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Abstract

Prostate cancer (PCa) is the most frequently diagnosed cancer and the second
most common cause of cancer deaths in men in the UK, despite the progress
that has been made in PCa treatment. Nuclear Factor kappa B (NF-kB)
regulates several genes involved in immune response, inflammation,
proliferation and apoptosis. Overexpression of NF-kB has been shown to be
involved in tumour progression and radiation therapy resistance of PCa. One
potential approach in PCa cancer treatment therefore involves targeting IkB
kinases (IKKs) which are key regulators of the NF-kB signaling pathway. Whilst
IKKB regulates the canonical NF-kB pathway involving degradation of IkB-a and
phosphorylation of p65, IKKa regulates the non-canonical NF-kB pathway by
mediating the processing of pl100 to p52. Inhibition of NF-kB signaling by
targeting IKKB is a sub-optimal treatment choice as it has been shown to be
associated with multiple serious toxicities. However, IKKa is of interest in PCa
therapy as it has been implicated in PCa survival, proliferation, invasion and
metastasis. In addition, the non-canonical NF-kB pathway, which is regulated
mainly by IKKa, has been demonstrated to drive the development of
radioresistance in PCa cells. Therefore, targeting IKKa is a new approach for
the development of novel therapies for PCa.

In Chapter 3, the pharmacological characteristics of novel first-in-class IKKa
inhibitors (SU compounds) developed in-house were investigated in terms of
selectivity against IKKa and IKKB in PCa cell lines using Western blot analysis.
In Chapter 4, the phenotypic impact of the selective IKKa inhibitors (SU
compound) in PCa and normal prostate cell lines was interrogated using cell
growth assay, cell viability assay, clonogenic assay, caspase-3 assay and cell
cycle analysis, and the radiosensitisation potential of selective IKKa inhibitor SU
compounds in PCa cell lines were investigated using clonogenic assay, cell
cycle assay and combination index methods. In Chapter 5, the cytotoxicity and
radiosensitisation effects of non-pharmacological inhibition of IKKa and IKKR
using small interfering RNAs (siRNAs) in PCa cell lines were also investigated
using cell growth assay, clonogenic assay, cell cycle analysis and linear
quadratic analysis.

These studies demonstrated that among investigated SU compounds, SU1261
most selectively inhibits the non-canonical NF-kB pathway biomarker p52 at
lower concentrations than the canonical NF-kB pathway biomarkers, IkB-a
degradation and phosph-p65, demonstrating selectivity of this compound for
IKKa over IKKB. Furthermore, SU1261 showed a highly cytotoxic profile in term

XVIII



of inhibition of growth rate, reduction in cell viability and clonogenicity, and
induced apoptosis in both PCa (PC3M-luc-C6 and PC3) and normal prostate
(PNT2A) cell lines. However, SU1261 exhibited lower cytotoxicity against normal
prostate epithelium cells (PNT2A) compared with PCa cells (PC3M-luc-C6 and
PC3), suggesting that inhibition of IKKa may offer a therapeutic differential in
cancer versus normal cells. Furthermore, a combination of SU1261 and X-ray
irradiation delivered to PC3M-luc-C6s showed a synergistic interaction which
resulted in an enhanced radiation-induced colony survival inhibition arrest of the
cell cycle at the G2/M phase. On the other hand, knockdown of the IKKa protein
in PC3M-luc-C6s using siRNA only impacted the growth rate of cells, but
silencing of IKKB inhibited both growth rate and clonogenicity of PC3M-luc-C6
cells as well as inducing apoptosis. In addition, knockdown of both kinases did
not show significant enhancement in radiation cytotoxicity in PC3M-luc-C6 cells.

These data taken together represent one of the first interrogations of the
phenotypic effect of IKKa inhibition and suggest that SU1261 is a first-in-class
novel selective IKKa inhibitor compound. Pharmacological inhibition of IKKa
using SU1261, but not with siRNA against IKKa, as a single agent or in
combination with radiation may be a useful approach for PCa treatment.
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Chapter 1

General Introduction



1.1 Introduction to cancer

1.1.1 The incidence of cancer

Cancer is a major public health problem in the United Kingdom and worldwide.
In 2012, GLOBOCAN estimated that around 14.1 million people were diagnosed
with cancer, with 8.2 million deaths; of these, 57% of incidences and 65% of
mortalities were recorded in developing countries (Torre et al., 2015). Despite
the advances in cancer therapy which have led to increased survival rates,
deaths from cancer worldwide are predicted to continue increasing, with an

expected 13 million deaths occurring due to cancer in 2030 (Ferlay et al., 2010).

According to the most recent statistics available from Cancer Research UK,
352,197 people were diagnosed with cancer in 2013, which equates to about
962 cases a day, and more than 40 cases per hour (Figure 1.1) (Cancer
Research UK, 2016). Nowadays, there are more than 200 different types of
cancer identified, but four of them — breast, prostate, lung and colorectal —
account for over half (53%) of all new cases in the UK in 2013 (Cancer
Research UK, 2016). In addition, the incidence rates for cancer in the UK
increased by 25%, with a 14% increase in incidence rates in men and a 32%
increase in women between 1979-1981 and 2007-2009, with only 50% of
people diagnosed with cancer surviving for more than 10 years. In 2012,
161,823 people died from cancer in the UK (Cancer Research UK, 2016),
suggesting that there is an urgent need for the development of novel anti-cancer

therapies to reduce cancer mortality rates.
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Figure 1.1: Number of registered cancer cases for males and females in the UK in
2013. (Figure adapted from Cancer Research UK, 2016).

1.1.2 The development of cancer

Cancer means ‘crab’ in Latin. In ancient times, the word was used to describe
the crab-like way that cancer cells spread throughout the body. In scientific
terms, cancer (malignant neoplasm) is defined as a complex genetic disease in
which a group of cells exhibit ‘uncontrolled growth’ (division beyond the normal
limits), ‘invasion’ (intrusion on and destruction of adjacent tissues) and

sometimes ‘metastasis’ (spread to other locations in the body via lymph or



blood). These three malignant properties of cancers distinguish them from
benign tumours, which are self-limited and do not invade or metastasise (Akanni
et al., 2010). These alterations are caused mainly by abnormalities in the
genetic material (DNA) of the transformed cells and consequently lead to an
inability of these cells to carry out their normal functions. These abnormalities in
the genetic material (mutations) are often caused by cancer-causing agents
(carcinogens), such as tobacco smoke, radiation, chemicals or infectious
agents. However, other cancer-promoting genetic abnormalities may be

inherited or acquired through errors in DNA replication.

Cancer is caused mainly by two classes of genes, oncogenes and tumour
suppressor genes (TSGs), which each have an essential role in normal cells.
Oncogenes are derived from mutated forms of normal cellular genes (called
proto-oncogenes) that control cell proliferation, survival and spread. The
expression of proto-oncogenes is strictly regulated in normal cells to prevent
uncontrolled cell growth. However, in cancer, activated mutations of proto-
oncogenes lead to uncontrolled cell division, enhanced survival and
dissemination (Rogers et al., 2005). TSGs or anti-oncogenes [such as TP53
(p53), BRCAL1, BRCA2, APCA and RB] are genes that are responsible for
inhibition of cell proliferation and survival. In their unmutated state, the protein
products of these genes are mainly involved in controlling cell cycle progression
and programmed cell death (apoptosis). In the presence of DNA damage due to

irradiation, chemical or infectious agents, proteins encoded by tumour



suppressor genes arrest the cell cycle until the damage is repaired. However, if
damage in the cell is not repaired, apoptosis is induced. For example, p53 as a
transcription factor induces a G1 arrest of the cell cycle by regulating the
expression of p21WAF1/CIP1/Sdil, an inhibitor of the cyclin-dependent kinases
(CDKs) 2, 3, 4 and 6. p53 also mediates apoptosis through regulation of
apoptotic protein BAX, a member of the BCL-2 protein family gene
(Koutsodontis et al., 2005; Shaw, 1996). When TSGs are mutated, cells can
grow out of control, which can lead to cancer.

Key changes occur in cancers that can be seen as mostly responsible for driving
their malignant behaviour. The first of these is growth factor independence.
Cancer cells can grow and divide without external normal growth signals, and
some cancer cells can create their own growth signals. For example,
glioblastomas can produce their own platelet-derived growth factor (PDGF), and
sarcomas can produce their own tumour growth factor a (TGF-a). Second,
cancer cells develop insensitivity to anti-growth signals. The growth inhibition of
normal cells is controlled by growth inhibitors in the surrounding environment, in
the extracellular matrix and on the surfaces of nearby cells. Cancer cells can
also avoid apoptosis through their ability to ignore signals sent through the
extrinsic pathways or by resetting the balance of intracellular pro-apoptotic and
anti-apoptotic molecules (Harrington et al., 2010). However, normal cells
evaluate their viability by assessing the balance of survival (anti-apoptotic) and

death (pro-apoptotic) signals that they receive.



Cancer cells also induce sustained angiogenesis, the process by which new
blood vessels are formed. Cancer cells can create their own blood vessels to
maintain an adequate supply of oxygen and nutrients for cancer cells to
progress. Angiogenesis is controlled by inducers and inhibitors. Inducers include
vascular endothelial growth factor (VEGF) and basic fibroblast growth factor
(FGF 1/2), which bind to transmembrane tyrosine kinase receptors on
endothelial cells. An inhibitor of angiogenesis is thrombospondin-1, which binds
to CD36. A further distinguishing feature of cancer cells is their ability to
immortalise or to have limitless reproductive potential. Normal cells die after a
certain number of divisions (about 25-50 doublings). This limit is mediated by
the pRb, pl6INK4a and p53 pathways, and further replication subsequently
leads to telomere (chromosome end) loss. However, most cancer cells are able
to grow and divide without limit through their ability to upregulate telomerase, the
enzyme that maintains telomeres. Finally, cancer cells have the ability to invade
adjacent tissues and metastasise to distant sites, through loss of cell—cell
contacts (cadherins) and increased production of matrix metalloproteinases

(Hanahan and Weinberg, 2000).



1.2 Prostate cancer (PCa)

1.2.1 Prostate cancer incidence and risk factors

Prostate cancer (PCa) is cancer in the prostate gland. It is a major public health
problem facing men in the United Kingdom and many other parts of the world. In
the UK, cancer of the prostate is the second most common cancer after breast
cancer, and the most common cancer in men (Cancer Research UK, 2016).
Among the 352,197 diagnosed cancer cases in the UK in 2013, out of 200 types
of cancer, PCa accounted for 47,300 cases, nearly 13% of the cases that year
(Cancer Research UK, 2016). PCa is the second most common cause of cancer
death in UK men, after lung cancer. In 2012, around 10,800 men died from PCa

in the UK, which equates to 30 deaths per day (Cancer Research UK, 2016).

Age is the most important risk factor, and the highest rates of PCa are found in
the oldest patients with approximately 85% of diagnosed men being over 65,
and less than 0.1 percent being younger than 50 (Patel and Klein, 2009). Post-
mortem prostate autopsy data also show that nearly 50% of all tested men in
their 50s have a histological indication of PCa and this figure increases to 80%

by age 80 (Haas et al., 2008).

Race is also considered a risk factor in PCa. For instance, African Americans
have a 50% higher rate of incidence and prognosis of PCa than white
Americans (Bostwick et al., 2004). However, Asian Americans tend to develop a

more advanced stage of the disease than white Americans, and are predisposed



to the development of more advanced stages than non-Hispanic (NH) whites
(Lichtensztajn et al., 2014, Oakley-Girvan et al., 2003). The mortality rate from
PCa in African-Americans has also been reported to be twice that of white men

(Powell, 2007).

Family history or heredity is another risk factor for PCa. The incidence of PCa
doubles in males whose fathers have or had the disease, and triples for those
with a brother who has or had the disease (Kicinski et al., 2011). Some inherited
genetic mutations might pose an increased risk for PCa, but only in a small
percentage of cases. Females with the BRCA1 or BRCA2 genes are at greater
risk of developing breast and ovarian cancers and it has been reported that the
presence of mutations in these genes may increase the risk of PCa in men
(Cavanagh and Rogers, 2015). Additionally, in men with Lynch syndrome (also
known as hereditary non-polyposis colorectal cancer, or HNPCC), a condition
caused by inherited gene germline mutation of the mismatch repair (MMR)
genes, the risk of PCa is increased fivefold (Haraldsdottir et al., 2014). Other risk
factors that may be linked to PCa include diet, lifestyle and environment. A
positive correlation has been found between obesity and risk of PCa metastasis
and mortality in middle aged males (Gong et al., 2007). High body mass index
(BMI) in men is linked with higher prostate mass and higher pathological stages
of PCa (Goris Gbenou et al., 2016) and conversely increased physical activity is
associated with a lower risk of high-stage PCa (De Nunzio et al., 2015). High

consumption of dairy products is associated with high incidence of PCa and



other environmental factors, including smoking and alcohol intake, may have a
role in PCa progression (Baglietto et al., 2006; Jones et al., 2016; Fowke et al.,
2015), but the results from studies interrogating these links have been

inconsistent.

1.2.2 Prostate gland anatomy, function and pathophysiology

The prostate is a tubuloalveolar exocrine gland of the male sex reproductive
system that includes the prostate, seminal vesicles and bulbourethral glands. It
is a walnut-sized gland, and weighs 20-30 g in men between the ages of 20 and
50. The prostate gland is located in the pelvis, under the urinary bladder and in

front of the rectum (Figure 1.2) (Fine and Reuter, 2012).

The main function of the prostate gland is the secretion and storage of 25% of
the seminal fluid, which carries spermatozoa made by the testicles. The prostate
gland has a metabolic function that regulates testosterone, the male sex
hormone. The prostate converts less active testosterone to the active form

dihydrotestosterone (DHT) (Kumar and Majumder, 1995).

In pathology, the prostate gland is divided into three major regions: the
peripheral zone (PZ), the central zone (CZ) and the transition zone (TZ)
(McNeal, 1981). The clinical importance of this classification is to understand
which parts of the prostate are susceptible to benign and malignant tumours
(Fine and Reuter, 2012). The PZ is the main part (70%) of the prostate; more

than 70% of PCa originates in this zone. The CZ constitutes 20% of the



prostate; roughly 2.5% of PCa develops in this portion. The TZ makes up only
5% of the prostate and is responsible for 10-20% of PCa. Beyond middle age,
this zone becomes enlarged, causing a condition called benign prostatic
hyperplasia (BPH), or enlargement of the prostate gland (Fine and Reuter,

2012).
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Figure 1.2. Prostate gland location. The prostate position and the surrounding

organs (Image from informedhealth.org at https://www.informe dhealth.org).

1.2.3 Prostate cancer progression and pathogenesis

More than 90% of all PCa cases are adenocarcinoma which is a cancer that
generates from the epithelial cells of the organs and arises from the peripheral
zone of the prostate (Borges et al., 2016). Small cell carcinoma, another form of
PCa, is formed mainly by the hormone secreting cells (neuroendocrine cells). In

the early stages, small cell carcinoma is hard to detect by pathologists, as it is
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not accompanied by a raised prostate-specific antigen (PSA), which is the
diagnostic marker of PCa (Hirai et al., 2015). Similarly, squamous cell carcinoma
is a fast growing tumour and may not elevate PSA levels (Acosta et al., 2016).
Sarcomas and transitional cell carcinoma are rare forms of PCa. The latter is a
secondary tumour which derives from distal tumours developed in the urinary
tract system (bladder or urethra), but rarely originates in the prostate (Arista-

Nasr et al., 2016).

The growth of prostate gland and PCa cells both need physiological levels of
androgen to stimulate proliferation and inhibit apoptosis. Androgens (male
hormones), which are synthesised mainly in the testicles, are responsible for up
to 80% of PCa growth (Chuu et al., 2011). Androgens mediate the translocation
of androgen receptor (AR) into the nucleus where it binds with androgen
response elements and subsequently induces PCa growth and inhibition of
apoptosis (Figure 1.3) (Semenas et al., 2012). Thus, initial therapy for PCa
consists of anti-androgen therapy; however, this is only a palliative treatment
with an effective duration of between 12 and 18 months (Harris et al., 2009,
Maroto et al., 2016). After this duration, the PCa develops to an androgen-
insensitive stage called castration-resistant PCa (CRPC) and will progress
independently of androgens. CRPC is an advanced stage of PCa for which no
full cure therapies are available, and it is therefore associated with high mortality
rates. The mechanisms underlying the development of castration-resistant PCa

are still poorly understood. A number of studies have shown that CRPC cells
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continue to express androgen-responsive genes and AR protein (Dutt and Gao,
2009). AR gene amplification and AR mutation are possible mechanisms that
may be involved in PCa progression and development of castration resistance,
even with low androgen levels (Dutt and Gao, 2009). AR gene amplification is
present in 20-52% of CRPC specimens which suggests the possible role of AR

in the castration-resistance mechanism (Robinson et al., 2015).

PCa is a highly metastatic cancer which spreads outside the prostate capsule
particularly to the bones (90%), lung (46%), liver (25%), pleura (21%), and
adrenal glands (13%) (Conde Moreno et al., 2014). Approximately 10% of PCa
is metastatic at diagnosis, and 25% of cases with localised or locally advanced
tumours will progress to the metastatic stage during the disease period (Suarez
et al.,, 2014). The bony metastasis is highly frequent (90%) with PCa, and
associated with highly significant disease symptoms including pain, fractures,
nerve compression syndromes, and hypercalcemia prior to a patient's death.
The network of veins that surrounds the prostate gland (Batson's plexus) which
connects to the veins of the spine is the potentially cause of the bone being the
most common metastatic site of PCa (Ye et al., 2007). Current treatments for
those patients are only palliative, symptomatic treatment to improve quality of
life. Unfortunately the median survival of metastatic CRPC remains poor, at less

than 19 months (Husson et al., 2014).

The exact mechanism of metastatic potential of PCa is still not fully understood.

The metastasis of prostate tumour cells has been found to correlate with the

12



expression of several angiogenic genes, including vascular endothelial growth
factor (VEGF), basic fibroblast growth factor (bFGF), interleukin 8 (IL-8) and
matrix metalloproteases (MMP-2 and MMP-9) (Uehara et al., 2005). The MMPs
proteins are essential in the metastasis process by their ability to degrade the
extracellular matrix, thereby allowing the invasive PCa cells to metastasize to
distal organs via the lymph node and blood vessels (Dasgupta et al., 2012). In
addition, this protease activity of MMPs not only permits cell metastasis, but also
has a role in facilitating angiogenesis. In bone, the PCa metastatic cells allow for
angiogenesis via the MMP9 derived from osteoclasts (Bruni-Cardoso et al.,
2010). Some of the MMPs members such as MMP-2 and MMP-9 have a higher
expression in metastatic PCa samples, suggesting the involvement of these

proteins in PCa progression and metastasis (Gong et al., 2014).
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Figure 1.3 Role of androgens in PCa cell survival and growth. In the
cytoplasm of prostatic epithelial cells, 5a-reductase converts testosterone to
dihydrotestosterone (DHT). AR is released from inhibitory heat shock proteins
(HSPs) and binds to DHT resulting in phosphorylation and translocation of the
AR homo-dimer into the nucleus where it binds with androgen response
elements in the promoter regions leading to transcriptional activation, and

subsequently induced survival and growth of the cell and expression of PSA.

1.2.4 Prostate tumour staging

Tumour staging refers to the degree to which the tumour has involved the
prostate gland or has spread. Once a patient has been diagnosed with a
prostate tumour, the cancer must be staged to determine if it has spread beyond
the prostate. Staging also provides better insight into the risk of the disease
spreading further, which helps to identify the correct treatment option. The

Tumour Node Metastasis (TNM) system is used to determine the stage of the
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cancer; that is, how far it has spread from the prostate. The TNM classification
system breaks tumour stage into three components. The tumour (T) stage
reflects the extent of disease at the primary site; the node (N) stage reveals if
the cancer has spread to nearby lymph nodes in the pelvic region and the
metastasis (M) component indicates whether the cancer has spread to other
parts of the body, such as the bones. This information, combined with the
Gleason score, is pivotal in the selection of the best treatment approach. The
2009 TNM classification for PCa is used for staging cancer of the prostate and is

shown in Table 1.1 (Chi et al., 2009).

1.2.5 Prostate tumour grading: The Gleason Score

Tumour aggressiveness can be determined by a pathologist's examination of
the cancer cells under a microscope. Normal tissue has an ordered pattern of
growth, but in cancer tissue the pattern is not ordered, due the unpredictable
nature of cancer cell growth and differentiation. The most commonly used
system for grading cancer of the prostate is the Gleason grading system (Chi et
al., 2009). This system assigns a grade for each PCa from 1 (least aggressive)
to 5 (most aggressive), based on the degree of architectural differentiation of the

tumour.

Tumours often show multiple grade “patterns” within the prostate or even within
a single core biopsy (Gleason et al.,, 2002). To account for this, the Gleason

scoring system is used to show how abnormal or different the cancer tissue is,
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compared with normal tissue. The two most common patterns of growth seen in
the biopsy sample are each given a number from 1 to 5, and these two numbers
are added together to give the Gleason grade (e.g., 4+3=7). The greater the
difference between the cancer and normal tissue patterns, the higher the
Gleason Score, and the more aggressive the cancer. This score has been
shown to provide significant prognostic information in PCa treatment (Gleason et

al., 2002).

16



Table 1.1: TNM classification of PCa staging (adapted from Chi et al., 2009).

T —-Primary tumour

TX

Primary tumour cannot be assessed

T0

No evidence of primary tumour

T1

Clinically unapparent tumour not palpable or visible by imaging

Tla | Tumour incidental histological finding in 5 percent or less of tissue resected

T1b | Tumour incidental histological finding in more than 5 percent of tissue resected

T1c | Tumour identified by needle biopsy (e.g. because of elevated PSA level)

T2

Tumour confined within the prostate (1)

T2a | Tumour involves one half of one lobe or less

T2b | Tumour involves more than half of one lobe, but not both lobes

T2c | Tumour involves both lobes

T3

Tumour extends through the prostatic capsule (2)

T3a Extracapsular extension (unilateral or bilateral)

T3b | Tumour invades seminal vesicle(s)

T4

Tumour is fixed or invades adjacent structures other than seminal vesicles: external
sphincter, rectum, levator muscles, and/or pelvic wall

N - Regional lymph nodes (3)

NX | Regional lymph nodes cannot be assessed
NO | No regional lymph node metastasis
N1 | Regional lymph node metastasis

M - Distant metastasis (4)

MX | Distant metastasis cannot be assessed
MO | No distant metastasis
M1 | Distant metastasis
M1la | Non-regional lymph node(s)
M1b | Bone(s)
M1lc | Other site(s)
1 Tumour found in one or both lobes by needle biopsy, but not palpable or
visible by imaging, is classified as T1c
2 Invasion into the prostatic apex, or into (but not beyond) the prostate capsule,
is not classified as T3, but as T2.
The regional lymph nodes are the nodes of the true pelvis, which are
3 essentially the pelvic nodes below the bifurcation of the common iliac
arteries. Laterality does not affect the N classification.
When more than one site of metastasis is present, the most advanced
4 category should be used
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1.2.6 Symptoms and diagnostic tools of prostate cancer

Prostate tumours are usually slow growing, and symptoms may not manifest in
affected individuals for many years or may indeed be misdiagnosed as due to
other factors. In the early stages of PCa, there are often no symptoms.
However, due to its location surrounding the urethra, symptoms of the disease
commonly affect urination. PCa symptoms include frequent urination, increased
urination during the night (nocturia), difficulty in maintaining a steady stream of
urine, blood in the urine (haematuria) and painful urination (dysuria). It can also
affect sexual function, for example, difficulty in achieving erection or painful
ejaculation (Knight and Latini, 2009). Many of the urinary symptoms also occur
in other prostate diseases, such as benign prostate hyperplasia and
enlargement of the prostate. If the cancer is advanced, it can spread to other

organs, causing bone pain in the pelvis or ribs (Thobe et al., 2011).

The main diagnostic tool used to find evidence of PCa is the serum level of PSA.
The PSA test was originally approved by the FDA in 1986 to monitor the
progression of PCa in asymptomatic men as well as patients diagnosed with the
disease. PSA is a 33-kDa glycoprotein and a member of the kallikrein (KLK)
family of serine proteases. It is secreted by normal, hyperplastic and cancerous
prostatic epithelia into the seminal fluid. Its function is to digest seminogelins
formed in semen after ejaculation (Balk et al., 2003). Elevation of PSA levels, in
conjunction with histopathological and imaging examinations, confirm the

presence of cancer. Imaging tools include: digital rectal examination (DRE),
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trans-rectal ultrasound guided biopsy (TRUS), bone scan, computed
tomography (CT) and Magnetic Resonance Imaging (MRI) scan (Smith et al.,

2007).

1.2.7 Treatment of prostate cancer

The management of PCa is determined primarily according to tumour stage,
patient age, the general health status of the patient, and individual patient
preference. The therapeutic options available include surgical and non-surgical
approaches. Treatments for early stage localized PCa can result in cure, but
treatments for advanced disease such as castration resistant PCa (CRPC) are
mainly used to delay disease progression or palliate symptoms (Khemlina et al.,

2015).

1.2.7.1 Watchful waiting

The term “watchful waiting” is used to describe a treatment strategy that
includes an active decision to postpone treatment until the patient begins to
show symptoms of metastatic disease. This strategy is an alternative approach
in the medical management of certain diseases and is offered to elderly men,
especially those who have other illnesses, such as coronary heart disease or
diabetes. Most often it is considered an appropriate approach to treatment of
low-risk PCa. This approach offers the opportunity to delay aggressive therapies
and its associated complications until the cancer progresses (Williams et al.,

2015).
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1.2.7.2 Radical prostatectomy

Radical prostatectomy (surgery to remove the prostate gland) is the standard
treatment option for many men with PCa. It is widely used as the primary
treatment for patients with early-stage PCa and is not useful for PCa that has
spread (Wong et al., 2006). Radical prostatectomy is an operation to remove the
prostate with localised cancer that is completely contained within the gland. The
aim of a radical prostatectomy is to remove the prostate gland, the attached
seminal vesicles and part of the urethra within the prostate (Hegarty et al.,
2010). Removal of the whole prostate in early stages of cancer may stop cancer
from metastasising, and may result in a complete cure. However, as for any type
of surgery, there are short-term risks, such as problems with bleeding or
infections, and the risk of some long-term complications, such as urinary

incontinence and sexual dysfunction (Ficarra et al., 2012).

1.2.7.3 External and internal radiotherapy

Radiotherapy is a common approach in the treatment of all stages of PCa
(Dulaney et al., 2016). This therapy is also used to treat bone pain due to
metastatic disease. It uses high-energy rays (photons, protons or particle
radiation) delivered to the tumour site (Baskar et al., 2012). Radiation interacts
with DNA, directly causing damage, or acting indirectly by generating free
radicals in the cellular water content, which leads to DNA double-strand breaks
(DSBs). Both mechanisms cause double-strand and single-strand DNA breaks

subsequently lead to cell cycle arrest and apoptosis mainly through the tumour
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suppressor protein p53 (Baskar et al., 2012, Verheij, 2008). Multi-factors are
involved in radiation-induced cell cycle arrest and apoptosis including p53,
Poly (ADP-ribose) polymerase (PARP), DNA-dependent protein kinase (DNA-
PK), and ataxia-telangiectasia-mutated (ATM). PARP, DNA-PK and ATM
function upstream of p53, whereas other components such as the
retinoblastoma tumour suppressor gene Rb and the cyclin kinase inhibitor
p21 function downstream of p53. In response to radiation-induced DNA
strand breaks, PARP binds to DNA strand breaks, leading to synthesis of a
poly (ADP-ribose) chain as a signal for the DNA-repairing enzymes (Kim et
al., 2015). ATM, which acts as an upstream activator and stabilizer of p53, is
involved in the G1/S cell cycle checkpoint arrest following DNA damage
through the p53-mediated stimulation of p21 and, at the G2 checkpoint,
through the direct phosphorylation of the Chk2 protein (Sancar et al., 2004,
Canman et al., 1998, Banin et al., 1998). There are different systems of
radiation delivery to PCa which include external beam therapy and internal

radiotherapy (brachytherapy).

External beam radiotherapy directs high energy X-ray photon beams specifically
at the cancer from outside the body using machines such as linear
accelerators (linacs). This option generally is used for localized tumours in early
stages (stage T1l and T3). However, radiotherapy is also applied to locally
advanced prostate tumours that have started to metastasise into nearby tissues,

with the aim of shrinking the tumour or stopping its spread to other organs.
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Although external beam radiotherapy has proven beneficial in most cancer
treatment settings, its effect on adjacent normal tissues and its inadequate

dosage to the tumour cells are disadvantages that limit its use.

Three-dimensional conformal radiation therapy (3D-CRT) is one of the most
advanced types of external beam radiation current available in the UK. 1t is
designed to improve the delivered doses of radiation to the tumour by directing
radiation from multiple angles. Unfortunately, 3D-CRT has not fully prevented
radiation-induced cytotoxicity in the surrounding normal cells (Tribius and
Bergelt, 2011). However, intensity modulated radiotherapy (IMRT), a more
specific technique based on the three-dimensional shape of the tumour,
increases the required dose to the treated area and reduces the cytotoxicity in
the surrounding normal tissue (Leibel et al., 2002). Generally, IMRT carries a
smaller risk of damage to normal cells compared with 3D-CRT, but it still
exposes a large number of normal cells to radiation (Veldeman et al., 2008).
Focal external beam radiation therapy (RT) is a palliative therapy used for
patients with castration resistant PCa (CRPC) who suffer from bone pain

(Amaral et al., 2012).

Internal radiotherapy (also called brachytherapy or seed implantation) has
become a promising approach in the field of oncology. It uses a radioactive
substance (such as palladium-103, iridium-192 or cesium-137) placed inside the
prostate gland to deliver a high dose of radiation. Brachytherapy is used alone in

early stage, low grade PCa treatment, or combined with external beam radiation
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for treating higher risk cancer which has spread outside the prostate. There are
two types of prostate brachytherapy: permanent, which administers a low dose
rate of radiation at a rate of up to 2 Gy.hr*; and temporary, which administers a

high dose rate of radiation (Galalae et al., 2004, Moule and Hoskin, 2009)

In general, radiotherapy is associated with short-term side effects, such as
bowel disorders and urinary incontinence and retention (Dearnaley, 1995). The
long-term side effects include sexual disorders, such as erectile dysfunction
(Hummel et al.,, 2010). Some studies have reported a risk of developing
secondary cancers in the bladder, colon and rectum following radiation therapy

for PCa (Wallis et al., 2016).

1.2.7.4 Cryotherapy

Cryotherapy, also referred as cryosurgery, cryoablation or cryosurgical ablation,
is a new therapy which is applied to localised PCa that has not metastasised. It
is a minimally invasive surgical technigue that involves in-situ freezing by
applying extremely low temperatures to kill the prostate tumour and shrink the
size of the prostate. In this treatment, cryo-needles are positioned into the gland
and argon gas is delivered to the prostate. This generates rapid cooling, with
temperatures reaching -186°C, and results in destroying the cells (Kvorning
Ternov et al., 2015). Cryoablation is still undergoing clinical trials due to
uncertainties surrounding the treatment. Clinical trials have shown impotence
occurring in 90% of patients following cryoablation (Friedman et al., 2014,

Wallace et al., 2014).
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1.2.7.5 Hormonal therapy (androgen ablation therapy)

Hormone therapy, or androgen deprivation therapy (ADT), is one of the
strategies used in the treatment of advanced stage of PCa. Androgens are
responsible for up to 80% of PCa growth. Therefore, reducing the endogenous

androgen levels will inhibit the progression of the tumour (Chuu et al., 2011).

Surgical castration (orchiectomy) is a surgical procedure to remove the testicles,
where most testosterone and dihydrotestosterone (DHT) are synthesised, in
order to stop the PCa from growing and to shrink the tumour. Chemical
castration using luteinising hormone-releasing hormone (LHRH) analogue drugs
is another strategy to decrease the level of androgens made by the testicles.
These drugs include leuprolide (Lupron® and Eligard®), triptorelin (Trelstar®),
goserelin (Zoladex®) and histrelin (Vantas®). They act by desensitising the
pituitary GnHR receptors, leading to a decreased level of endogenous
testosterone through the inhibition of the luteinising hormone and follicle-
stimulating hormone synthesis (Khemlina et al., 2015). Abiraterone (Zytiga®) and
Enzalutamide (Xtandi®) are examples of new hormone therapy drugs recently
approved for the treatment of patients with CRPC (Yin et al., 2013). Abiraterone
is an inhibitor of the CYP17 enzyme that leads to the inhibition of adrenal
androgen biosynthesis. Enzalutamide is a potent androgen receptor antagonist
that prevents the binding of androgen to its receptors on PCa cells and

downregulates AR mRNA (Zhang et al., 2011).
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Despite the effectiveness of hormonal therapy, almost 90% of PCa patients
relapse and develop castrate resistant prostate cancer (CRPC) 12-18 months
after androgen deprivation therapy (Harris et al., 2009, Maroto et al., 2016). In
addition, ablation therapy is associated with numerous side effects, including:
sexual dysfunction, osteoporosis, fatigue, gynecomastia, anemia, depression,
cognitive dysfunction, increased risk of diabetes and cardiovascular disorder
(Chuu et al., 2011). In addition, the cost-effectiveness studies of anti-hormonal
drugs, particularly Enzalutamide, showed the high cost of these agents may limit

their usefulness for many patients (Pilon et al., 2016).

1.2.7.6 Chemotherapy

Chemotherapy is used in patients who develop castration-resistant PCa. Several
chemotherapeutic agents are available to treat PCa. Docetaxel, for example, is
approved for the treatment of metastatic CRPC. Docetaxel is a taxoid that
inhibits the depolymerisation of microtubules, interfering with mitosis and cell
cycle arrest in the G2M phase, and inducing apoptosis (Kohli and Tindall, 2010).
Cabazitaxel is another member of the taxane class used in the treatment of
CRPC. It has led to better overall survival of Docetaxel-refractory metastatic
CRPC, and it exerts its cytotoxicity by arresting mitosis via binding to the tubulin,
leading to microtubule depolymerisation (de Bono et al., 2010; Yin et al., 2013).
Another class of drugs utilised in PCa treatment is type Il topoisomerase
inhibitors, such as Mitoxantrone, which inhibits DNA synthesis and the DNA

repair system and induces apoptosis in both normal and cancer cells (Boland et
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al., 2000). It has been used as a second line treatment for metastatic CRPC, in
combination with the steroid prednisone (Tannock et al., 1996; Green et al.,
2015). Eribulin is a synthetic analogue of the marine macrolide halichondrin B
recently used in metastatic PCa treatment, acting as a microtubule inhibitor
leading to G(2)/M phase cell-cycle arrest and apoptosis (Preston and Trivedi,

2012).

Unfortunately, none of the current therapies described provide a cure for
advanced metastasis CRPC; their role is restricted to improving overall survival,
symptom relief and prolonging bone metastasis-free survival (Yin et al., 2013).
At present, the progression and metastasis of PCa are common, and the rate of
cancer-related mortality remains high (Semenas et al.,, 2012). In addition, the
overall median survival period of patients with metastatic CRPC is less than 19
months, and only 10% of patients survive 10 years after diagnosis (Husson et
al., 2014). Currently, the standard treatments for advanced metastatic CRPC
include radiotherapy, chemotherapy and hormonal therapy, which shows little
benefit. Resistance to these treatments occurs in the long term (Yin et al., 2013).
Novel therapies are urgently sought for the treatment of CRPC. The process of
finding new drugs for use in combination with existing therapies requires
examination of alternative molecular pathways that may be involved in tumour

progression.
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1.2.7.7 Summary of current PCa treatment

The primary therapies for early stage, localized tumour PCa include
radiotherapy and prostatectomy, which aims to remove tumour burden
(Zejnullahu et al., 2016). However, almost half of people who develop PCa are
diagnosed in more advanced stages, where tumours have become castration-
resistant and have often metastasised to other organs. For these cases, the
aims of treatment are symptom palliation and delaying tumour advancement,
and pharmacological or surgical hormonal ablation therapy in combination with
radiation therapy are often implemented. Within approximately months of post-
hormonal therapy, most of the PCa patients develop highly metastatic CRPC
carcinoma, which is associated with poor outcome and limited therapeutic
options (Maroto et al., 2016). Bone metastases are a hallmark of metastatic
CRPC in more than 90% of patients, and are associated with a high mortality
rate (Frieling et al., 2015). A regimen of chemotherapeutic agents, hormonal
deprivation drugs and radiation therapy are the current options for those patients
in terms of palliative, symptomatic treatment to improve survival and to reduce
pain related to bone metastasis. Despite the availability of these therapies, the
median survival of metastatic CRPC remains poor, at less than 19 months

(Husson et al., 2014).

As no curative therapies are available for metastatic, androgen resistant PCa,
effective new therapeutic agents and combinations are urgently needed.

Developing new therapies and identifying novel targets require an understanding
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of the molecular mechanisms underlying PCa progression. One such molecular
change correlated with carcinogenesis of PCa is the nuclear factor-kappaB
(NF-kB) transcription factor and its signaling pathways. Many studies
demonstrate that activation of NF-kB signaling in PCa cells is associated with
PCa progression and with castration-resistant and metastatic statuses (Jin et al.,
2008, Jin et al., 2014, McCall et al.,, 2012). In the next section of this
introduction, we will highlight the role of NF-kB and its signaling pathways in

PCa development.
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1.3 Nuclear factor-kB (NF-kB)

1.3.1 Biological significance of NF-kB

Nuclear factor-kappa B (NF-kB) is the generic term for a family of dimeric
eukaryotic transcription factors, composed of members of the Rel family of
DNA-binding proteins. NF-kB is a transcriptional factor which controls important
biological processes including inflammation, apoptosis, cell proliferation, growth,
and cell cycle (Bonizzi and Karin, 2004; Bours et al., 2000; Karin et al., 2002).
NF-kB was first identified by Sen and Baltimore in 1986 as a B cell-specific
nuclear factor that bound to an enhancer element in the immunoglobulin kappa
(k) light chain gene (Sen and Baltimore, 1986). NF-kB proteins has been found
as first-line defense in all cell types and are involved in the regulation of a
remarkably large number of genes in response to infections, inflammation, and
other stressful conditions. In response to stress signalling, activation of the NF-
KB pathway induces a rapid reprograming of gene expression for several
outcomes. Firstly, activation may promote the expression of genes that are
important for the immune response, including genes encoding for
proinflammatory cytokines such as IL-1 and IL-6, chemokines including IL-8 and
RANTES, and the adhesion molecules intercellular adhesion molecule-1 and E-
selectin (Mogensen, 2009). A second potential role for NF-kB is to protect cells
from cell death induction through the expression of anti-apoptotic genes
including X-linked inhibitor of apoptosis protein (XIAP) and cellular inhibitor of

apoptosis protein (c-IAP) and pro-survival factors such as bcl-2 (Fulda, 2014). A
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third potential role is to generate anti-oxidant proteins such as superoxide
dismutase 2 (SOD2) and ferritin heavy chain which are able to control the
production of reactive oxygen species (ROS) shielding the cells from death

(Pham et al., 2004; Sakon et al., 2003).

In addition to its physiological role, NF-kB has been shown to be involved in
various pathophysiological processes, including cancer, inflammation and
atherosclerosis. Abnormal NF-kB activation has been shown to contribute to the
pathogenesis of several human malignancies including PCa. In cancer, NF-kB
has been shown to play pivotal roles in the control of growth, differentiation and
apoptosis (Hoesel and Schmid, 2013). NF-kB has been found to be related to
the initiation and progression of PCa through activation of various target genes,
including c-myc, cyclin D and IL-6 which promote growth, anti-apoptotic (pro-
survival) genes such as bcl-2, and angiogenesis genes such as IL-8 and VEGF,
and MMP9 which promotes invasion and metastases (Suh and Rabson, 2004,
Huang et al.,, 2001). Expression of NF-kB has been found to be elevated in
different human cancers, including PCa (Gasparian et al., 2002; Braunstein et
al., 2008), and is an independent prognostic factor in PCa relapse (Domingo-
Domenech et al., 2005). For instance, inhibition of NF-kB using an adenoviral
vector that contains the IkB gene (an inhibitor of NF-kB) reduced the colony
formation of prostate cancer PC3 cells (Pajonk et al., 1999). NF-kB blockage
was also shown to result in increased apoptosis in LNCaP cells, and increased

sensitivity to apoptosis was induced by TNF-a in PC3 cells (Gasparian et al.,
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2002). This observation has led to the hypothesis that NF-kB activation may be
linked to carcinogenesis and may provide tumour cells with a survival advantage
and appropriate stimuli required for cell proliferation and invasiveness (DiDonato

et al., 2012; Vlahopoulos et al., 2015).

1.3.2 The NF-kB members

The NF-kB family of transcription factors consists of five closely related DNA
binding proteins that includes the NF-kB1 (p50/p105), NF-kB2 (p52/p100), RelA
(p65), c-Rel and RelB genes, which function as various homodimers and
heterodimers. All five NF-kB members share a highly conserved 300-amino-
acid-long N-terminal Rel homology domain (RHD), which is responsible for their
dimerisation, nuclear translocation, DNA binding, and also interaction with the
inhibitors of NF-kB. RelA, RelB, and c-Rel subunits contain transactivation
domains within the C-terminal RHD (Hayden and Ghosh, 2008). However, the
precursors pl05 and p100 do not have a transactivation domain and instead
they contain a number of ankyrin repeats (protein motifs that facilitate protein—
protein binding) that act like IkB-inhibitory proteins which are proteolytically
cleaved to produce the active subunits p50 and p52, respectively (Hayden and
Ghosh, 2008). There is an N-terminal leucine zipper-like region in the p105 and
p100 subunits which facilitates their physical binding. In its unstimulated state,
NF-kB is retained inactive in the cytoplasm through binding with the inhibitory
proteins (IkBs) which block their nuclear localization sequence (NLS). IkBa, IkBf

and IkBe are the most IkBs prominent, whereas Bcl-3 and IKB{ are atypical
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members of the IkBs family, which stimulate and regulate the NF-kB in the
nucleus. IkBs consists of multiple ankyrin repeats which mediate their binding to

the RHD of NF-kB (Figure 1.4).

NF-kB proteins RDH L)
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Figure 1.4 The structures of various subunits of NFkB and IkB members.
The number of amino acids is shown next to each NF-kB and IkB member. LZ:
leucine zipper; TD: transactivation domain; Rel: homology domain; PEST region:
polypeptide sequence enriched in proline (P), glutamic acid (E), serine (S) and

threonine (T) region; GRR: glycine-rich region; DD: death domain.
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1.3.3 The IKKs

The inhibitory kappa B kinases (IKKs) are the major regulatory kinases within
the NF-kB pathways. Five members of IKK enzymes have currently been
identified. IKKa and IKKB are the major catalytically active kinase subunits. Both
kinases (IKKa and IKKB) are highly homologous proteins, sharing 52% of their
protein sequence identity (Israel, 2010). IKKa and IKKB proteins have an N-
terminal kinase domain, a C-terminal helix-loop-helix (HLH) domain that acts in
controlling the kinase activity, and a leucine-zipper (LZ) region which facilitates
the homo- or hetero-dimerisation of the kinases (DiDonato et al., 1997). A
further member, IKKy, also known as NF-kB essential modulator (NEMO), is a
non-catalytic 48 kDa enzyme. Despite the lack of kinase activity of IKKy, it plays
a major scaffolding or regulatory function in the canonical NF-kB pathway
(Rothwarf et al., 1998; Solt et al., 2009). The N-terminal region of NEMO is
responsible for interaction with the carboxyl terminus of the IKKa and IKKP
subunits (Figure 1.5) (May et al., 2002). The last member of this family are
TANK-binding kinase 1 (TBK1) and IKK-¢ (or IKK-i). Both kinases sharing 64%
of protein sequence identity. TBK1 and IKK-¢ consist of an N-terminal kinase
domain, a ubiquitin-like domain (ULD), a LZ, HLH region and C-terminal coiled-
coil domain that assists interaction with adaptor proteins such as TANK protein

(Shimada et al., 1999; Pomerantz and Baltimore 1999; Ikeda et al., 2007).
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Figure 1.5 Schematic representation of the principal structural motifs of the
IKKs IKKa, IKKB and IKKy (NEMO). Abbreviations: CC: coiled coil region;
LZ: leucine zipper motif; ZF: zinc-finger domain; HLH: helix-loop-helix
domain; NBD: NEMO-binding domain.

1.3.4 The canonical NF-kB pathway

IKKs have been found to be key kinases involved in the regulation of NF-kB.
However, activation of the NF-kB pathway should be mediated through
intermediates which trigger initial cellular activation from the extracellular to the
intracellular IKKs. Cytokine receptors including TNFR1 and the IL-1B receptor
and toll-like receptors (TLRs) have been recognised to activate the canonical
NF-kB pathway in a number of various cell types (Plotnikov et al., 2011). The
canonical NF-kB pathway is triggered by various stimuli, such as tumour
necrosis factor a (TNFa), lipopolysaccharides (LPS), and interleukin-1 3 (IL-13)
(Hayden and Ghosh, 2008). Following stimulation, the IKK complex is activated

by a member of the mitogen-activated protein/ERK kinase 3 family (MAP3K)
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known as transforming growth factor B-activated kinase 1 (TAK-1) (Sakurai et

al., 1999).

IKKB kinase is a crucial part of this pathway. In vivo studies demonstrated that in
IKKB-deficient mice, there was a massive reduction in RelA (p65) and NF-kB1
(p50/p105) subunits activity following either TNF-a or IL-1a stimulation (Li et al.,
1999). The main regulatory step in the canonical pathway is the activation of the
IKK complex by the multiple aforementioned inflammatory signals. The IKK
complex consists of catalytic kinase subunits (IKKa and IKKB), and the
regulatory subunit IKK-y/NEMO. Most agents that activate NF-kB employ a
common pathway based on the phosphorylation of the two N-terminal serines in
IkBs, targeting them for ubiquitination and degradation by the 26S proteasome
(Kisselev and Goldberg, 2001). As shown in Figure 1.6, IKKB phosphorylates
the IkBa bound to the p65 NLS region of p65/p50 dimers which results in
degradation of the IkBa subunits and the subsequent translocation of p65-
containing heterodimers into the nucleus where they regulate transcription of
various genes that are involved in innate immunity (Malek et al., 1998;
Oeckinghaus and Ghosh, 2009). The transcriptional activity of nuclear NF-kB

p65 is also regulated by IKKB-induced phosphorylation (Denk et al., 2001).

Conversely, IKKa is not essential for upstream activation of the canonical NF-kB
pathway. In IKKa knockout mice, stimulation of the canonical NF-kB pathway
with TNF-a, IL-18 and LPS activates the IKK complex and induces IkBa

degradation and p65 nuclear translocation in keratinocytes and hepatocytes (Hu
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et al., 1999). However, other researchers found that IKKa can regulate the
expression of some p65-dependant genes, including chemokines such as
interleukin-8 (IL-8) and endothelial adhesion molecules such as vascular cell
adhesion molecule-1 (VCAM-1) and E-selectin (Denk et al., 2001; Gloire et al.,

2007; Huang et al., 2007).

NEMO is a non-catalytic enzyme that lacks kinase activity. It acts as scaffolding
or regulatory protein for both IKKB and IKKa kinase activity. NEMO activates the
IKK complex through interaction with a specific domain called NEMO-Binding
Domain (NBD) in the IKKB (May et al., 2002). The presence of mutations in the
C-terminal or in the NBD domains of NEMO was reported to block the activation

of both the IKK complex and the canonical NF-kB pathway (Solt et al., 2009).
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Figure 1.6: Schematic diagram of the canonical NF-kB pathway. This
pathway is triggered by different stimuli, such as TNF, leading to
phosphorylation of the IKK complex, which subsequently activates IkBa and

induces the translocation of p65-containing heterodimers into the nucleus.
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1.3.5 The non-canonical NF-kB pathway

The non-canonical, alternative NF-kB pathway, NF-kB-inducing kinase (NIK) or
IKKa-dependent pathway, is triggered by specific TNF family cytokines, such as
CD40 ligand (CD40L), B cell activating factor (BAFF) and lymphotoxin B (LTPB),
that are primarily developmental signals (Hayden and Ghosh, 2008). This
pathway can also be activated by receptor activator of nuclear factor kappa-B
ligand (RANKL) to regulate osteoclast differentiation during bone formation

(Novack et al., 2003).

As shown in Figure 1.7, upon stimulation by these inducers, NIK induces
activation of cytoplasmic IKKa homodimers by phosphorylation on Ser177 and
Serl88 (Senftleben et al., 2001). Subsequently, this activation of IKKa kinases
leads to the processing of p100 on Ser866 and 870 to generate active p52-RelB
heterodimers which then translocate into the nucleus and activate gene
expression (Solan et al, 2002). The NIK-dependent IKKa-mediated
phosphorylation of p100 is regulated by TNF receptor-associated factors 2 and 3
(TRAF2 and TRAF3) adaptor proteins and ubiquitin ligase enzymes (Gardam et
al., 2008). IKKa-induced NIK phosphorylation serves as a negative feedback
signal preventing excess accumulation or overactivity of NIK within noncanonical

NF-kB signaling (Razani et al., 2011).

The non-canonical NF-kB signaling controls a wide variety of developmental

phenotypes including adaptive immunity, B-cell survival and maturation,
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dendritic cell activation, and bone metabolism (Dejardin, 2006). In contrast to the
canonical pathway, which is characterized by a rapid and transient response,
activation of the alternative pathway is slow and persistent (Israel, 2010). The
fact that the non-canonical pathway is mainly IKKa dependent and does not
require IKKB or NEMO suggests a lack of requirement for the classical IKK

complex (Luftig et al., 2004, Israel, 2010).
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Figure 1.7: Schematic diagram of the non-canonical NF-kB pathways. This
pathway is stimulated by various molecules, such as lymphotoxin § (LTRB), which
phosphorylates IKKa subunits, leading to the processing of p100 to p52 and

generating active p52-RelB heterodimers.
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1.3.6 Role of IKKs in cancer progression

The IKKs play an important role in regulating numerous physiological processes
such as inflammation, immunity, cell proliferation or control of cell death through
the activation of NF-kB subunits (Senegas et al.,, 2015). Moreover, these
kinases have been linked with various human diseases, including cancer (Yang
et al.,, 2010; Senegas et al., 2015; Huang et al., 2007). The IKKs have been
shown to play an essential role in tumour survival, proliferation, metastasis,
angiogenesis and the activity of cell adhesion molecules which may play roles in
cancer progression (Lee and Hung, 2008). Different studies provide strong
evidence showing that altered IKK function results in profound signalling
modifications that may lead to the development of cell transformation and
cancer. For example, IKKB induces tumourigenesis in different cancer types
through the control of numerous genes which are involved in cell proliferation,
anti-apoptotic ‘cell survival’ invasion and angiogenesis (Basseres and Baldwin,
2006). In mice, studies have shown that ablation of IKKB expression inhibited
the development of melanoma tumours, resulting in decreased expression of the
mitotic kinase Aurora A protein, inhibition of G2/M transition and stabilisation of
tumour suppressor protein p53, accompanied by lower levels of IL-6 and
induction of apoptosis (Yang et al., 2010). In breast cancer, IKKB has been
shown to mediate the degradation of forkhead box O3a (FOXO3a), a
transcription factor that acts as an inhibitor of the cell cycle and a promoter of
apoptosis (Hu et al., 2004). In addition, IKKB has been found to increase tumour

angiogenesis and tumour progression in breast cancer by phosphorylation of the
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tumour suppressor protein tuberous sclerosis 1 (TSC1) which subsequently
upregulates mTOR activity (Lee et al., 2007). Furthermore, B-carboline (PS-
1145), an IKK inhibitor, was able to suppress TNFa-mediated NF-kB activation
via suppression of IkBa phosphorylation and induced cytotoxicity in multiple

myeloma cells (Castro et al., 2003; Hideshima et al., 2002).

IKKa has also been reported to influence apoptosis, cell cycle progression and
tumour progression in various types of cancer including colorectal, breast,
pancreatic, gastric and prostate cancer (Fernandez-Majada et al., 2007; Park et
al., 2005; Shiah et al., 2006; Hirata et al., 2006; Luo et al., 2007). For instance,
the phosphorylation of CREB-binding protein (CBP) by IKKa was found to switch
the binding affinity of CBP, a histone acetyltransferase, from p53 to NF-kB,
promoting tumour proliferation and growth in human lung cancer tissue (Huang
et al., 2007). Other studies demonstrated that phosphorylation of the oncogenic
transcriptional factor B-catenin by IKKa led to the stimulation of 3-Catenin/T-cell
factor-dependent cyclin D1 expression, a protein involved in the regulation of the
cell cycle, enhancing cell proliferation in various cancer types (Carayol and
Wang, 2006). In addition, IKKa may promote cell proliferation in breast cancer
through phosphorylation of the oestrogen receptor-a transcriptional factor, the
oestrogen receptor-a coactivator protein AIB1/SRC3, and activating oestrogen-
responsive genes such as cyclin D1 and c-MYC (Park et al., 2005). IKKa was
also found to activate survival and differentiation in human colorectal cancer cell

biopsies via phosphorylation of the nuclear receptor co-repressor 2 SMRT
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protein, a transcriptional coregulatory protein, which subsequently activates
Notch-target survival genes hesl and herp2 (Fernandez-Majada et al., 2007).
Knocking down IKKa with shRNA vector was shown to deactivate SMRT protein
which resulted in growth inhibition and apoptosis in human colorectal cancer cell

in vitro and in nude mice in vivo (Margalef et al., 2012).

Unlike the major catalytical subunits IKKa and IKKB, IKKe and TBK1 have
limited roles in the NF-kB pathways, and their functions are restricted to
phosphorylation of IFN regulatory transcription factors 3 and 7 (IRF3 and IRF7)
in response to viral infections (tenOever et al., 2004). However, IKKe has been
shown to be highly expressed in various breast and ovarian cancer cell lines
(Eddy et al., 2005; Guo et al., 2009). In fact, IKKe was found to promote cell
transformation by phosphorylating the tumour suppressor CYLD at serine 418
and decreasing its ubiquitinase activity (Hutti et al., 2009). TBK1 on the other
hand, has been found to be overexpressed in lung, breast and colon cancers
(Barbie et al., 2009; Kan et al., 2010). Moreover, SU-6668, a receptor tyrosine
kinase inhibitor which acts as an antiangiogenic and anti-tumour drug, was
found to inhibit TBK1 activity and TBK1-mediated IRF3 (Laird et al., 2000; Godl

et al., 2005).

Together, these studies provide strong evidence showing that altered IKK
function results in profound signalling modifications that may lead to the

development of cell transformation and progression of cancer.
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1.3.7 Role of IKKa in PCa progression

Growing evidence is showing that IKKa has a crucial role in a number of cancer
types including PCa (Fernandez-Majada et al., 2007; Park et al., 2005; Shiah et
al., 2006; Hirata et al., 2006; Luo et al., 2007). In PCa, IKKa is a key mediator in
growth, metastasis and development of CRPC (Luo et al., 2007; Ammirante et
al., 2010; Mahato et al., 2011; Jain et al.,, 2012). Unlike IKKB which is a
cytoplasmic kinase, IKKa shuttles between the cytoplasm and nucleus which
leads to different cytoplasmic and nuclear molecular changes (Huang and Hung,
2013). Firstly, it controls NF-kB subunits in the cytoplasm by driving the
processing of p100 to p52 which subsequently dimerises with RelB, P52-RelB
then translocates to the nucleus, causes induction of expression of cancer
survival and anti-apoptotic genes such as clAP2 (Hayden and Ghosh, 2008).
Secondly, nuclear IKKa regulates numerous genes involved in tumour growth,
metastasis and angiogenesis (Huang and Hung, 2013; Huang et al., 2007;

Solan et al., 2002; Luo et al., 2007).

Crosstalk between the inflammation and activation of IKKa has been reported in
the emergence of castration-resistant PCa. One study demonstrated that
approximately 90% of human PCa samples, but not normal tissue, contain B
lymphocytes which is required for IKKa activation and the rapid emergence of
CRPC (Karin, 2009). In models of PCa, a siRNA-induced blockade of IKKa
expression was shown to delay the development of castration-resistant PCa in

the murine myc-CaP cell line (derived from c-myc transgenic mouse bearing
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PCa) (Ammirante et al.,, 2010). Furthermore, Ammirante et al. (2010)
demonstrated that infiltrating B cells in PCa cells produces lymphotoxin which
subsequently activates IKKa and signal transducer and activator of transcription
3 (STATS3) which subsequently leads to prolonging the hormone-free survival
and proliferation in these cells. (Ammirante et al., 2010). STAT3 protein is an
important event for the mediation of growth proliferation, survival and
development via regulation of different anti-apoptotic and survival gene

expression such as Bcl-xL and survivin genes (Yue et al., 2009, Darnell, 1997).

Cancer stem cells (CSCs) are cancer cells that originated within tumors that
possess characteristics associated with normal stem cells, specifically the ability
to self-renew and differentiate. CSCs are tumorigenic (tumor-forming), and are
responsible for cancer initiation, progression, relapse and metastasis in many
cancer types (Kaur et al.,, 2014). It has been previously found that PCa stem
cells share properties with normal adult prostate stem cells, and have the ability
to survive even in androgen ablation conditions and subsequently regenerate
the tumour with a more aggressive cancer (Litvinov et al., 2003). The growth of
PCa stem cells is found to be regulated by expression of the transcription factor
Bmi-1 (B lymphoma Mo-MLV insertion region 1), which is found to be over-
expressed in advanced PCasamples (van Leenders et al., 2007).
Using IKKa®* in a transgenic adenocarcinoma of mouse prostate (TRAMP)
model, it has been found that activation of IKKa by the infiltrating B cells in

epithelial progenitors cells and androgen-deprived PCa mediates the nuclear
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translocation of E2F1 transcription factor that associates with the coactivator
CBP (CREB-binding protein) that binds to Bmil promoters, hence promoting
castration-resistance tumour growth (Ammirante et al., 2013). These data
suggest that IKKa regulates the growth and the development of CRPC cells

through the IKKa-E2F1-BMI1 signalling pathway.

Overexpression of androgen receptors (AR) is associated with PCa progression,
hormonal therapy resistance and development of androgen-resistant PCa
(Zhang et al., 2009). It has been demonstrated that siRNA knockdown of IKKa
significantly reduces AR activity, nuclear androgen receptor levels and AR gene
expression in LNCaP PCa cell lines (Lessard et al., 2007). Similarly, Jain et al.
(2012) using specific sSiRNA against IKKa, demonstrated a marked reduction in
the expression of the AR target genes (TMPRSS2 and PSA) in VCaP and
LNCaP cells as well as inhibition of their growth (Jain et al., 2012). These data
suggest the possible regulatory role of IKKa on AR activity, which might be one
of the mechanisms by which IKKa induces progression of PCa and development

of CRPC.

Additional studies, supporting a role for IKKa in PCa, show an association
between IKKa and the induction of genes responsible for regulation of PCa
metastasis and growth. For instance, expression of the inactive mutant form of
IKKa (IKKa®*™) in the TRAMP model of PCa resulted in inhibition of
metastases in areas such as the lung and pelvis, delayed the cancer’s

progression and improving survival compared with wild type TRAMP mice,
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notably by upregulating the tumour suppressor gene maspin, which is closely
related to this function (Luo et al., 2007). Likewise, the silencing of IKKa with
siRNA in two androgen-independent prostate cell lines (PC3 and DU-145)
induced the inhibition of PCa metastasis via increased expression of the maspin

gene (Mahato et al., 2011).

The subunits involved in the non-canonical NF-kB pathway that are controlled by
IKKa also contribute to PCa progression. As mentioned previously, IKKa
induces processing of p100 to p52 which subsequently dimerises with RelB and
translocates to the nucleus, up-regulating the expression of anti-apoptotic genes
such as clAP2, Bcl-2 and Bcl-xl, thereby promoting cancer cell survival (Hayden
and Ghosh, 2008). Clinical immunohistochemical studies of PCa patient
biopsies have suggested that high expression of nuclear RelB is associated with
high Gleason scores (Lessard et al., 2005). Inhibiting the nuclear RelB level by
transfection of PC3 (aggressive androgen-independent PCa cells) with
dominant-negative p100 mutant markedly delayed and decreased the ability of
these cells to form tumours in xenograft models (Xu et al., 2009). In the same
study, silencing of RelB in the same cells which were subsequently placed in a
nude mice model resulted in an inhibition of primary and metastatic tumour
formation (Xu et al., 2009). Furthermore, both cytoplasmic and nuclear levels of
p52 were elevated in advanced androgen-independent PCa cell lines (PC-3 and

DU145) relative to androgen-dependent LNCaP cells, suggesting that the
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alternative NF-kB pathway is also constitutively activated and contributes to

androgen-independent PCa progression (Lessard et al., 2007).

1.3.8 The NF-kB pathways and radiation resistance

Radiotherapy, such as external beam radiotherapy (XBR) is a mainstay in the
treatment of advanced prostate cancer (Dulaney et al., 2016). The therapeutic
efficacy of radiation therapy is highly dose-dependent; however, toxicity to
normal cells increases as the dose of radiation increases (Kozakai et al., 2012).
Unfortunately, many cancer cells inherently resist the toxicity caused by ionising
radiation (IR), or convert to radioresistance shortly following exposure to
radiation, which results in treatment failure and relapse of the cancer (Li and
Sethi, 2010; Wu et al., 2011). In particular, advanced-stage androgen-insensitive
PCa cells are known to be radioresistant compared with hormone-sensitive cells
in early stages of PCa (Xie et al., 2010). This characteristic of androgen-
insensitive behaviour towards radiation has been documented to occur mainly
through activation of NF-kB pathway subunits following radiation exposure (Kim

et al., 2006; Baud and Karin, 2009; Li and Sethi, 2010).

The activation of NF-kB proteins is considered to be the most important factor
involved in the development of cancer resistance to IR (Kim et al., 2015). In
different in vitro and in vivo studies, IR has been found to activate IKK/NFkB
pathways as well as increase the expression of NFKB mRNA levels which has

been associated with tumour resistance to radiation (Rithidech et al., 2005;
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Ahmed et al., 2006; Natarajan et al., 2006; Lewis and Spandau, 2007). IR is
known as a potent DNA damaging agent, and exposure of cells to IR causes
generation of free radicals and DNA DSBs which subsequently lead to cell cycle
arrest and apoptosis (Baskar et al., 2012; Verheij, 2008; Cohen-Jonathan et al.,
1999). The mechanism involved in the radioresistance effect of NF-kB is
believed to be via activation of its target genetic programs, including the
expression of many anti-apoptotic proteins including 1AP1, IAP2, XIAP,cFLIP
and BclIxL, and antioxidant enzymes, including superoxide dismutase (SOD),
manganese superoxide dismutase (MnSOD), catalase and glutathione
peroxidise, thereby protecting cancer cells from radiation-induced DNA damage
(Guo et al., 2003, Kim et al., 2015). For example, inhibition of classical the NF-
kKB pathway using three different IKKB inhibitor agents (BMS, SC-514 and
TPCA-1) significantly potentiates IR-induced clonogenic cell death and reduced
the repair of IR-induced DSBs in breast cancer cells (MCF-7) and lung cancer
cells (H1299 and H1648) (Wu et al.,, 2011). Furthermore, in vitro and in vivo
inhibition of NF-kB in colorectal cancer cells by either the IKKB inhibitor PS-341
or an adenovirus encoding IkBa super-repressor increased the IR-induced
apoptosis (Russo et al., 2001). However, because NF-kB regulates important
physiological functions, targeting of the classical NF-kB pathway is associated
with severe complications and toxicites such as inflammation,

immunosuppression, infection and/or lethality (Li et al., 1999; Chariot, 2009).
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As well as the canonical NF-kB pathway, different studies also reveal that the
non-canonical NF-kB pathway component (RelB) regulates the radioresistance
of PCa cells (Holley et al., 2010; Kim et al., 2015). The mechanism involved in
radioresistance of non-canonical NF-kB pathway in PCa is via the RelB protein
which upregulates the expression of clAP2, Bcl-2 and Bcl-xI anti-apoptotic
proteins and MnSOD anti-oxidant enzyme (Kim et al.,, 2015). Using
immunohistochemical studies, it has been demonstrated that the RelB protein is
highly expressed in PCa biopsies and associated with high Gleason scores in
PCa patients (Lessard et al., 2005). Furthermore, Josson and co-workers
showed that constitutive nuclear levels of RelB are significantly higher in
androgen-insensitive PCa PC-3 cells compared with androgen-insensitive
LNCaP cells. They also demonstrated the expression levels of MNSOD enzyme
was higher in PC3 cells compared with the LNCaP cells (Josson et al., 2006).
These data suggest that the RelB and MnSOD proteins may be driving the

radiation resistance of androgen-insensitive PCa cells.

Targeting non-canonical NF-kB pathway components by different agents leads
to an increase in the radiosensitivity of PCa cells (Holley et al., 2010). For
instance, inhibition of the p52;p100 dimer in PCa cells using STI571, an inhibitor
of tyrosine kinase, resulted in enhanced sensitivity of these cells to radiation
therapy (Xu et al., 2010). In addition, transfected human androgen-insensitive
PC3 cells and mouse RM-1 cells (highly aggressive androgen-insensitive mouse

PCa cells) with RelB siRNA, sensitised both cell lines to radiation-induced cell
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death (Holley et al., 2010; Zhu et al., 2015). These data suggest that inactivation
of the non-canonical NF-kB pathway has been identified as a mechanism
involved for the radiosensitivity. Thus, new combination therapies based on
radiosensitisation indeed will improve the therapeutic efficacy as well as

decrease the radiation-related toxicity to normal cells in PCa treatment.

1.4 Aims and objectives

Despite improvements in PCa treatment, none of the current therapies are
curative for metastatic CRPC and have limitations in terms of efficacy and
toxicity. Therefore, new treatments are urgently sought. There is evidence to
suggest that IKKa plays a role in PCa tumourogenesis and although overall this
role remains to be fully ascertained, IKKa has been shown to play a role in the
regulation of growth, invasion and metastasis. In addition, the non-canonical NF-
kKB pathway, which is regulated solely by IKKa, has been demonstrated to drive
the development of radioresistance of PCa cells. Therefore, targeting IKKa
might be a promising approach for the development of a novel treatment for

PCa.

The specific aims of the thesis are:

1. To characterise the pharmacological effects of our novel selective IKKa
inhibitors by examining their selectivity within the canonical and non-canonical
NF-kB pathway in the highly metastatic human prostate cancer PC3M-luc-C6

cell line.
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2. To investigate the cytotoxicity activity of specifically selected novel IKKa
inhibitors against the metastatic human prostate cancer PC3 and PC3M-luc-C6
cell lines and the human normal prostate epithelium PNT2A cell line.

3. To interrogate whether pharmacological inhibition of IKKa elicits a
radiosensitisation effect in the highly metastatic human prostate cancer PC3M-

luc-C6 cell line.

4. To compare the outcomes from aims 1-3 above with assessment of the
phenotypic and the radiosensestisation effect following knockdown of IKKa and
IKKB by siRNA in the highly metastatic human prostate cancer PC3M-luc-C6

cell line.
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Chapter 2

Materials and Methods
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2.1 Cell Lines

In this study, three different prostate cell lines were used, two of which were high
metastatic androgen-insensitive prostate cancer PC3 (ATCC, Virginia, USA) and
PC3M-luc-C6 (Caliper Life Sciences, Massachusetts, USA), and the other, the
normal prostate epithelium cell lines PNT2A cells (Sigma-Aldrich, Gillingham,

UK).

PC3M-luc-C6 (a human prostate carcinoma prostate cell line transfected with a
luciferase reporter vector) were cultured in Eagle’s minimum essential medium
(EMEM) supplemented with penicillin/streptomycin  (100U/ml), fungizone
(2ug/ml), 200mM L-glutamine, 10% (v/v) fetal calf serum (FCS), minimum
essential medium non-essential amino acids (MEM NEAA), 100mM sodium
pyruvate and minimum essential medium vitamins solution. EMEM medium was
obtained from Sigma® (Sigma-Aldrich, Gillingham, UK). Penicillin/streptomycin,
fungizone, FCS, sodium pyruvate, minimum essential medium vitamins solution
and MEM NEAA were purchased from Gibco® (Gibco, Paisley, UK). L-glutamine
was purchased from Invitrogen® (Invitrogen, Paisley, UK). PC3 (human prostate
cancer cell lines) were maintained in minimum essential medium (MEM),
supplemented with 10% (v/v) FCS and 5% (viv) of each of
penicillin/streptomycin (10000ug/mL), fungizone (250ug/mL) and L-glutamine
(200mM) (Life Technologies, Paisley, UK). PNT2A (normal human epithelial
prostate cell lines) were cultured in Roswell Park Memorial Institute (RPMI)

medium (containing L-glutamine (300mg/L) and 25mM 4-(2-hydroxyethyl)-1-pip
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erazineethanesulfonic acid (HEPES)) supplemented with penicillin/streptomycin
(100U/ml), fungizone (2pg/ml), and 10% FCS. RPMI medium was purchased

from Gibco® (Paisley, UK).

2.2 Culture Conditions

PC3M-luc-C6, PC3 and PNT2A cell lines were cultured in 75cm? flasks (Corning
B.V, Buckinghamshire, UK) until approximately 80% confluent; medium was
then removed and the cells were washed with 4ml of phosphate buffer solution
(PBS). The cells were detached by addition of 4ml of 0.05% trypsin (Gibco®,
Paisley, UK) and incubated for 5 minutes at 5% CO, at 37°C. Once the cells had
detached, 6ml of fresh media were added to inactivate the trypsin. Various
concentrations of cells were then prepared (1:5, 1:10 and 1:20) in three new
75cm? flasks containing 20ml of fresh media to enable continuity of the cell line.
For PC3M-luc-C6, 2uls of zeocin (200ug/ml) (Invitrogen, Paisley, United
Kingdom) per 1ml of medium was added to each passage of PC3M-luc-C6 cells
to maintain luciferase gene expression. The cells were gassed with 5% CO, and
incubated at 37°C in a humidified atmosphere. Stocks of PC3M-luc-C6, PC3 and
PNT2A cell lines were P10-18 and passages used in the whole experiments

were P12-30.

To freeze cells at -80°C or liquid nitrogen (-196°C), cells were detached from the
flasks by the addition of 4ml of trypsin and following the addition of complete
medium (to neutralise the trypsin), were centrifuged at 1500rpm for 5 minutes

and the supernatant removed before the pellets were resuspended in 1ml of
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cryoprotectant medium (freezing medium) which was prepared from 10%
dimethyl sulfoxide (DMSO) in full medium. The suspension containing the cells
was then transferred to labelled cryovials (Thermo Fisher Scientific Inc, Surrey,
UK) and stored at -80°C for 24 hours before being transferred for storage in
liquid nitrogen. To defrost cells for use, vials were warmed in a water bath at

37°C and then immediately transferred to 75cm? flasks containing 15ml medium.

2.3 Treatment of prostate cell lines

2.3.1 Treatment of prostate cell lines with SU compounds

SU1261, SU1361, SU1337 and SU1257 (SU compounds) are first-in-class novel
IKKa inhibitors with various potencies and selectivities which had been
developed via the small molecule drug discovery programme led by Professor
Simon Mackay (University of Strathclyde, Glasgow, UK). Based on the provided
weight and the molecular weight (M.Wt) of these agents, a 20mM stock solution
was prepared by dissolving the chemical in a calculated volume of DMSO. The
prepared solutions were stored at -20°C. For all SU compounds, PC3M-luc-C6
cells were treated with a dose range from 0-30uM for pharmacological
characteristic study, and from 0-10uM for PNT2A, PC3 and PC3M-luc-C6 cells

in the cytotoxicity study.
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2.3.2 Treatment of prostate cancer cell lines with External Beam Radiation
(XBR)

For radiosensitisation studies, PC3M-luc-C6 cells were exposed to External
Beam Radiation (XBR) using a cell irradiation cabinet XRAD 225 (CT, USA) with
a 225keV X-ray beam and dose rate of 2.2 Gray/minute (Gy/min) and current of
13.00mA. For treating cells with radiation as a single therapy, doses from 0O to
6Gy were used, however a dose range from 0-2Gy of XBR was used for all

combination treatments.

2.3.3 Treatment of prostate cancer cell lines with NF-kB pathways
stimulators

The canonical and non-canonical NF-kB pathways were stimulated in PC3M-luc-
C6 in order to study the pharmacological effects of SU compounds on prostate
cancer cells by using Western blot analysis. To do this, PC3M-luc-C6 cells were
cultured at a density of 2x10° cells/well in 12-well plates (Thermo Fisher
Scientific Inc., Surrey, UK), to reach 90% confluency before being replaced with
serum-free medium (no FCS) for 24hr to reduce the basal cellular activity. Cells
were then stimulated with the ligands tumour necrosis factor alpha (TNFa) or
lymphotoxin a1B, (LTa1B,) at the appropriate concentration and time point
before protein samples were collected and stored in -20°C for Western blot

analysis (section 2.5).
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2.3.3.1 Stimulation of the canonical pathway of the NF-kB

The canonical pathway was stimulated in PC3M-luc-C6 cells using 10ng/ml of
TNF-a (Insight Biotechnology Limited, Wembley, UK). Different time points were
examined (5, 15, 30, 45, 60, 90 and 120 minutes) and the optimal stimulation

time of TNFa was determined on PC3M-luc-C6 cells.

2.3.3.2 Stimulation of the non-canonical pathway of the NF-kB
The non-canonical pathway was stimulated in PC3M-luc-C6 cells using 30ng/ml

of LTa1B, (Sigma-Aldrich, Gillingham, UK). Different time points were examined
(1, 2, 4, 8 and 24 hours) and the optimal stimulation time of LTa1B2 was

determined on PC3M-luc-C6 cells.

2.4 SiRNA transfection of IKKa and IKK in prostate cancer cells

Small interfering RNA (siRNA) is one of the useful methods in molecular biology
to study the function of different proteins in mammalian cells. siRNA belongs to
a class ofdouble stranded RNA (20-25base pairs) which inhibits
the expression of targeted genes with complementary nucleotide sequences
causing mRNA to be shut down, leading to halted translation and synthesis for a

particular protein (Elbashir et al., 2001).

To investigate the effect of IKKa and IKKB expression knockdown with siRNA on
prostate cell lines, PC3M-luc-C6 cells were transfected with siRNA against IKKa
and IKKPB using ON-TARGETplus® siRNA reagent (Target sequences are shown
in Table 2.1) obtained from Thermo Fisher Scientific® (Thermo Fisher Scientific,

Surrey, UK). Newly purchased siRNA was re-suspended in RNase-free 1x
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SiRNA buffer (Dharmacon, Buckinghamshire, UK). To prepare a 20uM stock,
10nmol of siRNA were resuspended with 500l of 1x siRNA buffer and mixed by
pipetting up and down 3-5 times. The diluted solution was then placed on an
orbital mixer for 30 minutes at room-temperature, before being aliquoted and
stored at -20°C. Cells were seeded into 6, 12 or 96 well plates (Thermo Fisher
Scientific, Surrey, UK) until they reached approximately 50% confluence on the
day of transfection. For each well, two labelled eppendorfs were prepared, tube
1 containing the siRNA mixture and tube 2 containing the Lipofectamine®
mixture (shown in Table 2.2). Tube 1 was made up to 100ul with Opti-MEM®
medium (Life Technologies, Paisley, UK) and in the second tube 5yl
Lipofectamine RNAIMAX® (Invitrogen®, Paisley, UK) was diluted into 100ul Opti-
MEM®. The contents of tubes 1 and 2 were then added together and mixed
gently before incubation at room-temperature for 15-20 minutes to allow
complex formation. Full media were then replaced with Opti-MEM® (see Table
2). After the incubation of siRNA and Lipofectamine®, transfection mixture was
added to the appropriate wells dropwise. Plates were incubated for 6-8h at 37°C
at 5% CO,. After this period, the transfection mixture was aspirated off and
replaced with full EMEM media. Cells were then incubated for 72 hrs at 37°C at
5% CO, when maximal run down had been observed as determined by Western
blot analysis for the expression of IKKs protein levels. Cells were then either
collected and stored in -20°C for IKKs expression levels by Western blot

analysis (section 2.4) or used for phenotypic assays (clonogenic assay section
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(2.8), cell cycle analysis section (2.9) and caspase 3 activity assay section

(2.10).

Table 2.1: SiRNA transfection agents. Target gene, siRNA origin and target

sequence.

Target Gene On-'l;a;rF?KeI;\plus Target Sequence

IKKa (CHUK) Human CHUK GCGUGAAACUGGAAUAAAU
Cat.No: J-003473-09

IKKB (IKBKB) Human IKBKB (3551) GAGCUGUACAG
Cat.No: J-003503-13 GAGACUAA

Non-targeting (NT) Non-targeting UGGUUUACAUGUCGACUAA
Cat.No: D-001810-01-
20

Table 2.2: SIRNA and Lipofectamine® calculated volumes for each plate

size.
Plate OptiME | siRNA mixture volumes | Lipofectamine | Final
size M (20uM stock) mixture volume
volume volumes
6-well 1.5ml 50nM 2.5ul+247.5ul 10ul 2mi
plate 2mlin OptiMEM SiRNA+240ul
control) | 75nM | 3.75ul+246.25ul OptiIMEM
OptiIMEM
100nM 5ul+245pl
OptiIMEM
12-well 750ul 50nM | 1.25upl+123.75ul 5ul Iml
plate (Amlin OptiIMEM SiRNA+120ul
control) | 75nM | 1.875ul+123.125 OptiMEM
ul OptiMEM
100nM 2.5ul+122.5ul
OptiMEM
96-well 150yl 50nM 0.25ul+24.75pl 1l 200pl
plate (200pl in OptiMEM SsiRNA+24pl
control) | 100nM 0.5ul+124.5pl OptiMEM
OptiMEM
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2.5 Western blot analysis

The Western blot (protein immunoblot) is an analytical technique used to
measure specific proteins in a tissue homogenate or cell extract. This method
was used to measure different protein levels using specific antibodies in PC3M-
luc-C6 cells extracts following treatment with SU compounds or siRNA

transfection.

2.5.1 Preparation of whole cell extracts

The PC3M-luc-C6 cells were treated with agents (TNFa or LTa1B, stimulators,
SU compounds or siRNA) for the relevant times. Plates were then positioned on
ice to stop the degradation or dephosphorylation of protein. Cells were
immediately washed with PBS buffer (ice cold) followed by addition of 200ul of
pre-heated Laemmli’s sample buffer (63mM Tris-HCI (pH6.8), 2mM Na4P,07,
5mM EDTA, 10% (v/v) glycerol, 2% (w/v) sodium dodecyl sulphate (SDS),
50mM Dithiothreitol (DTT), 0.007% (w/v) bromophenol blue) to each well. The
cells were then scraped and the chromosomal DNA sheared by repeatedly
syringing up and down using a 21 gauge needle and transferred to eppendorf
tubes. The tubes containing cell extracts were then boiled at 100°C for 5 mins to
denature the proteins, helping the antibodies to access and bind efficiently with
epitopes and facilitate their running through the gels. Whole cell extract samples
were stored at -20°C or -80°C until use. All chemicals were obtained from

Sigma-Aldrich (Sigma-Aldrich, Gillingham, UK) unless otherwise stated.
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2.5.2 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

The principle behind gel-electrophoresis is based on the migration of negatively
charged proteins (due to presence of SDS) towards the positive anode through
the polyacrylamide gel. Due to the pores produced by the acrylamide, smaller
proteins move faster than the large ones, thus proteins are separated by the

polyacrylamide gel according to their molecular weight.

The gel electrophoresis equipment was first cleaned with 70% ethanol, then
distilled H,O was added for 1 hour to test for any leaking between the glass
plates. 10% (w/v) resolving gels were prepared which consisted of acrylamide
10% (w/v) (Rotiphorese® Gel 30 (37.5:1), 0.375M Tris base (pH8.8), 0.1% (w/v),
SDS and 10% (w/v) ammonium persulfate (APS). Polymerisation of the gel was
introduced by adding 0.05% (v/v) N, N, N, N tetramethylethylenediamine
(TEMED). The preparation was flowed between two glass plates assembled in a
vertical slab pattern and overlaid with 200ul of 0.1% (w/v) SDS. When the gel
polymerized, the upper-layer of 0.1% (w/v) SDS was poured off and a 10% (v/v)
stacking gel (10% (v/v) acrylamide Rotiphorese® Gel 30 (37.5:1), 0.125M Tris
base (pH6.8), 0.1% (w/v) SDS and 10% (w/v) ammonium persulfate (APS) and
0.05% (v/v) TEMED) was added on the resolving gel, and a teflon comb was
directly inserted into the stacking gel layer. The comb was removed after the
stacking gel being polymerized and the glass plates were assembled in a Bio-
Rad Mini-PROTEAN 3TM electrophoresis (Bio-Rad Laboratories, Hertfordshire,

UK), with both tanks filled with running buffer (25mM Tris, 129mM glycine, 0.1%

62



(w/v) SDS). Samples (20-30ug/ml) and prestained SDS-PAGE molecular weight
marker (Bio-Rad Laboratories, Hertfordshire, UK) were then loaded into the
wells using a microsyringe. The gel was run at a constant voltage of 120V for 1-
1.5 hours, until the samples reached the bottom of the gel. All chemicals were
obtained from Sigma-Aldrich (Sigma-Aldrich, Gillingham, UK) unless otherwise

stated.

2.5.3 Electrophoretic transfer of proteins to nitrocellulose membrane

In order to detect proteins using primary antibodies, the proteins separated by
the polyacrylamide gel were then transferred to nitrocellulose membranes (GE
Healthcare, Buckinghamshire, UK) by electrophoretic blotting in wet conditions

according to a standard protocol (Towbin et al., 1979).

A transfer cassette sandwich was assembled which comprised two sponge pads
and two filter papers (GE Healthcare, Buckinghamshire, UK) and nitrocellulose
membrane (Figure 2.1). It was very important to get rid of any air bubbles by
gently rolling over the top surface of the sandwich. The cassette was slotted into
a Bio-Rad Mini-PROTEAN 3TM electrophoresis which was filled with transfer
buffer (25M Tris, 19mM glycine, 20% (v/v) methanol). Proteins were transferred
to the membrane at current of 300mA for 105min. A reservoir was included in
the tank to minimize the high temperature of the transfer buffer. As proteins
were charged negatively by SDS in the gel, the transfer process was conducted

from the gel (negative/cathode) to the nitrocellulose (positive/anode).
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Figure 2.1: Assembly of Western blot transfer sandwich. Schematic

demonstration of the assembly of transfer sandwich on the cassette.

2.5.4 Immunological detection of protein

Following transfer of the proteins to the membrane, the membrane was removed
and nonspecific binding blocked by incubation in a solution of 2-3% Bovine
Serum Albumin (BSA) in NaTT buffer (150mM NaCl, 20mM Tris (pH 7.4), 0.2%
(v/v) Tween 20) on an orbital shaker for at least 1.5 hours. The blocking buffer
was then removed and membranes were incubated overnight (at room
temperature or 4°C) with specific primary antibody (antiserum) to the target
protein in a solution of 0.2% BSA in NaTT buffer. Primary antibodies and
conditions are listed in Table 2.3. The next day, membranes were then washed
six times every 15 minutes in NaTT buffer on an orbital shaker with gentle

agitation. Again, membranes were incubated at room temperature for 90
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minutes with secondary antibody horseradish peroxidase-conjugated IgG (sheep
anti-mouse IgG or goat anti-rabbit IgG) (Jackson ImmunoResearch Laboratories
Inc, PA, USA) diluted to 1:10000 0.2% BSA in NaTT buffer. Following 6 washes
in NaTT at 15 minute intervals, immuno-reactive target proteins were detected
by addition of 6ml of enhanced chemiluminescence (ECL) reagent (1:1 mixture
of solution 1 [1M Tris pH8.5, 250mM luminol, 250mM p-cymuric acid and water]
and solution 2 [1M Tris pH8.5, 0.19% H,0, and water]) for 2 mins with a gentle
shaking. To visualise the protein bands, the membranes were placed on an
exposure cassette, covered with cling film and then exposed to X-ray fiim (B
Plus — Full Blue) in the dark room for the required time and developed using X-

OMAT machine (KODAK M35-M X-OMAT Processor).
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Table 2.3: Primary antibodies used in immunoblotting and optimal
conditions. Table showing the source of antibodies used and their catalogue

number, species in addition to the blocking and incubation conditions in Western

blot analysis.
Target . . Blocking Incubation
Proteins ATHIDEEL SOUEE | SPECIEE Conditions Temperature
IkBa-alpha 2% BSA in Room
IkBa Cell signaling Rabitt
Technology Inc NaTT temperature
(Hertfordshire, UK)
phospho- | p-NF-kB p65 (S536) 2% BSA in
Cell signaling Rabbit 4°C
p65 Technology Inc NaTT
(Hertfordshire, UK)
NFkB p65 (C-20) 2% BSA in Room
p65 Santa Cruz Rabbit
Biotechnology Inc NaTT temperature
(CA, USA)
2% BSA in
p100/52 Anti-NFkB p52 Mouse 4°C
Millipore (CA, USA.) NaTT
- 3% BSA in
IKKa anti-IKKa Mouse 4°C
Calbiochem (CA, NaTT
USA)
IKKB IKKB (Y466) Rabbit 3% BSA in 4°C
Calbiochem (CA,
USA) NaTT

2.5.5 Nitrocellulose membrane stripping and reprobing

To reprobe the same membranes for the detection of other cell proteins or to
confirm equal loading of total proteins, nitrocellulose membranes were stripped

using a stripping buffer (0.05M Tris-HCI, 2% SDS, and 0.1M of B-54
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mercaptoethanol). The membrane was incubated in a heated cabinet shaker at
70°C with 15ml of stripping buffer. The buffer was then removed and the
membrane washed with NaTT buffer three times at 15 minutes intervals in a
fume hood sink then washed 3 times with NaTT buffer at 15min intervals to
remove any remaining of stripping buffer. The membranes were then ready for
incubation overnight with a new primary antibody in 0.2% BSA (w/v) in NaTT
buffer followed by the immunological detection protocol mentioned in section

2.5.4.

2.5.6 Scanning densitometry and quantification of expression levels

Western blot films were scanned using Epson Perfection 1640SU Scanner and
Adobe Photoshop 5.0.2 software. Expression of protein levels were quantified
and normalised to a control by using Scion Image (Scion Corp., Maryland, USA).
Fold increase in protein levels compared to control or agonist stimulated control
were analysed statistically by a one-way ANOVA with Bonferroni correction
post-test using GraphPad Prism software, version 6.0, 2014 (GraphPad
Software Inc, CA, USA). P values lower than 0.05 were used to determine the

significance.

2.6 Cell growth assay

The aim of this method was to assess the effects of SU compounds exposure on
the growth and proliferation of PC3M-luc-C6, PC3 and PNT2A cells. In 6-well
plates, 5 x 10* cells per well were seeded with 5ml of fresh media and incubated

for 48hr for at least one population doubling in a 37°C and 5% CO, incubator.
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After this period, the media were removed and 1ml of fresh media containing
various concentrations of SU compounds (0-10 pM) was added for each well in
each plate. The cells were incubated at 37°C and 5% CO; with drugs at 5 time
points (Oh, 24h, 48h, 72h and 96h). For each concentration at each time point,
the medium was removed and washed with PBS and then cells were detached
by the addition of 0.5ml of trypsin EDTA (0.05%). Trypsin was then deactivated
by addition of 1ml of fresh media and disaggregated through a 21G needle and
then counted using a haemocytometer. The results were then plotted on a graph
as cell number (y axis) versus time (x axis) and the growth Area Under the
Curve (AUC) for each dose during the whole growth time was measured using
Graph Pad Prism software, version 6.01, 2014 (GraphPad Software Inc, CA,

USA).

2.7 Alamar blue cell viability assay

Alamar blue® dye (Life Technologies, Paisley, UK) is a cell viability and
proliferation indicator that widely used in human and animal cell lines cytotoxicity
experiments. It recruits resazurin (7-Hydroxy-3H-phenoxazin-3-one 10-oxide), a
fluorescent blue dye, and when resazurin is reduced by the mitochodial NADPH
dehydrogenase and NADH dehydrogenase enzymes, it is converted to the red
fluorescent resorufin which can be then quantitatively measure by Fluorometry

(Gloeckner et al., 2001).

In 25 cm? flasks, 2x10° of PC3M-luc-C6, PC3 and PNT2A cells were cultured in

5ml of complete medium and incubated at 37°C and 5% CO,. When the cells
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reached 80% confluence, the medium was then removed and cells washed with
PBS and detached using 1ml of trypsin (0.05%) followed by addition of 2mls of
fresh medium, disaggregated through a 21G needle and then counted using a
haemocytometer. A density of 1500, 2000 and 1500 cells of PC3M-luc-C6, PC3
and PNT2A cells respectively were cultured in 96 well plates (Sigma-Aldrich,
Gillingham, UK) with 3 replicates of each sample and incubated at 37°C and 5%
CO; for 48 hours. For each well, medium was replaced with 100ul of fresh
medium containing different concentration of SU compounds (0-10uM) and
incubated at 37°C and 5% CO,. After 72hr following treatment, each well for
each time point was replaced with 100ul of full medium containing 10% (v/v)
Alamar blue® and kept in the incubator at 37°C and 5% CO, for 4 hours.
Fluorescence intensity was then measured using a Spectra Max Gemini XS
plate reader (Molecular Devices Corporation, CA, USA) with an excitation
wavelength of 570nm and an emission wavelength of 580nm and processed
using SoftMax Pro software version 4.3 (Molecular Devices Corporation, CA,

USA).

The results were presented as the mean percentage of cell viability (mean * sd)
compared with untreated control wells of three independent experiments. The
results were plotted as percentage of cell viability on y-axis against the
logarithmic dose on x-axis, and ICsp values were calculated by using non-linear
regression curve fitting of cell viability using GraphPad Prism software, version

6.01, 2014 (GraphPad Software Inc, CA, USA).
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2.8 Clonogenic survival assay

The Clonogenic survival assay is a cytotoxic tool that is used widely to
investigate the effect of cytotoxic agents (compounds or radiation) on
mammalian cells. Exposure of cells to toxic agents could affect their normal
division and reproduction integrity which subsequently leads to cell death.
However, unaffected cells which retained the ability to divide and proliferate

normally can produce large colonies (Munshi et al., 2005).

2.8.1 Clonogenic survival assay for the effect of SU compounds and XBR
as single agents

The clonogenic assay method was conducted as described by Cunningham et
al. (2000). In brief, PC3M-luc-C6, PC3 cells were cultured in 25cm? flasks in 5ml
of complete medium at a 37°C and 5% CO, incubator. When the cells reached
60-70% confluence, medium was replaced with 1ml of fresh medium containing
various concentration of SU compounds (0-10uM) and incubated for 24 hours at
37°C and 5% CO,. However with XBR exposure, cells were treated with a dose
range from 0-6Gy immediately before conducting the clonogenic assay. In both
treatment flasks (SU compounds or XBR), medium was removed and cells were
washed with PBS and detached using 1ml of trypsin (0.05%) followed by
addition of 2mls of fresh medium before cells were disaggregated through a 21G
needle and then counted using a haemocytometer. An appropriate number of
cells (400 cells for PC3M-luc-C6 and 250 cells for PC3) were added to each of

three 60mm petri dishes (Sigma-Aldrich, Gillingham, UK) containing 5ml of fresh
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medium. This triplicate plating was carried out for each experimental condition
and control and plates containing the cells were incubated at 37°C and 5% CO,.
Following 10-14 days of incubation, colonies formation was assessed to ensure
colonies of over 50 cells had developed in control dishes. The medium was then
removed and cells were washed with PBS, fixed with 100% methanol for 10
minutes and stained with 10% Giemsa’s stain solution (BDH Laboratory, Dorset,
UK) for 10 minutes. The stain was carefully removed and dishes were rinsed
with water and formed colonies were counted by eye. Plating efficiency (PE) and

survival fraction (SF) were calculated from the following equations:

PE average no. of control colonies formed

no. of seeded cells

average no. of colonies formed after treatment
no. of seeded cells X PE

The experimental results were fitted to dose-response curve as the mean SF
(mean £ sd) on y-axis versus treatment doses on x-axis of three independent

experiments.

2.8.2 Clonogenic assay for the effect of SU1261 and XBR as a combination
In this experiment, clonogenic survival assays were carried out to assess the
effect of SU1261 and XBR as a combination on PC3M-luc-C6 clonogenicity.
PC3M-luc-C6 cells were grown in 25cm? flasks in 5ml of complete medium flask
until reaching 60-70% confluence, then the medium was replaced with 1ml of

fresh medium containing different concentration of SU1261 (0-10uM) and

71



incubated for 24 hours at 37°C and 5% CO, followed by exposure to 0-2Gy of
XBR. The cells were counted, plated and stained as describe previously in

section 2.8.1.

2.8.3 Clonogenic assay for the effect of siRNA IKKa and IKK transfection
alone or in combination with XBR

Clonogenic survival assays were conducted in this experiment to investigate the
effect of siRNA transfection with IKKa or IKKB siRNA alone and in combination
with XBR on PC3M-luc-C6 clonogenicity. PC3M-luc-C6 cells were cultured in 6-
well plates until reaching approximately 50% confluence, medium was replaced
with transfection mixture (50 and 100nM) for NT, IKKa or IKKB as described
previously in section 2.4. After 72 hours of transfection, groups of wells were
exposed to 0-2Gy of XBR while other groups were untreated and the cells were
then counted, seeded in petri dishes and stained as described previously in

section 2.8.1.
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2.9 Assessment of the cell cycle progression by Fluorescence-Activated

Cell Sorting Analysis (FACS)

Fluorescence-Activated Cell Sorting Analysis (FACS) is a specialised type of
flow cytometry that is used to discriminate cells in different phases of the cell
cycle. It has become a standard tool to analyse the DNA content in populations
of cells and provides a description of the cell cycle distribution following
treatment at any selected point of time (Schorl and Sedivy, 2007). This
technique employs a Propidium lodide dye (a fluorescent dye) which stains DNA
guantitatively. The fluorescence intensity of stained cells can be then measured

at a particular wavelength and reflects the DNA content of cells (Krishan, 1975).

2.9.1 Assessment of the effect of SU compounds on cell cycle progression
by Fluorescence-Activated Cell Sorting Analysis (FACS)

The aim of the FACS method was to assess the effect of the SU agents on the
cell cycle progression of PC3M-luc-C6 Cells. Cells were cultured in 25cm? flasks
with 5ml of fresh medium until reaching 60-70% confluence. Medium was
removed from the flasks and replaced by 1ml of fresh medium containing
various concentration of SU drugs (0-10uM) and incubated for 24 hours in a
37°C and 5% CO, incubator. After cells were detached by addition of 1ml of
trypsin (0.05%), 2mis of fresh medium was added to counteract the effect of
trypsin. The cell suspension was then spun down at 1500 RPM for 5 minutes,
the supernatant was removed, cells were washed with PBS and re-pelleted at

1500rpm, for 5 minutes. Cells were fixed with 3ml 70% ice-cold ethanol and
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stored at -20°C until analysis. On the day of analysis, cells were centrifuged at
2000rpm for 10 minutes, the ethanol layer was removed and cells were
resuspended and centrifuged twice with 10ml of PBS at 1500rpm for 10 minutes.
The PBS was then poured off and the pellet was resuspended with 300uL PBS
containing 10pg/mL Propidium lodide (PI1) (Sigma-Aldrich, Gillingham, UK) and
50ug/mL RNase (Sigma-Aldrich, Gillingham, UK). Tubes containing cell
suspensions were incubated on ice in the dark for at least 1 hour. Cell cycle
analysis was carried out using a FACScan (Becton Dickinson Systems, Cowley,
UK) and data were analysed using BD CellQuest™ Pro software (version 5.1.1).
Three independent experiments were carried out with a minimum of 1000
cells/sample and results presented as the percentage of the cell cycle phases

(mean + sd).

2.9.2 Assessment of the effect of SU1261 and XBR combination on Cell
Cycle Progression by Fluorescence-Activated Cell Sorting Analysis
(FACS)

Cell cycle analysis assays by FACS was conducted to investigate the effect of
SU1261 and XBR combination on Cell Cycle Progression of PC3M-luc-C6. Cells
were grown in 25cm? flasks in 5ml of complete medium flask until reaching 60-
70% confluent, medium was replaced with 1ml of fresh medium containing
different concentration of SU1261 (0-10uM). After 24 hours of treatment, flasks

were exposed to 0-2Gy of XBR and incubated for 24hr at 37°C and 5% CO..
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Samples were collected and assessed for cell cycle progression through FACS

as described in section 2.9.1.

2.9.3 Assessment of the effect of siRNA IKKa and IKK@ transfection alone
or in combination with XBR on Cell Cycle Progression by Fluorescence-
Activated Cell Sorting Analysis (FACS)

Cell cycle analysis assays by FACS were carried out to investigate the effect of
siRNA transfection with IKKa or IKK( alone and in combination with XBR on cell
cycle progression of PC3M-luc-C6. Cells were cultured in 6-well plates until
reaching approximately 50% confluent, then medium was replaced with
transfection mixture (50 and 100nm) for NT, IKKa or IKKB as described before in
section 2.4. After 72 hours of transfection, wells were exposed to 0-2Gy of XBR
and incubated for 24hr at 37°C and 5% CO, or unexposed. Samples were
collected and assessed for cell cycle progression through FACS as mentioned in

section 2.9.1.

2.10 Caspase 3 activity apoptosis assays

Caspase 3 is known as a marker of early apoptosis activation as a result of DNA
damage. It acts by interfering with the normal DNA repair process by breaking
down (by proteolysis) the main proteins involved in repair such as poly (ADP-
ribose) polymerase (PARP) (Nicholson et al., 1995). The amino acid sequence
site at which PARP is cleaved by caspase 3, DEVD (Asp-Glu-Val-Asp), is
occupied by the synthetic tetrapeptide fluorogenic substrate, DEVD-AMC, which

contains the amino acid sequence for the PARP cleavage site. Caspase 3
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cleaves the tetrapeptide between the DEVD and AMC leading to releasing of the

fluorescent AMC which can be measured using fluorometry (Gurtu et al., 1997).

2.10.1 Caspase 3 activity apoptosis assays for the effect of SU compounds
Caspase 3 activity assays were conducted to test if the SU compounds induced
caspase 3 activity on PC3M-luc-C6, PC3 and PNT2A cells as an indicator for
apoptosis. In 25cm? flasks, 2x10° of PC3M-luc-C6, PC3 and PNT2A cells were
cultured in 5ml of complete medium and incubated at 37°C and 5% CO,. When
cells reached 80% confluence, the medium then was removed and washed with
PBS and detached using 1ml of trypsin (0.05%) followed by 2mlis of fresh
medium, disaggregated through a 21G needle and then counted using a
haemocytometer. A density of 3000, 3500 and 2500 cells of PC3M-luc-C6, PC3
and PNT2A cells were cultured respectively in 96 well plates with 3 replicates of
each sample and incubated at 37°C and 5% CO, for 48 hours. For each well,
medium was replaced with 60ul of fresh medium containing different
concentration of SU compounds (0-10uM) or 30uM of Staurosporine (positive
control for caspase 3 activity) and incubated for 4 hours at 37°C and 5% CO,.
Following incubation, 30ul of cell lysis buffer containing the Ac-DEVD-AMC
caspase 3 fluorogenic substrate (BD Bioscience, Oxford, UK) mixture were
added to each well and plates were incubated for 1 hour. The cell lysis buffer
contained 150mM HEPES, 450mM NacCl, 150mM KCI, 30mM MgCl,, 1.2mM
EGTA, 1.5% Nonidet P40 (Fluka Chemicals, Gillingham UK), 0.3% CHAPS and

30% sucrose in distiled H,O and the pH was adjusted to 7.4. Immediately
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before the assay, the caspase 3 fluorogenic substrate was prepared by adding
30mM Dithiothreitol and 3mM phenylmethanesulfonylfluoride to 10mM DEVD-
AMC caspase substrate. All chemicals were obtained from Sigma-Aldrich

(Sigma-Aldrich, Gillingham, UK) unless otherwise stated.

Plates were read for fluorescence intensity of free AMC by using a Spectra Max
Gemini XS plate reader (Molecular Devices Corporation, CA, USA) with an
excitation wavelength of 360nm, an emission wavelength of 460nm and
processed using SoftMax Pro software, version 4.3 (Molecular Devices
Corporation, CA, USA). The results were presented as the mean fold increase
(mean = sd) in caspase 3 activity by comparing and normalising the mean
fluorescence intensity for each treated group with the fluorescence intensity of

untreated control wells in three independent experiments.

2.10.2 Caspase 3 activity apoptosis assays for the effect of siRNA IKKa
and IKKp transfection

This experiment was carried out to assess whether siRNA transfection with IKKa
or IKKB siRNA has any role in caspase 3 activity levels after 48 and 72 hrs post-
transfection in PC3M-luc-C6 cells. A density of 3000 cells of PC3M-luc-C6 were
cultured in 96 well plate with 3 replicates of each sample until reaching
approximately 50% confluent, when medium was replaced with transfection
mixture (50 and 100nM) for NT, IKKa or IKKB as described before in section 2.4.
After 48 and 72hr of transfection, a 30ul of cell lysis buffer containing the Ac-

DEVD-AMC caspase 3 fluorogenic substrate mixture were added to each well
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and plates were incubated for 1 hr at 37°C and 5% CO,. The level of caspase 3
activity was measured and normalized to the untreated control as previously

described in the previous section (2.10.1).

2.11 Combination index analysis

Mathematical evaluation of combinations of SU1261 and XBR in PC3M-luc-C6
cells was carried out using the median-effect principle and combination index

analysis of Chou and Talalay (Chou and Talalay, 1984).

The Combination index analysis method is used to analyse the synergistic effect
of two therapies which are both found to be cytotoxic as single agents. From the
results of clonogenic assays following treatment with SU1261 and XBR as either
single agents or as a combination, dose—effect curves were plotted using

equation 1:
fa/fu = (D/ICso)™ Equation 1

Where D is the drug dose, fa is the fraction of cells affected by drug dose D, fu is
the unaffected fraction by drug dose D, and ICs is the dose that inhibited 50%

of colony formation.

Then, equation 1 is transformed to the log form (Equation 2) to convert it to a
straight line equation (y=mx+c), where the coefficient m becomes the slope of

the line.
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log[fa/fu] = mlogD- mlogICsp Equation 2

Therefore, following treatment with SU1261 and XBR as either single agents or
as a combination, ICsg was calculated from the x-intercept (loglCso) and the
coefficient m (slope) was determined for each treatment, these can then be put

into the re-arranged median effect equation (Equation 3).

D = ICso[fa/fu]"™ Equation 3
Subsequently, the combination-index (Cl) analysis was used to evaluate the
efficacy of the combination (Chou and Talalay, 1984). The toxic effects caused
by each agent and combination, as calculated from equation 4 were then

calculated using equation 4:
Cl = (D)1/(Dx)1 + (D)2/(Dx)2 Equation 4

where (D), and (D), are the doses of each single therapy that inhibit (x)% of cell
when used in combination, and (Dx); and (Dx), are the doses of each drug,
treated as single agents, that inhibit (x)% of growth. The resultant combination
indices, were plotted against the fraction of toxicity, where CI < 1 (synergism), ClI

=1 (additivity) and CI > 1 (antagonism).

2.12 Linear quadratic analysis

Linear quadratic analysis is another mathematical model which is used to
analyse the relationship and the effectiveness of two different therapies in
combination (Miller et al.,, 1992). This method was used to assess the

radiosensitising effect of IKKa and IKKB siRNA transfection to XBR on PC3M-
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luc-C6 cells. As we mentioned previously, the median-effect and combination
index analysis methods are applied to investigate the relationship between two
different therapies when both are cytotoxic as a single agents, however the
linear quadratic analysis was the best method to assess the cytotoxicity effect of
the siRNA transfection and XBR combination as no significant toxicity has been

found in PC3M-luc-C6 cells when transfected with siRNA IKKa alone.

The principle behind the linear quadratic model is based on two key components
of cytotoxicity. These components are the linear component (a coefficient) and
the quadratic component (B coefficient). The linear component represents the
initial slope of the survival curve at low doses or the sub-lethal effect of radiation
which is thought to result from single-ionisation events that cause DNA damage,
whilst the quadratic component corresponds to the latter slope of the curve
which results from multiple-ionisation events causing the severe cytotoxic effect
of radiation at high doses (Barendsen, 1997; Brenner et al., 1998; Franken et
al., 2001). GraphPad Prism software, version 6.0, 2014 (GraphPad Software
Inc, CA, USA) was used to fit clonogenic survival data to the linear quadratic
curve (equation 1), and to calculate the linear component (a coefficient) and the
quadratic component (B coefficient) values (Hall and Giaccia, 2006).

SF = exp (-aD — BD?) Equation 1
Where SF is the survival fraction of cells and D is the dose of radiation. The a
and B coefficients are the linear and the quadratic phases of the curve

respectively. Equation 2 was used to calculate the IC5y of the radiation (dose
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which caused 50% of cell death) against PC3M-luc-C6 cells treated with XBR

(0-2Gy) alone or after transfection with IKKa and IKK@ siRNA (50 and 100nm).

ICs0 = [ a + V (o — 48 In0.5]/2B Equation 2

When the values of the ICso were obtained from the previous equations for XBR
as a single therapy or after transfecting the cells with IKKa and IKK@ siRNA, the
dose enhancement factor at 50% cell death (DEFs0) was calculated from
equation 3. The DEFs5, can be defined as the ratio between the ICs, for radiation
when used alone, to the ICsg of radiation in presence of radiosensitiser (Roeske
et al., 2007). Therefore, the higher DEFs, ratio is the larger the radiosensitising
effect, and the lower the dose of radiation needed in combination to achieve the
same fraction of cell death compared to radiation alone.

DEFso = ICs (radiation alone) / ICsq (radiation + radiosensitiser) Equation 3
2.13 Statistical analysis

All data presented were carried out in at least three separate experiments. All
data was analysed statistically using GraphPad Prism software, version 6.0,
2014 (GraphPad Software Inc, CA, USA). The statistical significance of
differences between groups were analysed by either one-way analysis of
variance (ANOVA) followed or two-way ANOVA followed by Bonferroni post-

tests. P values lower than 0.05 were used to determine the significance.

81



Chapter 3

Pharmacological Inhibitory Effect of
Selective IKKa Inhibitors (SU
compounds) on NF-kB Canonical
and Non-canonical Pathways
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3.1 Introduction

As mentioned in the introduction (Chapter 1), IKKs play a major role in the
regulation of NF-kB pathways (Lee and Hung, 2008). When a canonical
pathway is stimulated by different stimuli, such as TNF-q, this will lead to
phosphorylation of the IKK complex and subsequent activation of IkB-a
degradation and the translocation of p65 into the nucleus (Oeckinghaus and
Ghosh, 2009). However, stimulation of the non-canonical NF-kB pathway by
various molecules such as lymphotoxin $ (LT(), leads to the processing of p100
to p52 and generation of active p52-RelB heterodimers through the

phosphorylation of IKKa subunits (Oeckinghaus and Ghosh, 2009).

IKKa contributes to the pathogenesis of various types of cancer, including PCa
(Fernandez-Majada et al., 2007; Park et al., 2005; Shiah et al., 2006; Hirata et
al., 2006; Luo et al.,, 2007). Despite IKKa having been implicated in PCa
progression, invasion, metastasis and the development of CRPC (Mahato et al.,
2011; Ammirante et al., 2010; Jain et al., 2012; Luo et al., 2007), no selective
IKKa inhibitor compounds have been developed which could be utilised as an
approach for PCa treatment. Therefore, selective IKKa inhibitors (SU
compounds) were designed and prepared chemically by our collaborator from
the Medicinal Chemistry department at the University of Strathclyde. These
novel compounds were tested for IKKa selectivity inhibition using in vitro kinase
assay but not at a cellular level. Thus, the aim of this chapter was to study the

pharmacological characteristics of these novel IKKa inhibitors (SU compounds)

83



in terms of their selectivity and the potency against canonical and non-canonical

NF-kB pathways in the androgen-insensitive PCa cell line PC3M-luc-C6.

Before the assessment of the potency and the selectivity of SU compounds on
IKKa at cellular level, there is an issue that should be considered first. Previous
workers in our laboratory used commercial phospho-IKKa antibodies to measure
the selectivity of SU agents on IKKa levels. However, these antibodies were
found to be problematic in terms of specificity against IKKa and the results could
not be achieved using Western blotting. Therefore, in this chapter, we assess
the selectivity and the potency of SU compounds by measuring the
consequences of the inhibition of the canonical and non-canonical NF-kB
pathways. Phosphorylation of p65 and IkB-a degradation were used as markers
of canonical NF-kB pathway inhibition, while the processing of p100 to p52 was
used for the non-canonical NF-kB pathway. The canonical and non-canonical
NF-kB pathways were stimulated by TNF-a (10ng/ml) and LTa1B (30ng/ml)
respectively. The hypothesis was that the most selective IKKa inhibitor (SU
compounds) should inhibit the non-canonical pathway rather than the canonical

pathway.
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3.2 Results

3.2.1 Determining the dissociation constant (Ki value) of the SU

compounds

The IKKa and IKKB inhibitory activity of SU compounds (SU1261, SU1361,
SU1337 and SU1257) were determined using a dissociation-enhanced ligand
fluorescent immunoassay (DELFIA) based on the protocol of HTScan™ IKK(
Kinase Assay (Cell Signaling Technology, Inc., Danvers, MA, USA) by Mrs.

Louise C. Young, University of Strathclyde.

Briefly, recombinant IKKa or IKKB, 37nM, (Millipore, Dundee, UK) was incubated
with [kB-a (Ser32) (New England Biolabs, Hitchin, UK) biotinylated peptide
substrate (0.375uM or 0.18 uM for IKKa and IKKB assay respectively) and 40uM
or 10uM ATP for IKKa and IKKB respectively in assay buffer (40 mM Tris-HCI
(pH 7.5), 20 mM MgCl,, EDTA 1mM, DTT 2 mM and BSA 0.01mg/ml) in a V-well
96-well plate in the presence and absence of SU compound. The assay plate
was incubated for 60 min at 30°C after which the kinase reaction was quenched
by the addition of 50mM EDTA, pH8. The resulting mixture was transferred to a
streptavidin-coated 96-well plate (Perkin Elmer, Beaconsfield, UK) and
incubated for 1 hour at 30°C to immobilise the substrate peptide. The extent of
phosphorylation was assessed by dissociation-enhanced lanthanide fluorescent
immunoassay (DELFIA) and the time-resolved fluorescence (TRF) for three

individual experiments to determine the I1Csp curves.
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The dissociation constant or the Ki values (the concentration of compound at
which 50% of the kinase activity is inhibited) of the lead compounds under
interrogation are shown in Table 3.1. The Ki value of SU1261 for IKKa was
10nM, while the Ki value of IKKB was approximately 70-fold higher than that of
IKKa (Ki value = 680nM). Similarly, the Ki value for SU1361 on IKKa was very
low (Ki value = 8nM), while the Ki value for IKKB was 100-fold higher than IKKa
(Ki value = 961nM). SU1337 was also more selective against IKKa (Ki value =
21nM) than IKKB (Ki value = 1550nM). These data suggest that these
compounds are highly selective for IKKa. Further, the Ki values of SU1257 were
high for IKKa (Ki value = 9800nM) and IKKB (Ki value = 4100nM), which make
this compound useful as a negative control against other SU compounds as no
inhibitory effect on kinase activity was observed on both kinases (IKKa and

IKKB) except in very high dose.

Table 3.1: The effect of SU compounds (SU1261, SU1361, SU1337 and
SU1257) on IKKa and IKKB kinases activities. IKKa and IKKB were purified
and the dissociation constant (Ki value) of SU compounds was assessed using

a dissociation-enhanced ligand fluorescent immunoassay.

Ki value (nM) SU1261 SU1361 SuU1337 SuU1257
IKKa 10 8 21 9800
IKKB 680 961 1550 4100
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3.2.2 Characterisation of SU compounds on TNF-a induced activation of

the canonical NF-kB pathway in PC3M-luc-C6 cell lines

As the selectivity of SU compounds on IKKa/3 were tested in an in vitro kinase
method but not in cell based assays, SU compounds were then assessed for
effects on the canonical NF-kB pathway of the PC3M-luc-C6 cell lines after
induction with TNF-a (10ng/ml). The phosphorylation of the p65 subunit and the
degradation of IkB-a were measured as key markers of the canonical pathway.
In addition, the total p65 level was used as an indicator for the total loading

protein.

3.2.2.1 TNF-a induced IkB-a degradation and phosphorylation of the p65 in

PC3M-luc-C6 cell lines in atime-dependent manner

Our previous laboratory experiments showed that TNF-a (10ng/ml) activated the
canonical NF-kB pathway leading to cellular degradation of the IkB-a and
phosphorylation of the p65 subunits in PC3M-luc-C6 cell lines. The aim of this
initial experiment was to determine the optimal time course for TNF-a induced

IkB-a loss and p65 phosphorylation.

As indicated in Figure 3.1 B, IkB-a degradation was largely observed at 30min
(30.43% of control basal expression) following TNF-a (10ng/ml) stimulation and
levels were sustained over 45min (28.01% of basal expression) and 60min

(28.23% of control basal expression). Subsequently, the expression of IkB-a
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gradually increased towards basal values by 120min (70.66% of control basal

expression).

In Figure 3.1 C, phosphorylation of p65 was initiated 5min following TNF-a
(10ng/ml) stimulation as determined by measurement of more than a two-fold
increase in protein expression (fold increase=2.24) compared with the control
group. This phosphorylation continuously increased to 7-fold at 15min (fold
increase=7.13) and reached a maximum at 30min, with an 8-fold (fold
increase=8.01) increase compared to the unstimulated control group. The
phosphorylation of p65 then gradually declined and reached 1.84-fold the levels

of the control group following two hours of stimulation with TNF-a (10ng/ml).

From this data, we concluded that 30min following TNF-a (10ng/ml) stimulation
was the appropriate time point to choose for canonical NF-kB pathway
stimulation where the IkB-a loss and p65 phosphorylation were highly stimulated

compared with the unstimulated control group.
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Figure 3.1: Time course of TNF-a-mediated IkB-a degradation and p65
phosphorylation in PC3M-luc-C6. Cells were stimulated with TNF-a (10ng/ml)
for a two-hour period. A) Whole cell lysates were prepared, separated by SDS
PAGE and assessed for IkB-a (37kDa), p-p65 (65kDa), and p65 (65kDa). Blots
were quantified by scanning densitometry for B) IkB-a as % expression, and fold
increase for C) p-p65. The results are representative of one independent

experiment.
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3.2.2.2 Effect of SU compounds on TNF-a induced IkB-a degradation and
p65 phosphorylation of the canonical NF-kB pathway in PC3M-luc-C6 cell

lines

Next, the SU compounds were tested for their inhibitory effect on the canonical
NF-kB pathway. The PC3M-luc-C6 cell lines were treated with SU compounds in
a dose rage from 0.3 to 30uM for one hour followed by stimulation with TNF-a
(10ng/ml) for 30min. The compounds interrogated included SU1261, SU1361,
and SU1337, in addition to the negative control SU1257. Phosphorylation of the
p65 subunits and IkB-a degradation in whole cell lysate were then assessed by
Western blot as markers of the canonical NF-kB pathway. The total p65 level

was used as an indicator for the total loading protein.

o Effect of SU1257 on canonical NF-kB pathway

Figures 3.2 and 3.3 demonstrate the effect of SU1257 on TNF-a induced p65
phosphorylation and IkB-a degradation in PC3M-luc-C6 cells. Compared with
the control unstimulated group, TNF-a (10ng/ml) significantly induced IkB-a
degradation by 85% (% basal expression=15.67% (£3.59), Figure 3.2, P<0.01).
The same dose of TNF-a also stimulated the p65 phosphorylation significantly
by more than two-fold (fold increase=3.59 (+0.25), Figure 3.3, P<0.01)
compared with the untreated control group. However, increasing concentrations
of the negative control SU1257 (0.3-30uM) did not significantly affect the TNF-a
induced IkB-a degradation compared with cells stimulated by TNF-a alone.
(Figure 3.2, P>0.05). Similarly, in the presence of TNF-a, the phosphorylated

p65 level was not altered significantly following treatment with SU1257 up to the
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maximum concentration of 30uM compared with TNF-a stimulated cells (P>0.05,
Figure 3.3). In the absence of TNF-a, and following administration with the
maximum dose of SU1257 (30uM), neither the IkB-a nor the phosphorylated p65
levels were found to be affected compared with control cells with no statistically
significant difference in protein expression observed (P>0.05).

These results suggest that SU1257 is an ideal negative control for study of the
effect SU compounds on the canonical NF-kB pathway as it did not affect the
biomarkers of this pathway in any tested concentration following stimulation with

TNF-a (10ng/ml).
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Figure 3.2: The effect of SU1257 upon TNF-a-mediated IkB-a degradation
in PC3M-luc-C6. Cells were pre-treated with SU1257 for 1h prior to stimulation
with TNF-a (10ng/ml) for 15min. A) Whole cell lysates were prepared, separated
by SDS PAGE and assessed for |kB-a (37kDa) and p65 (65kDa). B) Blots were
quantified for % expression by scanning densitometry; each value represents
the mean + S.E.M. The results are representative of three independent

experiments.
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Figure 3.3: The effect of SU1257 upon TNF-a-mediated p65
phosphorylation in PC3M-luc-C6. Cells were pre-treated with SU1257 for 1 hr
prior to the stimulation with TNF-a (10ng/ml) for 30 min. A) Whole cell lysates
were prepared, separated by SDS PAGE and assessed for p-p65 (65kDa) and
p65 (65kDa). B) Blots were quantified for % expression by scanning
densitometry; each value represents the mean + S.E.M. The results are

representative of three independent experiments.
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e Effect of SU1261 on canonical NF-kB pathway

Figures 3.4 and 3.5 show the effect of SU161 on TNF-a induced IkB-a
degradation and p65 phosphorylation in PC3M-luc-C6 cells. Stimulation of cells
with TNF-a (10ng/ml) induced the degradation of IkB-a significantly by more
than 80% (% of basal expression=17.27% +3.61, P<0.001) compared with
control cells. Pre-treatment of cells with SU1261 in doses ranging from 0.3 to
10uM did not cause any statistically significant changes to TNF-a (10ng/ml)
induced IkB-a degradation compared to cells stimulated with TNF-a alone
(Figure 3.4, P>0.05). However, in the presence of TNF-a (10ng/ml) stimulation,
administration of 30uM of SU1261 significantly increased the expression of IkB-
a to 57.33% (£7.01, P<0.01) compared with 17.27% (+3.61) induced by TNF-a
alone. Nonetheless, this highest dose of SU1261 (30uM) did not alter the
expression of IkB-a in the absence of TNF-a compared with the untreated
control group (P>0.05).

Similar to its effect on IkB-a level, SU1261 (0.3-10uM) did not alter the
phosphorylation of p65 level induced by TNF-a (10ng/ml) stimulation (Figure
3.5, P>0.05) compared with TNF-a stimulated cells. However, post-stimulation
with TNF-a (10ng/ml), 30uM of SU1261 returned the level of the phosphorylated
p65 close to the control basal level of the untreated control group (fold
increase=0.87+0.48, P<0.01). Without TNF-a stimulation, SU1261 (30uM) did
not affect the phosphorylation measurement of p65 in cells (fold increase=0.90

+0.08, P>0.05) compared with untreated control cells.
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These findings demonstrated that SU1261 (0.3-10uM) did not exert a major
effect on the canonical NF-kB pathway. However, the maximum tested
concentration of SU1261 (30uM) engaged the canonical pathway by targeting
the IkB-a degradation and the phosphorylation of p65 which was induced by

TNF-a (10ng/ml).
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Figure 3.4. The effect of SU1261 upon TNF-a-mediated IkB-a degradation
in PC3M-luc-C6. Cells were pre-treated with SU1261 for 1 hr prior to the
stimulation with TNF-a (10ng/ml) for 30 min. A) Whole cell lysates were
prepared, separated by SDS PAGE and assessed for IkB-a (37kDa) and p65
(65kDa). B) Blots were quantified for % expression by scanning densitometry;
each value represents the mean + S.E.M. The results are representative of three

independent experiments. **P<0.01 compared with TNF-a stimulated control.
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Figure 3.5 The effect of SU1261 upon TNF-a-mediated p65
phosphorylation in PC3M-luc-C6. Cells were pre-treated with SU1261 for 1 hr
prior to the stimulation with TNF-a (10ng/ml) for 30min. A) Whole cell lysates
were prepared, separated by SDS PAGE and assessed for p-p65 (65kDa) and
p65 (65kDa). B) Blots were quantified for % expression by scanning
densitometry; each value represents the mean + S.E.M. The results are
representative of three independent experiments. **P<0.01 compared with TNF-

a stimulated control.
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e Effect of SU1361 on canonical NF-kB pathway

SU1361 was the third compound tested in this group. Compared with SU1261,
SU1361 demonstrated a greater inhibitory effect on IkB-a loss and
phosphorylation of p65 (Figures 3.6 and 3.7). In Figure 3.6, SU1361
administered in the concentration range (0.3-1uM) did not show any statistically
significant change in IkB-a degradation (P>0.05) following TNF-a (10ng/ml)
stimulation compared with the group stimulated with TNF-a alone. However,
starting from administration of 3uM of SU1361 the degradation of IkB-a was
gradually inhibited after stimulation with TNF-a (10ng/ml) compared with
unstimulated control cells. Doses of 3uM and 10uM inhibited the degradation of
IkB-a significantly following TNF-a (10ng/ml) stimulation to 47.45% (7.36,
P<0.05) and 61.93% (+£6.57, P<0.01) respectively, compared with control cells.
Moreover, treatment of cells with SU1361 (30uM) followed by TNF-a (10ng/ml)
stimulation increased the IkB-a expression significantly, to 84% (+5.39,
P<0.001) of the basal control level. However, compared with the untreated
control group, no significant alterations were observed on IkB-a expression
when non-TNF-a stimulated cells were treated with 30uM of SU1361 alone
(P>0.05).

In Figure 3.7, SU1361 (0.3-1uM) did not demonstrate any significant change in
p65 phosphorylation level post-stimulation with TNF-a (10ng/ml) compared with
TNF-a (10ng/ml) treatment alone (P>0.05). Nevertheless, increasing
concentrations of SU1361 (3-30uM) showed a dose-inhibitory effect on TNF-a

induced p65 phosphorylation. Doses of 3uM and 10uM of SU1361 reduced the
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fold increase in phosphorylated p65 level induced by TNF-a (10ng/ml) from 3.29
(x0.77) to 2.40 fold (x0.56, P>0.05) and 1.79 fold (+0.19, P<0.05) respectively,
compared with the TNF-a stimulated group. The maximum concentration of
SU1361 (30uM) diminished the phosphorylated p65 level (fold increase=1.12 +
0.31, P<0.05) compared with TNF-a treated cells nearly to the level of the
control group.

Unlike SU1257 or SU1261, these data indicated that SU1361 in a dose range of
3-10uM engaged the canonical pathway by counteracting the effect of TNF-a-

induced IkB-a degradation and p65 phosphorylation.
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Figure 3.6: The effect of SU1361 upon TNF-a-mediated IkB-a degradation
in PC3M-luc-C6. Cells were pre-treated with SU1361 for 1 hr prior to the
stimulation with  TNF-a (10ng/ml) for 30min. A) Whole cell lysates were
prepared, separated by SDS PAGE and assessed for IkB-a (37kDa) and p65
(65kDa). B) Blots were quantified for % expression by scanning densitometry;

each value represents the mean £ S.E.M. The results are representative of three
independent experiments. *P<0.05 *P<0.01 **P<0.001 compared with TNF-a

stimulated control.
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Figure 3.7 The effect of SU1361 upon TNF-a-mediated p65
phosphorylation in PC3M-luc-C6. Cells were pre-treated with SU1361 for 1 hr
prior to the stimulation with TNF-a (10ng/ml) for 30min. A) Whole cell lysates
were prepared, separated by SDS PAGE and assessed for p-p65 (65kDa) and
p65 (65kDa). B) Blots were quantified for % expression by scanning
densitometry; each value represents the mean = S.E.M. The results are
representative of three independent experiments. *P<0.05 compared with TNF-a

stimulated control.
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e Effect of SU11337 on canonical NF-kB pathway

The final SU compound examined in this group was SU1337. As shown in
Figure 3.8, treatment of cells with SU1337 in concentrations ranging from 0.3uM
to 3uM did not alter the TNF-a induced IkB-a degradation or p65
phosphorylation significantly (P>0.05). However, when cells were treated with
10uM and 30pM of SU1337 followed by TNF-a (10ng/ml) stimulation, the
degradation of the IkB-a subunits decreased insignificantly to 49.83% (+12.60,
P>0.05) and significantly to 78.29% (+£8.17, P<0.01) respectively, compared with
the control basal expression level. No significant effect on IkB-a expression
levels were observed when cells exposed to 30uM of SU1337 without TNF-a
(10ng/ml) stimulation (P>0.05) compared with unstimulated control cells.

Figure 3.9 demonstrates the effect of SU1337 on p65 phosphorylation induced
by TNF-a (10ng/ml) stimulation. In a similar fashion, a concentration range of 1-
10uM of SU1337 caused a decrease in the phosphorylation of p65 level induced
by TNF-a stimulation which was not statistically significant (P>0.05) compared
with  TNF-a treated cells alone. However, 30uM of SU1337 reduced the
expression of the phosphorylated p65 significantly by 70% (fold increase=1.57 +
1.41, P<0.05), compared with cells stimulated by TNF-a alone (fold
increase=5.05 = 2.39). These data revealed that SU1337 inhibited the canonical
pathway stimulated with TNF-a (10ng/ml). Similarly to SU1361, 10uM and
30uM of SU1337 decreased the degradation of IkB-a. However, starting from
administration of only 1uM of SU1337, the expression of phosphorylated p65

declined but was largely inhibited when doses were increased to10 and 30uM.
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Figure 3.8: The effect of SU1337 upon TNF-a-mediated IkB-a degradation
in PC3M-luc-C6. Cells were pre-treated with SU1337 for 1 hr prior to stimulation
with  TNF-a (10ng/ml) for 30 min. A) Whole cell lysates were prepared,
separated by SDS PAGE and assessed for IkB-a (37kDa) and p65 (65kDa). B)
Blots were quantified for % expression by scanning densitometry; each value
represents the mean + S.E.M. The results are representative of three

independent experiments. **P<0.01 compared with TNF-a stimulated control.
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Figure 3.9: The effect of SU1337 upon TNF-a-mediated p65
phosphorylation in PC3M-luc-C6. Cells were pre-treated with SU1337 for 1 hr
prior to the stimulation with TNF-a (10ng/ml) for 30 min. A) Whole cell lysates
were prepared, separated by SDS PAGE and assessed for p-p65 (65kDa) and
p65 (65kDa). B) Blots were quantified for % expression by scanning
densitometry; each value represents the mean + S.E.M. The results are
representative of three independent experiments. *P<0.05 compared with TNF-a

stimulated control.
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3.2.2.3 The ICs values of SU compounds for IkB-a degradation and p65
phosphorylation following TNF-a stimulation

Next, the data obtained from the Western blot analysis of SU compounds
(Figures 3.2 - 3.9) were fitted in a sigmoidal dose-response curve and the ICs
values were calculated using GraphPad Prism software, version 6.0 (Figure
3.10 A-D). The ICsy values of each SU compound for both IkB-a degradation
and p65 phosphorylation were determined in PC3-luc-C6 cells after stimulation
with TNF-a (10ng/ml). The ICso for IkB-degradation is the concentration that
induces inhibition of the IkB-a degradation by 50%, while the ICso for p65
phosphorylation is the concentration that decreases the phosphorylation of p65
by 50%.

The 1Cso of SU1261 for IkB-a degradation was >30 UM (IC5,=35.65uM (£7.22)),
while for p65 phosphorylation was >10uM (IC50=16.83uM(£5.04)). However, the
ICso values of the negative control SU1257 were not detected for IkB-a
degradation and p65 phosphorylation as the concentration-inhibition curve
showed no alteration in both protein expression levels in the range of doses
investigated (0.3-30uM). In contrast, SU1361 and SU1337 documented lower
ICso values compared with SU1261. The ICso values of SU1361 were <3uM
(IC50=2.754uM (x2.75)) for IkB-a degradation and <30uM (IC50=20.07uM(x6.33))
for p65 phosphorylation. Also, <10uM (IC50=8.055 (£3.04)) and <30uM
(1C50=11.79uM (+3.13)) were the ICsy concentrations of SU1337 for IkB-a

degradation and p65 phosphorylation respectively.
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These data indicated that concentrations >30uM and >10uM of SU1261 were
needed to achieve the ICsy concentrations for IkB-a degradation and p65
phosphorylation respectively. SU1257 did not show any detectable ICs, values
against either IkB-a degradation or p65 phosphorylation. However, SU1361
inhibited the phosphorylation of p65 more strongly (ICs50=2.754uM) than SU1337
(IC50=8.055 puM). In contrast, SU1337 showed about twice the inhibitory effect
against IkB-a degradation (IC50=11.79uM) compared with SU1361

(IC50=20.07pM).
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Figure 3.10: The ICso values of SU compounds for IkB-a degradation and

p65 phosphorylation following TNF-a stimulation on PC3M-luc-C6 cells.

The data obtained from Western blot analysis of SU compounds were fitted in a

sigmoidal dose-response curve using GraphPad Prism software, version 6.0, for
A) SU1261, B) SU1257, C) SU1361 and D) SU1337.
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Table 3.2: The ICsy values for IkB-a degradation and p65 phosphorylation
were determined in PC3M-luc-C6 cells after stimulation with TNF-a
(10ng/ml). NA: Not achieved.

SU compounds ICs (:SEM) for IkB-a degradation ICs0 (:SEM) for p-p65
(M) {uM)
SU1261 35.65 (+7.22) 16.83 (+5.04)
SuU1257 NA NA
SU1361 2.75 (+1.65) 20.07 (+6.33)
SuU1337 8.05 (+3.04) 11.79 (£3.13)

3.2.3 Characterisation of SU compounds on LTa1f mediated p52 formation
of the non-canonical NF-kB pathway in PC3M-luc-C6 cell lines
Once again, the SU compounds (SU1261, SU1361, SU1337 and SU1257) were

assessed for their selectivity against the non-canonical NF-kB pathway in
PC3M-luc-C6 cell lines. Cells were treated with SU compounds for an hour
followed by stimulation of the non-canonical NF-kB pathway using lymphotoxin-
a LTa1B (30ng/ml) for 24 hrs. The cytoplasmic extracts were then blotted for
processing of pl00 to p52 expression as a marker for non-canonical NF-kB
pathway engagement. Moreover, the total p65 level was used as indicator for

the total protein loading.

108




3.2.3.1 LTa1B induced p52 expression in PC3M-luc-C6 cell lines in a time-

dependent manner

Figure 3.11 A and B show a time course ranging from 1 to 24hr, for LTa1p
(30ng/ml) induced processing of p100 to p52 in PC3M-luc-C6 cell lines using
two blots. The stimulation of p52 expression with LTa1f (30ng/ml) was found to
be delayed-onset, with no stimulatory effect of LTa1B (30ng/ml) on p52 and
p100 proteins expression seen at lag 6hr and below compared with unstimulated
cells. However, the expression of p52 was gradually increased following 8hr of
LTa1B (30ng/ml) by one and half fold (fold increase=1.52) and reached the
maximum level after 24hr of LTa1f (30ng/ml) by almost two-fold (fold
increase=1.96) compared with the control group. However, there was no
detectable change in p100 expression during the time course between LTa1p

(30ng/ml) stimulated and untreated control group.
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Figure 3.11: Time course of LTa1B-mediated p100 processing in PC3M-luc-
C6. Cells were stimulated with LTa1p (30ng/ml) for the indicated time points.
Whole cell lysates were prepared, separated by SDS-PAGE, and then assessed
for A) p100 (100kDa), p52 (52kDa) formation and total p65 (65kDa). Blots were
guantified by scanning densitometry for fold stimulation of B) p52 and C) p100.

The results are representative of one independent experiment.
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3.2.3.2 Effect of SU compounds on LTa1p induced p52 expression of the
non-canonical NF-kB pathway in PC3M-luc-C6 cell lines

In order to assess the inhibitory effects of SU compounds (SU1261, SU1361,
SU1337 and the negative control, SU1257) on the non-canonical NF-kB
pathway, the PC3M-luc-C6 cell lines were treated with the same dose range (0.3
to 30uM) of SU compounds, followed by LTa1B (30ng/ml) stimulation for 24hr.
Expressions of pl100 and p52 were then assessed by western blotting as

markers for the non-canonical NF-kB pathway.

e Effect of SU1257 on non-canonical NF-kB pathway

Figure 3.12 (A and B) demonstrates the impact of administration of various
range of SU1257 (0.3-30uM) on LTa1B induced p52 formation in PC3M-luc-C6.
When the cells were treated with LTa1 (30ng/ml) alone for 24hrs, the formation
of the p52 doubled (fold increase=1.91 + 0.41, P<0.01) compared with the
untreated control group. However, treatment of cells with different doses of
SU1257 (0.3-30uM) followed by stimulation with LTa1B (30ng/ml) did not
statistically significantly alter the expression of the p52 compared with LTa1p
(30ng/ml) treated alone (P>0.05). Furthermore, stimulation of cells with LTa1
(30ng/ml) for 24hrs resulted in no change in p100 expression level compared
with untreated control cells (Figure 3.12 A and C, P>0.05). In addition, exposure
of cells to SU1257 (0.3-30uM) followed by LTa1B (30ng/ml) for 24hrs did not

affect the level of p100 expression (P>0.05).
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These results showed that the negative control SU1257 (0.3-30uM) had no

impact on the cells p52 formation or pl00 expression when stimulated with

LTa1B (30ng/ml) compared to cells stimulated with LTa1f alone. Hence,

SU1257 is an ideal negative control against other SU compounds for further

study on the non-canonical pathway.

A)

<— p100 (100kDa)

<— p52 (52kDa)

<— D65 (65kDa)

30 --- --- 0.3 1 3 10 30 SU1257 (M)
+ + + —+ —+ + + LTalp (30ng/ml)
+ DMSO (10ul
B)
2.5+ 1 pS52
2.0- 1
. T I L T T
2] 1T
o 1.5+
£ T
= 1.0+
o
LL
0.5
0.0
30 -—- -—- 0.3 1 3 10 30 SUL2ST (ulM)
+ + + + + + LTaelp (30ng/ml)
DMSO (10ul)

112



C)

1.5+ [ pl0OO
D
B 1.0- T
S
=
=
£ 0.54
0.0
30 0.3 1 3 10 30 SU1257 (UMD
+ + + + + + + LTelp (30ng/ml)

DMSO (10ul)

Figure 3.12: The effect of SU1257 upon LTa1B-mediated p100 processing
in PC3M-luc-C6. Cells were pre-treated with SU1257 for 1h prior to stimulation
with LTa1B (30ng/ml) for 24hrs. A) Whole cell lysates were prepared, separated
by SDS PAGE and assessed for p100 (100kDa), p52 (52kDa) and p65 (65kDa).
Blots were quantified by scanning densitometry for fold stimulation of B) p52 and
C) pl00; each value represents the mean + S.E.M. The results are

representative of three independent experiments.
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e Effect of SU1261 on non-canonical NF-kB pathway

Figure 3.13 shows the effect of SU1261 on LTa1p induced p52 formation and
pl00 expression in PC3M-luc-C6s cells. As shown in Figures 3.12 A and B,
stimulation with LTa1B (30ng/ml) alone resulted in 1.53 fold increase (+0.12,
P<0.05) in p52 formation compared with untreated control group. In the absence
of stimulation, SU1261 decreased the formation of p52 by about 30% (fold
increase=0.71 = 0.04) compared with untreated control cells but this was not
statistically significant relative to control cells (P>0.05). However, in the
presence of LTa1p (30ng/ml), increasing concentrations of SU1261 caused a
statistically significant gradual decrease in p52 formation with significance
achieved at 3, 10 and 30uM (SU1261 3uM: Fold increase = 0.71 £ 0.07, P<0.05,
SU1261 10uM: Fold increase = 0.54 + 0.05, P<0.01 and SU1261 30uM: Fold
increase = 0.42 + 0.13, P<0.001) compared with LTa1( treated alone cells. As
presented in Figures 3.12 A and C, the pl00 levels were not changed
significantly compared with control cells in dose range from 0.3 to 10uM of
SU1261 (P>0.05); however a statistically insignificant decrease in pl00
measurement was recorded with the maximum concentration (30pM) of SU1261
followed by LTa1B (30ng/ml) stimulation (fold increase = 0.65+ 0.08, P>0.05)

compared with untreated control cells.

These data suggested that SU1261 largely inhibited the non-canonical pathway
of PC3M-luc-C6 cells in dose-dependent manner. At as little as 3uM of SU1261,

p52 formation was completely inhibited to less than the control basal level.
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Figure 3.13: The effect of SU1261 upon LTa1B-mediated p100 processing
in PC3M-luc-C6. Cells were pre-treated with SU1261 for 1h prior to the
stimulation with LTa1B (30ng/ml) for 24hrs. A) Whole cell lysates were prepared,
separated by SDS PAGE and assessed for p100 (100kDa), p52 (52kDa) and
p65 (65kDa). Blots were quantified by scanning densitometry for fold stimulation
of B) p52 and C) pl100; each value represents the mean + S.E.M. The results
are representative of three independent experiments. *P<0.05, **P<0.01 and

***P<0.001 compared with LTa1f stimulated control.
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e Effect of SU1361 on non-canonical NF-kB pathway

The effect of SU1361 on p52 formation and pl00 expression is illustrated in
Figure 3.14. LTa1B (30ng/ml) stimulated the formation of p52 significantly by
almost two-fold (fold increase = 1.92 + 0.25, P<0.001) compared with untreated
control cells. Pre-treatment cells with 30uM of SU1361 alone reduced the p52
expression level insignificantly by 30% (Fold increase= 0.70 = 0.58, P>0.05)
compared with the control group. However, with increasing concentrations of
SU1361 to 10uM in presence of LTal1p, p52 formation was not altered
significantly compared with the LTa1p (30ng/ml) stimulated group. Furthermore,
a maximum concentration of SU1361 (30uM) followed by LTa1B (30ng/ml)
stimulation inhibited the p52 formation significantly (fold increase= 0.99 + 0.11,
P<0.05) compared with the LTa1B (30ng/ml) stimulated group. However, the
expression of the p100 was not changed significantly when cells were treated
with SU3161 (0.3-30uM) followed by LTa1B compared with LTa1 stimulated

cells (P>0.05).

These data revealed that the maximum concentration of SU1361 (30uM) largely
retarded the non-canonical NF-kB pathway stimulation; however, the dose range

from 0.3 to 10uM did not show any major inhibitory effect.
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Figure 3.14: The effect of SU1361 upon LTa1B-mediated p100 processing
in PC3M-luc-C6. Cells were pre-treated with SU1361 for 1lhr prior to the
stimulation with LTa1B (30ng/ml) for 24hrs. A) Whole cell lysates were prepared,
separated by SDS PAGE and assessed for p100 (100kDa), p52 (52kDa) and
p65 (65kDa). Blots were quantified by scanning densitometry for fold stimulation
of B) p52 and C) pl100; each value represents the mean + S.E.M. The results
are representative of three independent experiments. *P<0.05 compared with

LTa1B stimulated control.
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e Effect of SU1337 on non-canonical NF-kB pathway following LTa1

induced p52 expression

Figure 3.15 demonstrates the effect of SU1337 on LTa1B (30ng/ml) induced
non-canonical NF-kB pathway stimulation in PC3M-luc-C6. Stimulation of cells
with LTa1B (30ng/ml) induced p52 formation significantly by more than two fold
(Fold increase = 2.19 £ 0.67, P<0.01) but without significant change on p100
processing (P>0.05) compared to control unstimulated cells. Furthermore,
exposure cells to SU1337 (0.3-3uM) did not show any detectable or statistically
significant change on LTa1B (30ng/ml) induced p52 formation compared to
LTa1B (30ng/ml) stimulated cells (P>0.05). However, treatment of cells with
10uM of SU1337 followed by stimulation with LTa1B (30ng/ml) decreased both
the p52 formation expression (fold increase = 1.44 + 0.78) and p100 expression
(fold increase= 0.49 + 0.17) compared to cells treated with LTa1B (30ng/ml)
alone, but this change was again insignificant statistically (P>0.05). Compared
to cells stimulated with LTa1B (30ng/ml), a significant inhibition response was
achieved in p52 (fold increase= 0.31 + 0.20, P<0.05) and p100 expression (fold
increase= 0.16 + 0.12, P<0.001) when cells were treated with the maximum

concentration of SU1337 (30uM) followed by LTa1 (30ng/ml) stimulation.

These findings showed that SU1337 at 10uM decreased the p52 and pl1l00
formation but this decrease was not statistically significant relative to LTa1$
stimulated cells; however in presence of LTa1B stimulation, a 30uM significantly

inhibited the expression of both proteins compared with the LTa1f treated
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group. The lower doses of SU1337 (0.3-3uM) did not exert any significant effect

on this pathway.
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Figure 3.15: The effect of SU1337 upon LTa1B-mediated p100 processing
in PC3M-luc-C6. Cells were pre-treated with SU1337 for 1lhr prior to the
stimulation with LTa1B (30ng/ml) for 24hrs. A) Whole cell lysates were prepared,
separated by SDS PAGE and assessed for p100 (100kDa), p52 (52kDa) and
p65 (65kDa). Blots were quantified by scanning densitometry for fold stimulation
of B) p52 and C) p100; each value represents the mean + S.E.M. The results
are representative of three independent experiments. *P<0.05 and ***P<0.001

compared with LTa1p stimulated control.
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3.2.3.3 The IC5 values of SU compounds for p52 formation following
LTa1B stimulation

In order to calculate the ICsy values of SU compounds on p52 formation, the
protein levels determined on after treatment with the SU compounds (Figures
3.12-3.15) were fitted in a sigmoid concentration-response curve and the I1Csg
values were calculated using GraphPad Prism software, version 6.0 (Figure 3.16
A-D). The ICsp values of each agent for p52 formation were determined in PC3-
luc-C6 cells after stimulation with LTa1B (30ng/ml). The ICs, for p52 formation
was the concentration that inhibited the p52 formation by 50%.

The IC5o of SU1261 for p52 formation was only 3.92uM (£2.12) (Figure 3.16 A).
However, the ICso values of the negative control SU1257 were not achieved for
p52 formation inhibition as the concentration-inhibition curve showed a steep
pattern and inhibition of 50% of growth was not obtained (Figure 3.16 B). In
contrast, SU1361 and SU1337 recorded relatively high ICso values compared to
SU1261. The ICso value of SU1361 was >30uM (IC5,=33.82uM (£4.12)), Figure
3.16 C) for p52 formation, while it was 24.01uM (+8.23) for SU1337 (Figure
3.16D).

These data showed that as little as 3.925uM of SU1261 was enough to inhibit
the non-canonical NF-kB pathway and induce inhibition of the p52 formation by
50%. However, SU13317 inhibited the p52 formation by 50% in a lower
concentration (IC50=24.01uM) than SU1361 (IC5,=33.82uM), although both
concentrations were relatively high. The order of potency of these compounds

for p52 formation was SU1261>SU1337>SU1361>SU1257.
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Figure 3.16: The IC5 values of SU compounds for p52 formation and
following LTa1B stimulation on PC3M-luc-C6 cells. Using GraphPad Prism
software, version 6.0, the data obtained from Western blot analysis of SU
compounds were fitted in a sigmoidal dose-response curve for A) SU1261, B)
SU1257, C) SU1361 and D) SU1337.
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Table 3.2: The ICs values for p52 formation which were determined in PC3M-
luc-C6 cells after stimulation with LTa1B (30ng/ml). NA: Not achieved

SU compounds 1Cs0 (XSEM) for p52 formation (UM)
SU1261 3.92 (£2.12)
SuU1257 NA
SuU1361 33.82 (+4.12)
SU1337 24.01 (+8.23)
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3.3 Discussion

As mentioned in the introduction (Chapter 1), the NF-kB signalling pathway is
strongly associated with disorders and diseases that involve inflammation, such
as autoimmune diseases, neurodegenerative diseases and cancer (Meffert et
al., 2003; Giuliani et al., 2001; Karin, 2006). Inhibition of NF-kB has therefore
become a new strategy for the treatment of various diseases, including cancer.
One of the most studied and best-known strategies to target NF-kB is the use of
proteasome inhibitors. For instance, bortezomib has been wused in
chemotherapeutic regimens for the treatment of multiple leukaemia and
myeloma (Picot et al., 2011; Zheng et al., 2012; Richardson et al., 2004). In
addition, there is evidence to show that bortezomib inhibits proliferation by
inducing apoptosis of the androgen-dependant (LNCaP) and androgen-
independent (PC-3 and DU145) PCa cell lines (Zheng et al., 2015; Papandreou
and Logothetis, 2004). MG-13 is another example of a proteasome inhibitor
which has been used in PCa combination therapy. It inhibits NF-kB activity
through reducing IkB-a degradation (Shirley et al., 2005). Further, a natural
proteasome inhibitor, apigenin (5,7,4-trihydroxyflavone), has been found to
inhibit the viability and induce apoptosis in the PC-3 PCa cell line (Singh et al.,
2015). Moreover, the proteosome inhibitor PS-341 induces growth arrest and
apoptosis of LNCaP cells by down-regulating the androgen receptor (AD)
signalling pathway (Ikezoe et al., 2004). Dehydroxymethylepoxyquinomicin

(DHMEQ) is a unique NF-kB inhibitor which acts by preventing the nuclear
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translocation of NF-kB p65 (Ariga et al., 2002), leading to the induction of
apoptotic cell death in Adult T-cell leukaemia/lymphoma (ATL) (Horie et al.,
2006). Finally, PMS1077 has been found to inhibit NF-kB activity by
counteracting TNF-a induced IkB-a degradation as well as p65 phosphorylation

leading to induction of apoptosis in PCa cell lines (Shi et al., 2013).

These positive studies suggest a role for NF-kB inhibition in PCa and the aim of
this project was to further dissect the components of the NF-kB pathway by
targeting the IKKB complex as a new and a more specific target than non-
specific NF-kB inhibitors. Various studies have shown that pharmacological
inhibition of IKK inhibitors induces cancer cell cytotoxicity or triggers apoptosis in
response to different stimuli such as TNF-a (Romieu-Mourez et al., 2001).
Different IKK inhibitor compounds have been discovered. These inhibitors have
been found to be either IKK inhibitors (IKKa/B) or more IKKB inhibitors.
However, to date there has been no specific pharmacological inhibitors of IKKa.
Examples of agents targeting IKKa/p are a B-carboline natural product PS-1145
and ML120B (Castro et al., 2003; Wen et al., 2006), BMS-345541 (Burke et al.,
2003; Mclintyre et al., 2003), SPC-839 (Palanki et al., 2002), plant flavone,
apigenin (4', 5, 7-trinydroxyflavone) (Shukla et al., 2015) and CHS828 (Olsen et
al., 2004; Hjarnaa et al., 1999). It was found that PS-1145 and ML120B
demonstrated potent anti-tumour effect against different cancers including
multiple myeloma, chronic myelogenous leukemia, diffuse large B-cell

lymphoma and PCa (Cilloni et al., 2006; Yemelyanov et al., 2006; Lam et al.,
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2005). PS-1145 was also found to sensitise PCa DU145 and PC3 cells to death
by apoptosis following TNF-a stimulation (Yemelyanov et al., 2006). Moreover,
plant flavone apigenin (4', 5, 7-trihydroxyflavone) has been found to inhibit
carcinogenesis and metastasis in transgenic adenocarcinoma of the mouse
prostate (TRAMP) mice (Shukla et al., 2007) and inhibits proliferation and
invasiveness in PC-3 and 22Rv1l human PCa cells (Shukla et al., 2015). To
date, however, none of the previous IKKB inhibitors have been used clinically
due to serious associated complications such as chronic inflammatory disorders,
immunosuppression, infectious disease and fatal hepatotoxicity (Chariot, 2009,

Li et al., 1999).

An alternative strategy is inhibition of IKKa. IKKa have been involved in various
types of cancer, including PCa (Fernandez-Majada et al., 2007; Park et al.,
2005; Shiah et al., 2006; Hirata et al., 2006; Luo et al., 2007). In PCa, the
silencing of IKKa with siRNA in PCa cell lines PC3 and DU-145 was found to
inhibit their invasion and metastasis (Mahato et al., 2011), as well as delay the
progression of castration-resistant PCa in the murine myc-CaP cell line
(Ammirante et al., 2010). In addition, IKKa inhibition via siRNA has been
demonstrated to inhibit maspin, the tumour suppressor gene that induces PCa
metastasis (Luo et al., 2007). Furthermore, expression of the inactive mutant
form of IKKa (IKKaAA’AA) in transgenic adenocarcinoma of mouse prostate
(TRAMP) model of PCa inhibited metastases, delayed the cancer’s progression

and improved survival compared with wild type TRAMP mice (Luo et al., 2007).
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Therefore, targeting PCa using a selective inhibitor of IKKa might be a promising
approach for the development of a novel treatment of PCa. However, as
mentioned, compared with the previous large number of non-selective IKK
inhibitors, no compounds currently available have a selective inhibitory effect on
IKKa. Asamitsu et al. (2008) synthesised the noraristeromycin (NAM) as an anti-
HIV virus agent. NAM was tested for IKK selectivity by an in vitro kinase assay
using immunoprecipitated IKK complex from HEK293 cells. Asamitsu et al.
(2008) published the finding that NAM inhibited the kinase activity of IKKa more
than that of IKKB. However, when HEK293 cells were treated with NAM, they
found this agent to inhibit p65 phosphorylation and IkBa degradation, suggesting
that this effect takes place through the canonical NF-kB pathway inhibition. In
addition, no effect of NAM on p100 phosphorylation or p52 formation was
demonstrated. Similarly, it has been claimed that a glucosamine derivative, 2-
(N-Acetyl)-L-phenylalanylamido-2-deoxy-beta-D-glucose  (NAPA), inhibits the
IKKa kinase activity, as confirmed by an in vitro kinase assay. NAPA has been
shown to decrease IKKa nuclear re-localisation in human chondrocytes, but in
very high doses (250-500uM) (Scotto d'Abusco et al., 2010). However, currently

there are no selective IKKa inhibitors commercially or clinically available.

Within the Univesity of Strathclyde we have developed a multidisciplinary team
(small molecule drug discovery group led by Professor Simon MacKay) to
generate first in class of IKKa inhibitor compounds. In this project, | worked with

three different selective IKKa inhibitor compounds, SU1261, SU1361 and

129



SU1337, in addition to the negative control SU1257, which lacks a kinase
inhibitory effect. These agents have been successfully assessed by an in vitro
kinase assay to have higher affinity and selectivity for purified IKKa protein than
for IKKB. As is shown in Table 3.1, the dissociation constant values (Ki value) of
SU1261, SU1361 and SU1337 indicate that the selectivity of these agents was
higher on IKKa than on IKKB. SU compounds contain an azole ring which
specifically binds to the ATP binding domain of the IKKa amino-terminal kinase,
inhibiting kinase activity. The main objective of this chapter was to test the
inhibitory effects and the selectivity of SU compounds on a cellular level. These
agents were tested in a highly metastatic PCa cell line, PC3M-luc-C6. We
hypothesised that these compounds, as selective IKKa inhibitors, would affect
the non-canonical NF-kB pathway rather than the NF-kB canonical pathway,
meaning that they reduce p52 formation rather than inhibiting IkB-a loss and p65

phosphorylation.

Selective IKKa inhibitors of SU compounds should not affect the canonical NF-
kKB pathway as IKKa is not the main player in this cascade. Stimulation of the
canonical NF-kB pathway with TNF-a activated the IKK complex by
phosphorylation, leading to the activation of the IkB-a degradation and the
translocation of p65 into the nucleus (Oeckinghaus and Ghosh, 2009). The
negative control SU1257 (0.3-30uM) did not influence in TNF-a induced IkB-a
degradation or phosphorylation of p65 in PC3M-luc-C6. These results are ideal

for a negative control as there was no effect when there should be no effect, or,
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in other words, any other effects which could have been exerted from different
parts of the structure were excluded. These findings were expected, as SU1257
lacks the kinase inhibitory effect. However, SU1261 (>10uM) was found to
impact the canonical NF-kB pathway by inhibiting p65 phosphorylation (ICsp=
16.83uM), while treatment with more than 30uM was needed to decrease the
degradation of IkB-a (ICso= >30uM). On the other hand, SU1361 and SU1337
affected the canonical NF-kB pathway in lower doses than SU1261. The ICsg
values of SU1361 against p65 phosphorylation and IkB-a degradation were
20.07uM and 2.75uM respectively, whereas these values were 11.79uM and
8.05uM for SU1337 in the same respect. Therefore, of the SU compounds,
SU1261 (0.3-10uM) had no effect on IKKB as no changes were found in IkB-a

loss and p65 phosphorylation.

The non-canonical NF-kB pathway is controlled mainly by IKKa homodimers.
Stimulation of this pathway by lymphotoxin 3 (LTB) resulted in the processing of
pl00 and the generation of active p52-RelB heterodimers through the
phosphorylation of IKKa subunits (Oeckinghaus and Ghosh, 2009). As
expected, the negative control SU1257 did not alter the response of LTa1p
induced p52 formation. Interestingly, the 1Cso value of SU1261 was as little as
3.92uM for p52 inhibition. Unexpectedly, the ICsy values of SU1361 and SU1337
for p52 formation inhibition were >30uM and 24uM respectively, therefore
SU1261 was the most selective IKKa inhibitor agent of the tested compounds as

the inhibition in p52 formation started with a low dose (3uM). However, the
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negative control SU1257 did not cause any change in p52 formation levels
following stimulation with LTa1B, making this compound an ideal negative

control for this group.

In conclusion, SU1261 showed a novel IKKa inhibitory effect on the tested SU
compounds. SU1261 is inhibited by p52 formation, the marker of the non-
canonical NF-kB pathway, in low doses (IC5,=3.92uM) in the presence of LTa1p
stimulation. Moreover, SU1261 did not inhibit the canonical NF-kB pathway in
doses from 0.3-10uM after TNF-a induced p65 phosphorylation and IkB-a
degradation. In addition, SU1257 demonstrated itself to be an ideal negative
control compound as it did not affect the stimulated NF-kB pathways.
Furthermore, SU compounds were able to bind the intracellular kinase domains
of IKKa and IKKB, which indicated the stability of these agents in the cellular
setting. Thus, it was of interest and of value to assess the cytotoxicity of SU1261
as a novel IKKa inhibitor in highly metastasis androgen-insensitive PCa cell

lines against its negative control, SU1257.

132



Chapter 4

Assessing the Cytotoxicity of Novel
IKKa Inhibitor (SU1261) as Single

Agents and in Combination with
External Beam Radiation (XBR) in
Prostate Cancer Cell Lines
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4.1 Introduction

Prostate cancer (PCa) is the second most commonly diagnosed cancer in males
worldwide, representing the second leading cause of mortality-related cancer
(Torre et al., 2015). In the early stages of the cancer, curative therapies are
available, including radical prostatectomy (surgery) and radiation and in some
cases, hormonal ablation for androgen-dependent PCa. However, within 12-18
months from androgen ablation therapy, PCa can develop to the highly
metastatic castration-resistance (CRPC) carcinoma stage, which is associated
with serious complications and a high mortality rate (Maroto et al.,, 2016).
Currently no curative therapies are available for CRPC and the only available
options are palliative.

The non-canonical (alternative) NF-kB pathway is controlled solely by the IKKa
homodimer. IKKa has been found to regulate numerous genes involved in
cancer cell transformation, tumour progression and angiogenesis (Huang et al.,
2007, Luo et al., 2007). The simulation of the non-canonical NF-kB pathway can
be achieved in response to several stimuli of the TNF superfamily of cytokines,
such as lymphotoxin B (LT(), CD40 ligand (CD40L) and BAFF. There is a large
body of evidence to support the influence of IKKa in tumour progression in
various types of cancer, such as colorectal, breast, pancreatic, gastric and
prostate cancer (Fernandez-Majada et al., 2007; Park et al., 2005; Shiah et al.,
2006; Hirata et al.,, 2006; Luo et al., 2007). Following androgen deprivation

therapy, it has been published that lymphotoxin B, the activator of non-canonical
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pathway, is an essential factor of CRPC development and tumour progression
(Ammirante et al.,, 2010). In addition, knockdown of IKKa with sSiRNA in
androgen-independent prostate cell lines PC3 and DU-145 has resulted in
inhibition of PCa invasion and metastasis (Mahato et al., 2011), and delayed the
development of CRPC in the murine myc-CaP cell line (Ammirante et al., 2010).
Furthermore, IKKa has been found to induce PCa metastasis by inhibiting
maspin, the tumour suppressor gene that inhibits tumour metastasis (Luo et al.,
2007).

Although strong evidence links IKKa and PCa progression, to date no selective
pharmacological IKKa inhibitors are currently available. The pharmaceutical
industry has worked hardly to generate various compounds targeting IKK-NF-kB
pathways; however these inhibitors have either been IKKB/a pan-inhibitors or
IKKB selective. Examples of these compounds are a 3-carboline natural product
PS-1145 and ML120B (Castro et al., 2003; Wen et al., 2006), BMS-345541
(Burke et al., 2003; Mcintyre et al., 2003), and SPC-839 (Palanki et al., 2002). In
spite of showing cytotoxicity against cancer cells, inhibition of IKKB is not a
desirable target as it has been associated with a number of serious toxicities in
normal cells and/or lethality. For example, an early study of Li and co-workers
demonstrated that creating IKKB knockout mice resulted in massive liver
apoptosis leading to embryonic death at mid-gestation (Li et al., 1999). Clinical
trial use of different IKK inhibitors has also been associated with
immunosuppression and infectious diseases (Chariot, 2009). Therefore,

targeting PCa using a selective inhibitor of IKKa over IKKB might be a promising
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approach to the treatment of CRPC as it may result in lower toxicities and could
have considerable clinical and commercial potential.

Our findings in Chapter 3 suggested that our lead compound, SU1261,
demonstrated a high potency and selectivity on IKKa over IKKB, as confirmed by
in vitro kinase assay and on the regulation of non-canonical NF-kB pathway
biomarkers in PC3M-luc-C6s, the highly metastasis androgen-independent PCa
cell line. Kinase activity assay for SU1261 showed a potent activity against IKKa
(Ki = 10nM), which was 70x more selective over IKKB (Ki = 680nM). SU1261
also recorded a high selectivity on IKKa over IKKB in PC3M-luc-C6 NFkB
pathway via biomarker assessment (p52 formation (IKKa) ICso = 3.925uM; IkBa
degradation (IKKB) ICso > 30uM: p65 phosphorylation (IKKB) ICso > 10uM); i.e.
in concentrations ranging from 0.3 to 10uM, SU1261 inhibited the non-canonical
NF-kB pathway without affecting the canonical NF-kB pathway.

Radiotherapy, such as external beam radiotherapy (XBR) is a mainstay in the
treatment of advanced PCa (Dulaney et al., 2016). The therapeutic efficacy of
radiation therapy is highly dose-dependent; however, toxicity to normal cells
increases as the dose of radiation increases (Kozakai et al., 2012). Furthermore,
the development of radioresistance in cancers cells have been found to be
associated with therapeutic failure and subsequently tumour relapse (Li and
Sethi, 2010; Wu et al., 2011). In particular, advanced stage androgen-insensitive
PCa cells are known to be radioresistant compared with hormone-sensitive cells
in early stage of PCa (Xie et al., 2010). This characteristic of androgen-

insensitive behaviour towards radiation has been documented to occur through
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activation of NF-kB pathways subunits following radiation exposure (Kim et al.,
2006; Baud and Karin, 2009; Li and Sethi, 2010). However, the alternative NF-
kKB pathway subunits (RelB and p52) are among the proteins involved in the
resistance of PCa cells to radiation-induced cytotoxicity. For instance, inhibition
of the p52/p100 dimer in PCa cells using STI571, an inhibitor of tyrosine kinase,
resulted in enhancement of the sensitivity of these cells to radiation therapy (Xu
et al., 2010). In addition, transfected human PC3 cells and mouse RM-1 cells
(highly aggressive androgen-insensitive mouse prostatic cancer cells) with RelB
siRNA, sensitised both cell lines to radiation-induced cell death (Holley et al.,
2010; Zhu et al., 2015). We demonstrated in Chapter 3 that SU1261, a novel
IKKa inhibitor, inhibited the non-canonical NF-kB pathway, as confirmed by the
large inhibition of p52 formation in PC3M-luc-C6 cells. Therefore, new therapies
based on radiosensitisation are required to increase the sensitivity of cancer
cells to radiation, subsequently resulting in enhancing radiation-induced

cytotoxicity and reducing related toxicity to normal cells.

In this chapter, we aimed to investigate the cytotoxic effect of SU1261, as a
novel selective IKKa inhibitor, as a single agent and its negative control SU1257
in prostate cells PC3, PC3M-luc-C6 (androgen-insensitive human prostate
carcinoma prostate cell lines) and PNT2A (normal human epithelial prostate cell
line). Cytotoxicity was assessed by a cell growth analysis (Chapter 2, section
2.6), an alamar blue cell viability assay (Chapter 2, section 2.7), clonogenic

survival assay (Chapter 2, section 2.8), cell cycle progression analysis (Chapter
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2, section 2.9) and caspase-3 activity analysis (Chapter 2, section 2.10).
Furthermore, by using a combination index analysis model (Chapter 2, section
2.11), we aimed in this study to assess the radiosensitisation effect of SU126 on
PCa PC3M-luc-C6 cell line. To the best of our knowledge, ours is the first
work studying the cytotoxicity and the radiosensitising effect of IKKa inhibition

using pharmacological inhibition in cancer, particularly in PCa cells.

4.2 Results

4.2.1 Growth of PC3M-luc-C6, PC3 and PNT2A cells following
administration of SU1261 and SU1257
In order to determine the effect of SU1261 and SU1257 on the growth rate of

PC3M-luc-C6, PC3 and PNT2A cells, a cell growth assay of the three prostate
cell lines following SU compounds administration, as described in materials and
methods (Chapter 2, section 2.6), was undertaken. The cells were incubated
and exposed to different doses (0-10uM) of SU1261 and SU1257 at 5 time
points (Oh, 24h, 48h, 72h and 96h). The number of cells for each dose at each
time point was counted and the percentage of growth AUC (mean z sd)
compared with the control for each dose, measured using GraphPadPrism,

version 6.01.

4.2.1.1 Growth of PC3M-luc-C6 cells following administration of SU1261
and SU1257

Figure 4.1 shows the effect of SU1261 and the negative control SU1257 on

growth AUC of PC3M-luc-C6 cells. SU1257 did not significantly affect growth
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AUC of PC3M-luc-C6 in all doses (0.1-10uM) during the period of treatment
compared to the untreated controls (P>0.05). However, starting from a low dose
of 1uM of SU1261, the PC3M-luc-C6 cell growth AUC was significantly inhibited
in a dose inhibition response compared with control cells. Compared with
untreated cells, concentrations of 1, 3 and 10 pM showed highly statistically
significant inhibition of PC3M-luc-C6 cell growth AUC by 30% (% of AUC =
70.30 £ 5.01, P < 0.01), 46% (% of AUC =54.38 = 10.2, P < 0.001) and 73%
(% of AUC = 27.01 + 8, P < 0.001) respectively. However, low concentrations of
SU1261 (0.1-0.3) did not statistically significantly affect the normal growth

pattern of PC3M-luc-C6 cells (P > 0.05).

4.2.1.2 Growth of PC3 cells following administration with SU1261 and
SuU1257

As demonstrated in Figure 4.2, the presence of SU1257 (0.1-10 pM) or low
concentrations of SU1261 (0.1-0.3 puM) did not affect the growth AUC of PC3
cells compared to untreated cells (P>0.05). However, exposure of these cells to
1-10pM of SU1261 resulted in a decrease in the growth AUC in a dose-
dependent manner. Compared with untreated cells, the growth AUC significantly
decreased (P>0.001) by 33% (% of AUC = 67.07 + 6.21), 50% (% of AUC =
49.25 + 8.12) and 70% (% of AUC = 30.67 = 6.01) following treatment with 1, 3

and 10uM of SU1261 respectively.

4.2.1.3 Growth of PNT2A cells following administration with SU1261 and
SuU1257
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In PNT2A cells, no statistically significant change in the growth AUC was
observed when cells were exposed to SU1257 (0.1-10uM) compared with
untreated cells (P>0.5, Figure 4.3). Similarly and in contrast to treatment of
PC3M-luc-C6 and PC3 cells, treatment of PNT2A cells with 0.1-1uM of SU1261
did not alter the growth AUC of cells significantly compared with control cells
(P>0.05). Conversely, there was a highly significant decrease in the growth AUC
by 41% (% of AUC=59.19 £12.01) when cells were treated with 3uM of SU1261
and further inhibition in growth curve by 71% (% of AUC= 29.29 %9.23)

compared to control cells (P<0.001).

These findings suggested that SU1261, our lead novel IKKa inhibitor, strongly
inhibited the growth of PCa PC3M-luc-C6 and PC3 cells in a concentration
range from 1-10puM. Similarly, 3 and 10puM SU1261 reduced the growth of the
normal prostate PNT2A cells but to a lesser extent. The negative control
SU1257 did not interfere with the growth rate of any PCa cell line interrogated

(PC3M-luc-C6, PC3 and PNT2A cells).
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Figure 4.1: The effect of SU compounds on PC3M-luc-C6 growth curve.
Cells were treated with different concentrations of SU1257 and SU1261
compounds (0.1-10 uM) for 96 hrs. Then Area Under the Curve (AUC) of cell
growth for each dose following 96 hrs of treatment was measured and
normalised to control. Statistical analysis was carried out using a one-way
ANOVA with Bonferroni correction post-test to compare to untreated control.
Data shown are expressed as percentage of AUC of control growth, and each
value represents the mean (xsd) of three separate experiments. *P<0.01 and
***P<(0.001 compared with the non-treated control group.
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Figure 4.2: The effect of SU compounds on PC3 growth curve. Cells were
treated with different concentrations of SU1257 and SU1261 compounds (0.1-10
pHM) for 96 hrs. Then Area Under the Curve (AUC) of cell growth for each dose
following 96 hrs of treatment was measured and normalised to control.
Statistical analysis was carried out using a one-way ANOVA with Bonferroni
correction post-test to compare to untreated control. Data shown are expressed
as percentage of AUC of control growth, and each value represents the mean
(xsd) of three separate experiments. ***P<0.001 compared with the non-treated

control group.
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Figure 4.3: The effect of SU compounds on PNT2A growth curve. Cells
were treated with different concentrations of SU1257 and SU1261 compounds
(0.1-10 pM) for 96 hrs. Then Area Under the Curve (AUC) of cells growth for
each dose following 96 hrs of treatment was measured and normalised to
control. Statistical analysis was carried out using a one-way ANOVA with
Bonferroni correction post-test to compare to untreated control. Data shown are
expressed as percentage of AUC of control growth, and each value represents
the mean (xsd) of three separate experiments. ***P<0.001 compared with the

non-treated control group.

4.2.2 Cell viability of PC3M-luc-C6, PC3 and PNT2A cells following
administration of SU1261 and SU1257

To evaluate the cytotoxic effect of SU1261 and SU1257 on cell viability of PC3-
luc-C6, PC3 and PNT2A cells, an Alamar blue assay was conducted, as
described in the materials and methods (Chapter 2, section 2.7). Cells were

incubated with varying concentrations (0.-10uM) of SU1261 and SU1257 for 72
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hrs. Following this duration, Alamar blue reagent (10% v/v) in media was added
and cells incubated for an additional 4 hrs. Fluorescence intensity was then
measured with an excitation wavelength of 570 nm and an emission wavelength
of 580nm. The results were plotted as a percentage of cell viability (mean + sd)
compared to untreated control cells on the y-axis against the logarithmic dose of
SU compounds on x-axis, and I1Cso values (the concentration which decreased
the cell viability of PC3M-luc-C6 by 50%) were calculated using non-linear
regression curve fitting of cell viability using GraphPadPrism software, version

6.01.

4.2.2.1 Cell viability of PC3M-luc-C6 cells following administration of
SU1261 and SU1257

As shown in Figure 4.4A, following treatment with 0.1-1uM of SU1261 for 72 hrs,
there was no statistically significant decrease in PC3M-luc-C6 cells viability
compared to the control group (P>0.05). However, the percentage of viable
cells significantly decreased in the PC3M-luc-C6 cells by 33% (% cell
viability=67.93 = 11.97) following exposure to 3uM of SU1261 compared with
the untreated group(P<0.01). When the concentration of SU1261 was increased
to 10uM, the viability of PC3M-luc-C6 cells was highly statistically significantly
decreased (P<0.001) by 63% (% cell viability=37.92 + 8.55) compared to the
control cells. The concentration which decreased the cell viability of PC3M-luc-
C6 by 50% (ICso concentration) of SU1261 on PC3M-luc-C6 was 6.81uM

(x1.03). However, incubation of the PC3M-luc-C6 with SU1257 (0.1-10uM) for
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72 hrs did not exert any significant change in cell viability compared to the

control group (P>0.05, Figure 4.4B).

4.2.2.2 Cell viability of PC3 cells following administration with SU1261 and
SuU1257

In PC3 cells, SU1261 also demonstrated an inhibitory effect on cell viability
(Figure 4.5A). Treatment of PC3 cells with 1uM of SU1261 for 72 hrs resulted in
a small decrease in the viable cells by 17% (% cell viability=83.92 + 20.68);
however this inhibition was not statistically significant (P>0.05) when compared
to control cells. Incubation of PC3 cells with the highest concentrations of
SU1261 (3-10puM) resulted in a further statistically significant decrease in the
viable cells. Following exposure of PC3 cells with 3 and 10uM of SU1261, the
viability of these cells declined significantly to 55.36+16.78 (P<0.01) and
41.56+10.57 (P<0.001) respectively compared to the control cells. The
calculated 1Csp value of SU1261 against PC3 cells viability was 5.24uM(+1.95).
However, incubation of PC3 cells with the negative control SU1257 (0.1-10uM)
did not change the viability of these cells significantly (P>0.05) compared to

untreated group (Figure 4.5B).

4.2.2.3 Cell viability of PNT2A cells following administration of SU1261 and
SuU1257

The cytotoxic-inhibitory effect of SU1261 on PNT2A cell line viability is shown in

Figure 4.6A. Incubation of cells with 0.1-1uM of SU1261 resulted in no

145



statistically significant reduction in PNT2A cell viability compared with the
untreated cells (P>0.05). However, incubation with 3uM of SU1261 induced a
statistically significant inhibition of PNT2A cells viability by 27% (% cell
viability=73.88 + 17.06) compared to the control cells (P<0.01). When the
concentration of SU1261 was increased to 10uM, the inhibition in cells viability
was similar to 3uM of SU1261 (% cell viability=71.82 + 18.32) but still significant
lower compared to the control cells (P<0.01). The ICso concentration of SU1261
on PNT2A cells viability was 19.80uM (£3.22). Similar to previous findings,
Figure 4.6B demonstrated that the negative control SU1257 had no significant

impact (P>0.05) on PNT2A cells viability in any tested concentration (0.1-10uM).

In conclusion, the data demonstrated that SU1261 (3-10uM) significantly
reduced the viability of prostate cells (PC3M-luc-C6, PC3 and PNT2A cells).
However, the obtained I1C5 values indicated a therapeutic advantage of SU1261
as they showed high toxicity to prostate cancer cells (PC3M-luc-C6=6.81uM,;
PC3=5.24uM) over normal prostate cells (PNT2A=19.80). In addition, SU1257
our negative had no cytotoxic effect against any prostate cell line (PC3M-luc-C6,
PC3 and PNT2A cells). The ICs, values of SU compounds against PC3M-luc-

C6, PC3 and PNT2A cells are shown in Table 4.1.
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Figure 4.4: Effect of SU compounds on cell viability of PC3M-luc-C6 cell
line. Cells were exposed to 0.1-10 uM of A) SU1261, B) SU1257 for 72 hrs and
then cell viability was measured by an Alamar blue assay. Data shown are
expressed as percentage of cell viability compared to the control group.
Statistical analysis was carried out using a one-way ANOVA with Bonferroni
correction post-test to compare to untreated control. Statistical analysis was
carried out using a one-way ANOVA with Bonferroni correction post-test to
compare to untreated control. Each value represents the mean (x sd) of three
independent experiments. *P<0.05, *P<0.01 and ***P<0.001 compared with

the non-treated control group. NA: not achieved
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Figure 4.5: Effect of SU compounds on cell viability of PC3 cell line. Cells
were exposed to 0.1-10 uM of A) SU1261, B) SU1257 for 72 hr and then cell
viability was measured by an Alamar blue assay. Data shown are expressed as
percentage of cell viability compared to the control group. Statistical analysis
was carried out using a one-way ANOVA with Bonferroni correction post-test to
compare to untreated control. Statistical analysis was carried out using a one-
way ANOVA with Bonferroni correction post-test to compare to untreated
control. Each value represents the mean (x sd) of three independent
experiments. *P<0.05, *P<0.01 and ***P<0.001 compared with the non-treated

control group.
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Figure 4.6: Effect of SU compounds on cell viability of PNT2A cell line.
Cells were exposed to 0.1-10 uM of A) SU1261, B) SU1257 for 72 hr and then
cell viability was measured by an Alamar blue assay. Data shown are expressed
as percentage of cell viability compared to the control group. Statistical analysis
was carried out using a one-way ANOVA with Bonferroni correction post-test to
compare to untreated control. Statistical analysis was carried out using a one-
way ANOVA with Bonferroni correction post-test to compare to untreated
control. Each value represents the mean (x sd) of three independent
experiments. *P<0.05, *P<0.01 and ***P<0.001 compared with the non-treated

control group. NA: not achieved.
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Table 4.1: IC5p values (UM) of SU compounds on PC3M-luc-C6, PC3 and
PNT2A cell lines. Data from cell viability experiments as described before being
analysed to calculate the ICs values of each SU compound (SU1261, SU1361,
SU1337 and SU1257) on PC3M, PC3 and PNT2A, using nonlinear regression
GraphPadPrism 5. NA: not achieved.

SU compounds Cell line ICs0 (sd)
SU1261 PC3M-luc-C6 6.81 (1.03)
SU1257 PC3M-luc-C6 NA
SuU1261 PC3 5.24 (£1.95)
SU1257 PC3 NA
SU1261 PNT2A >10 (19.80 (+3.22))
SU1257 PNT2A NA

4.2.3 Clonogenic survival of PC3-M-luc-C6 and PC3 cells following
treatment with SU 1261 and SU1257

Following on from short term cytotoxicity analysis of cell growth and cell viability
using the Alamar blue assay, the ultimate fate of cells following drug treatment
was then assessed by clonogenic assay (more details in Chapter 2, section 2.8).
While clonogenic cells will undergo unlimited proliferation, exposure of cells to
cytotoxic agents could affect their division and ability to form colonies. Following
24 hrs of treatment with SU compounds (0.1-10uM), PCa cells (PC3M-luc-C6
and PC3 cells) were re-seeded for assessment of colony formation and
incubated for 10-14 days to assess the delayed cytotoxicity in term of cell

division and colony formation. The experimental results were fitted to a
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concentration-response curve as the mean SF (x sd) on the y-axis against the
logarithmic dose of SU compounds on x-axis of three independent experiments.
However, the effect on PNT2A cells was not tested in this experiment as this cell

line did not form colonies and is unsuitable for this particular assay.

4.2.3.1 Clonogenic survival of PC3M-luc-C6 cells following administration
with SU1261 and SU1257

The effect of SU1261 and 1257 on the survival fraction of PC3M-luc-C6 cells
following a 24hr treatment period with different concentrations of these agents is
shown in Figures 4.7 A and B. It was observed that at the lower concentrations
of SU1261 (0.1 and 0.3uM) there was no statistically significant reduction in
PC3M-luc-C6 cells survival compared with control untreated cells (P>0.05).
However, there was a marked decline in survival fraction (SF) at higher
administered concentrations of SU1261 (1, 3 and 10 uM). Concentrations of 1
and 3 uM exerted a significant inhibition of the survival by 30% (SF= 0.70 +0.07)
and 33 % (SF=0.67 +0.12) respectively compared with the untreated cells
(P<0.01). Furthermore administration of 10uM of SU1261 resulted in a highly
statistically significant decline in the PC3M-luc-C6 SF by 45% (SF=0.55 *+0.9)
compared with the control cells (P<0.001). In contrast, the negative control
SU1257 showed no effect on survival of PC3M-luc-C6, even with the highest

administered concentration (P>0.05).
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4.2.3.2 Clonogenic survival of PC3 cells following treatment with SU1261
and SU1257

Similarly, PC3 cells were incubated with same concentrations range of SU1261
and SU1257 (0.1-10uM) for 24 hrs (Figures 4.8 A and B). The clonogenic SF of
PC3 cells did not show a significant decrease following incubation with 0.1-
0.3uM of SU1261 compared with the untreated control cells (P>0.05). However,
a concentration-dependent decrease in the PC3 clonogenic survival was
detected with a concentration range from 1 to 10uM of SU1261. Compared with
the control cells, concentrations of 1, 3 and 10uM of SU1261 decreased the SF
of PC3 significantly to 0.85 +0.06 (P<0.05), 0.64 +0.04 (P<0.001) and 0.38
+0.05 (P<0.001) respectively. In contrast, PC3 cells did not demonstrate any
significant reduction in cell survival following exposure to increasing

concentrations of SU1257 (0.1-10uM) (P>0.05).

From these data, it can be concluded that SU1261 showed a concentration
dependent cytotoxic effect against PCa PC3M-luc-C6 and PC3 cells
clonogenicity. Compared to the control wells, concentration ranges of 1-10uM of
SU1261 inhibited the both PCa cells (PC3M-luc-C6 and PC3) survival
significantly in a concentration-dependent manner, whereas the negative control

SU1257 showed a negligible effect on the survival of these cells.
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Figure 4.7: The effect of SU compounds on PC3M-luc-C6 cells
clonogenicity. Cells were incubated with different concentrations of SU
compounds (0.1-10 uM) A) SU1261, and B) SU1257, for 24 hrs and then
clonogenic survival assays were performed. Data shown are expressed as the
average survival fraction (SF) compared to control group. Statistical analysis
was carried out using a one-way ANOVA with Bonferroni correction post-test to
compare to untreated control. Each value represents the mean (x sd) of three
independent experiments. *P<0.01 and ***P<0.001 compared with the non-

treated control group.
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Figure 4.8: The effect of SU compounds on PC3 cells clonogenicity. Cells
were incubated with different concentrations of SU compounds (0.1-10 uM) A)
SU1261, and B) SU1257, for 24hr and then clonogenic survival assays
performed. Data shown are expressed as the average survival fraction (SF)
compared to control group. Statistical analysis was carried out using a one-way
ANOVA with Bonferroni correction post-test to compare to untreated control.
Each value represents the mean (x sd) of three separate experiments. *P<0.05

and **P<0.001 compared with the non-treated control group.
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4.2.4 Effect of SU126 and SU1257 treatment on caspase-3 activation as a
marker of apoptosis in PC3M-luc-C6, PC3 and PNT2A cells

Apoptosis (programmed cell death) is one of the major death pathways in
mammalian cells. However, suppression of apoptosis in cancer cells is critical in
malignancy initiation and progression (Sarosiek and Letai, 2016). Our previous
findings demonstrated that SU1261 showed cytotoxicity against prostate cancer
cell lines as confirmed by the growth assay, cell viability and the clonogenic
assays; therefore it was crucial to assess the mechanism involved in SU1261-
induced cell death. To do this, caspase-3 activity as a hallmark of apoptosis was
measured following exposure of prostate cell lines (PC3-luc-C6, PC3 and
PNT2A cell lines) to SU1261, and the negative control SU1257, in addition to
the Staurosporine, a positive control drug known to induce apoptotic cell death
through a caspase-dependent mechanism (Flanagan et al., 2016). As described
in the methods and materials section (Chapter 2, section 2.10), cells were
incubated with these agents for 4 hrs, then the fluorescence intensity of
caspase-3 activity was read with an excitation wavelength of 360nm, and an
emission wavelength of 460nm. The results were presented as the mean fold
increase (mean * sd) in caspase-3 activity by normalising and comparing the
mean fluorescence intensity for each treated group with the fluorescence

intensity of untreated control wells in three independent experiments.
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4.2.4.1 Effect of Staurosporine treatment on caspase-3 activation as a
marker of apoptosis in PC3M-luc-C6, PC3 and PNT2A cells

The aim of this initial experiment was to determine the optimal time period for
the positive control Staurosporine-induced caspase-3 activity in PC3M-luc-C6
cell lines during 24 hrs of administration. As shown in Figure 4.9A, caspase-3
activity was largely induced 4 hrs following Staurosporine (30uM) treatment and
caspase-3 levels were sustained over 8 hrs. Subsequently, the induction of
caspase-3 decreased towards control level values by 24 hrs (70.66% of control
basal expression), however the fold increase in caspase-3 activity was still

statistically significantly higher compared to untreated control group (P<0.01).

We then investigated if our prostate cells could produce caspase-3 in response
to apoptosis induction. Therefore, PC3M, PC3 and PNT2A cells were treated
with increasing concentrations of Staurosporine (1-30uM) for 4 hrs (Figure
4.9B). Compared with control cells, exposure of both PC3M and PNT2A cells to
3uM of Staurosporine resulted in a small but statistically significant increase in
caspase-3 levels by 1.58 fold (+ 0.22, P<0.01) and 1.54 fold (+ 0.14, P<0.01)
respectively, but this concentration did not show any statistical significant
change relative to control cells in PC3 cells(P>0.05). However, Staurosporine-
induced apoptosis was significantly increased when the concentration was
increased to 10 and 30uM in all prostate cell lines. Treatment of PC3M-luc-CB6,
PC3 and PNT2A cells with Staurosporine (10uM) resulted in a significant
induction in caspase-3 level to 2.12 fold (+ 0.29), 1.91 fold (£ 0.51), and 2.22

fold (= 0.24) respectively compared with control cells (P<0.001). A further
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significant increase was observed in the level of caspase-3 following exposure
to Staurosporine (30puM) in PC3M-luc-C6 by 2.93 fold (+ 0.44), PC3 by 2.59 fold
(x 0.45) and PNT2A by 3.09 fold (£ 0.24) compared with untreated cells

(P<0.001).

Therefore, a 30uM of Staurosporine for 4hrs treatment are the proper
concentration and time which were applied in each experiment when we
investigated the effect of SU compounds on caspase-3 activation in prostate cell

lines.

4.2.4.2 Effect of SU126 and SU1257 treatment on caspase-3 activation as a
marker of apoptosis in PC3M-luc-C6 cells

We investigated the apoptosis induction potential of SU1261 and SU1257 in
PC3M-luc-C6 cells with a range of administered concentrations (1-10uM) for 4
hrs (Figure 4.10). Exposure of cells to 0.1-1uM did not affect the level of
caspase-3 significantly compared to the control group (P>0.05). However, pre-
treatment of cells with higher doses of SU1261 (3-10uM) showed a statistically
significant induction of apoptosis in PC3M-luc-C6 cells relative to control cells.
Administration of 3uM induced the activation of caspase-3 significantly by 35%
(fold increase=1.35 + 0.11) compared with the untreated control cells (P<0.01).
Furthermore a statistically significant increase was detected in caspase-3 levels
(fold increase=1.70 = 0.14) when cells were exposed to the maximum
concentration of SU1261 (10uM) compared to the control cells (P<0.001).

However, incubation of PC3M-luc-C6 cells with the negative control SU1257 did
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not result in any statistically significant alteration in caspase-3 activity compared
with the control cells (P>0.05).

4.2.4.3 Effect of SU126 and SU1257 treatment on caspase-3 activation as a
marker of apoptosis in PC3 cells

Figure 4.11 demonstrates the fold increase in caspase-3 levels in PC3 cells
following administration of SU1261 and SU1257 compared with control cells.
Pre-treatment of cells with SU1261 (0.1-1uM) resulted in no statistically
significant induction in caspase-3 measurement compared to the control cells
(P>0.05). However, when the concentration of SU1261 increased to 3uM, the
caspase-3 level significantly increased by 43% (fold increase=1.43 = 0.18)
compared with the control cells (P<0.001). Furthermore, an almost two-fold
increase in caspase-3 activity (Fold increase=1.91 + 0.19) was achieved
compared with the control cells (P<0.001) following exposure with 10uM of
SU1261. As hypothesised, pre-treatment with the negative control SU1257 did
not cause a significant change in PC3 cells caspase-3 level compared with the

control group (P>0.05).

4.2.4.4 Effect of SU126 and SU1257 treatment on caspase-3 activation as a

marker of apoptosis in PNT2A cells

The caspase-3 activity levels following treatment with various concentrations
(0.1-10uM) of both SU1261 and SU1257 on normal prostate PNT2A cells is

shown in Figure 4.12. Incubation of cells with 0.1-3uM of SU1261 resulted in no
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statistically significant induction caspase-3 level in PNT2A cell compared with
the untreated cells (P>0.05). Treatment of PNT2A cells with the highest
concentration of SU1261 (10uM) induced more than a two-fold increase (fold
increase=2.15 +0.21) in the caspase-3 activity compared to control cells
(P<0.001). Similar to its previous effects, the negative control SU1257 did not
induce caspase-3 in PNT2A cells in any of the tested concentrations (0.1-10uM)

compared with the control cells (P>0.05).

In conclusion, these data indicated that SU1261 (3-10uM) significantly induced
apoptosis in PCa cells (PC3M-luc-C6 and PC3 cell lines). Interestingly, only the
maximum dose of SU1261 (10uM) showed activation of the apoptosis marker
(caspase- 3) against the normal prostate PNT2A cells. However, the negative
control SU12517 (0.1-10uM) did not trigger apoptosis in any tested prostate cell

line (PC3M-luc-C6, PC3 and PNT2A cells).
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Figure 4.9: Effect of Staurosporine-mediated caspase-3 activity on PC3M-
luc-C6 cell lines. A) PC3M-luc-C6 cells were treated with 30 pM of
Staurosporine for the indicated time points. B) PC3M-luc-C6, PC3 and PNT2A
cells were treated with increasing concentrations of Staurosporine (0.1-30uM)
for 4 hrs, then caspase-3 activity was measured using a caspase-3 fluorometric
assay. Data shown are expressed as fold increase in caspase-3 activity
compared to the control group. Statistical analysis was carried out using a one-
way ANOVA with Bonferroni correction post-test to compare to the untreated
control. Each value represents the mean (xsd) of three separate experiments.

**P<0.01 and ***P<0.001 compared with the non-treated control group.
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Figure 4.10: Effect of SU compounds on caspase-3 activity in PC3M-luc-C6
cells. Cells were treated with different concentrations of SU1261 and SU1257
compounds (1-10 puM) for 4 hrs, and then caspase-3 activity was measured
using caspase-3 fluorometric assay. The chart shows the data as fold increase
following treatment in caspase-3 level compared with control. Statistical analysis
was carried out using a one-way ANOVA with Bonferroni correction post-test to
compare to the untreated control. Each value represents the mean (xsd) of three

separate experiments. **P<0.01 and ***P<0.001 compared with the non-treated

control group.
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Figure 4.11: Effect of SU compounds on caspase-3 activity in PC3 cells.
Cells were treated with different concentrations of SU compounds (1-10 uM) A)
SU1261, and B) SU1257, for 4 hrs, and then caspase-3 activity was measured
using a caspase-3 fluorometric assay. The chart shows the data as fold increase
following treatment in caspase-3 level compared to the control. Statistical
analysis was carried out using a one-way ANOVA with Bonferroni correction
post-test to compare to the untreated control. Each value represents the mean
(xsd) of three separate experiments. ***P<0.001 compared with the non-treated

control group.
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Figure 4.12: Effect of SU compounds on caspase-3 activity in PNT2A cells.
Cells were treated with different concentrations of SU compounds (1-10 uM) A)
SU1261, and B) SU1257, for 4 hrs, and then caspase-3 activity was measured
using a caspase-3 fluorometric assay. The chart shows the data as fold increase
following treatment in caspase-3 level compared with the control. Statistical
analysis was carried out using a one-way ANOVA with Bonferroni correction
post-test to compare to the untreated control. Each value represents the mean
(x sd) of three separate experiments. ***P<0.001 compared with the non-treated

control group.

4.2.5 Effect of SU126 and SU1257 treatment on cell cycle progression of
PC3M-luc-C6 cells

Following assessment of the cytotoxic effect of SU1261 on cell growth assay,
cell viability, clonogenic assay and caspase-3 activity, we next planned to
analyse whether the observed effects could be accompanied by induction of cell

cycle arrest. This was undertaken by assessing the spread of cells within the
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stages of the cell cycle using flow cytometry following propidium iodide (PI)
staining. As described in methods and materials (Chapter 2, section 2.9), PC3M-
luc-C6 cells were treated with various concentrations (0.1-10uM) of SU1261 and
the negative control SU1257 for 24 hrs prior to cell cycle analysis. Cell cycle
analysis was carried out using a FACScan (Becton Dickinson Systems, Cowley,
UK) and data were analysed using Fluorescence-Activated Cell Sorting Analysis
(FACS) BD. Three independent experiments were carried out with a minimum of
1000cells/sample and results presented as the percentage of the cell cycle

phases (mean + sd).

As is shown in Figure 4.13.A, incubation of PC3M-luc-C6 cells with increasing
concentrations (0.1-10uM) of SU1261 for 24 hrs did not cause any significant
changes (P>0.05) in cell cycle distribution of GO/G1, G2/M and S phases.
However, the highest administered concentration of SU1261 (10uM) caused a
statistically significant increase (P<0.01) in the percentage of cells in subGO
phase from 2.43% (£ 0.11) in the control cells to 12.80% (+ 5.16) in the
treatment group. Conversely, treatment PC3M-luc-C6 cells with the negative
control SU1257 for 24 hrs did not affect cell cycle progression in any
concentration used (Figure 4.13.B). It can be concluded that the highest
concentration used of SU1261 (10uM) significantly increased the proportions of
PC3M-luc-C6 cells in subGO phase, but with no influence in GO/G1, G2/M and S
phase of cell cycle. However, the negative control SU1257 (0.1-10uM) did not

change the normal cell cycle progression of PC3M-luc-C6 cells.
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Figure 4.13: Effect of SU compounds on cell cycle progression in PC3M-
luc-C6 cell lines. Cells were treated with different concentrations of SU
compounds (1-10 uM) A) SU1261, and B) SU1257, for 24 hrs, then the cell
cycle assessed by flow cytometry using propidium iodide (PI) for the
determination of total DNA content. The chart demonstrates the distribution of
cells in the different phases of the cell cycle following treatment. Statistical
analysis was carried out using a one-way ANOVA with Bonferroni post-test to
compare to untreated control. Each value represents the mean (x sd) of three
separate experiments. ***P<0.001 compared with the non-treated control group.
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4.2.6 Investigation of the radiosensitisation potential of SU1261 in

combination with External Beam Radiation (XBR)

In this experiment, we investigated whether inhibition of IKKa by SU1261 before
radiation exposure could enhance the cytotoxicity of radiation in the highly
aggressive androgen-insensitive PC3M-luc-C6 cells compared to each therapy
alone. To achieve this, a clonogenic assay was undertaken to assess the
survival fraction of SU1261 and XBR combination treatment in PC3M-luc-C6
cells (for more details, see methods and materials, Chapter 2, section 2.8). The
clonogenic survival fraction findings of this combination were analysed using a
combination index analysis to assess the interaction and the therapeutic efficacy
of the two therapies (for more details, see methods and materials in Chapter 2,
section 2.11). The impact of this combination on the cell cycle progression of
PC3M-luc-Cé6cells was also investigated through the cell cycle analysis (for
more details, see methods and materials in Chapter 2, section 2.9). The
experimental results were carried out in three independent experiments (mean +

sd).

4.2.6.1 Determination of the effect of XBR exposure on clonogenic survival
of PC3M-luc-C6 cells

The effect of XBR exposure as a single treatment on the clonogenic survival of
PC3M-luc-C6 cells was initially examined to assess the sensitivity of these cells
to radiation, as well as to determine the dose range of XBR to be used in

combination with SU1261 compound in the radiosensitisation study.
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As demonstrated in Figure 4.14, exposure of PC3M-luc-C6 cells to increasing
doses of XBR (0-6Gy) resulted in a dose-dependent reduction in clonogenic
survival in PC3M-luc-C6 cells. Exposure of cells to 0.5Gy of radiation inhibited
the survival fraction of PC3M-luc-C6 significantly, by 23% (SF=0.78 +0.05)
compared with untreated cells (P<0.01). Doses of 1, 2 and 4 Gy induced further
statistically significant decreases in the clonogenic survival of cells compared to
the control cells (P<0.001) by 31% (SF=0.69 + 0.06), 47% (SF=0.53 + 0.08) and
62% (SF=0.38 + 0.04) respectively. Furthermore, treatment of these cells with
the highest dose of radiation (6 Gy), resulted in a significant decline in survival,
by 70% (SF=0.3 £ 0.07) compared with untreated control cells (P<0.001). The

calculated I1Cso for XBR against the PC3M-luc-C6 cells was 2.41Gy (+0.64).

These results indicated that XBR induced cytotoxicity in PC3M-luc-C6 cells in a
dose-dependent manner. The purpose of this study was to assess the
radiosensitisation potential of SU1261 in PC3M-luc-C6 cells. Based on the ICs
value (2.41Gy) of XBR, a dose range below this value (0-2Gy) was used for

combination study with SU1261 in PC3M-luc-C6 cells.
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Figure 4.14: Clonogenic survival of PC3M-luc-C6 cells exposed to
increasing doses of XBR. Cells were exposed to increasing concentrations of
radiation (0-6 Gy), followed by clonogenic survival assay. Statistical analysis
was carried out using a one-way ANOVA with Bonferroni post-test to compare to
untreated control. Data shown are expressed as the average survival fraction
compared to control group. Each value represents the mean (£sd) of three
separate experiments. *P<0.01 and **P<0.001 compared with the untreated

control group.

4.2.6.2 Determination of the effect of SU1261 in combination with XBR

exposure on clonogenic survival of PC3M-luc-C6 cells

To assess the radiosensitisation effect of SU1261, PC3M-luc-C6 cells were
pretreated with various concentrations of SU1261 (0.1-10uM) for 24hr followed

by XBR exposure (0-2Gy). Cytotoxicity was analysed by clonogenic survival
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assay (Figure 4.15). In the absence of XBR treatment, the lower doses of
SU1261 (0.1 and 0.3uM) had no significant effect on the clonogenic survival of
PC3M-luc-C6 cells compared with control cells (P>0.05). However, treatment of
cells with 1 and 3uM of SU1261 resulted in a statistically significant inhibition of
clonogenic survival by 30% (SF= 0.70 +0.07) and 33% (SF=0.67 £0.12)
respectively compared with untreated cells (P<0.01). Further significant
inhibition in SF was observed when cells were incubated with 10uM of SU1261
(SF=0.55 £0.9) compared with control cells (P<0.001). Exposure of cells to low
doses of SU1261 (0.1 and 0.3uM) followed by 1Gy of XBR resulted in no
statistically significant inhibition in SF of cells compared to the group treated with
1Gy alone (P>0.05). However, when the cells were treated with 1, 3 and 10uM
of SU1261 followed by 1Gy irradiation, this combination resulted in a statistically
significant decrease in survival fraction to 0.52 +0.04 (P<0.01), 0.42 +0.06
(P<0.001) and 0.29 +0.07 (P<0.001) respectively compared to the effects of 1Gy
alone (SF=0.79 %0.03). When the dose of XBR was increased to 2Gy,
combination with low doses of SU1261 (0.1-0.3uM) did not change the SF in
cells significantly compared to cells treated with 2Gy alone (P>0.05). However,
again, compared to cells exposed to 2Gy alone, co-administration of 1, 3 and
10puM of SU1261 resulted in a statistically significant inhibition in the SF of
PC3M-luc-C6 cells from 0.61 +0.03 to 0.34 +0.04 (P<0.01), 0.24 0.07

(P<0.001) and 0.08 +0.03 (P<0.001) respectively.
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These data indicated that combined treatments of XBR with SU1261 (1-10uM)
significantly reduced survival compared to the non-irradiated control cells.
Subsequently, combination index analysis was carried out, in order to assess

potential synergy arising from the interaction of XBR and SU1261 in PC3M-luc-

C6 cell line.
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Figure 4.15: Effect of combination of SU1261 and radiation on clonogenic
survival of PC3M-luc-C6 cells. Cells were treated with SU1261 (0.1-10uM) for
24 hrs followed by XBR exposure (0-2Gy), and then clonogenic survival assays
were performed. Statistical analysis was carried out using a one-way ANOVA
with Bonferroni correction post-test to compare to (a) untreated control (b) 1Gy-
treated or (c) 2Gy-treated group. Data shown are expressed as the average
survival fraction compared to the control group. Each value represents the mean

( sd) of three separate experiments. **P<0.01 and ***P<0.001 compared to the

indicated groups.
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4.2.6.3 Determination of the radiosensitising effect of SU1261 in

combination

To assess the radiosensitisation potential of SU1261 on PC3M-luc-C6, the
clonogenic survival interaction between SU1261 (0.1-10uM) and radiation (O-
2Gy) from Figure 4.15 was fitted using combination index analysis (Figures 4.16
A and B). The cytotoxicity of combinations of SU1261 and radiation was then
analysed by calculating a combination index value (Cl) at different levels of
cytotoxicity, where Cl<1, Cl=1 and CI >1 indicate synergism, additivity and

antagonism, respectively.

As demonstrated in Figure 4.16A, a combination of 1Gy of XBR and low doses
of SU1261 (0.1-0.3uM) demonstrated cytotoxicity that was supra-additive to
antagonistic against PC3M-luc-C6 cells (CI=0.92 +0.13 for 0.1pM+1Gy and
Cl=1.14 +0.07 for 0.3uM+1Gy). In contrast, a dose dependant synergistic
cytotoxic effect was achieved when cells were exposed to higher concentrations
of SU1261 prior to 1Gy exposure. Treatment with 1uM, 3uM and 10uM resulted

in Cl values of 0.49 +0.04, 0.45 +£0.07 and 0.38 +0.09 respectively.

Increasing the radiation dose to 2Gy following 0.1uM SU1261 treatment resulted
in an additive effect (ClI=1.01 £0.08). However, cells exposed to 0.3uM, 1uM,
3uM and 10pM of SU1261 followed by 2Gy exhibited a highly synergistic
combination effect (CI=0.46 +07 for 1uM + 2Gy; CI=0.34 +0.6 for 3uM + 2Gy;

CI=0.13 £0.05 for 10puM + 2Gy).
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The CI analysis data indicates that pre-treatment PC3-luc-C6 cells with SU1261
for 24hr followed by XBR exposure resulted in a concentration-dependent
increase in toxicity on PC3-luc-C6 cells suggesting a synergistic effect (at

certain combination doses) compared to each agent alone.
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Figure 4.16: Combination index (C.l.) data analysis of the combined effect
of SU1261 and radiation on clonogenic survival of PC3M-luc-C6 cells.
Clonogenic survival data of SU1261 and radiation on PC3M-luc-C6 cells from
Figure 4.15 were analysed using combination index analysis, where panel (A)
for the C.I effect of SU1261 + 1Gy and panel (B) for the C.I effect of SU1261 +
2Gy. Cl <1, Cl =1 and CI > 1 indicated synergism, additivity and antagonism
respectively. Each value represents the Cl of three separate experiments.
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4.2.6.4 The effect of SU1261 in combination with XBR on the cell cycle
progression of PC3M-luc-C6 cells

For further investigation of the cytotoxicity of SU1261 and XBR combination, the
progression of PC3M-luc-C6 cells was determined through cell cycle analysis to
assess whether this combination therapy caused an abrogation to the normal
cycling of PC3M-luc-C6 cells. The effect of SU1261 (0.1-10uM) in combination
with XBR (0-2Gy) on the cell cycle progression was determined at 24 hrs

following radiation treatment (Figures 4.17A and B).

Single treatment of cells with SU1261 (10uM) or XBR (1Gy) had no effect in
normal progression of PC3M-luc-C6 cells compared with the control cells
(P>0.05). Similarly, a combination of SU1261 (0.1-0.3uM) and 1Gy of radiation
did not significantly affect the cell cycle progression of the PC3M-luc-C6
compared with the untreated control group (P>0.05). Despite showing a
decrease in clonogenic survival and synergistic cytotoxic effect in PC3M-luc-C6
cells, a combination treatment of SU1261 (1uM) and 1Gy of XBR resulted in no
statistically significant change in the distribution of PC3M-luc-C6 in the various
phases of the cell cycle compared to the control cells (P>0.05). However,
exposure of cells to 3uM of SU1261 followed by 1Gy of XBR led to significant
increase (P<0.001) in the number cells within the G2/M phase from 29.07(x3.77)
to 40.60 (x2.81) and a significant decrease (P<0.01) in GO/G1 cell fraction from
60.20 (£5.29) to 49.30 (+3.21) compared to the untreated cells. Similarly, a

combination of SU1261 (10uM) and XBR (1Gy) significantly increased
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(P<0.001) the accumulation of cells in the G2/M phase and also significantly
decreased (P<0.01) the fraction of cells in the GO/G1 phase to 38.86 (+3.70)
and 48.901(x2.78) respectively, compared to the control measurement (% of

G2/M cells=29.07 £3.77; % of GO/G1 cells=60.20 +5.29).

When PC3M-luc-C6 cells were treated with either SU1261 (10uM) or XBR (2Gy)
as a single agent, the cell cycle progression of PC3M-luc-C6 cells was not
affected compared to the control cells (P>0.05). However, exposure of PC3M-
luc-C6 cells to SU1261 (0.1-10uM) and XBR (2Gy) combination, resulted in a
statistically significant accumulation of cells within the G2/M phase of the cell
cycle compared with the control cells. Concentrations of 0.1uM and 0.3uM of
SU1261 in combination with 2Gy of XBR increased the percentage of cells in
G2/M significantly from 29.07 (£3.77) in control cells to 39.10 (£2.55, P<0.05)
and 41.40 (x 2.53, P<0.01) respectively. Similarly, treatment with 1, 3 and 10uM
of SU1261 followed by exposure to 2Gy, increased the accumulation of cells in
G2/M significantly (P<0.001) to 47.46 (+1.65), 46.10 (+4.50) and 44.50 (+4.34)
respectively, compared with the control cells (% of G2/M cells=29.07 +3.77).
Furthermore, this increase in cells in the G2/M phase was accompanied by a
significant decrease (P<0.01) in GO/G1 to 42.26 (+1.85), 44.20 (£3.61) and

43.50 (£4.75) compared with 60.20 (x 5.29) in the control cells.

In conclusion, analysis of the progression of cells through the cell cycle
demonstrated that the combination of SU1261 (3-10uM) with 1Gy XBR as well

as a combination of SU1261 (0.1-10uM) with 2Gy resulted in a statistically
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significant arrest of cells in the G2/M phase of the cell cycle compared to the

control cells. This increase in the percentage of cells in G2/M was also

accompanied by a decrease in the percentage of cells in GO/G1.
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Figure 4.17: Effect of the combination of SU1261 in combination with XBR
on cell cycle progression of PC3M-luc-C6 cell lines. Cells were treated with
SU1261 (0.1-10uM) for 24 hrs following XBR of radiation; after 24 hrs, cells
were assessed by flow cytometry using propidium iodide (PI) for determination
of total DNA content. The chart demonstrates the distribution of cells in the
different phases of the cell cycle following treatment. Data shown are expressed
as % of cell count. Each value represents the mean (x sd) of three separate

experiments. *P<0.05 and ***P<0.001 compared with the non-treated control

group.
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4.3 Discussion

CRPC is an advanced stage of PCa which is associated with poor therapeutic
outcome and high mortality rate in men worldwide. Currently, palliative therapy
is the only available treatment option as no complete cure is available for
patients suffering from CRPC (Maroto et al., 2016). Aberrant activation of the
IKK-NF-kB pathway has been associated with the tumourigenesis of many
cancers, including PCa (Nguyen et al., 2014). Further, highly constitutive NF-kB
protein levels have been linked with survival of cancer cells following radiation
and chemotherapy treatment (Haffner et al., 2006). Thus, developing IKK
inhibitors which target the NF-kB pathways has become an interesting area for
many researchers in the cancer field. Numerous IKK inhibitor compounds have
been developed: a B-carboline natural product PS-1145 and ML120B (Castro et
al., 2003; Wen et al., 2006), BMS-345541 (Burke et al., 2003; Mcintyre et al.,
2003), SPC-839 (Palanki et al., 2002). While these and similar agents have
been extensively studied, their value in cancer treatment is limited due to the
non-selectivity of these agents against IKKa and IKK, leading to potential
harmful toxicities to normal cells and/or lethality (Chariot, 2009; Li et al., 1999;

Shukla et al., 2015).

An alternative approach that is gaining interest is to target IKKa. A growing body
of evidence suggests that IKKa play a role in pathogenesis of number of cancer
types including PCa (Luo et al., 2007; Ammirante et al., 2010; Mahato et al.,

2011; Jain et al., 2012). In PCa, IKKa is a key mediator in the tumourigenesis of
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PCa and development of CRPC (Luo et al., 2007; Ammirante et al., 2010;
Mahato et al., 2011; Jain et al.,, 2012). However, no potent selective IKKa
pharmacological inhibitor has been identified to date. Our study is the first to
demonstrate the anti-cancer cytotoxicity of the pharmacological inhibition of
IKKa against highly metastatic androgen-insensitive PCa cells PC3-luc-C6 and
PC3 cells. The effect on normal cells was also considered; thus the cytotoxicity

screening on normal prostatic epithelial cell line (PNT2A) was tested.

As confirmed by Western blot analysis in the previous chapter (Chapter 3), our
lead IKKa inhibitor, SU1261 (1-10uM), showed a highly selective inhibition on
the non-canonical NF-kB pathway (p52 formation (IKKa) ICso = 3.925uM) in a
concentration-dependent manner (Chapter 3, Figure 3.13) without affecting the
canonical NF-kB pathway (IkBa degradation (IKKB) ICso > 30uM: p65
phosphorylation (IKKB) 1Cso > 10uM) (Chapter 3, Figures 3.4 and 3.5).
Interestingly, in this study, the same concentration range of SU1261 (1-10uM)
showed a significant cytotoxic effect against PCa cell lines, the PC3M-luc-C6
and PC3, and to a lesser extent against the normal prostatic epithelial cells,
PNT2A. SU1261 (1-10 pM) induced a concentration dependant reduction in the
growth rate of PC3M-luc-C6 and PC3 cells (Figures 4.1 and 4.2) as well as a
concentration dependant reduction in cell viability (Figure 4.4A and Figure 4.5A).
Furthermore, the delayed cytotoxic effect following SU1261 (1-10uM) treatment
was assessed by a clonogenic survival assay showed a significant inhibition in

the cell survival of PC3M-luc-C6 and PC3 cells (Figures 4.7A and 4.8A).
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However, a higher concentration range of SU1261 (3-10uM) was required to
inhibit growth and viability in normal PNT2A cells (Figures 4.3 and 4.6A),
suggesting a shifting for the curve to the right and hence a potential therapeutic

window for the treatment of PCa over non-cancerous cells.

We found that SU1261 inhibited the growth of PCa PC3M-luc-C6 and PC3 cells.
This is in agreement with previous publications which link IKKa with PCa growth
and development. One illustration of this link is the observation that when IKKa
is knocked down by siRNA, STAT3 protein, a transcription factor, is inhibited,
delaying the growth of castration-resistant PCa in the murine myc-CaP cell line
(Ammirante et al., 2010). STATS3 protein is an important event for the mediation
of growth proliferation, survival and development via regulation of different anti-
apoptotic and survival gene expression such as Bcl-xL and survivin genes (Yue
and Turkson, 2009; Darnell, 1997). Pharmacological inhibition of STAT3 activity
resulted in growth inhibition and induction of apoptosis of human non-small cell
lung cancer (NSCLC) bearing mice in vivo (Weerasinghe et al., 2007). Other
possible mechanism of SU1261-induced PC3M-luc-C6 and PC3 cells growth
inhibition is through upregulation of the tumour suppressor gene maspin. It is
involved in metastasis and growth in some cancers. Overexpression of maspin
protein inhibits the growth and metastasis in breast cancer in transgenic mice
model (Shi et al., 2001). In PCa, Luo and his group showed that a mutation that
deactivated IKKa in TRAMP mice inhibits both PCa growth and metastasis. It

also correlates with upregulation in maspin protein expression (Luo et al., 2007).
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Also, siRNA knockdown of IKKa in androgen-independent prostate cell lines
PC3 and DU-14 resulted in the expression of maspin protein and inhibition of
invasion and metastasis of these cells (Mahato et al., 2011). Moreover, growth
inhibition of PCa can be argued that it acts through the non-canonical NF-kB
pathway inhibitory effect of SU1261. For example, transfecting PC3 cells with a
dominant-negative p100 mutant, there is a delay in nuclear RelB protein level
translocation and an inhibition in the growth of these cells in xenograft model
(Xu et al., 2010). All these explanations are possible mechanisms of IKKa
inhibition induced cytotoxicity by SU1261. In future studies, by measuring the
expression levels of such mentioned molecular changes, we can further our
understanding on the mechanism of how IKKa inhibition acts on the growth of

our PCa cells.

SU1261 showed less cytotoxic effect on normal prostate cell, PNT2A, in higher
doses than observed against PCa PC3M-luc-C6 and PC3 cells. The normal
development and growth of prostate is androgen dependent. Androgen
(testosterone) is synthesised in testicles and then converted to the active
metabolite, 5a-dihydrotestosterone (DHT), by Sa-reductase enzyme. It is taken
up by prostate cells through the androgen receptors (AR) (Heinlein and Chang,
2004). Androgen-induced prostate regeneration is through activation of
progenitor/stem cells (English et al., 1987). Similar to its effect on PCa cell, IKKa
activation is implicated in androgen-induced regeneration of the normal prostate

through B lymphocytes. It has been found that B lymphocytes activate IKKa
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within progenitor cells which subsequently activates the nuclear translocation of
E2F1, a transcription factor. E2F1 binds to the promoters regions of the Bmil
gene, the regulator of progenitor cell proliferation (Ammirante et al., 2013).
Although PNT2A cells originate from adult normal prostatic epithelial cells, these
cells have been transfected with a plasmid containing SV40 genome to
immortalise. This genetic modification could alter the normal biological
characteristics of these cells and it should be taken into consideration. A range
of normal cell lines should be investigated; however the initial findings in the

PNT2A cells are encouraging.

Lack of cell growth and cell viability could be either due to either inhibition in
proliferation or cell death, mainly by apoptosis. Most cytotoxic agents have been
shown to induce apoptosis. Therefore, we first investigated if apoptosis was
occurring by measuring the activity of caspase-3 as marker for apoptotic cell
death. In this current study, we demonstrated that SU1261 (3-10uM) induces
apoptosis in PC3M-luc-C6 and PC3 cell lines over a range of doses (Figures
4.10 and 4.11). In the PNT2A normal prostatic epithelial cell line, apoptosis only

occurred at the maximum dose tested (10uM) (Figure 4.12).

Inhibiting IKKa also induces apoptosis in different cancer cells. Knocking IKKa
by small hairpin RNA (shRNA) inhibited growth and induced apoptosis in human
colorectal cancer cells, HCT116 and Ls174T cells in vitro and in nude mice in
vivo (Margalef et al., 2012). Similarly, it has been demonstrated that siRNA

silencing of IKKa induces apoptosis in liver cancer cells, MHCC97H (Jiang et al.,
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2010). Different scenarios can be contribute to apoptosis induction via IKKa.
Huang et al. (2007) found that IKKa can downregulate the expression of the pro-
apoptotic p53 protein. They revealed that IKKa-mediated CREB-binding protein
(CBP) phosphorylation leads to switching the binding affinity of CBP, a histone
acetyltransferase, from p53 to NF-kB, which concomitantly promotes tumour
survival and inhibits cell apoptosis in human lung cancer A549 cells. STATS3,
which is regulated by IKKa, contributes in PCa growth and is also found to
control anti-apoptotic gene expression such as Bcl-xL (Ammirante et al., 2010;
Yue and Turkson, 2009). The induction of apoptosis through inhibition of non-
canonical NF-kB pathway is another possibility. For example, RelB has been
demonstrated to upregulate the expression of the anti-apoptotic proteins, clAP2,
Bcl-2 and Bcl-xI in multiple myeloma cell lines (RMPI-8226, U266 and LP1 cells)
(Cormier et al., 2013). In the same study, the knockdown of RelB expression in
multiple myeloma LP1 cells with lentivirus carrying a shRNA directed against
RelB markedly decreased the expression of clAP2, Bcl-2 and Bcl-xI proteins and
induced apoptosis. Similar, siRNA targeting of RelB in the PCa androgen-
independent RM-1 cells was found to correlate with an inhibition in expression of
the Bcl-xI anti-apoptotic protein (Zhu et al., 2014). Further mechanistic studies
considering the expression level of mentioned anti-apoptotic proteins following
SU1261 is needed to verify their contribution in apoptosis induction of PC3M-

luc-C6 cells.
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For further investigation of the mechanisms involved in growth inhibition caused
by SU1261, we assessed the cell cycle progression of PC3M-luc-C6 cells
following SU1261 treatment. We observed no significant changes in the
percentage of PC3M-luc-C6 cells in the various phases of the cell cycle. The
highest administered dose of SU1261 (10uM) only caused an increase in the
percentage of cells in subG1 (Figure 4.13A) but did not alter the proportion of
cells in any other phase of the cell cycle at any dose tested. These results
suggest that in our system in these cell lines and following pharmacological
inhibition of IKKa, these drugs do not exert their effect through cell cycle arrest.
In some studies, IKKa has been found to regulate the cell cycle protein such as
cyclin D1 and Aurora-A protein (Cao et al., 2001; Demicco et al., 2005; Prajapati
et al., 2006). However, the regulatory function of IKKa in cell cycle seems to be
more tumour- and cell-type specific. For example, our result is in agreement with
the findings of Mahato et al. (2011), who found that siRNA silencing of IKKa in
two PCa cell lines, PC3 and DU145, did not alter the cell cycle. On the other
hand, a recent study by Shukla et al. (2015) demonstrated that knockdown IKKa
in PCa PC-3 and 22Rv1 cells using short hairpin RNA (shRNA) resulted in
accumulation of cells in the G1 phase. However, knockdown of IKKa by siRNA
did not affect the cell cycle progression in the breast cancer cell line, SKBr3
(Merkhofer et al., 2010). In contrast, Tu et al. (2006) concluded that silencing of
IKKa by siRNA impaired the cell cycle the breast cancer cell line, MCF7 in the
S-phase. However, in our results the PC3M-luc-C6 cells were incubated with the

drugs for 24hr and this period was not enough to induce any significant change
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on cell cycle distribution of the PC3M-luc-C6 cells. We need to examine the
effect of these IKKa inhibitors for longer incubation periods as well as using

different PCa cell lines.

External beam radiation therapy in combination with chemotherapy has been
documented for many years as an effective treatment in metastatic CRPC
patients (Dulaney et al.,, 2016). In advanced metastatic cases of CRPC, high
doses of radiation may be needed to improve the outcome in these patients.
Nevertheless, the use of high doses of radiotherapy is limited due to harmful
acute and chronic toxicities and complications (White et al., 2015). In addition,
CRPC cells are hormone insensitive and more radio-resistant compared with
hormone sensitive cells in early stage of PCa (Xie et al., 2010). One of the well-
known mechanisms involved in the development of radiation resistance in PCa
cells is through activation of the classical (RelA and p50) and the alternative
(RelB and p52) NFkB pathways following radiation exposure (Kim et al., 2006;
Baud and Karin, 2009; Li and Sethi, 2010). Radiation has been documented to
activate both NF-kB pathways and increase its nuclear transcription level in vitro
and in vivo models (Rithidech et al., 2005; Ahmed et al., 2006; Natarajan et al.,
2006; Lewis and Spandau, 2007). Therefore, we hypothesised that inhibition of
NF-kB classical and alternative pathways in PCa cells would improve the
sensitivity of these cells to radiation therapy and subsequently improve the
therapeutic efficacy by decreasing the therapeutic doses and decreasing the

associated toxicities.
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Numerous reports have demonstrated that suppression of the classical NFkB
subunits (p65) and inhibition of their activator (IKKB) improves the
radiosensitisation of various cancer cells (Egan et al., 2004). However, in
addition to the serious potential toxicities against normal cells, inhibition of the
classical NF-kB pathway will also potentiate the radiation-induced toxicity to
normal tissue. NF-kB genes and proteins are pivotal for the radioresistance of
normal tissues as they regulate various anti-apoptosis genes and antioxidant
enzymes which protect normal tissues against radiation-induced DSBs damage
(Guo et al., 2003; Kim et al., 2015). Similar to malignant cells, ionising radiation
stimulates NF-kB proteins expression and their DNA activity in normal cells
(Zhou et al., 1999). Hence overall advantages from targeting of this pathway are

not the best choice.

Interestingly, in addition to its role in PCa progression, the alternative NFkB
pathway has also been found to contribute to the radio-resistance of PCa cells
(Zhu et al., 2015). As demonstrated in Chapter 3, the selective IKKa inhibitor
SU1261 induced a potent inhibitory effect on the alternative pathway and
decreased the expression of the non-canonical regulatory subunit p52 in a
concentration-dependent manner without affecting the classical pathway, as
measured by IkB-a degradation (Chapter 3, Figure 3.13 and Figure 3.5). Based
on these data, it was hypothesised that inhibition of the alternative NF-kB
pathway by the novel IKKa inhibitor SU1261 in PC3M-luc-C6 prior to XBR

exposure would improve the radiosensitivity of these cells and potentiate the
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effective therapeutic dose of radiation therapy. The results presented in this
chapter demonstrated that combinations of the novel IKKa inhibitor SU1261 and
XBR resulted in supra-additive levels of toxicity (Cl<l1, Figure 4.16). This
suggests that treatment of PC3M-luc-C6 cells with SU1261 (1-10uM) for 24 hrs
followed by XBR exposure (0-2Gy) potentiated the radiation-induced reduction
in clonogenic survival, compared with XBR treatment alone (Figure 4.15).
Furthermore, both SU1261 (10puM) and radiation (0-2Gy) were independently
found not to cause cell cycle arrest (Figure 4.17). However, pre-treatment of
cells with SU1261 (1-10uM) prior to radiation exposure (0-2Gy) led to cells
accumulating in the G2/M phase of the cell cycle- i.e. induced a G2/M arrest.
These results suggest that the IKKa inhibitor, SU1261 sensitised the PC3M-luc-

C6s to radiation induced cytotoxicity and G2/M phase arrest.

This interaction is in agreement with previous studies that demonstrated that
inhibition of non-canonical NF-kB pathway prior to radiation increased the
radiosensitivity of androgen-insensitive PCa cell lines. For instance, silencing of
RelB using siRNA or prevention of its nuclear translocation by p100 dominant
negative mutation on RM 1 and PC3 respectively enhanced cell kill as measured
by clonogenic assay and increased the sensitivity of these cells to radiation (Zhu
et al., 2015; Holley et al., 2010). Furthermore, inhibiting the nuclear import of the
RelB/p52 dimer using SN52, a cell-permeable small peptide, in PC3 and DU145
androgen-independent cells resulted in strong cytotoxicity on colony formation

and radiosensitisation effect on PCa cells (Xu et al.,, 2008). This effect is
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believed to be mediated mainly by RelB protein. RelB protein is highly
expressed in PCa biopsies and associated with high Gleason scores in PCa
patients (Lessard et al., 2005). In addition, RelB upregulates the expression of
clAP2, Bcl-2 and Bcl-xI anti-apoptotic proteins and MnSOD anti-oxidant enzyme.
However, radiation interacts with DNA, directly or by generating free radicals in
the cellular water content, which leads to DSBs and subsequently kill the cancer
cells by apoptosis (Baskar et al., 2012a; Verheij, 2008). Thus, inhibiting the RelB
protein prior to radiation exposure will decrease the anti-apoptotic and anti-
oxidant system within the cells, leaving the cells more susceptible to radiation-
induced DSBs and apoptosis. This mechanism is suggested for SU1261-

induced PC3M-luc-C6s radiosensitisation.

Cells that arrest in G2/M phase is a cytotoxic sign of radiation-induced DSBs
(Fernet et al., 2010). We observed, pre-treatment of PC3M-luc-C6s with SU1261
prior to radiation exposure led to cells accumulating in the G2/M phase of the
cell cycle. Following radiation, the presence of DSBs in tumour cells activates
G2/M checkpoints that accumulate irradiated cells in G2 phases (Fernet et al.,
2010). Cell cycle arrest is mediated by the ataxia telangiectasia mutated (ATM)
kinase. It activates the checkpoint kinases (Chk) 1 and 2, which subsequently
inhibit cyclin-dependent kinase (Cdk) 1/cyclin B1 activities, resulting in cell cycle
arrest and preventing the progression from G2 phase into mitosis (Niida and

Nakanishi, 2006). Thus, the G2/M arrest of PC3M-luc-C6s cell cycle induced by
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the combination of SU1261 and radiation is probably due to the enhanced

efficacy of radiation.

Although a large number of studies correlated the tumorigenesis of PCa and the
expression of IKKa kinase, generation of selective IKKa inhibitor compounds
which can be used clinically remains a dilemma. In the current study, for the first
time, we present a pre-clinical cytotoxicity investigation of our lead novel IKKa
inhibitor compound, SU1261, against aggressive androgen independent PCa
PC3M-luc-C6 and PC 3 cell lines. In both cell lines, SU1261 induced an anti-
tumour effect in the form of a decrease in growth rate, inhibition of cell viability
and clonogenicity, mainly through the induction of apoptosis. SU1261 also
showed lower toxicity against the normal epithelium prostate cells, PNT2A,
compared with PCa cells. Despite the fact that radiotherapy is the major
approach in PCa treatment, resistance of androgen-insensitive PCa cells to the
radiation and the toxicity towards normal cells are two factors which limit its
usefulness in current cancer treatment. Thus, combination therapies in cancer
treatment using radiation have many advantages over mono-therapies. These
advantages include an increase in anti-tumour activity against cancer cells, a
decrease in cytotoxicity to normal cells, and reduced development of therapy
resistance. Interestingly, the clonogenic survival assay and combination index
analysis findings revealed that inhibition of IKKa kinase in PCa PC3M-luc-C6
cells by SU1261 prior to radiation exposure, resulted in a synergistic effect and

induced accumulation of cells in the G2/M phase of cell cycle compared with the
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effect of each therapy alone. Hence, these results suggest that targeting IKKa
by SU1261 in combination with radiation is a promising therapeutic regimen in

PCa treatment.

Overall, SU1261, or its derivative compounds which inhibit IKKa, is a promising
compound for advanced CRPC therapy as a single therapy or in combination
with radiotherapy. In our preclinical investigations, the new IKKa inhibitor,
SU1261, is a novel molecule that has shown to have anti-cancer activity as a
single compound and synergism in combination with radiation therapy on CRPC.
These encouraging findings from this study provide a novel foundation for a
possible future translation of these therapies into a clinical trial study. In the
subsequent chapter, we investigate the cytotoxic consequences of the non-
pharmacological inhibition of IKKa and IKKB using siRNA silencing molecules,
and the potential of this knockdown on the radiosensitivity towards the highly

aggressive androgen-insensitive PCa cells, PC3M-luc-C6 cells.
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Chapter 5

Study of the Cytotoxicity Effect of
IKKa and IKKf8 siRNA Silencing

Alone or in Combination with
External Beam Radiation (XBR) In

Prostate Cancer Cell Lines
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5.1 Introduction

As demonstrated in Chapters 3, SU1261 is a highly selective IKKa inhibitor and
a novel agent in this class. Additionally, the unique pharmacological inhibition
effect of SU1261 on IKKa over IKKB was also accompanied by high levels of
cytotoxicity against the PCa PC3M-luc-C6 and PC3 cell lines. This cytotoxicity
included inhibition of growth; cell viability, clonogenicity, and the induction of
caspase-3 activity in prostate cell lines (see Chapter 4). Furthermore, SU1261
was demonstrated to be a potent radiosensitiser in PC3M-luc-C6 cells (see
Chapter 4, section 4.2.6). These data supported our hypothesis in section 1.4,
which stated that IKKa is strongly implicated in PCa progression; suggesting
that inhibition of this kinase could be a promising target in PCa therapy. Thus,
an important line of enquiry was to find out more about the impact of inhibition of
both IKKs kinases (IKKa and IKKB) on prostate cancer cytotoxicity and

radiosensitivity by employing non-pharmacological inhibition strategies.

Rather than the classical pharmacological inhibition strategy using
pharmacological agents, inhibition of gene expression is an advanced and
valuable method in molecular biology to study the roles of particular genes or
proteins in mammalian cells. Among these strategies is using the small
interference RNA (siRNA). SIRNA is a double-stranded RNA (20-25 base pairs)
which inhibits the expression of targeted genes with complementary nucleotide
sequences, subsequently leading to protein translation and synthesis inhibition

(Elbashir et al., 2001). In this current study, we targeted the expression of IKK(
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and IKKa by employing specific synthetic siRNA targeting both kinases. In
addition, a non-targeting (NT) siRNA negative control was used to distinguish
the actual effect of the silencing of the IKKs from the general effects of the

transfection procedure (more details can be seen in Chapter 2, section 2.4).

As discussed in the introduction (Chapter 1), IKKB and IKKa are the main
activators of the canonical and non-canonical NF-kB pathways respectively
(Hacker and Karin, 2006; Huang and Hung, 2013). These pathways have been
found to be highly expressed in PCa cells (Suh et al., 2002). IKKa has been
implicated in PCa carcinogenesis (Luo et al., 2007; Ammirante et al., 2010;
Mahato et al., 2011; Jain et al.,, 2012). However, because IKKB controls the
major classical NF-kB pathway, inhibition of this kinase has also been found to
induce cytotoxicity in various PCa cell lines (Yemelyanov et al., 2006; Lee and

Hung, 2008; Jain et al., 2012; Kong et al., 2015).

lonizing radiation (IR) is one of the major therapies for various cancers, including
PCa. However, the radioresistant nature of cancer cells often results in poor
treatment outcome (Li and Sethi, 2010; Wu et al.,, 2011). The IKK-NF-kB
pathways have been found to play a critical role in the development of
radioresistance in cancer cells (Kim et al., 2006; Baud and Karin, 2009; Li and
Sethi, 2010). As mentioned above, the NF-kB pathway has been found to be
highly activated in PCa cells (Suh et al., 2002). Inhibition of IKKB by siRNA or
agents (BMS, SC-514 and TPCA-1) has been found to sensitise breast cancer

and lung cancer cells to radiation therapy (Wu et al.,, 2011). Similarly, it was
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found that canonical NF-kB pathway was inhibited by the IKKB inhibitor PS-341,
or by the use of an adenovirus encoding IkBa in colorectal cancer cells (Russo
et al., 2001). However, inhibition of the non-canonical NF-kB pathway has also
been demonstrated to sensitise PCa cells to radiation-induced cytotoxicity.
Targeting the p52;p100 dimer using STI571, an inhibitor of tyrosine kinase, has
been shown to enhance the prostate cancer DU-145 and PC-3 cells to radiation
therapy (Xu et al., 2010). Similarly, we documented in Chapter 4 that SU1261, a
novel IKKa inhibitor, inhibited the p52 formation and radiosensitised the PC3M-

luc-C6 cells.

Therefore, we aimed to investigate the impact of IKKa and IKKB silencing in
PCa PC3M-luc-C6 cells using specific synthetic sSiRNAs and to evaluate its
effects on cancer cell growth, cell cycle progression and caspase-3 induction.
Further, using linear quadratic analysis model (more details can be seen in
section 2.12), we aimed to study the radiosensitisation effect of direct non-
pharmacological inhibition of both IKKB and IKKa using siRNA in PCa PC3M-
luc-C6. Western blot analysis was used to measure the protein expression of
both IKKa and IKKB using specific primary antibodies, and the expression of the

p65 level for the total loaded protein sample.
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5.2 Results

5.2.1 SiRNA silencing of IKKa and IKKB in PC3M-luc-C6 cells

In order to optimise the knockdown of the IKKs with the siRNA, different
concentrations of IKKa and IKKB siRNA (25-100nM) were transfected into the
PC3M-luc-C6 cells for 72 hrs which was found to be the optimal duration for
silencing. The same doses of the negative control non-targeting (NT) siRNA
were also employed to exclude any effect on the phenotype which could be due
to the transfection process.

Figure 5.1 demonstrates the expression level of IKKa in PC3M-luc-C6 cells after
72 hrs of transfection. IKKa expression was significantly reduced using all
siRNA concentrations. Surprisingly, as little as 25nM of siRNA against IKKa
efficiently knocked down endogenous IKKa expression by approximately 65%
(% of basal expression = 34.98 + 14.01, P<0.001). In addition, transfection with
higher siRNA IKKa concentrations (50-100nM) greatly decreased the IKKa
expression by more than 95% (P<0.001). Moreover, treatment of cells with
siRNA IKKa (25-100nM) did not have an off-target effect on IKKB expression,
even at the maximum concentration (100nM).

Similarly, Figure 5.2 shows the expression level of IKKB following transfection
with siRNA against IKKB in PC3M-luc-C6 cells. The same duration (72hrs) and
concentration of siRNA IKKB (25-100nM) were used. Surprisingly, the lowest
concentration (25nM) caused a statistically significant reduction in the level of

IKKB expression by more than 95% compared to the control basal levels (% of
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basal expression = 6.17 +4.82, P<0.001). This inhibition was further increased to
more than 98% (% of basal expression = 1.68 +2.38) with the highest siRNA
concentration (100nM) compared with control cells (P<0.001). Furthermore,
siRNA against IKKB did not show any non-selectivity targeting on the IKKa level.
In addition, (NT) as a negative control, did not target either IKKa or IKKB; neither
were any changes in the loading protein detected, as confirmed by assessment
of p65 levels.

These results suggest that IKKa and IKKB siRNAs in PC3M-luc-C6 cells are
highly effective and selective, acting specifically without off-target inhibition even
at the maximum concentration used. Thus, siRNA IKKa and IKKB were used for
non-pharmacological knockdown of IKKa and IKKB levels for further studies,

which are discussed in this chapter.
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Figure 5.1: The effect of siRNA IKKa on IKKa expression in PC3M-luc-C6.

Cells were transfected with non-targeting scramble sequence or siRNA IKKa up

to a concentration of 100nM. Whole cell lysates were prepared, separated by
SDS-PAGE, and then assessed for A) IKKa (84kDa), IKKB (86kDa) and p65
(65kDa). B) Blots were quantified for percentage of basal IKKa expression by

scanning densitometry. Each value represents the mean (xsd) of three

independent experiments. Statistical analysis was carried out using a one-way

ANOVA with Bonferroni correction post-test to compare with untreated control.

***P<0.001 compared with the control.
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Figure 5.2: The effect of siRNA IKKB on IKKB expression in PC3M-luc-C6.
Cells were transfected with non-targeting scramble sequence or siRNA IKKB up
to a concentration of 100nM. Whole cell lysates were prepared, separated by
SDS-PAGE, and then assessed for A) IKKB (86kDa), IKKa (84kDa) and p65
(65kDa). B) Blots were quantified for percentage of basal IKKa expression by
scanning densitometry; Each value represents the mean (xsd) of three
independent experiments. Statistical analysis was carried out using a one-way
ANOVA with Bonferroni correction post-test to compare with untreated control.

***P<0.001 compared with the control.
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5.2.2 Effect of silencing the IKKs on PC3M-luc-C6 cells cytotoxicity

Two different doses of siRNA (50 and 100nM) were used to study the cytotoxic
effect of IKKa and IKKB knockdown by the relevant siRNAs in PC3M-luc-C6
cells. Before proceeding to the cytotoxicity assay, we first validated the
expression levels of IKKa and IKKB in each set of experiments to confirm that

the silencing had occurred successfully.

5.2.2.1 Validation of IKKa and IKK silencing

For each set of cytotoxicity experiments, PC3M-luc-C6 cells were transfected
with two different concentrations (50 and 100nM) of IKKa and IKKB siRNA in
addition to the negative control (NT). The whole cell extracts were then subject

to Western blot to determine the basal expression of IKKa and IKK].

Figure 5.3 shows the blots of IKKa and IKKpB following transfection of the cells
with 50nM siRNA. Similarly to our previous results (Figures 5.1 and 5.2), siRNA
markedly diminished the expression of IKKa and IKKB by approximately 95% (%
of IKKa basal expression = 4.76 £+ 0.94, P<0.001; % of IKKB basal expression =
5.51 *+ 4.06, P<0.001). However, as Figure 5.4 demonstrates, 100nM of siRNA
totally inhibited the IKKa expression (% of basal expression = 1.1 + 3.23) and
largely reduced the IKKB to almost 5% (% of basal expression = 4.97 + 1.74)
compared to untreated control cells (P<0.001). Additionally, no differences in

loaded protein were noted as the total p65 levels of blots were similar.
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These results confirmed our previous findings (Figures 5.1 and 5.2), which
showed the highly selectivity of the used siRNAs against IKKa and IKKpB
knockdown in PC3M-luc-C6 cells. Both concentrations of siRNAs (50 and
100nM) caused significant inhibition of IKKa and IKKB expression compared to

the control cells (P<0.001).

201



A)

| e | — [ <— IKKB (86kDa)

S S . SR | oG5 (65kDa)

50 - siRNA IKKa (nM)
50 siRNA IKKB (nM)
50 - - NT (nM)
25 25 25 Lipofectamine (pl)
c
B) S
o
2 100+ T CJ IKKB
¥ T T
=
> 75
c
©
g 501
=
2 254
a *xk*x
RS FHh* =
0 !
50 - siRNA IKKa (nM)
50 siRNA IKKB (nM)
50 NT (nM)
25 25 25 Lipofectamine (ul)

Figure 5.3: The effect of siRNA IKKa and siRNA IKKB on IKKa and IKKB
expression in PC3M-luc-C6. Cells were transfected with 50nm of non-targeting
scramble sequence or siRNA IKKa or siRNA IKK for 72 hrs. Whole cell lysates
were prepared, separated by SDS-PAGE, and then assessed for A) IKKa
(84kDa), IKKB (86kDa) and p65 (65kDa). B) Blots were quantified for
percentage of basal IKKa and IKK expression by scanning densitometry. Each
value represents the mean (xsd) of three independent experiments. Statistical
analysis was carried out using a one-way ANOVA with Bonferroni correction

post-test to compare with untreated control. ***P<0.001 compared with control.
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Figure 5.4: The effect of siRNA IKKa and siRNA IKKB on IKKa and IKKB
expression in PC3M-luc-C6. Cells were transfected with 100nM of non-
targeting scramble sequence or siRNA IKKa or siRNA IKKB for 72 hrs. Whole
cell lysates were prepared, separated by SDS-PAGE, and then assessed for A)
IKKa (84kDa), IKKB (86kDa) and p65 (65kDa). B) Blots were quantified for % of
basal IKKa and IKKB expression by scanning densitometry. Each value
represents the mean (xsd) of three independent experiments. Statistical analysis
was carried out using a one-way ANOVA with Bonferroni correction post-test to

compare with untreated control. ***P<0.001 compared with control.
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5.2.2.2 Effect of IKKa and IKK silencing on PC3M-luc-C6 cells growth

In order to assess the effect of IKKa and IKKB silencing on PC3M-luc-C6 cells
growth, cells were treated with two different concentrations of IKKa and IKKB
siRNA (50 and 100nM). Following 72 hrs of silencing, the total number of cells in
each well was counted using a haemocytometer and then normalised to the

untreated control group.

As demonstrated in Figure 5.5, transfecting cells with 50nM of siRNA IKKa and
IKKB led to a significant reduction in cell number by approximately 50%
(normalised cell number= 0.51 £ 0.04) and 40% (normalised cell number = 0.62
+ 0.02) for IKKa and IKKpB respectively compared with control group (P<0.001).
Furthermore, transfecting cells with 100nM of siRNA IKKa resulted in a further
significant decline in cell numbers of 60% (normalised cell number = 0.40 + 0.18
compared with control cells (P<0.01). Similarly, less than half the number of
cells were found in wells treated with 100nM of siRNA IKKB (normalised cell
number = 0.42 £ 0.08) compared with control group (P<0.01). Conversely,
transfection of the PC3M-luc-C6 cells with 50nM and 100nM of the negative
control (NT) resulted in only a slight inhibition in cell numbers by 8% (normalised
cell number = 0.92 + 0.04) and 15% (normalised cell number = 0.85 + 0.15)
respectively; however this reduction was not significant (P>0.05). We can
conclude that the silencing of both kinases with two different SiRNA
concentrations resulted in a statistically significant reduction in the cell numbers

of PC3M-luc-C6 cells compared with non-treated control wells. These

204



observations suggested that knockdown of both IKKa and IKKB resulted in an

inhibition of PC3M-luc-C6 cell growth.
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Figure 5.5: Effect of siRNA IKKa and IKKB transfection on PC3M-luc-C6
cells number. Cells were transfected with 50 and 100nM of non-targeting (NT)

scramble DNA, siRNA IKKa or IKKB for 72 hrs, and then cells were counted

using a haemocytometer for each treated group. Data shown are expressed as

the average total cell number normalised to control group. Each value

represents the mean (xsd) of three independent experiments. Statistical analysis

was carried out using a one-way ANOVA with Bonferroni correction post-test to

compare with untreated control. **P<0.01 and **P<0.001 compared with the

non-treated control group.
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5.2.2.3 Effect of IKKa and IKKB silencing on PC3M-luc-C6 cells
clonogenicity

In order to perform a more robust assessment of the effect of genetic
knockdown of IKKa and IKKB, we next investigated the effects of IKKa and IKKB
siRNA on the clonogenicity of PC3M-luc-C6 cells. Following 72 hrs of
transfection with 50 and 100nM of siRNA, cells were re-seeded for assessment
of colony formation and incubated for 10-14 days to assess the delayed
cytotoxicity in terms of cells division and colony formation.

At both 50nM and 100nM siRNA administered concentrations, inhibition of IKKa
expression caused a small but not significant decrease in cell survival fraction by
16% (SF = 0.84 + 0.10) and 14% (SF = 0.86 + 0.09) respectively compared to
the untreated control group (P<0.01). Conversely, we observed a significant
reduction in PC3M-luc-C6 survival fraction in the IKKB transfected groups
(Figure 5.6). Almost 30% of the inhibition in survival fraction was caused by the
addition of 50nM IKKB siRNA (SF = 0.72 = 0.10) and a further reduction with
100nM IKKB siRNA (SF = 0.64 + 0.12) compared with control cells (P<0.01). In
contrast, transfection of the cell with the scrambled siRNA (NT) did not show any

significant change in the survival fraction of PC3M-luc-C6 (P>0.05).

These results demonstrated that IKKB silencing has a significant impact on the
colony formation capacity of PC3M-luc-C6 prostate cancer cells. Furthermore,
knockdown of IKKa expression in these cells caused a small reduction in PC3M-

luc-C6 cell survival fraction but was not statistically significant.
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Figure 5.6: Effect of siRNA IKKa and IKKB transfection on PC3M-luc-C6
cell clonogenic survival. Cells were transfected with 50 and 100nM of non-
targeting (NT) scrambled, IKKa or IKKB siRNAs for 72 hrs, and then clonogenic
survival assays were performed for each treated group. Data shown are
expressed as the average survival fraction compared to control group. Each
value represents the mean (xsd) of three independent experiments. Statistical
analysis was carried out using a one-way ANOVA with Bonferroni correction
post-test to compare with untreated control. **P<0.01 compared with non-

treated control group.
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5.2.2.4 Effect of IKKa and IKKB silencing on caspase-3 activation as a

marker of apoptosis in PC3M-luc-C6 cells

We next interrogated whether IKKa and IKKB had a role on PC3M-luc-C6 cells
apoptosis. Therefore, we examined the level of caspase-3 induction as a marker
of apoptosis following IKKa and IKKB knockdown with siRNA treatment. As
caspase-3 is induced in the early stages of apoptosis, we assessed caspase -3
levels 48hr and 72hr after transfection.

PC3M-luc-C6 cells treated with 50nM and 100nM of NT siRNA or IKKa siRNA
did not show a significant difference in caspase-3 activity after 48hr and 72hr
post-transfection when compared to untreated control cells (P>0.05, Figures 5.7
and 5.8). Similarly, following transfection with 50nM IKKB siRNA for 48hr, no
significant change in the caspase-3 levels were recorded compared with control
group (P>0.05, Figures 5.7). Conversely, the same concentration of IKKB siRNA
(50nM) caused a significant increase in caspase-3 levels by 70% compared with
control cells (caspase-3 fold increase = 1.69 + 0.0.25, P<0.001, Figure 5.8)
72hrs after transfection. However, silencing IKKB with 100nM siRNA increased
apoptosis significantly after 48hr by 23% (caspase-3 fold increase = 1.23 + 0.02,
P<0.01, Figure 5.7) compared with control group. Additionally, caspase-3
activity significantly increased by nearly 60% (caspase-3 fold increase = 1.60 +
0.06, Figure 5.8) compared to control cells (P<0.001) after 72hr of IKKB siRNA

(100nM) transfection.
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These results indicate that neither NT siRNA nor IKKa siRNA are involved in the
apoptosis process of PC3M-luc-C6 cells. However, IKKB silencing induced the
level of caspase-3 activity which suggests its major role in apoptosis in these

cells.

1.50- .
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1.00- T T
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0.00
control NT IKKa, IKKB
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Figure 5.7: Effect of siRNA IKKa and IKKB transfection after 48 hr on
caspase 3 activity on PC3M-luc-C6 cell lines. Cells were transfected with 50
and 100nM of non-targeting (NT) scramble DNA, siRNA IKKa or IKK for 48hr,
and then caspase 3 levels were measured using caspase 3 fluorometric assay.
The chart shows the data as fold increase following treatment in caspase 3 level
compared with control. Each value represents the mean (xsd) of three
independent experiments. Statistical analysis was carried out using a one-way
ANOVA with Bonferroni correction post-test to compare with untreated control.

**P<0.01 compared with non-treated control group.
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Figure 5.8: Effect of siRNA IKKa and IKKB transfection for 72 hr on
caspase 3 activity on PC3M-luc-C6 cell lines. Cells were transfected with 50
and 100nM of non-targeting (NT) scramble DNA, siRNA IKKa or IKK for 72 hrs,
and then caspase 3 levels were measured using caspase 3 fluorometric assay.
The chart shows the data as fold increase following treatment in caspase 3 level
compared to control. Each value represents the (mean + SD, n=3). Statistical
analysis was carried out using a one-way ANOVA with Bonferroni correction and
Dunnett’'s post-test to compare with untreated control. ***P<0.001 compared

with non-treated control group.
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5.2.2.5 Effect of IKKa and IKKB silencing on PC3M-luc-C6 cell cycle
progression

We further examined whether the knockdown of IKKa and IKKB using siRNA
leads to alterations in the cell cycle distribution of PCa cells by assessing cell
cycle population using flow cytometry following propidium iodide (PI) staining
(see section 2.8) after transfection. Again, two concentrations of siRNA were
used (50nM and 100nM). As Figures 5.9 and 5.10 demonstrate, cells
transfected with both concentrations (50nM and 100nM) of NT, IKKa and IKKf
SsiRNAs showed no change the distribution of cells in the various cell cycle
phases (GO/G1, G2/M and S phases) compared with control cells. However, a
significant increase in subGO fractions were found in cells transfected with both
concentrations of IKKB siRNA. Doses of 50nM and 100nM increased the
percentage of cells subGO phase significantly from 0.55 (x 0.56) in the control
group to 2.30 (x 0.70, P<0.05, Figure 5.9) and 4.30 (+ 0.42, P<0.01, Figure

5.10) respectively.
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Figure 5.9: Effect of 50nM of siRNA IKKa and IKKB on cell cycle
progression in PC3M-luc-C6 cell lines. Cells were transfected with 50nM of
non-targeting (NT) scramble DNA, siRNA IKKa or IKKB for 72 hrs, then
assessed by flow cytometry using propidium iodide (PI) for determination of total
DNA content. The chart demonstrates the distribution of cells in the different
phases of the cell cycle following treatment. Data shown is expressed as % of
cell count. Each value represents the mean (xsd) of three independent
experiments. Statistical analysis was carried out using a one-way ANOVA with
Bonferroni correction post-test to compare with untreated control. *P<0.05

compared with non-treated control group.
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Figure 5.10: Effect of 100nM of siRNA IKKa and IKKB on cell cycle
progression in PC3M-luc-C6 cell lines. Cells were transfected with 100nM of
non-targeting (NT) scramble DNA, siRNA IKKa or IKKB for 72 hrs, then
assessed by flow cytometry using propidium iodide (PI) for determination of total
DNA content. The chart demonstrates the distribution of cells in the different
phases of the cell cycle following treatment. Data shown are expressed as % of
cell count. Each value represents the mean (xsd) of three independent
experiments. Statistical analysis was carried out using a one-way ANOVA with
Bonferroni correction post-test to compare with untreated control. **P<0.01

compared with non-treated control group.
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5.2.3 Investigation of the radiosensitisation potential of silencing the IKKs
in combination with External Beam Radiation (XBR) on PC3M-luc-C6 cells

cytotoxicity

5.2.3.1 Introduction

Activation of the IKK-NFkB pathway plays an essential role in the development
of cancer resistance to ionizing radiation (Baud and Karin, 2009, Li and Sethi,
2010). It has been published that pharmacological inhibition of IKKB by the low
molecular weight compound BMS-345541, as well as knockdown of IKKB by
lentiviral short hairpin RNAs (shRNAs), inhibits the repair of ionizing radiation
induced Double Strand Breaks (DSB) in breast MCF-7 cells and human lung
cancer cells H1299 and H1648 (Wu et al., 2011). In PCa, it has been found that
Curcumin, which interferes with IKK activation, improved radiation-induced
cytotoxicity of PC-3 cells (Chendil et al., 2004). Similar findings were also
detected in IKKa and/or IKKB knockout mouse embryonic fibroblasts (Shao et
al., 2012).

To the best of our knowledge, none of the previous studies analysed the
radiosensitisation effect of IKKa and IKKB silencing by siRNA in combination
with radiation in prostate cancer PC3M-luc-C6 cells. Thus, we aimed in this
study to assess the radiosensitisation potential of silencing IKKa and IKK in
combination with external beam radiation (XBR) by examining the clonogenic
cell survival of IKK-silenced prostate cancer PC3M-luc-C6 cells. In addition, we
investigated the impact of this combination on cell cycle progression. For

clonogenic and cell cycle assays, cells were transfected with 50nM or 100nM of
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IKKa and IKKB siRNA for 72hr. Then plates were irradiated with 1 or 2 Gy. For
radiosensitivity analysis, GraphPad Prism software, version 6.0, 2014
(GraphPad Software Inc, CA, USA) was used to fit clonogenic survival data to
the linear quadratic curve as described previously in the methods and materials

(section 2.12).

5.2.3.2 Determination of the radiosensitising effect of silencing IKKa in
combination with External Beam Radiation (XBR) on PC3M-luc-C6 using
the linear quadratic model

Groups of PC3M-luc-C6 cells were irradiated (0-2Gy), transfected with sSiRNA

IKKa (50nM and100nM) for 72hr, or transfected with siRNA IKKa (50nM and
100nM) for 72 hrs followed by irradiation (0-2Gy). Clonogenic assays were then
performed and survival fractions (SF) normalised to the untreated control groups
(Figure 5.11). The obtained survival data was then fitted to the linear quadratic

model (Figure 5.12).

Table 5.1 summarises the SF values of all treated groups. The SF fraction of
PC3M-luc-C6 cells decreased by about 20% relative to control cells following
irradiation with 1Gy (SF = 0.79 + 0.04, P>0.05) and fell proportionally by 37%
with 2Gy of radiation (SF = 0.63 + 0.13, P<0.01). Cells transfected with 50nM
and 100nM of siRNA IKKa showed insignificant inhibition in colony number by
19% (SF = 0.81 £ 0.019) and 26% (SF = 0.74 + 0.016) respectively compared

with the control group (P>0.05).
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However, irradiation with 1Gy and 2Gy of XBR following 50nM siRNA IKKa
transfection reduced the SF values to 0.67 (+ 0.16, P <0.05) and 0.53 (£ 0.14, P
<0.001) respectively compared with untreated cells: these values were not
statistically significant when compared with 1Gy or 2Gy irradiated group, but
non-transfected treated cells (P>0.05). Similarly, silencing cells with 100nM of
IKKa siRNA followed by XBR resulted in survival fractions of 0.58 (+ 0.07, P
<0.01) with 1Gy and 0.45 (x 0.11, P <0.001) with 2Gy. Again, there was no
statistically significant difference in survival fraction compared with XBR alone

treated group (P>0.05).

The clonogenic survival data (Figure 5.11) was fitted to the linear quadratic
model (Figure 5.12 A) and the ICso and DEFs, were calculated (Figure 5.12 B).
The ICs (the dose of radiation that caused an inhibition of 50%) in PC3M-luc-C6
cells was 3.03 x0.66. When cells were transfected with 50nM siRNA IKKa
followed by radiation therapy, no significant change was found in the ICs value
(ICso = 3.06 +£0.36). However, a very small reduction (12%) in the ICs
(1C50=2.88 +0.23) was observed when PC3M-luc-C6 cells were transfected with
100nM siRNA IKKa followed by radiation but this change was not significant
compared to cells treated by XBR alone (P>0.05). The dose enhancement
factor at 50% cell death (DEFs;) was calculated. No statistically significant
change was observed in the DEFsg value (DEFso = 0.98 +0.03) with the 50nM
siRNA IKKa group compared to the radiation alone treated group. However, a

very small increase in the DEFs5, value (DEFs, = 1.05 +0.04, P>0.05) for cells
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transfected with 100nM of siRNA |IKKa followed by radiation was observed, but

once again this was not statistically significant.

The DEFs5p and ICsp values indicated that transfecting cells with 50nM or 100nM
siRNA IKKa did not enhance the cytotoxic potential of radiation. While 100nM of
siRNA IKKa followed by XBR treatment resulted in a small enhancement of

radiation-induced toxicity, it was insignificant statistically.
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Figure 5.11: Effect of combination of radiation and siRNA IKKa
transfection on PC3M-luc-C6 cell clonogenicity. Cells were irradiated with 1
or 2@y, or transfected with 50nM or 100nM of siRNA IKKa for 72 hrs following
by radiation with 1 or 2Gy, and then clonogenic survival assays were performed.
Data shown are expressed as the average survival fraction compared to control
group. Data shown are expressed as % of cell count. Each value represents the
mean (xsd) of three independent experiments. Statistical analysis was carried
out using a one-way ANOVA with Bonferroni correction post-test to compare
with untreated control. *P<0.05, **P<0.01 and ***P<0.001 compared with the

non-treated control group.
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Figure 5.12: Radiosensitising effect of transfected PC3M-luc-C6 cells with
siRNA IKKa to radiation. Cells were irradiated with 1 or 2 Gy, or transfected
with 50nM and 100nM of siRNA IKKa for 72 hrs following by irradiation with 1 or
2 Gy, then clonogenic survival assays were performed. A) Obtained clonogenic
SF data was normalised to untreated control (radiation alone) or siRNA treated
controls (50nM and 100nM alone) and fitted to a linear quadratic survival curve
(Y axis is natural log of the normalised mean SF, and X axis is dose of radiation
in Gy) B) and the ICsy and the DEFs, values of all treatment groups were
calculated.
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5.2.3.3 Determination of the radiosensitising effect of silencing IKKB in
combination with External Beam Radiation (XBR) on PC3M-luc-C6 using
the linear quadratic model

As with the previous IKKa experiment (section 5.2.2.2), PC3M-luc-C6 Cells were

irradiated (0-2Gy), transfected with of siRNA IKKB (50nM and100nM) for 72 hrs,
or transfected with of siRNA IKKB (50nM and 100nM) for 72 hrs following by
irradiation with XBR (0-2Gy). Clonogenic assays were then performed and
survival fractions (SF) were normalised to the untreated control groups (Figure
5.13). The obtained survival data was then fitted to the linear quadratic model

(Figure 5.14).

The SF values (x sd) of all treated groups are listed in Table 5.2. The cells
treated with XBR (0-2Gy) in this experiment were from the same groups as for
the previous results. Results were described in the previous section (section

5.2.3.2).

Our results indicated that the SFs were inhibited significantly by approximately
32% (SF = 0.68 £ 0.17) in cells transfected with 50nM of siRNA IKKf compared
with the control group (P<0.01). In addition, cells transfected with 100nM of
siRNA IKKB, demonstrated more than 40% inhibition (SF = 0.58 + 0.03) of the
colony formation of PC3M-luc-C6 cells compared with untreated cells (P<0.001).
However, when 50nM of siRNA IKKB transfected cells were treated with 1 and
2Gy irradiation, SFs values further declined significantly by 48% (SF = 0.52 £
0.11) and 59% (SF = 0.41 *+ 0.06) respectively compared to the control group

(P<0.001). Similarly, co-treatment of cells with 100nM of siRNA IKKB and 1Gy
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XBR caused a highly significant inhibition of survival by more than 50% (SF =
0.47 = 0.13) and with 2Gy to more than 60% (SF = 0.36 + 0.03) compared to the
control cells (P<0.001). However, statistically there was no significant change of
SF when we compared the cells treated by radiation alone (1 and 2Gy) with the

transfected cells (50 and 100nM siRNA) followed by XBR (P>0.05).

The data obtained from the linear quadratic model show that exposure of cells to
XBR radiation following IKKB knockdown with 50nM siRNA did not sensitise
PC3M-luc-C6 cells to X-ray irradiation at any of the tested doses (Figure 5.13).
Similarly, ICs values were calculated for XBR exposure alone (IC5,=3.03 £0.66)
and in combination with 50nM siRNA IKKB (IC5,=2.95 £0.84). Similarly, the
DEFs5o value of 50nM siRNA IKKB in combination with XBR (DEFsy =1.02 +0.07)
indicated that there was a minimal, insignificant enhancement in cytotoxicity
compared with XBR treated groups (P>0.05). However, when the concentration
of siRNA IKKB was increased to 100nM followed by irradiation, this led to a
further decrease in the XBR dose required to kill 50% of the cell population from
3.03Gy to 1C5p=2.67 £0.64 as well as an increase in DEFspvalue from 1 to 1.13

+0.09 compared with radiation treatment alone.

In conclusion, the obtained values of ICso and DEFs5 indicate that treating SIRNA
IKKB (100nM) PC3M-luc-C6 transfected cells with XBR at 1 and 2Gy showed a
small sensitisation to radiation therapy and resulted in slight enhanced radiation-
induced cytotoxicity compared to XBR alone. Nevertheless the P value indicates

that this enhancement is not significant (P>0.05).
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Figure 5.13: Effect of combination of radiation and siRNA IKKB
transfection on PC3M-luc-C6 cell clonogenicity. Cells were irradiated with 1
or 2Gy, or transfected with 50nM or 100nM of siRNA IKK for 72 hrs followed by
radiation with 1 or 2Gy, and then clonogenic survival assays were performed.
Data shown are expressed as the average survival fraction compared to the
control group. Each value represents the mean (xsd) of three independent
experiments. Statistical analysis was carried out using a one-way ANOVA with
Bonferroni correction post-test to compare with untreated control. *P<0.05,

**P<0.01 and ***P<0.001 compared with the non-treated control group.
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Figure 5.14: Radiosensitising effect of transfected PC3M-luc-C6 cells with
siRNA IKKB to radiation. Cells were irradiated with 1 or 2Gy, or transfected
with 50nM and 100nM of siRNA IKKR for 72 hrs, followed by radiation with 1 or
2Gy, and then clonogenic survival assays were performed. A) Obtained
clonogenic SF data was normalised to untreated control (radiation alone) or
siRNA-treated controls (50nM and 100nM alone) and fitted to a linear quadratic
survival curve (Y axis is the natural log of the normalised mean SF, and X axis is
dose of radiation in Gy) B) and the ICsy and the DEF5, values of all treatment

groups were calculated.
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5.2.3.4 Effect of IKKa and IKKB silencing effect in combination with
External Beam Radiation (XBR) on PC3M-luc-C6 cells cycle progression

The progression of PC3M-luc-C6 cells through the cell cycle was investigated
next in order to assess whether the XBR radiation following IKKs silencing could
cause an abrogation of the normal cycling of cells. Our previous results showed
that neither silencing the IKKs nor XBR alone affected the normal cell cycle of
PC3M-luc-C6 cells. In this analysis, cells were either exposed to XBR alone (0-
2Gy) or transfected with siRNA (50nM and 100nM) for 72 hrs. For combination
treatment, cells were transfected with siRNA (50nM and100nM) for 72 hrs
followed by XBR (0-2Gy). After 24 hrs of radiation, cells were assessed by flow
cytometry using propidium iodide (PI) for determination of total DNA content, as
described in section 2.8. Figures 5.15 and 5.16 show the effect of siRNA IKKa
and IKKB respectively in combination with XBR therapy on the percentage of
cells in each phase of the cell cycle. Generally, none of the treatment groups
exhibited any significant changes in the GO/G1, G2/M and S phases of the cell
cycle (P>0.05). However, a change was observed in the subGO peak, which
represents the fraction of non-viable cells. Exposure of the cells to radiation
significantly increased the percentage of cells in the subGO phase from 0.36 (+
0.28) in untreated control group to 1.40 (= 0.26, P<0.01) and 2.06 (+ 0.11,
P<0.001) with 1 and 2Gy respectively. No other major changes were observed

in the pattern of cell cycle phases among any of the treatment groups.

This suggests that exposure of the PC3M-luc-C6 IKKs siRNA transfected cells

to radiation did not cause any major changes in the cell cycle progression.
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Figure 5.15: Effect of the combination of radiation and siRNA IKKa on cell
cycle progression in PC3M-luc-C6 cell lines. Cells were irradiated with 1 or 2
Gy, or transfected with 50nM or 100nM of siRNA IKKa for 72 hrs and then
irradiated with 1 or 2 Gy. After 24 hr cells were assessed by flow cytometry
using propidium iodide (PI) for determination of total DNA content. The chart
demonstrates the distribution of cells in the different phases of the cell cycle
following treatment. Data shown are expressed as a percentage of cell count.
Each value represents the mean (xsd) of three independent experiments.
Statistical analysis was carried out using a one-way ANOVA with Bonferroni
post-test to compare to the untreated control (for radiation treated groups) or to
the IKKa treated group (for combination treated groups). **P<0.01 and

***P<0.001 compared with the indicated group in the figure.
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Figure 5.16: Effect of the combination of radiation and siRNA IKKBon cell
cycle progression in PC3M-luc-C6 cell lines. Cells were irradiated with 1 or 2
Gy, or transfected with 50nm or 100nm of siRNA IKKB for 72 hrs and then
irradiated with 1 or 2 Gy, after 24 hr cells were assessed by flow cytometry using
propidium iodide (PI) for the determination of total DNA content. The chart
demonstrates the distribution of cells in the different phases of the cell cycle
following treatment. Data shown are expressed as a percentage of cell count.
Each value represents the mean (xsd) of three independent experiments.
Statistical analysis was carried out using a one-way ANOVA with Bonferroni
post-test to compare to the untreated control (for radiation treated groups) or to
the IKKB treated group (for combination treated groups). **P<0.01 and

***P<(0.001 compared with the indicated group on the figure.
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5.3 Discussion

In the previous chapter (Chapter 4) the cytotoxicity of the first in class novel
SU1261 was demonstrated to be selective against IKKa in PCa cells. Thus, in
this chapter the aim was to compare and assess the impact of inhibition of the
major kinases IKKa and IKK( at the protein level and, to determine the effect of
this inhibition on cell growth rate, clonogenic survival, induction of apoptosis, cell
cycle progression and also to determine radiosensitisation effect which was
carried out by treatment of increasing doses of ionising radiation, as measured
by the clonogenic capacity and cell cycle distribution of PCa cells. To achieve
these aims, siRNA specific for IKKa and IKKB were used to knockdown

expression of both kinases in PC3M-luc-C6s cells.

Efficiently, by using siRNA transfection the expression of both IKKa and IKKB
kinases were largely inhibited in PC3M-luc-C6 cells as confirmed by Western
blot analysis. Using a dose range of 50-100nM, both siRNAs exhibited a potent
inhibition in IKKs protein expression in PC3M-luc-C6 cells by more than 90%
(Figures 5.1 and 5.2). Also, no off-target effects were detected of siRNA IKKa on
IKKB expression and vice-versa as confirmed by the expression levels of both
kinases following transfection. Therefore, the knockdown strategy using siRNA
was efficient at silencing IKKa and IKKB expression and optimal conditions were

established.

Similar to SU1261, silencing of IKKa reduced the total number of cells (Figure

5.3) and displayed no effect on the cell cycle distribution (Figure 5.5) of PC3M-
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luc-C6 following 72hr of transfection. However, in contrast to SU1261,
knockdown of IKKa did not result in a significant change in clonogenicity (Figure
5.7), caspase-3 activity (Figure 5.8) or radiosensitivity (Figure 5.9) on PC3M-luc-
C6 cells. These results suggest that non-pharmacological inhibition of IKKa
using siRNA technique does not show similar cytotoxicity profile in PC3M-luc-C6
cells similar to our previous finding when IKKa is inhibited pharmacologically by

SU1261.

This conflict in the cytotoxicity results between the effect IKKa inhibition by
SU1261 compound and siRNA on PC3M-luc-C6 could be explained mainly by
the different inhibition strategy between the two agents. The molecular inhibition
mechanism following RNA interference method and small-molecule compound
is greatly different, thus correlating phenotypes between the two agents is not
always straightforward (Weiss et al., 2007). While both SU1261 and siRNA IKKa
are targeting IKKa kinase, the inhibitory mechanisms involved for siRNA and SU
compounds not the same: SU compounds contain an azole ring which
specifically binds to the ATP binding domain of the IKKa amino-terminal kinase
inhibiting the kinase activity but not affecting the protein level, whereas, siRNA
suppresses the IKKa protein expression totally by targeting mRNA cleavage and
interacting with the double-stranded Tat RNA-binding protein (TRBP) or PACT
(PKR activating protein). Our previous results within our group (data not shown)
showed that using siRNA IKKa 100nM in PC3M-luc-C6 cells or 200nM in Pancl

cells (pancreatic cancer cell line) did not inhibit the formation of p52 in both cell
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lines. These data suggested that knockdown of IKKa using our siRNA
transfection reagent did not subsequently inhibit the non-canonical NF-kB
pathway in PC3M-luc-C6 cells. This could explained in part the difference of
phenotypic profiles on PC3M-luc-C6 cells between the pharmacological
inhibition of IKKa using small-molecule SU1261 and non-pharmacological by
SsiRNA. Therefore, using different siRNA transfection reagents or different RNA
interference (RNAIi) method such as using small hairpin RNA (shRNA) could be

useful in the future.

The compensatory mechanism between IKKa and IKKB could be also play a
critical role in the negative cytotoxic impact following inhibition of IKKa by
siRNA. It has been found that the both kinases compensate each other and, but
not exclusively involve IKK in the classical and IKKa in the alternative NF-kB
pathway. In our results, IKKa expression was greatly inhibited (more than 90%).
The inhibition of the non-canonical pathway can lead to induction of the
canonical NF-kB pathway which is a known survival pathway. It has been
demonstrated in lymphoma ABC DLBCL cells that neither the knocking down
IKKa using shRNA nor a small molecule IKK inhibitor individually caused a
phenotypic effect, however using a small molecule IKKB inhibitor in silenced
IKKa cells induced a synergetic effect on cell death and caspase 3/7 activation
suggesting the compensatory mechanism between the two kinases (Lam et al.,
2008). Therefore, this compensatory phenomenon between IKKa IKKB might be

contributing in the negative phenotypic effect of knockdown IKKa using siRNA in
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PC3M-luc-C6 cells. So, dual inhibition of both IKK pathways could be useful in
the future to study the compensation and augmentation properties between the

both IKKs in PC3M-luc-C6.

In addition to the previous argument, one explanation for the negative impact of
knockdown IKKa on PC3M-luc-C6 cytotoxicity is that the presence of a
truncated form of IKKa of 45 kDa (referred to as p45- IKKa). The truncated IKKa
is a nuclear isoform of active IKKa which contains the kinase domain but lacks
several regulatory regions. It has been found to be associated with advanced
human colorectal cancer (Margalef et al., 2012; Luo et al., 2007). When we
performed the transfection process with siRNA followed by western blot analysis
of PC3M-luc-C6 cells cytoplasmic samples, we observed that most of the IKKa
was according to the expected size of 84 kDa. Unexpectedly, the same primary
anti-IKKa antibody recognized a double band of around 45 kDa that was highly
expressed in the cytoplasmic fraction and was not inhibited along with wild type
IKKa (data not shown). Truncated p45-IKKa has been demonstrated to prevent
apoptosis and stimulate the growth of colorectal cancer cells in vitro and in
xenograft mice (Margalef et al., 2012). This could explain in part why
transfection of PC3M-luc-C6 cells with siRNA IKKa did not induce apoptosis.
However, further investigation using specific primary antibody for p45-IKKa is
needed to clarify this possibility: is it a truncated p45 or just non-specific

binding?
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As we mentioned in the introduction, IKK is critical for the main NF-kB classical
pathway activation. IKKB phosphorylates the inhibitor of NF-kB (IkBa) leading to
its rapid degradation, and induces p65/RELA nuclear translocation, where it
binds to its target DNA sequence, and induces the expression of numerous
genes which are involved in inflammation (TNFa, IL-1 and COX2), cell
proliferation (cyclin D1, cyclin D2, c-MYC and JUNB), angiogenesis (VEGF, IL-6,
and IL-8), anti-apoptotic ‘cell survival’ (XIAP, BCL-xL, c-IAP2), invasion and
metastasis (matrix metalloproteinase-9 and urokinase-type plasminogen
activator) (Basseres and Baldwin, 2006; Lee and Hung, 2008). Previous studies
showed that transfection of PCa PC3 and LNCaP cells with siRNA IKKf resulted
in a high reduction of viable cells number, migration and invasion however the
inhibition of the siRNA IKKp treated group was higher than siRNA IKKa treated
group (Jain et al., 2012; Kong et al., 2015). Based on these facts, it was
hypothesized that silencing of IKKB expression in PC3M-luc-C6 cells using
specific siRNA will also inhibit their growth. As expected, we found that
knockdown of IKKB expression at the optimal concentration (100nM) showed
inhibition in PC3M-luc-C6 total cell number (Figure 5.5) and significantly
decreased the colonies survival fraction (Figure 5.6). In addition, we
demonstrated that the same concentration (100nM) caused a significant
elevation in caspase-3 activity after 48hr of transfection (Figure 5.7) and further
after 72hr (Figure 5.8), however no significant change observed in cell cycle

progression (Figure 5.9). This data revealed that knockdown of IKKB by siRNA
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in PC3M-luc-C6 cells induced cell death mainly by apoptosis but with no effect

on cell cycle progression.

IKKB is implicated in cell cycle progression genes (cyclin D1, cyclin D2, c-MYC,
and JUNB) through activation of the NF-kB p65/RELA heterodimer degradation
and its nuclear translocation (Basseres and Baldwin, 2006; Lee and Hung,
2008). However, no significant changes of cell cycle were observed when we
transfected the PC3M-luc-C6 with siRNA IKK[. This might be because the effect
is, in part, the regulatory function of IKKB in cell cycle seems to be a cell-type-
specific. For example, inhibition of IKKB showed inhibition of the S-phase of
prostate cancer cell line DU145; however no effect was detected in the cell cycle
of PC3 cells (Yemelyanov et al., 2006). Our findings demonstrated that silencing
of IKKB by siRNA transfection does not alter the normal cell cycle progression of
PC3M-luc-C6s. Further investigation using wide range of PCa cell lines is

needed to indentify the effect of IKKJ in cell cycle regulation.

As discussed in the previous chapter (Chapter 4), the classical NFkB containing
p65 and IkB-a proteins regulate anti-apoptosis genes and antioxidant enzymes
which protect cells against radiation-induced DSBs damage (Baskar et al.,
2012b). Inhibition of IKKB improves the radiosensitisation of some cancer cells
(Egan et al., 2004). Thus, it was hypothesised that knockdown of IKKB using
SiRNA might sensitise PC3M-luc-C6s to radiation and potentiate radiation
induced cell death. By analysing the dose required to induce 50% clonogenic

cell kill (ICsp) and the dose enhancement factors at 50% clonogenic cell Kkill
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(DEFs0) of XBR exposure alone as shown in Figure 5.13, down regulation of
IKKB expression reduced the ICsp value of XBR from 3.03Gy to 2.67Gy, and
increased the DEFs5, from 1 to 1.13, however this effect was insignificant
statically. These data suggests that silencing of IKK in PC3M-luc-C6s using our

system did not significantly potentiate the radiation-induced cytotoxicity.

In conclusion, silencing of IKKB demonstrated a greater cytotoxic effect on
PC3M-luc-C6 compare to IKKa knockdown. Inhibition of IKKB expression
showed inhibition of growth and clonogenicity, induction of apoptosis, but with
no radiosensitisiation potential. On the other hand, silencing of IKKa showed
only inhibition in PC3M-luc-C6s total cell number. Despite IKKB exerting high
cytotoxicity in cancer cells it is not a safe target in cancer therapy. As IKKf
controls different important physiological functions through activation of the main
NF-kB signalling pathway, inhibition of this kinase could lead to serious toxicity
in normal cells and/or lethality. An early study of Li et al. demonstrated that,
creating IKKB knockout mice resulted in embryonic death at mid-gestation (Li et
al., 1999). The authors demonstrated this lethality was due to massive apoptosis
of the liver. Clinically, the use of different IKK inhibitors is associated with high
toxicity in term of severe and chronic inflammation, immunosuppression and

infection (Chariot, 2009).
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Chapter 6

General Discussion

and Conclusion
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6.1 General discussion

PCa is one of the most commonly diagnosed cancers in men and remains the
second leading cause of cancer-related deaths in the UK with 30 deaths every
day (Cancer Research UK, 2016). In its early stages, PCa is treatable under the
standard approaches including surgical prostatectomy, radiotherapy, hormonal
therapy and chemotherapeutic agents. However, the vast majority of men with
metastatic PCa develop CRPC which is associated with a high mortality rate
(Maroto et al., 2016). To date, there is still no cure available to patients with
advanced metastasis CRPC and the only available treatment options are
palliative (Maroto et al.,, 2016). Effective new therapeutic agents and
combinations are therefore critically needed to improve treatment and outcomes
for these patients. Developing new therapies and identifying novel targets
requires an understanding of the molecular mechanisms underlying PCa

progression.

Since the discovery in 1986 by Nobel Prize winner David Baltimore’s group of
NF-KB as a major driver of immunity and survival in cells, it has been an
attractive target for scientists in oncology (Hoesel and Schmid, 2013). While
IKKB regulates the major canonical NF-KB pathway involving phosphorylation
and degradation of IkB-a and the nuclear translocation of p65, the IKKa
homodimer regulates the non-canonical NF-KB pathway by mediating the
processing of p100 to p52 to generate active p52-RelB heterodimers which then

translocate into the nucleus (Solan et al., 2002). Both pathways lead to
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expression of different genes involved in immunity, inflammation, and anti-
apoptotic survival in normal and cancerous cells (Oeckinghaus and Ghosh,

2009).

The first logical step by many researchers in cancer treatment was to inhibit the
NF-KB signalling pathway by targeting the major regulatory kinase IKKJ, which
resulted in the development of a reasonable number of compounds such as PS-
1145, ML120B, BMS-345541 and SPC-839 (Castro et al.,, 2003; Wen et al.,
2006; Burke et al., 2003; Mcintyre et al., 2003; Palanki et al., 2002). These
agents showed a high regression impact on PCa experimentally (Yemelyanov et
al., 2006; Jain et al., 2012; Kong et al., 2015). However, inhibition of IKK@ could
not been clinically applied due to the associated serious side effects and
toxicities that occurred due to severe reduction in anti-apoptotic protein
expression in normal cells (Chariot, 2009; Li et al., 1999; Shukla et al., 2015;
Gamble et al., 2012). Thus IKKpB or classical NF-kB (p65) inhibitors may not be

safe targets for the treatment of cancer.

In the last decade, a growing body of evidence suggests that IKKa plays a
critical role in tumorigenesis of a number of cancer types including colorectal,
breast, pancreatic and prostate cancer (Fernandez-Majada et al., 2007; Park et
al., 2005; Shiah et al., 2006; Luo et al., 2007). In PCa, IKKa is a key mediator in
growth, metastasis and development of CRPC (Luo et al., 2007; Ammirante et
al., 2010; Mahato et al., 2011; Jain et al., 2012). This cancer promoting effect of

IKKa is believed to be via the regulation of non-canonical NF-KB pathway
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subunits (RelB;p52 hetrodimer) or via regulation of numerous genes involved in
prostate tumour growth and metastasis such as the BMI1 and maspin genes
(Ammirante et al., 2013; Luo et al., 2007). This evidence indicates an alternative
and potentially less toxic approach than targeting IKKB in PCa treatment.
Despite accumulated data that suggest that IKKa is involved in the
tumourigenesis of PCa, no potent selective pharmacological IKKa inhibitors
have been identified to date. Due to the structural similarity between IKKa and
IKKB, which share 52% overall sequence homology within N-terminal kinase
domains, development of a selective IKKa inhibitor compound is chemically
challenging (DiDonato et al., 1997; Gamble et al., 2012). This is due to the fact
that selective IKKa inhibitor molecules can also bind to the IKKB kinase domain
which limits their selectivity (Gamble et al., 2012). However, we have now
developed in-house a novel class of IKKa inhibitor compounds as part of a
CRUK small molecule drug discovery programme (led by Professor Simon

MacKay).

The selectivity of these novel IKKa inhibitors SU compounds was assessed by
an in vitro kinase assay and our lead compounds were demonstrated to have
higher affinity and selectivity for purified IKKa protein than for IKKB. Therefore,
we aimed in Chapter 3 to assess the pharmacological characteristics of these
novel IKKa inhibitors (SU compounds) in terms of their selectivity and potency
against canonical and non-canonical NFkB pathways in the metastatic PCa cell

line PC3M-luc-C6. Among these inhibitors, SU1261 was the most selective
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compound against the IKKa kinase as it inhibits the non-canonical NF-kB
pathway biomarker (p52 protein) in lower concentrations than that required to
inhibit the canonical NF-kB pathway biomarkers (p65 and IkB-a degradation).
Furthermore, data within our group also demonstrated the selectivity of SU1261
for IKKa in osteosarcoma U20S and pancreatic Panc-1 cell lines (data not
shown) indicating the high selectivity of this compound in different cancer cell
lines. Although SU1261 showed a unique selectivity for IKKa over IKKB in
PC3M-luc-C6s, this compound still has potential to inhibit IKKB at higher
concentrations. Therefore, our team continues to strive to create more selective
IKKa inhibitors. Nevertheless, SU1261 remains the most promising IKKa

selective drug available worldwide.

In Chapter 4, SU1261 showed inhibition in the growth rate, cell viability, and
clonogenicity by inducing apoptosis in two highly metastatic aggressive forms of
androgen-resistant PCa cell lines, PC3 and PC3M-luc-C6 cells. SU1261 also
demonstrated less cytotoxicity in normal prostate cells (PNT2A) compared with
PCa cells. These findings suggest that the IKKa inhibitor, SU1261, which
selectivity inhibits the non-canonical NF-KB pathway, is a promising compound
for advanced CRPC therapy. However, several studies reported that IKKa is
involved in metastasis independently of NF-kB (Huang and Hung, 2013; Huang
et al., 2007; Solan et al., 2002). For instance, in both in vivo and in vitro models,
IKKa is implicated in PCa metastasis by promoting transcriptional activity of

maspin gene expression (Luo et al., 2007; Mahato et al., 2011). Furthermore,
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IKKa also plays an important role in the regulation of angiogenesis.
Angiogenesis is the process of the development and branching of blood vessels
(Birbrair et al., 2015). In colorectal cancer for example, IKKa was found to
induce expression of angiogenic genes such as interleukin-8 (IL-8), vascular
endothelial growth factor (VEGF) and matrix metallo-proteinases-9 (MMP-9)
(Agarwal et al., 2005). Furthermore, stimulation of fibrosarcoma tumours with
lymphotoxin, a known activator of IKKa, was demonstrated to promote the
release of macrophage inflammatory protein 2 (MIP-2), an angiogenic CXC
chemokine, in a xenograft model (Hehlgans et al., 2002). Therefore, future
investigations are required in this area to examine the impact of IKKa inhibition
by SU1261 on metastasis and angiogenesis of PCa using additional
experiments such as wound healing and cell migration assays. All of these
genes are possible targets of SU1261, so further investigation using Western
blot and gene array methods is needed to identify potential additional markers of

IKKa besides non-canonical NFkB pathway biomarkers.

Combination therapies in cancer treatment have many advantages over
monotherapies. These advantages include an increase in anti-tumour activity
against cancer cells and reduced development of therapy-resistance (Komarova
and Boland, 2013). Basically, an ideal combination therapy should have the
following characteristics: 1) each single drug should exhibit anti-tumour activity
without cross-resistance with other agents; 2) the synergistic activity between

the drugs should be approved pre-clinically and 3) the combined drugs should
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not exhibit additive toxicity to normal cells (Miles et al., 2002). In Chapter 4, we
demonstrated that, aside from its anti-tumour effect as a single agent, SU1261
exhibits unique synergism in combination with radiation therapy on PCa cells.
IKKa contributes to radiation resistance in PCa cells through the activation of
nuclear translocation of RelB protein. RelB, which is highly expressed in PCa
biopsies, drives the radioresistance in PCa through upregulation of clAP2, Bcl-2
and Bcl-xl anti-apoptotic proteins and MnSOD anti-oxidant enzyme (Lessard et
al., 2005; Zhu et al., 2015). Therefore, a study of the consequences of these
genes following combination treatment is necessary to understand the
mechanism involved in this effect. The encouraging findings from this study
provide a novel foundation for a possible future translation of these therapies

into a clinical trial study.

Despite CRPC being androgen-independent, growth of cancer cells remains
stimulated by the expression of AR (Dutt and Gao, 2009). Overexpression of AR
is correlated with cancer progression, hormonal resistance, as well as the
development of androgen-resistant PCa (Zhang et al., 2009). Once cytoplasmic
AR is activated by androgen, it translocates to the nucleus and stimulates
transcription of genes that regulate survival and proliferation of PCa cells
(Lamont and Tindall, 2010). One of the potent hormonal therapies used in PCa
is enzalutamide. Enzalutamide is a potent AR antagonist which inhibits both AR
nuclear translocation and transcriptions of its target genes (Tran et al., 2009;

Zhang et al., 2011). Inhibition of AR nuclear translocation by enzalutamide leads
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to regression in tumour CRPC in xenograft models (Guerrero et al., 2013).
Interestingly, knockdown of IKKa by siRNA has been found to reduce AR
activity, nuclear androgen receptor levels and AR gene expression in PCa cells
(Lessard et al., 2007; Jain et al., 2012). In light of these facts, it would be
interesting in future studies, although beyond the scope of the current
investigations, to investigate if SU1261 had any inhibitory effect on AR
expression. Furthermore, investigation of the combination of SU1261 and AR
inhibitors such as enzalutamide in PCa cells’ cytotoxicity would be interesting
future work to assess the possible synergistic interaction between the two

compounds.

RNAI (RNA interference) is an advanced analysis of loss-of-function cytotoxicity;
however correlating this phenotypic impact with pharmacological small-molecule
inhibition profiles is not always consistent (Weiss et al., 2007). Although our
results further evidence that pharmacological inhibition of IKKa by our novel
inhibitor, SU1261, may be a potential target in PCa as a single agent or in
combination with radiation, transfection of IKKa with siRNA did not show a
similar effect. Inhibition of IKKa by our siRNA duplex resulted only in inhibition
in PCa growth rate but did not affect clonogenicity, apoptosis or
radiosensitisation of PCa cells. As we discussed in Chapter 5, the difference
between inhibitory mechanisms of SU1261 and siRNA agents and the
compensatory mechanism between IKKa and IKKB may all have contributed in

this controversial difference between SU1261 and siRNA IKKa phenotypes. In
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addition, the results within our group (data not shown) indicated that using our
siRNA did not inhibit the non-canonical NF-kB in PCa PC3M-luc-C6 and
pancreatic Panc-1 cells. Therefore, we suggest this transfection agent is not the
best one in pharmacological and phenotype studies of IKKa inhibition in our
cells. Further investigation is needed using a different siRNA reagent, as well as
using other RNAI methods such as small hairpin RNA (shRNA). While siRNA
duplex are introduced directly into the cytosol of cells for short-term knockdown
of protein expression (days), ShRNA molecules composed of two
complementary RNA sequences are delivered to cells through viral vectors,

allowing long-term knockdown (months) of targeted gene (Moore et al., 2010).

6.2 Conclusion

In conclusion, in this thesis we demonstrated that SU1261 is a novel first-in-
class IKKa inhibitor compound. SU1261 shows selectivity of IKKa over IKKf in
highly metastatic androgen-insensitive PCa cells. In our preclinical
investigations, the novel IKKa inhibitor, SU1261, has been shown to be a
promising compound for advanced castration-resistant prostate cancer
treatment as a single therapy or in combination with radiotherapy. These
encouraging findings from this study provide a novel foundation for a possible
future translation of these therapies into in vivo study and then a clinical trial
study. IKKa kinase contributes to tumourigenesis in different cancers such as
pancreatic, colorectal and breast. Therefore, the SU compounds may have

therapeutic potential in the treatment of a range of different cancers.
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