinase 

inhibitors) methods, better understand whether changes in AURKA/TPX2/PLK1 status were 

mediated in an IKK-dependent of IKK-independent manner, seeking to identify whether this 

was as a result of and downstream from IKK complex disruption or a potentially direct effect 

independent of the IKK complex. Thirdly, the reproducibility of the NBD WT peptide-mediated 

impact on AURKA-TPX2 signalling was examined in a variety of other established cancer lines 

representative of major solid tumour types with the aim of determining whether this targeting 

had utility across multiple cancer types.  In the context of pharmacological targeting and taking 

into account of the experimental outcomes described earlier (Chapter 3), the dual 

pharmacological targeting of AURKA (and potentially TPX2) with the NBD WT CPP and ATP-

competitive AURK inhibitors (AURK inhibitor II, AURK inhibitor III, Aurora kinase/CDK inhibitor, 

VX-680 or ZM 447439) was pursued to identify whether combination strategies could enhance 

impact on AURKA-TPX2 signalling. Lastly, experiments sought to determine whether the 

observed outcomes of dual targeting could be translated to impact PCa cells phenotypically. 

 

7.1. Targeting IKK-AURKA interactions.  

 

At the initiation of this study there were numerous studies in the literature that reported  

interactions between the IKK proteins and AURKA but the role of each IKK isoform protein in 

these interactions and the consequences functionally of these interactions remained fully 

uncharacterised.  Apparent was contradictory experimental data.  IKKβ has been suggested 

to be an antagonist for AURKA and targeted it for degradation by the cellular ubiquitin ligase 

βTRCP, which is also involved in normal mitotic progression and the maintenance of spindle 

bipolarity (Irelan et al., 2007).  In contrast, Prajapati et al. (2006) showed that IKKα was 

associated with AURKA in the centrosome and regulated AURKA via phosphorylation at 

Thr288.  This modulation of AURKA phosphorylation by IKKα was described to lead to 

regulation of the mitotic (M) phase of the cell cycle in HeLa and COS7 cells (Prajapati et al., 

2006).  AURKA and the IKK proteins (IKKα and IKKβ) have also been reported to interact with 
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the Pro-survival signalling protein, TNF-related apoptosis-inducing ligand (TRAIL), which 

supports cell survival by increasing the phosphorylation state of both AURKA and the IKK 

proteins (Mazzera et al., 2013b).  Aside of these studies identifying potential mechanisms of 

regulation of AURKA dependent on phosphorylation, previous work in the Paul lab, and the 

basis to this project, demonstrated that recombinant AURKA protein bound to scanning 

peptide arrays representing both IKKα and IKKβ proteins. AURKA binding was observed to 

occur with sequences representing/encompassing the kinase domain (KD) and the NEMO 

binding domain (NBD) (Wilson 2013).  The interactions of the IKK proteins with AURKA were 

also mapped using peptide arrays and identified that IKK interacted with  a region of the 

kinase domain of AURKA (and similar sites in AURKB/C) which corresponded to the identified 

binding sites for TPX2 in AURKA (Wilson 2013).  There were numerous potential alignments 

of both IKKα and IKKβ interactions with AURKA binding closely to the TPX2 binding sites and 

mutational and truncation analysis identified the NBD to be key. Moreover, the two key 

Tryptophans (Trp739 and Trp741) within the the hexapeptide sequence (L-D-W-S-W-L) of the 

NBD were essential for binding.  Hence, a peptide derived from the structure of the IKKβ NBD 

could be used as a potential competitive disruptor and was then shown to be effective in 

preliminary experiments (Wilson 2013).  This was taken forward in this study and developed 

further by analysis of additional protein regulators and substrates (as ‘markers’) associated 

with AURKA activation and progression through mitosis to add credence to initial result and 

highlight potentially the mechanism of disrupting AURKA-TPX2 binding by the NBD WT CPP.  

The process of AURKA being deactivated/’switched-off’ in cells is not fully understood.  

It is well characterised that TPX2 is removed from AURKA to allow dephosphorylation of the 

critical phospho-threonine residue (Thr288) and subsequent deactivation of AURKA activity 

(Giubettini et al., 2011).  The mechanism of TPX2 removal to start the process of AURKA 

deactivation is unclear. So, it can be hypothesised, based on the results gathered in this thesis, 

that as cells go through mitosis, IKKβ is localised to the centrosome and interacts with AURKA 

and/or TPX2 and competitively removes TPX2.  Concurrently, is TPX2 removed to allow PP1a 

access to the AURKA kinase domain and catalytic site to dephosphorylate the critical 

phosphothreonine residue (Thr288) of AURKA? 

Following on from previous work in Paul lab demonstrating IKK-AURKA interactions 

in an in vitro recombinant protein-based assay system, experimental strategies to understand 

these interactions better were translated to a cell-based setting using pharmacological 

techniques targeting the  kinase domains with IKK isoform selective ATP-competitive kinase 

inhibitors and molecular siRNA targeted run-down of total IKK protein expression.  This 

enabled the impact of these strategies to be compared to that of the NBD WT CPP on IKK-

AURKA signalling (Figure 7.1).  Inhibition of IKK catalytic activity played no role in the 
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modulation of mitotic markers.  This questioned different aspects of IKK-AURKA structure-

function (Figure 7.1) and allowed further establishment of the mechanism by which the NBD 

WT CPP modulated IKK/AURKA/IKK-AURKA function.  The NBD peptides were recognised 

as IKK disruptors in the study by May et al. (2000b) where it was shown that the use of a NBD  

 

CPP can disrupt the binding between NEMO and IKKα/β and cause inhibition of cytokine-

induced activation of NF-κB signalling.  Therefore, here, a novel unreported effect of the NBD 

WT CPP has been identified.  This is first report of an alternative outcome for NBD peptides 

in terms of cellular targets and associated cellular outcomes - namely on phosphorylation of 

AURKA/B/C but also developed to show impact on total protein expression of AURKA, 

expression of the key AURKA co-activator TPX2 and expression/phosphorylation of the key 

AURKA-regulated protein substrate, the mitotic kinase PLK1.  Perturbation of AURK signalling 

by the NBD peptide was apparent but the key question of whether it was either IKK-dependent 

(i.e. dependent on IKK complex disruption) or IKK-independent (i.e. direct effects of NBD WT 

CPP on AURKA-TPX2 binding) remained.  Through siRNA depletion of IKKα and IKKβ at the 

transcriptional level and the use of KIs to inhibit catalytic activity, it was determined that neither 

the kinase domain nor the expression of IKK proteins was required for the NBD WT CPP to 

show its impact on AURKA and related markers.  This contrasted with results shown by Irelan 

et al. (2007) and Prajapati et al. (2006) who both showed that siRNA rundown of the IKK 

proteins caused inhibition of cell cycle progression in HeLa cells via FACS analysis.  Irelan et 

al. (2007) also showed that rundown of IKKβ in mitotic cells maintained an increased 

expression of AURKA, suggesting a model in which IKKβ acts as an antagonist of AURKA 

during mitosis.  On the other hand, Prajapati et al. (2006) showed that IKKα has a potential 

role in the regulation of M phase regulatory factors, including regulation of the phosphorylation 



 
 
 
 
 

277 
 

and activation of AURKA.  Following individual targeting of IKK proteins for rundown with 

siRNA, simultaneously ‘knock-down’ of both IKKα and IKKβ to create a synthetic null IKK 

background was pursued and this showed that the NBD WT CPP could still impact on 

phosphorylation and total expression of AURKA and TPX2 expression in a background of 

significantly reduced cellular IKK protein expression. This supported the rationale that the NBD 

WT CPP exerted its effect on AURKA signalling with a mechanism of action that is IKK-

independent.  Although, this wasn’t a complete run down (with some IKK proteins expression 

remaining that may mediate signalling), to substantiate this theory, the NBD WT CPP was 

utilised in a true cellular knockout model, MEFs genetically deficient for IKKα and IKKβ.  In this 

setting, the NBD WT CPP remained able to impact the status of p-AURKs, AURKA and TPX2 

despite no IKK proteins being present.  Beyond this, future work would likely consist of co-

immunostaining of both AURKA and TPX2, looking at potential co-localisation kinetics 

following use of the approach of mitotic arrest and release and determining whether the NBD 

WT CPP could impact on the localisation of these proteins as they progress through the cell 

cycle.  It would also be beneficial to the project to carry out assays to assess the catalytic 

activity of AURKA following Nocodazole trap and release and furthermore assess any potential  

impact the NBD WT CPP could have on AURKA activity as cells progress through mitosis. 

This study also showed that the effects of the NBD WT CPP to impact on the status 

of AURKA and related protein markers of mitosis (p-AURKS, AURKA, TPX2 and PLK1) was 

reproducible across different solid tumour cell lines (AR positive and negative prostate, breast 

and brain cancer).  Hence, this all suggested that the NBD WT CPP may exert its effect on 

AURKA in these different cellular settings via an IKK-independent mechanism, i.e. potentially 

a direct impact on AURKA-TPX2 binding across different cancer subtypes and so demonstrate 

its potential utility in targeting this signalling axis in a variety of cancers.  Going forward, similar 

studies to those carried out in Chapters 5 and 6 in which the NBD WT CPP and AURK 

inhibitors were used as combination treatments would ideally be investigated in these different 

cellular systems to identify any subtleties in terms of impact on AURKA signalling and 

phenotypic outcomes.  Possible future work could involve treatment with the NBD WT CPP in 

combination with the Gold standard treatments for each of these cancer types; breast 

(Tamoxifen), brain (temozolomide in combination with radiation) and prostate (ADT alone or 

in combination with radiation) (Crawford et al., 2019, Hu et al., 2015, Ozdemir-Kaynak et al., 

2018).  This would allow assessment of more clinically relevant combination treatments in 

different in vitro cancer cell lines before progressing to in vivo tumour models of these cancer 

types. 
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7.2. Targeting IKK-AURKA-TPX2 signalling.  

 

AURKA and the binding of its essential co-activator TPX2 is a well-established 

phenomenon in the literature that is required for the complete activation of AURKA kinase 

activity.  Bayliss et al. (2003) developed a crystal structure of a 43-amino acid (residues 1-43 

that are required for AURKA binding) TPX2 peptide bound to the catalytic domain of AURKA.  

Upon binding, the activation loop of AURKA undergoes a ‘twisting motion’ and AURKA is auto-

phosphorylated and auto-activated to become an “activated kinase” (Bayliss et al., 2003, Eyers 

et al., 2005).  This twisting of the activation loop also caused the phosphorylated threonine 

residue (Thr288) to tuck in towards the protein and become inaccessible to dephosphorylation 

by protein phosphatases and so hinders subsequent inactivation (Bayliss et al., 2003, Eyers 

et al., 2005).  It was also demonstrated by Eyers et al. (2005) that a single amino acid 

difference in the binding regions between AURKA and AURKB was responsible for TPX2 

binding AURKA and not AURKB. Similarly, in another study by Fu et al. (2009) it was shown 

that changing the Gly-198 residue in AURKA to an equivalent Asn-142 residue in AURKB 

caused AURKA to form a complex with the AURKB binding partner INCENP and to recruit to 

subcellular localisations that were normally occupied by AURKB.  Several studies have 

reported that the following residues of TPX2 were in contact with the large lobe of AURKA and 

essential for binding; Y8, Y10 and D11, mutation of these to alanine abolished activation by 

TPX2 (Asteriti et al., 2017, Eyers et al., 2005, Janeček et al., 2016).  Crucially, in relationship 

to this study, Janeček et al. (2016) showed that they could use a small molecule, AurkinA, to 

block the AURKA-TPX2 interaction through its binding to a hydrophobic ‘Y-pocket’ which was 

usually occupied by a conserved Tyr8-Ser9-Tyr10 (Y-S-Y) motif from TPX2.  This motif is 

distinctively like that which is present in the hexapeptide sequence (L-D-W-S-W-L) of the NBD 

WT CPP and it is this Try-Ser-Try (W-S-W) motif which could be the means by which the NBD 

WT CPP disrupts AURKA-TPX2 binding.  Taking this forward, potential future experiments 

could have a structural biology focus and incorporate crystallisation and co-crystallisation 

approaches to examine the potential direct interaction of the NBD peptide with AURKA, 

identification of the binding site (if it binds) and how it correlates with TPX2 binding.  Ultimately 

from this could we gain insight into the chemical space around peptide-protein binding towards 

the development of NBD-based disruptors/mimetics that potentially make the active site more 

accessible to dual targeting with kinase inhibitors? A study by Anderson et al. (2007) indicated 

that when TPX2 was present, the binding of TPX2 to AURKA decreased the size of the 

hydrophobic ‘Y-pocket’ and reduced the ability of AURK inhibitors to access it.  From this 

study, the NBD WT CPP in combination with commercially available ATP-competitive AURK 

inhibitors (AURK inhibitor II, AURK inhibitor III, Aurora kinase/CDK inhibitor, VX-680 or ZM 

447439) improved efficacy of the said AURK inhibitors against AURKA-TPX2 signalling and it 
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was hypothesised that this was as result of a direct effect of the NBD WT CPP disrupting 

AURKA-TPX2 binding.  Indeed, so-called allosteric inhibitors or proteins-protein interaction 

(PPI) mimetics that disrupt the binding between AURKA and TPX2 as alternatives to small-

molecule ATP-competitive AURK inhibitors make for an attractive proposition.  Kinase 

inhibitors, although initially promising pre-clinically, have displayed only moderate effects once 

in clinical trials and showed incomplete selectivity, either against the other AURK family 

members or other kinases (Asteriti et al., 2017).  To date in the literature, there have only been 

two physical compounds that disrupt AURKA-TPX2 binding, the rest are computational-based 

libraries or ‘hits’.  The first is the aforementioned AurkinA compound which binds in the 

micromolar range to the hydrophobic ‘Y-pocket’ normally occupied by the conserved Tyr-Ser-

Tyr motif of TPX2 (Janeček et al., 2016).  The second is a naturally occurring, cancer cell killing 

compound known as Withanone, which was shown to disrupt AURKA-TPX2 binding at the so-

called ‘W-pocket’, disrupting binding at residue Trp34 and these are two of three “druggable 

hotspots” between AURKA and TPX2, the other being the ‘F-pocket’ (Grover et al., 2012, 

McIntyre et al., 2017).  The ‘W pocket’ is of interest as it favours binding of tryptophan (W) and 

phenylalanine (F) residues (McIntyre et al., 2017), both of which are present in the 11mer NBD 

WT CPP and involved in its blockade of NF-κB signalling and potential disruption of AURKA-

TPX2 binding.  To conclude, there are limited means of targeting AURKA-TPX2 signalling in 

the literature and this study suggested that dual targeting enhanced the efficacy of 

commercially available AURK inhibitors compared to single agent treatment.  Future work 

would involve comparative pharmacological assays which would compare the NBD WT CPP 

with AurkinA and Withanone as single agents or in combination studies to see if the effect is 

similar to the impact observed with the NBD WT CPP.  This could then be extended to 

crystallisation of AURKA with one of the agents or a combination with the AURK inhibitors to 

investigate their different modes of binding. 

As another aspect of AURK signalling, AURKs have been increasingly linked to 

resistance of cancer cells to treatment with existing chemotherapeutics and radiotherapy 

(Tang et al., 2017b).  Indeed, AURKA was shown to confer chemoresistance in; colorectal 

(Cammareri et al., 2010), breast (Lee et al., 2008) and NSCLC (Xu et al., 2014) among other 

cancer subtypes.  Also, aberrant expression of AURKB was linked to resistance to the 

chemotherapeutic tamoxifen in breast cancer and was also responsible for cancer cell 

resistance to TRAIL-induced apoptosis through phosphorylation of survivin (Larsen et al., 

2015, Yoon et al., 2012, Zhang et al., 2015).  As mentioned before and as carried out in this 

thesis, synergistically targeting different proteins of interest can enhance the efficacy of anti-

tumour effects and this can also be correlated to overcoming drug resistance (Tang et al., 

2017b).  For example, it was shown by Yuan et al. (2012) that in Chronic myeloid leukemia 



 
 
 
 
 

280 
 

(CML) patients with BCR-ABL mutation and resistance to second generation TKIs, that 

inhibition of AURKA with AURK inhibitors can sensitise mutant CML cells to TKIs.  It was also 

shown by Opyrchal et al. (2014) that the SMAD5 oncogenic signalling pathway was activated 

by AURKA and this down-regulated estrogen receptor α (ERα), resulting in estrogen 

resistance in ERα+  breast cancers.  Combination therapy with tamoxifen (chemotherapeutic) 

and the AURK inhibitor MLN8327 alleviated this resistance to estrogen (Opyrchal et al., 2014).  

Another factor which may have contributed towards the link between AURKs and drug 

resistance in cancer was that AURKA has been implicated in the functioning of cancer stem 

cells (CSCs), which possess the characteristic of self-renewal (Chefetz et al., 2011).  It was 

shown that AURKA could activate the wnt signalling pathway in Glioma-initiating cells (GIC) 

through interacting with AXIN and stabilising β-catenin, promoting the ability of GICs to self-

renew (Xia et al., 2013).  To conclude, the observed enhanced efficacy (both phenotypic and 

signalling outcomes) of the combined use of NBD WT CPP and AURK inhibitors could be 

extended to the above disease settings in that the NBD WT CPP plus an AURKA inhibitor plus 

another selected kinase inhibitor could be used as a potential adjuvant therapy to overcome 

disease resistance and improve the therapeutic potential of chemotherapeutics. 

Translating the NBD WT CPP plus AURK inhibitors targeting approach to phenotypic 

outcomes demonstrated enhancement in efficacy also and was shown to cause a 

synergistically enhanced efficacy with regards to the impact on cell viability, clonogenic 

survival and apoptosis (VX-680).  This combination approach with AURK inhibitors which 

caused enhanced efficacy against phenotypic outcomes has been observed widely in the 

literature.  Indeed, AURK inhibitors in combination with EGFR and PI3K inhibitors 

synergistically inhibited the proliferation of oral tumour cell lines (Furqan et al., 2019).  

Furthermore, pharmacologically targeted inhibition of AURKA and p21-activated kinase 1 

(PAK1) synergistically decreased the survival of multiple breast cancer cell lines 

(Korobeynikov et al., 2019).  This highlights that the NBD WT CPP could be further harnessed 

as a pharmacological tool to broaden our knowledge of the AURKA-TPX2 protein-protein 

interaction and impact on the growth and survival of cancer cells.  These combination 

approaches will need to be further explored in animal models of prostate cancer in vivo 

(Xenograft and genetic models) before being considered for potential progressing to patient 

studies. 

7.3. Additional future work.  

 

A longer term end goal related to harnessing the pharmacological impact of the NBD WT CPP 

is the development of peptidomimetic molecules, built on the key structural features of the 
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NBD, that could be progressed through ‘hit-to-lead’ and ‘lead optimisation’ strategies to 

develop ‘drug-like’ molecules relevant for clinical intervention in cancer.  These, again, can 

only be based on the outcomes from key structural biology studies described above (Section 

7. 2).  In the shorter term, there is additional scope to develop cell-based studies of IKK-AURK-

TPX2 signalling further and to better understand the cellualr dynamic of the relationship 

between these proteins individually and collectively. Continuation of the previous work 

conducted in the Paul lab co-immunoprecipitating (co-IP) IKKβ and AURKA (Wilson 2013) 

could be extended to consider co-IP of AURKA and TPX2.  This would be utilised firstly to 

confirm what is widely known in the literature in that TPX2 binds to AURKA to form a complex 

as it is activated at the G2/M transition before showing that both proteins are no longer co-

immunoprecipitated (i.e. dissociated) as the cells enter and subsequently progress through 

mitosis.  Secondly this co-IP model would also be exploited to use the NBD WT CPP to 

potentially disrupt the binding between AURKA and TPX2 and hence the decreased presence 

of one, the other or both proteins in the co-immunoprecipitation. In short, this would provide 

an alternative insight into the binding interactions of the AURKA-TPX2 complex and confirm 

the impact on the NBD WT CPP on the AURKA-TPX2 complex     

Additional validation studies could also be constructed, for example, utilising targeted 

siRNA rundown of AURKA and/or TPX2, similar to previously reported studies,  (Zhong et al., 

2016) (Liu et al., 2014a) to show that rundown of these protein alone or in combination ablated 

the effect of the NBD WT CPP the previously assessed markers of mitosis and phenotypic 

outcomes.  A study by Solt et al. (2009) truncated the NBD of IKKα and IKKβ individually to 

show the effects on IKK complex disruption.  A comparative study with both IKKα and IKKβ in 

NBD-truncated forms simultaneously could be carried out to further substantiate the 

hypothesis that the NBD WT CPP has a direct impact on AURKA signalling. On the other 

hand, the use of a different molecular biology technique could be exploited which gives a more 

rapid removal and selectivity of target protein in comparison to use of siRNA to rundown 

protein expression.  This involved use of the degradation tag (dTAG) system discovered by 

Nabet et al. (2018) and loosely based on the technique of targeted protein degradation using 

hetero-bifunctional ‘small-molecule degraders’ or proteolysis targeting chimera (PROTAC) 

which was pioneered by Sakamoto et al. (2001).  This dTAG system involved the use of 

clustered regularly interspaced short palindromic repeats (CRISPR)-mediated ‘knock in’ of a 

mutant FKBP12F36V tag on the protein of interest (POI) and this resulted in the formation of a 

tertiary complex between the tagged POI, a FKBP12F36V degrader (dTAG molecule) and the 

ubiquitin proteasome machinery through the binding with cereblon (E3 ubiquitin ligase), this 

resulted in rapid targeted degradation (Nabet et al., 2018).  This could be a means by which 

to create a more definitive molecular model (potential to be used in vivo) to show the impact 
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that depleting the IKK proteins (α/β/γ) has on the mechanistic action of the peptide.  

Conversely, it could also be used to target AURKA and/or TPX2 for degradation and 

investigate whether the NBD WT CPP can still impact on the individual proteins of interest still 

present in each model (p-AURKs, AURKA, TPX2, p-PLK1/PLK1) and what impact degrading 

these proteins both individually and simultaneously had phenotypically as well as 

pharmacologically.  

Another alternative approach would be to create CRISPR-cas9 knockout models in a 

PCa background.  CRISPR-cas9 is a technique discovered in bacteria which can allow 

researchers to introduce double-stranded breaks in the target DNA sequence by using short 

guide RNA (gRNA) that bind to the specific target DNA sequence and direct the cas9 enzyme 

to introduce these double-stranded breaks at sites complementary to the gRNA sequence, the 

cell’s own DNA machinery is then used to “knock-in” or “knock-out” target genes (Jinek et al., 

2012).  The advantage of this is that is confers similar benefits to those shown using the dTAG 

technique but also would allow us to create a true knockout cell line.  Although we utilised a 

DKO IKKα/β model in MEF cells, this isn’t representative of the cancer setting in which the 

AURKs are overexpressed and have been implicated as a potential oncogene (Yan et al., 

2016).  So, it would be beneficial if a similar DKO IKKα/β model was established in PC3 

prostate cancer cells which would be more a representative model with regards to this thesis 

as a whole and examining IKK-AURKA signalling in the cancer setting.  Lastly, if time had 

permitted, it would have been beneficial to carry out some kinase profiling experiments to 

investigate any potential off-target effects of AURK inhibitors (AURK inhibitor II, AURK inhibitor 

III, Aurora kinase/CDK inhibitor, VX-680 or ZM 447439) and the NBD WT CPP at the 

concentrations used in the various assays in this study, as off-target effects are common 

amongst all kinase inhibitors (Wynn et al., 2011). It would also be beneficial to complete the 

analysis of the phenotypic outcomes section by exploring the effect of combination treatments 

across all inhibitors on apoptosis and exploring the effects of the NBD WT CPP alone and the 

combination treatments on the cell cycle via FACS analysis.   

 

7.4. Conclusions.  
 

AURKA and its essential co-activator TPX2 have both been implicated to be aberrantly 

expressed in a variety of different cancers, both in solid and haematological tumours but 

targeting with conventional ATP-competitive AURK inhibitors has been particularly 

problematic in solid tumours.  Studies are now exploring the targeting of the AURKA-TPX2 

PPI directly with PPI mimetics or so-called allosteric inhibitors that disrupt the TPX2 binding 
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pockets on AURKA and impact on the interaction between AURKA and TPX2.  This method 

of targeting has the benefit that PPI interactions are less evolutionary conserved compared to 

the ATP-binding sites on kinases and hence confer a greater degree of selectivity.  That said, 

developing an allosteric inhibitor with appropriate ‘drug-like’ physicochemical characteristics 

can be challenging.   

This study utilised a CPP derived from the NBD of the IKKβ protein, a catalytic 

component of the NF-κB pathway, as this domain was demonstrated from previous preliminary 

data to bind AURKA (Wilson 2013).  The resultant NBD WT CPP was shown in this current 

study to cause a reduction in the phosphorylation of the three AURK isoforms (A, B and C) as 

well as the total expression of AURKA, TPX2 and p-PLK1/PLK1 in prostate, breast and 

glioblastoma cells lines.  In prostate cancer cells and MEFs this occurred via an IKK-

independent mechanism which may be as a result of a direct impact on AURKA-TPX2 binding.  

Further work must be carried be out to understand fully and determine whether this is a direct 

disruption of the interaction between AURKA and TPX2.  In prostate cells, combination 

treatments with ATP-competitive AURK inhibitors (AURK inhibitor II, AURK inhibitor III, Aurora 

kinase/CDK inhibitor, ZM 447439 and VX-680) and the NBD WT CPP resulted in an 

enhancement of efficacy against AURKA and TPX2 status compared to any single agent 

treatment.  This translated to impact synergistically on cell viability and clonogenic survival in 

prostate cells.  The NBD WT CPP in combination with VX-680 displayed an enhanced efficacy 

to impact prostate cancer cell apoptosis in comparison to single agent treatment but was 

inconclusive when assessed for its ability to enhance the efficacy and effect changes in volume 

of prostate cancer cell spheroids (data not shown).  This suggested that further investigation 

is needed to determine whether the significantly enhanced efficacy conveyed by the 

combination treatments to effect AURKA-TPX2 status translated to impact on apoptosis and 

spheroid growth. Collectively, from this study, the NBD WT CPP derived from the IKK protein 

can be put forward as potential ‘lead’ for the development of pharmacological agents that 

target AURKA-TPX2 status and signalling via an alternative mechanism to that delivered by 

recognised ATP-competitive AURK inhibitors.  This approach in the longer term may also be 

relevant to therapeutic intervention in multiple tumour types.   
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