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Abstract

Despite great progress in surgery, radio- and chemotherapy, the prognosis
and treatment options for osteosarcoma and breast cancer remain extremely
poor with a high inclination for metastatic spread to other organs. Compelling
evidence has demonstrated that CXCL12/CXCR4 is implicated in human
tumour pathogenesis. Therefore, targeting CXCL12 expression is a logical
strategy for treating cancer patients. Moreover, studies have implicated
inhibitory Kappa B kinase alpha (IKKa) as a key regulator in the non-canonical
NF-kB pathway and it has recently been demonstrated that IKKa can regulate
CXCL12 expression. Therefore, the aim of the current study was to investigate
the role of the IKKa-mediated non-canonical NF-kB pathway in the regulation
of CXCL12 expression in a human bone osteosarcoma cell line (U20S) and
cancer-associated fibroblasts (CAFs) derived from clinical specimens obtained

from human breast cancer patients to determine the validity of this approach.

Initially, newly synthesised selective IKKa inhibitors (SU compounds) were
characterised in LTaif2-stimulated U20S cells and were shown to be
moderately potent and selective for the non-canonical NF-kB pathway,
whereas they exerted little effect on the classical NF-kB pathway at high
micromolar concentrations. In addition, it was unexpectedly found that both
TNFa and IL-1B were strong and early activators of the non-canonical NF-kB
pathway activated by IKKa, which was established using both siRNA and the
selective inhibitors. Both TNFa and IL-1B but not LTa1f2, stimulated a strong
increase in CXCL12 in reporter U20S cells and when endogenously measured

using RT-qgPCR. CXCL12 expression was susceptible to both siRNA knock



down and IKKa inhibitors, suggesting that the early strong IKKa signal was

significant for expression.

We further examined the role of IKKa in CXCL12 expression in CAFs derived
from breast cancer patients. ELISA data revealed that CXCL12 protein
secretion in CAFs was significantly higher than that of normal fibroblasts (NFs).
However, our findings did not demonstrate a significant difference in the
activation of the non-canonical NF-kB pathway by LTaif2. Moreover, the
studies conducted using siRNA IKKa and SU compounds showed that
CXCL12 expression was not altered in CAFs or NFs. Overall, these findings
indicate that IKKa is not required for the regulation of CXCL12 expression in

CAFs.

Taken together, these results highlight a novel early kinetically distinct mode
of non-canonical NF-kB signalling by IKKa, which is significant in the induction
of CXCL12 in bone cells. Therefore, selective IKKa inhibition may be a target

for cancer therapy but only for certain types of cancer and is not always linked

to CXCL12 inhibition.
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Chapter One

General Introduction



1 Introduction

1.1 Bone and its development

Bone is the solid tissue that functions to move, support, and protect various organs of
the body. It primarily consists of collagen and calcium phosphate. The biology of bone
has been significantly described during the last few decades. The cells associated
with bone biology consist of osteoblasts, osteoclasts and osteocytes, which are found
only in the bone. Osteoblasts are the primary cells responsible for osteogenesis (bone
formation) and mineralisation (Florencio-Silva et al., 2015). Osteoblasts are derived
from the bone marrow and found on the surface of new bone, whereas osteoclasts
are derived from the bone marrow, responsible for bone resorption, related to white
blood cells and found on the surface of the bone mineral next to dissolving bone.
Osteocytes are cells derived from osteoblasts that are located inside the bone.
Moreover, osteocytes can sense cracks or pressure in the bone and help direct

osteoclasts to where bone should be dissolved (Vaananen et al., 2000).

Physiological bone turnover has two temporal phases: 1) bone modelling, which
occurs during the developmental phase; and 2) bone remodelling, which is a lifelong
process involving tissue renewal (Soltanoff et al., 2009). Bone development can be
divided into two processes: 1) intramembranous ossification takes place on the flat
bones through the condensation of mesenchymal stem cells, then osteoprogenitors
differentiate into osteoblasts that actively synthesise a new bone matrix. These cells
later either change into osteocytes or undergo apoptosis. During this process, bone
is formed in the absence of a cartilage model; and 2) endochondral ossification
(Cartilage Model), which occurs in the long bone. During this process, a cartilage
model is first formed and then subsequently replaced by bone tissue. To achieve this,

osteoblasts enter following vascular invasion and replace the chondrocytes, and



osteoclasts create a bone marrow cavity (Berendsen and Olsen, 2015, Long and

Ornitz, 2013).

The communication between bone cells is critical to bone health, which occurs
constantly to maintain metabolic functions, structural integrity, and respond to external
activators. While osteoclasts have an important role in modelling bone, osteoblasts
and osteoclasts play a critical role in the bone remodelling process. Bone remodelling
activity increases around menopause in women and is also associated with aging in
men. Throughout life, osteoclasts remove bone and osteoblasts replace it, leading to
a complete replacement of the skeleton every 10 years (Novack, 2011, Manolagas et
al., 1995). The balance between osteoclastic bone resorption and osteoblastic bone
formation is extremely important and most bone diseases are caused by a disturbance
in this balance (e.g., multiple myeloma and osteoporosis). Thus, the study of the
proliferation and differentiation of bone cells is critical to gain a deeper understanding

of bone diseases and improve treatment.

1.2 Bone tumours

Cancer is a major public health problem in the United Kingdom and worldwide. In
2012, about 8.2 million cancer deaths were reported from a total 14.1 million people
diagnosed with cancer (Torre et al., 2015). Despite advances in cancer therapy,
cancer deaths are expected to continue to increase worldwide to reach 13 million in
2030 (Ferlay et al., 2010). According to the most recent statistics available from
Cancer Research UK, around 580 new cases of bone sarcoma are diagnosed each
year in the UK (CANCER_RESEARCH_UK, 2018), suggesting that there is an urgent

need to develop novel anti-cancer therapies to reduce cancer mortality rates.



Bone tumours can be classified based on origin. Primary bone tumours involve cancer
cells from the bone tissue or bone marrow itself. Secondary bone tumours (bone
metastases) are metastasised to bone from a tumour that originated elsewhere in the
body. In both types, despite surgery and chemotherapy, treatment of these tumours

is extremely difficult, and the current therapies are not completely effective.

1.2.1 Primary bone tumours

Primary bone cancer is a relatively rare type of cancer that begins in the bone tissue
or the bone marrow itself. It is the most common cancer in adolescents and elderly
persons (Siegel et al., 2014). Osteosarcoma (OS), chondrosarcoma and Ewing's

sarcoma are the three most common types of primary bone tumours.

1.2.1.1 Osteosarcoma

Osteosarcoma is the most common primary malignant bone tumour, which affects
children, teenagers and elderly adults (Basu-Roy et al., 2013, Mirabello et al., 2009).
Osteosarcoma occurs more frequently in the larger bones during the rapid growth
period or in the final stages of life (Mutsaers and Walkley, 2014). Moreover, it is the
sixth most common type of cancer in children (Niforou et al., 2008). Although the
causes are unknown, rapid bone growth, irradiation and genetic influences are
associated with its development. Osteosarcomas are commonly spread by
metastases to other sites in the body, especially the lungs (Gill et al., 2013, Basu-Roy
et al., 2013). Over 50 years ago, the human osteosarcoma U20S cell line was derived
from a sarcoma of the tibia of a 15-year-old girl (Bayani et al., 2003). The origin of
these cells has not yet been definitively confirmed; however, there is evidence to

suggest that their source was osteoblast precursors and mesenchymal stem cells



(MSCs), with mutations found mostly in the Retinoblastoma (RB) and p53 pathway
(Mutsaers and Walkley, 2014). U20S cells are widely used in biomedical research,
including bone formation, arthritis, biochemistry, and molecular biology. Recently,
several common molecular mechanisms have been described in sarcomagenesis,
including mutations in genes that control cell cycle progression and constitutive

activation of signal transduction pathways (Matushansky and Maki, 2005).

1.2.1.2 Chondrosarcoma

Chondrosarcoma is the second most common primary malignant bone tumour in
adults over 40 years of age (Hemmati et al., 2011, Clark et al., 2010), which often
grows slowly in bones that elongate due to endochondral ossification (van Oosterwijk
et al., 2013). Due to poor vascularisation and its resistance to radio-chemotherapy,
surgical resection remains an effective treatment for chondrosarcoma (Dai et al.,
2011). Although metastasis is uncommon, the lung is the most frequent metastatic
site in chondrosarcomas (Qureshi et al., 2010, Gelderblom et al., 2008). Preclinical
studies have identified the upregulation of Hypoxia inducible factor 1-alpha (HIF1-a
hypoxia pathway) and mutations in isocitrate dehydrogenases (IDH) as active
pathways in chondrosarcoma (van Oosterwijk et al., 2013, Boeuf et al., 2010), as well
as other pathways such as vascular endothelial growth factor (VEGF), mammalian
target of rapamycin (mTOR), Protein kinase B (AKT) and the phosphoinositide-3
kinase signalling pathway (PI3K) (van Oosterwijk et al., 2013). Therefore, a
combination of the targeted therapies may be the best approach to treat a tumour that

exhibits low vascularity (Jamil et al., 2010).



1.2.1.3 Ewing’s sarcoma

Ewing’s sarcoma is most common in children and young adults, and primarily occurs
in the pelvis and bones of the chest wall. It is currently believed that the origin of these
cells is from MSCs. This type of sarcoma is characterised by aggressive behaviour
with metastases, with the lungs and bone being the most common target organs
(Hauer et al., 2013, Berghuis et al., 2012). A number of studies suggested that the
EWS-FLI-1 fusion gene, which is only expressed in tumour cells, acts as a
transcription factor to regulate genes that mediate oncogenesis in Ewing's sarcoma
(Lessnick and Ladanyi, 2012, Suva et al., 2009). NROB1, NKX2.2, and IGF-binding
protein 3 are the most downstream targets of EWS-FLI-1 (Kinsey et al., 2009, Smith
et al., 2006, Prieur et al., 2004), which make it a promising molecular target for the

treatment of Ewing’s sarcoma.

1.2.1.4 Primary bone marrow tumours

These tumours can arise in cells that are produced in the bone marrow, including

multiple myeloma, leukaemia and lymphoma.

1.3 Secondary bone tumours (Bone metastases)

Tumours that spread to the bones from other parts of the body are called secondary
bone tumours, for which the breast, prostate, and lung are the most common types of
cancer metastases to the bone. Moreover, this type is more common than primary
bone tumours (Weilbaecher et al., 2011). The metastatic process is characterised by
interactions between tumour cells and the bone microenvironment (Ell et al., 2013),
which lead to the destruction of bone cells (Browne et al., 2014, Tagliaferri et al.,

2012). Recent studies indicate that the receptor activator of NF-kB ligand (RANKL)



with its receptor, RANK, promotes the metastasis of breast cancer cells into bone
(Fata et al., 2000). Metastatic tumour cells move from vessels into bone through
epithelial to mesenchymal transition (EMT), where the cells gain motility and become
more invasive (Hehlmann et al., 2007). A number of cellular proteases have been
implicated in the metastatic process in particular Matrix metalloproteinases (MMPS),
which is also mediated through an increase in activated RANKL (Kreil et al., 2007).
Insulin-like growth factors (IGFs) in bone resorption can also activate the NF-xB
signalling pathway to increase proliferation and decrease apoptosis (Hiraga et al.,
2012). CXCL12 is highly expressed by bone marrow and osteoblasts, which interacts
with MMP1, IL-11 and connective to tissue growth factor (CTGF) to promote breast

cancer cell migration to the bone (Cairoli et al., 2013).

1.4 Signalling pathways in bone cancer

Osteoblasts and osteoclasts reside in the bone marrow, maintaining the balance
between bone formation and bone resorption, respectively. This balance is important
because it affects bone maintenance as well as the general bone structure associated
with pathological conditions (e.g., cancer metastasis and arthritis). Signalling
pathways are critical for inducing different physiological responses in bone, which
lead to either the formation or loss of bone. Therefore, a better understanding of the
role of different signalling pathways in the development of bone cancer may allow
improved disease targeting and lead to the development of new therapies. The
following sections outline a number of signalling pathways associated with bone

cancer.



1.4.1 Wnt signalling pathway

The Wnt signalling pathway plays an important role in the growth and differentiation
of cells during development and is strongly associated with cancer. Wnt signalling
pathway is divided into two major branches: 1) the canonical pathway (also called the
Wnt/B-catenin pathway); and 2) the non-canonical pathway (Logan and Nusse, 2004).
The Wnt/B-catenin pathway can be activated through the binding of ligands to the Wnt
receptor on the cell membrane and activation of B-catenin. In cells at rest B-catenin is
inactivated via binding to Glycogen synthase kinase 3 beta (GSK3-B).
Phosphorylation of this complex triggers p-catenin release, accumulation within the
cytosol and translocation into the nucleus where the subsequent expression of target
genes occurs (Pasca di Magliano et al., 2007, Zeng et al., 2006). There are also two
major Wnt non-canonical pathways: 1) the Wnt-Ca2+ pathway (Kohn and Moon,

2005) and 2); the Wnt-PCP pathway (Jenny, 2010).

Several studies have linked the activity of Wnt signalling pathways to bone
development and bone diseases (Rawadi and Roman-Roman, 2005, Westendorf et
al., 2004). Babij and colleagues found a high level of -catenin in osteoblasts following
activation of this pathway, resulting in the transcriptional activation of genes required
for bone formation (Babij et al., 2003). Furthermore, in a preclinical study in rats, it
was found that the activation of this pathway in osteoblasts caused increased
translocation of B-catenin into the nucleus, inducing transcriptional co-activation of
genes integral to bone formation (Little et al., 2002). On the other hand, It was found
that the non-canonical pathway regulates vertebrate development (Veeman et al.,
2003), limb morphogenesis (Wang et al., 2011), chondrogenesis (Randall et al., 2012,
Witte et al., 2010), and osteoblastogenesis (Liu et al., 2007). The Wnt/3-catenin
pathway has been demonstrated to be associated with the initiation and progression

of bone metastasis through regulation of gene expression, cell invasion, migration,



proliferation, and differentiation (Chu et al., 2014, Rabbani et al., 2013). Many studies
reported that the aberrant activation of this pathway plays a critical role in the
development and progression of osteosarcoma (Cai et al., 2014, Lin et al., 2013). In
addition, it was demonstrated that blocking the Wnt/B-catenin signalling resulted in
decreased invasion, proliferation, migration, and induce apoptosis in human

osteosarcoma cells (Leow et al., 2014, Liu et al., 2013).

1.4.2 TGF-B and BMP signalling pathway

The transforming growth factor-beta (TGF-B) superfamily consists of approximately
60 members (e.g., TGF-Bs and Activin) (Guo and Wang, 2009, Feng and Derynck,
2005), as well as bone morphogenetic proteins (BMPs) which were discovered in
1965 (Urist, 1997). The TGF-B/BMP signalling pathway is fundamentally important in
bone formation throughout life, including skeleton morphogenesis, growth plate
development, osteoblast differentiation and mesenchyme condensation (Chen et al.,
2012). This pathway can be activated through the activation of receptor
serine/threonine kinases. Phosphorylation of TGF-§ (I/Il) or BMP receptors activates
Smads as a downstream signalling intermediate of TGF-B/BMP signalling. Activated
R-Smads form a complex with Smad and Smad4 and subsequently undergo nuclear

translocation to direct transcriptional responses (Yi et al., 2010, Wagner et al., 2010).

As with Wnt, TGF-/BMP signalling disorders have been linked to many bone
diseases, including tumour metastasis, osteoporosis and osteoarthritis, autoimmune,
cancer and cardiovascular diseases (Moustakas and Heldin, 2009, Papachroni et al.,
2009, Miyazono et al.,, 2005, Siegel and Massague, 2003). In addition, TGF-j
signalling pathway is a critical for the expansion and maintenance of progenitor stem

cells for osteoblasts (Derynck and Akhurst, 2007). Furthermore, TGF-p promotes



osteoprogenitor proliferation, commitment to the osteoblastic lineage, and
differentiation through the Smad2/3 and MAPKs pathways (Centrella et al., 1988).
Recently, it was found that TGF-B indirectly associates with the TRAF6-TAB1-TAK1
complex through Smad2/3; this pathway is indispensable for RANKL-induced
osteoclastogenesis (Yasui et al., 2011). Several studies have shown that the TGF-3
pathway plays a role in different stages of carcinogenesis, TGF-§ serves as a tumour
suppressor through inhibiting cell proliferation (Sun, 2004, Massague et al., 2000).
However, many studies have documented that primary tumour cells in the late stages
of carcinogenesis could reprogram their response to TGF-B through mutational
inactivation of various components of the TGF-f pathway, which leads to bone
metastasis (Kominsky et al., 2007, Kang et al., 2005). Thus, inhibiting this pathway in
advanced stages of cancer may lead to beneficial therapeutic responses via inhibiting

metastatic progression (Bandyopadhyay et al., 2006).

In addition, it was found that BMP-2 is also required to induce bone formation (Noel
et al., 2004), whereas BMP-7 induces calcium mineralisation and ATP activity (Shen
et al., 2010, Gu et al., 2004). BMP plays a critical role in the formation of the skeleton
and bone formation through the regulation of osteoblast lineage-specific
differentiation (Beederman et al., 2013). Moreover, BMP-2 has been implicated in the
tumour metastasis through facilitating bone metastasis in gastric cancer (Park et al.,
2008). To date, commercial human-BMP2 and -BMP7 have been used clinically in
over one million patients worldwide in a wide-range of therapeutic interventions, such
as osteoporosis, acute fractures, spinal fusions and bone defects (Carreira et al.,

2014).
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1.4.3 PTH signalling pathway

Parathyroid hormone (PTH) is an 84-amino-acid polypeptide hormone secreted from
the parathyroid glands, that can activate its receptor (PTH1R), which is expressed on
osteoblasts (Juppner et al., 1991). This pathway has an important role as an essential
mediator of bone remodelling and a major regulator of calcium and phosphate
homeostasis (Swarthout et al., 2002). The interaction between the PTH and the
receptor leads to elevated calcium levels in the blood due to the phosphorylation of
the receptor. This has a negative feedback effect on the parathyroid gland, which
results in reducing the release of the PTH (Tawfeek et al., 2002, Chauvin et al., 2002).
Several studies have demonstrated that the PTH pathway is useful to prevent
fractures in osteoporosis via calcium reabsorption through the activation of protein-
kinase A (PKA) and/or cAMP (Lindsay et al., 2007, Cosman and Lindsay, 2004).
Initially, studies noted that PTH could increase the bone mass of rats (Bauer et al.,
1929); however, it is now well-established that the injection of PTH leads to increased
bone mass in patients with osteoporosis (Sone et al., 1995). This increased bone
mass is largely due to enhanced proliferation and differentiation of osteoblasts as a
result of an increased number of these cells (Datta et al., 2007, Lindsay et al., 2007),

and decreased osteoblast apoptosis (Manolagas, 2000).

1.4.4 The nuclear factor Kappa B (NF-kB) signalling pathway

The transcription factor NF-kB was first identified in 1986 by Sen and Baltimore as
the nuclear factor that regulated immunoglobulin kappa (k) light chain gene
expression in B cells (Sen and Baltimore, 1986). Today, NF-kB is regarded as a
ubiquitous signalling pathway which plays an important role in a number of both
physiological and pathophysiological processes including; cancer, inflammation and

atherosclerosis, immunity, foetal development, cellular proliferation and apoptosis
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(Hoesel and Schmid, 2013, Oeckinghaus and Ghosh, 2009, Bonizzi et al., 2004,
Brand et al., 1996). There are two main NF-kB pathways: 1) the canonical (classical)
NF-kB pathway; and 2) the non-canonical (alternative) NF-kB pathway. Both
pathways can be regulated by the inhibitory kB kinases IKKs (IKKa/B), as upstream
regulators of these NF-kB pathways, leading to the formation of NF-kB subunits,
subseqguent nuclear localisation and regulation of a large number of genes that control
various biological processes (Xiao and Ghosh, 2005). Although variations exist within
each pathway, the molecular structures of each of the components share similar

features, which are outlined below (Gamble et al., 2012).

1.4.4.1 Members and structure of NF-kB

Since the discovery of NF-kB in 1986, five members of the NF-kB transcription factors
have been identified, including NF-kB1 (p50/p105), NF-kB2 (p52/p100), RelA (p65),
RelB and c-Rel genes, which function as homodimers and heterodimers (Hayden and
Ghosh, 2008). All NF-kB members have a conserved N- terminal region called the
Rel homology domain (RHD), which is responsible for DNA binding, dimerisation, the
nuclear localisation sequence (NLS) and IkB binding (Hayden and Ghosh, 2008,

Chen and Ghosh, 1999, Blank et al., 1992).

These proteins are structurally linked as a homodimer or heterodimer by their N-
terminal amino acid Rel homology domains (RHD) and translocate into the nucleus
where they bind with specific DNA sequences as kB sites (Siebenlist et al., 1994).
Several studies have demonstrated that NF-kB dimers are present in the cytoplasm
in an inactive form by binding to inhibitory proteins (i.e., I1kBs) which block specific

NLS domains. IkBs subunits include IkBa, IKBj, IkBy, IkBg, and Bcl-3 (Ferreiro and

12



Komives, 2010), IkBzeta (Muta, 2006), IKBNS (Kuwata et al., 2006), and the precursor

proteins p100 (NF-kB2) and p105 (NF-kB1) (Hayden and Ghosh, 2012). (Figure 1.1).

IkBs contain ankyrin repeats; interestingly, p100 and p105, the precursors of p52 and
p50 respectively, also have this region in their C-terminus. In contrast, RelA, RelB and
c-Rel all contain a transactivation domain (Marienfeld et al., 2003). However, when
p52 or p50 bind to RelB and RelA respectively, they comprise a transcriptional
activator and one IkB subunit (Bcl-3), which contains the transactivation domains and
can link to the p52 and p50 dimers and perform complex transcriptional activities

(Bours et al., 1993, Nolan et al., 1993).

The NF-kB family of proteins is further divided into subfamilies. Class one NF-kB
proteins consist of p105/p50 and pl100/p52. Since these proteins do not have C-
terminal transactivation domains, they have a number of ankyrin repeats that
functions as a transrepression region when binding with kB proteins (Guan et al.,
2005, Brown et al., 1994, Plaksin et al., 1993). In contrast, the second class subfamily
of NF-kB proteins includes RelA, RelB and c-Rel. These NF-kB proteins have a
transactivation region in their C-terminal RHD which contains acidic, serine and
hydrophobic amino acids. A mutation in any of these amino acids will lead to
decreased transcription activity and the transcription of NF-kB itself, which is
dependent on these genes (Dobrzanski et al., 1993). In addition, this class of subunits
contains an N-terminal leucine zipper region (LZ) which allows the NF-kB proteins to
physically relate to each other. Complete activation of most NF-kB subunits occurs as
a result of the activation of the C-terminal; interestingly, the complete activation of
RelB requires the presence of both C- and N-terminals (Dobrzanski et al., 1993).

Figure 1.1 illustrates the structure of the various subunits of NF-kB and IkB members.
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Figure 1.1: The structure of the various subunits of NF-kB and IkB members. The
number of amino acids is shown next to each NF-kB and IkB member. LZ: leucine
zipper; TD: transactivation domain; RDH: 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. [Adapted from
(Hayden and Ghosh, 2012)].

1.4.4.2 IkB structure

In 1988, Baeuerle and Baltimore discovered inhibitory kappa B proteins (IkBs) as NF-
kB inhibitor proteins, which control NF-kB signalling by binding to NF-kB in the
cytoplasm (Baeuerle and Baltimore, 1988). Mammalian IkB subunits have a number

of structures that have been cloned by cDNA, including IkBa (Davis et al., 1991), IkBf
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(Thompson et al., 1995), IkBy (Inoue et al., 1992), IkBe (Li and Nabel, 1997), Bcl-3

(Ray et al., 1995).

IKB subunits can be classified into NF-kB precursors (p105 and p100), classical IkBs
(IkBa., IKkBB and IkBeg), and nuclear IkBs (Bcl-3 and I1kB-y) (Huxford and Ghosh, 2009).
All IkB family members have an ankyrin repeat domain (Figure 1.1) which binds to the
RHD regions within the Rel/ NF-kB dimer (Cervantes et al., 2009). This binding
between the IkB subunits and the NF-kB family results in the NLS being masked by
the IkB protein. Consequently, NF-kB is retained in the cytoplasm and prevents the
nuclear translocation of Rel/ NF-kB proteins (Beg et al.,, 1992). Furthermore,
mutations within the ankyrin repeats of IkBs can lead to loss of binding between NF-
KB and IkB, resulting in NF-kB translocation into the nucleus and DNA binding (Inoue
et al., 1992). A number of studies have demonstrated that each subunit of the IkB
family is associated a preferred partner of the NF-kB family. For instance, while non-
classical IkBs are able to link with all NF-kB members, the classical IkBs preferentially

bind to either p65 or c-Rel (Huxford and Ghosh, 2009, Michel et al., 2001).

1.4.4.2.1 Regulation of IkBa

In 1990, Zabel and co-workers discovered two major IKB isoforms associated with
NF-kB. These proteins were IkBa. and IkBp (Zabel and Baeuerle, 1990). IkBa. has
been found to play a key role in the canonical NF-kB pathway as a specific inhibitor
to prevent p65 NF-kB (RelA) translocation into the nucleus when cells are at rest
(Jaffray et al., 1995). Another study demonstrated that IkBa. can bind to p50/p65
heterodimers at a much higher affinity compared to p65 homodimers with a moderate

affinity and p50 homodimers with low affinity (Malek et al., 1998).
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Following cellular stimulation by agonists such as TNFa, IkBa is phosphorylated at
serine residues 32 and 36 within the N-terminus (Karin and Ben-Neriah, 2000,
Brockman et al., 1995). IkBa phosphorylation functions to initiate ubiquitination and
targets the protein for degradation by the 26S proteasome, which leads to the release
of the NF-kB subunits. Lysine residues 22 and 21 have been identified as the primary
site for signal-induced ubiquitination of IkBa, which is a critical step prior to
degradation. Any mutation that occurs in these sites leads to an inhibition of
ubiquitination and degradation processes, the NF-kB units remain in the cytoplasm

because they cannot be separated from IkBa. (Chen et al., 1996, Scherer et al., 1995)

1.4.4.2.2 Inhibitory NF-kB2 (p100/p52)

The activation of p52/RelB heterodimer is largely distinct from other NF-kB subunits
and the role of p100 as an IkB member is unique. p100/p52 is also called NF-kB2 but
was originally named as p98 when characterised as a 98 kDa protein (Mercurio et al.,
1993). NF-kB1 and NF-kB2 are synthesised as large precursors called p105 and
p100, which undergo ubiquitin mediated-proteasomal degradation to generate p50
and p52 NF-kB subunits (Senftleben et al.,, 2001, Karin and Ben-Neriah, 2000).
Similar to IkBa, both p100 and p105 subunits also contain ankyrin repeats within the
C- terminal region, and the C-terminal domains of both p100 and p105 are required
to retain NF-kB the in cytoplasm (Mercurio et al., 1993, Rice et al., 1992). Both the
p52 and p50 NF-kB subunits do not have transactivation domains in their C terminal
unlike RelA, RelB and c-Rel. Nevertheless, they can participate in targeting gene
transactivation through the formation of heterodimers with RelB, RelA or c-Rel (Li and
Verma, 2002). In addition, the p52 and p50 homodimers can function as

transcriptional activators through binding to the nuclear protein, Bcl-3 (Fujita et al.,
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1993). Further details will be discussed in relation to signalling through the non-

canonical NF-kB pathway in Section 1.4.4.5.

1.4.4.3 Inhibitory Kappa B kinases (IKKs) complex structure

The upstream regulators of lkBa function were not identified for some years. In 1996,
the 1kB kinases (IKKs) were identified by Chen and colleagues as a series of enzymes
that regulate IxBa. phosphorylation at Ser 32 and Ser 36 (Chen et al., 1996). IKKs
complex (700-900 kDa) are composed of three subunits: IKKa (IKK1), IKKB (IKK2)
and IKKy (NEMO) (Figure 1.2), which are the major regulatory kinases within the NF-
kB pathway (Ghosh et al., 1998). Investigations into the functional role of the IKK
complex was first carried out by DiDonato and colleagues in 1997, who demonstrated
that TNFa has the ability to activate IKK complexes and then induce IxBa

phosphorylation and degradation in HT-29 cells (DiDonato et al., 1997).

In fact, both IKKa and IKK( are highly homologous proteins, sharing around 52% of
their protein sequence identity, including the leucine-zipper (LZ) region which
facilitates the dimerization of the kinases, the terminal helix-loop-helix (HLH) domain
which modulates the kinase activity, the C-terminal NEMO binding domain (NBD) and
the N terminal kinase domain (Figure 1.2). Moreover, IKKB, but not IKKa, has a
ubiquitin-like domain (ULD) between the kinase domain and LZ, which appears to be
essential for its activation. In contrast to IKKp, IKKa has a predicted NLS, which also
implies a nuclear function. While the activity of IKKa kinase crucially depends on the
phosphorylation of Ser 176 and 180, IKKB kinase depends on the phosphorylation of
Ser 177 and 181 found within the activation loop (Hinz and Scheidereit, 2014,

DiDonato et al., 1997, Mercurio et al., 1997).
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The third component in the IKK complex is IKKy, also known as NF-kB essential
modulator (NEMO) or IKK- associated protein 1 (IKKAP1), which is a non-catalytic 48
kDa protein. It is an a-helical rich protein with two coiled coil zones (CC1 and CC2),
LZ and zinc finger domain (Z) (Figure 1.2). The kinase-binding domain is located in
the amino acid sequence 44-111. Despite the lack of kinase activity, NEMO serves
as a regulatory subunit in the canonical NF-xB pathway (Solt et al., 2009, Rothwarf et
al., 1998, Yamaoka et al., 1998). NEMO also has an N-terminal region that interacts
with the carboxyl terminus of the IKKa and IKK subunits (Rushe et al., 2008, May et
al., 2002, Miller and Zandi, 2001). Significantly, IKKs can activate two main NF-kB
signalling pathways: 1) the canonical (or classical) pathway; and 2) the non-canonical

(or alternative) pathway.
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Figure 1.2: Schematic representation of the principal structural motifs of IKKa, IKK(
and IKKy (NEMO). Abbreviations: CC: coiled coil region; LZ: leucine zipper motif;
HLH: helix-loop-helix domain; NBD: NEMO-binding domain. [Adapted from
(Oeckinghaus and Ghosh, 2009)].

1.4.4.4 Activation of NF-kB via the canonical pathway

It has become apparent that the canonical pathway predominates within the NF-kB
cascade. This pathway is triggered by multiple activators, such as pro-inflammatory
cytokines (e.g., TNFa and IL-18), LPS, as well as the interleukin-1 receptor/Toll-like

receptor (IL-1R/TLR) superfamily (Plotnikov et al., 2011, Bianchi and Meier, 2009,
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Hayden and Ghosh, 2008). In response to stimulation, the IKK complex is linked to
TNFR1 through TNF receptor-associated factor 2 (TRAF2), leading to the activation
of the pathway (Plotnikov et al., 2011, Devin et al., 2001). This view is supported by
Rothe and co-workers, who found that the overexpression of TRAF2 leads to
increased p65-DNA binding (Rothe et al., 1995). Following cellular stimulation, the
IKK complex is activated by the transforming growth factor g-activated kinase 1 (TAK-
1), which is a member of the mitogen-activated protein/ERK kinase 3 family (MAP3K)
(Takaesu et al., 2003, Sakurai et al., 1998). In contrast, IL-1p activates the classical
NF-kB pathway through engagement of TRAF6, where TAB2 functions as an adaptor
protein, linking TAK-1 and TRAF6 in the cytosol (Takaesu et al., 2000). It was shown
by Kishida and co-workers that TAK-1 facilitates the ubiquitination of TRAF6 during
stimulation of cells with IL-1 (Kishida et al., 2005). Both TAB2 and TAB3 have a
functional role in binding to TRAF6 through the zinc finger (ZnF) region, and any
mutations in this region abolishes this binding and results in failure of TAK1 activation

of the IKK complex (Kanayama et al., 2004).

A critical role of IKKB has been established within in the canonical NF-kB pathway.
Studies using IKKB knockout (KO) mice show a substantial reduction in NF-kB1
(p50/p105) and RelA (p65) subunit activity following stimulation with either IL-1a or
TNFa (Li et al., 1999a). As shown in Figure 1.3, the IKK complex (i.e., IKKp)
phosphorylates IkBa at Ser 32 and Ser 36 then, as described previously, it is
ubiquitinated at lysines 21 and 22 by the E3 ubiquitin ligase and subsequently
degraded by the 26S proteasome. p65/p50 dimers are then liberated and translocate
into the nucleus to regulate the transcription of various genes, which leads to a variety
of cellular responses including, growth, cell proliferation, differentiation and adhesion

(Oeckinghaus and Ghosh, 2009, Malek et al., 1998).
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Unlike IKKp, IKKa appears to play a minor role in the canonical NF-kB pathway (Xiao
et al., 2006, Karin and Greten, 2005). Cells from mice that lack IKKo exhibit normal
activation of the IKK complex by pro-inflammatory stimuli (e.g., TNFa and IL-1p), and
phosphorylation and degradation of IkBa. (Hu et al., 1999), suggesting that IKKq, is
not necessary for activation of the canonical NF-kB pathway. However, other studies
have reported that IKKa can indirectly regulate the expression of some p65-
dependent genes, including endothelial adhesion molecules (e.g., E-selectin and
vascular cell adhesion molecule-1 (VCAM-1) and chemokines (e.g., interleukin-8 (IL-

8) (Gloire et al., 2007, Huang et al., 2007, Denk et al., 2001).

NEMO or IKKy is a non-catalytic enzyme characterised by the absence of kinase
activity. It plays a regulatory function for both IKKf and IKKa kinase activity. NEMO
modulates the IKK complex through interaction with IKKa and IKK( through the
NEMO-Binding Domain (NBD) (May et al., 2002). A number of studies have
demonstrated that mutations in the C-terminal region or NBD domains of IKKy abolish
the IKK complex and consequently inhibit NF-kB activity, reflecting the importance of
the IKKy in the recruitment of upstream activators (Solt et al., 2009, Rothwarf et al.,

1998).
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Figure 1.3: Schematic diagram of the NF-kB pathways. There are two NF-«kB
pathways: the canonical and non-canonical pathways. The canonical NF-kB pathway
is triggered by different stimuli, such as TNFa, leading to phosphorylation of the IKK
complex, which subsequently activates IkBa and induces the translocation of p65-
containing heterodimers into the nucleus and promoting expression of target genes.
The non-canonical NF-kB pathway is triggered by various ligands, such as
lymphotoxin f (LTB), which phosphorylates the IKKa subunit, leading to the
processing of p100 to p52 and generation of active p52-RelB heterodimers. These
heterodimers then translocate into the nucleus to promote the transcription of target
genes. [Adapted from (Viennois et al., 2013)].
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1.4.4.5 Activation of NF-kB via the non-canonical pathway

The non-canonical, or alternative NF-kB pathway, is one of the atypical pathways
prevalent in a restricted number of cell types and is characterised by p100/p52
processing. After the discovery of this pathway, it became evident that it differs from
the canonical pathway. While canonical NF-kB activation was found to be rapid, the
activation of the non-canonical NF-kB is slow and dependent on protein synthesis
(Liao et al., 2004). Furthermore, the alternative NF-kB pathway is primarily IKKa-
dependent, the participation of IKKB or IKKy/NEMO is excluded, suggesting a lack of
a requirement for the classical IKK complex (Liang et al., 2006, Dejardin et al., 2002,
Claudio et al.,, 2002). The non-canonical NF-kB pathway is triggered by TNFR
superfamily members, including lymphotoxin 3 receptor (LTBR) (Dejardin et al., 2002),
B cell-activating factor receptor (BAFFR) (Claudio et al., 2002, Kayagaki et al., 2002)
, CD40 (Coope et al., 2002), and RANK (Novack et al., 2003). 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,

Teitelbaum, 2000).

Currently, it is clear that ligation of the LTBR directly promotes tumour cell apoptosis
and inflammation-related gene expression (Daller et al., 2011, Haybaeck et al., 2009,
Yang et al., 2007, Lukashev et al., 2006). However, several studies suggest that
targeting LTBR can suppress tumour development in human cancer therapy
(Lukashev et al., 2006). The ligand LTa13; is the common agonist used to activate the
non-canonical NF-kB pathway. Previous studies have shown that LTa13, can activate
the non-canonical NF-kB pathway and, as a consequence, activate the transcription
process for a number of genes relevant to cancer such as CXCL12 (Madge and May,
2010, Madge et al., 2008, Dejardin et al., 2002). This ligand is therefore appropriate

to use for studies that focus on activation of the non-canonical pathway.
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Over the past decade, NF-kB-inducing kinase (NIK) a member of the mitogen-
activating protein 3 kinases (MAP3K), has been identified as a key upstream
component of the non-canonical NF-kB pathway (Razani et al., 2010, Qing et al.,
2005). Normally, NIK levels are absent or very low due to its degradation via a TRAF3-
dependent mechanism. Increasing evidence suggests that TRAF3 functions by
forming a complex comprised of NIK, TRAF2, c-IAP1 and c-IAP2 to maintain the NIK
levels below the threshold required for its activation (Vallabhapurapu et al., 2008,
Zarnegar et al., 2008). Knockdown or inhibition of these proteins leads to the
accumulation of basal levels of NIK in the absence of its ligand (Gardam et al., 2011,
Varfolomeev et al., 2007, Vince et al., 2007). Following the stimulation of the non-
canonical NF-kB pathway, TRAF3 and TRAF2 undergo degradation by the
proteasome, which leads to NIK accumulation and subsequent activation via
autophosphorylation; this process is also known as NIK stabilisation (Figure 1.4). NIK
activates the IKKa homodimers through the phosphorylation of Ser 176 and Ser 180
(Xiao et al., 2001, Senftleben et al., 2001). Subsequently, the activation of IKKa
kinase leads to the phosphorylation of p100 on Ser 866 and Ser 870, which is crucial
for p100 processing (Liang et al., 2006, Xiao et al., 2004). The phosphorylation of
pl00 induces its ubiquitination by E3 ubiquitin ligase and degradation by the
proteasome to liberate p52. Subsequently, active NF-kB p52/RelB heterodimers
translocate into the nucleus to induce gene expression (Figure 1.3) (Xiao and Fu,

2011, Solan et al., 2002).

It is important to note that downstream intermediates can function to regulate
upstream components of the non-canonical NF-kB pathway. For instance, IKKa
functions to phosphorylate and destabilise NIK, which prevents the over-activation of
non-canonical NF-kB signalling (Razani et al., 2010). According to Xiao and co-

workers, NIK is more effective than IKKa at inducing p100 processing (Xiao et al.,
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2004). Although the mechanisms that regulate non-canonical NF-kB activation are
not yet fully understood, both of IKKa and NIK could be potential targets for the

inhibition of this pathway.
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Figure 1.4: Regulation of the alternative NF-kB pathway in resting vs receptor-
stimulated cells. In resting cells, the kinase, NIK, is constitutively targeted for
degradation by a ubiquitination complex containing clAP1, clAP2, TRAF2 and TRAF3,
making NIK levels invisible. Upon receptor activation, NIK is stabilised and activated,
where it escapes the ubiquitination by the clAP-TRAF2-TRAF3 complex due to the
rapid degradation of TRAF3, leading to IKKa activation, which in turn phosphorylates
p100 and results in p100 processing into p52. RelB-p52 dimers then translocate to
the nucleus and activate transcription. [Adapted from (Vallabhapurapu et al., 2013)].

24



1.4.4.6 Genes Regulated by NF-kB pathway

NF-kB plays a key role in many cellular functions including survival, growth, apoptosis,
development and differentiation, which occurs by transcriptional regulation of a
specific subset of NF-kB dependent genes following binding of homo or heterodimer
to specific DNA binding motifs. For p65/p50, the core sequence for specific DNA
binding has been identified as 5-GGGRNYYYCC-3, (where R=Aor G; Y=C or T; W=T
or A; V=A, C or G) (Chen and Ghosh, 1999, Chen et al., 1998). The p65/p50
heterodimer is responsible for regulating the expression of several genes for instance,
COX-2, VCAM-1, and ICAM-1 (Denk et al., 2001). In addition, p65 (RelA) is
responsible for the regulation of cellular survival and proliferation through expression
of pro-survival factors (e.g., Bcl-2) and anti-apoptotic genes (e.g., cellular inhibitor of
apoptosis protein [c-IAP] and X-related inhibitor of apoptosis protein [XIAP]) (Fulda,

2014, Catz and Johnson, 2001, Stehlik et al., 1998).

In contrast to RelA, RelB is responsible for the regulation of developmental
phenotypes, including adaptive immunity, cellular activation, immune cell trafficking,
lymphoid development and angiogenesis. The sequence that RelB binds to within
DNA has also been identified as 5-GGGRVWTTYY-3. Several studies clearly show
that the gene regulation by the non-canonical NF-kB pathway differs from that of the
canonical NF-kB pathway (Britanova et al., 2008, Dejardin, 2006). Bonizzi and
colleagues demonstrated that the promoter regions of IKKa-dependent genes are
specific for RelB/p52 heterodimers (Bonizzi et al., 2004). Moreover, studies have
shown that IKKa-mediated activation of the non-canonical NF-kB pathway regulates
expression of a number of chemokines (e.g., chemokine C-C maoitif ligands [CCL19
and CCL21], C-X-C motif ligands [CXCL12 and CXCL13], B lymphocyte
chemoattractant [BLC], secondary lymphoid tissue chemokine [SLC] and cytokine B

cell activation factor [BAFF]) which regulates the process of lymphoid organogenesis
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(Dejardin et al., 2002). Additional evidence has shown that IKKa regulates other
inflammatory genes such as CXCL3, ICAM-1, IL-8 (Hirata et al., 2006), IL-6 and CCL2
(Yang et al., 2008). Furthermore a number of in vivo studies confirms an important
role in B-lymphocyte function and lymphoid organogenesis (Lawrence and Bebien,

2007, Bonizzi and Karin, 2004, Senftleben et al., 2001).

Itis clear that a number of these genes are related to the development of solid tumours
and lymphoid malignancies (Allen et al., 2012, Wharry et al., 2009). Several are also
related to angiogenesis, such as CXCL12, IL-8, MMP-2, MMP-9 and VEGF (Birbrair
et al., 2015, Liekens et al., 2010, Agarwal et al., 2005). IKKa itself is also implicated
in the regulation of a number of cell cycle genes, including cyclin D1 and Aurora-A
(Song et al., 2010, Prajapati et al., 2006, Kwak et al., 2005). Together, these results
suggest a potential role for the non-canonical NF-kB pathway in the development of

cancer as highlighted later in the chapter.

1.5 Chemokines and their receptors

Chemokines are a superfamily of chemoattractant cytokines, 8—10 kDa in size. Most
chemokines are expressed in response to a stimulus;, however, some are
constitutively expressed by stromal cells, including endothelial cells and fibroblasts
(Teicher and Fricker, 2010, Dewan et al., 2006). The primary function of chemokines
is to regulate the directional migration of leukocytes to sites of infection and
inflammation (Liberman et al., 2012). Chemokines control leucocyte circulation,
homing, recirculation between the blood vessels, lymphatic vessels and lymphoid

organs and tissues (Hippe et al., 2010).

Recently, there has been increasing evidence demonstrating that chemokines are
associated in the regulation of tumour development and metastasis (Balkwill, 2004).

To date, more than 50 chemokines have been identified, and they are divided into
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four groups (CXC, CX3C, CC and C) based on the position and humber of conserved
cysteine residues. C denotes the number of cysteine residues and X represents the
number of intervening amino acids between the conserved cysteines (Sun et al.,
2010, Wang et al., 2006). According to a new classification, chemokines have been

renamed as chemokine ligands (L) and receptors (R) (Zlotnik and Yoshie, 2000).

Chemokine receptors are comprised of seven-transmembrane cell surface receptors
and currently over 20 chemokine receptors have been identified (Sun et al., 2010),
divided into four groups (CXCR, CX3CR, CCR and XCR) based on their specific
chemokine preference (Burger and Kipps, 2006). These receptors were initially
identified on leukocytes, where they play an important role in inflammation (Loetscher
et al., 2000). The binding of chemokines to their receptors results in the activation of
several downstream signalling pathways which regulate a number of events, including

proliferation, migration, tumour progression and metastasis (Wang et al., 2006).

1.5.1 The formation and function of CXCL12

CXCL12 (stromal derived factor 1 [SDF1]) is a member of the CXC subfamily of
chemokines. It was first cloned from bone marrow stromal cells and was later
described as a pre-B-cell growth stimulating factor (Nagasawa et al., 1996). CXCL12
appears to be expressed in two main isoforms; SDF-1a which consists of 68 amino
acids (8 kDa) and is the predominant isoform SDF-13, which differs by an additional
four amino acids. Functional and biological differences between these isoforms have
not yet been described (Yu et al., 2006). CXCL12 is widely expressed in various
organs, including the bone marrow, heart, brain, liver, lungs, kidney, skin, and skeletal
muscle. The major cellular sources for CXCL12 in these organs are vascular

endothelial cells, stromal fibroblasts and osteoblasts (Teicher and Fricker, 2010, Jung
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et al., 2006, Gomperts et al., 2006, Katayama et al., 2006). The primary role of
CXCL12 is to facilitate the homing of hematopoietic stem cells to the bone marrow
(Aiuti et al.,, 1997). CXCL12 secretion is increased after tissue damage, such as
excessive bleeding (Ratajczak et al., 2004), hypoxia (Santiago et al., 2011) cardiac
and limb ischemia (Peled et al., 1999), toxic liver damage (Kollet et al., 2003), tissue
damage related to irradiation and chemotherapy (Ponomaryov et al., 2000), arthritis
(Nanki et al., 2000), and malignancies (Santiago et al., 2011). Studies have shown
that CXCL12 was necessary for organ regeneration and injured tissue repair (Kucia
et al., 2005, Kucia et al., 2004). In 2001, CXCL12 was first reported in human ovarian
cancer (Zou et al., 2001). Subsequent studies have also reported high levels of

CXCL12 expression in various types of human cancers (Dewan et al., 2006).

1.5.2 CXCL12/CXCR4 axis and human pathogenesis

Chemokines are a group of key molecules functioning within the immune, nervous
and cardiovascular systems. CXCL12 is recognised as an important member of this
family (Yu et al., 2006). The effects of CXCL12 are mediated primarily via the
interaction with the G-protein coupled receptor, CXCR4 (Lagerstrom and Schioth,
2008, Murdoch, 2000). However, it has been recently demonstrated that CXCL12 can
interact with another receptor, CXCR7, at a much higher affinity than CXCR4 (Levoye
et al., 2009, Balabanian et al., 2005). A large body of evidence now supports a major
role for the CXCL12/CXCR4 axis in a number of physiological functions and
pathophysiological conditions. CXCL12 is essential in development, guiding various
progenitor cells to different locations (Lewellis and Knaut, 2012). Moreover, CXCL12
plays a key role in haematopoietic stem-cell functionality, retention in the bone
marrow, proliferative status and repopulating activity (Greenbaum et al., 2013, Tzeng

et al., 2011, Bonig et al., 2004, Nagasawa et al., 1996). These events are relevant to
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cancer as high levels of CXCL12 expressed by cancer cells promote the migration of
CXCR4-positive cells, including CD45+ myeloid cells and endothelial cell progenitor,
into the tumour mass, often from distant sites (Du et al., 2008). Through the activation
of CXCR4, CXCL12 also has a direct effect upon cancer cell proliferation within the

tumour, which is mediated via the P13 and MAP kinase pathways.

An emerging and important aspect of CXCL12 biology is within the tumour
microenvironment, stromal (myo) fibroblasts were recently identified as a major
source of CXCL12 in breast cancer, which promotes tumour growth and angiogenesis
(Kojima et al., 2010, Orimo et al., 2005); the latter is promoted via the regulation of
endothelial cell function (Kryczek et al., 2005). Therefore, cancer cells, the tumour
stroma and CAFs, as the main components of the tumour microenvironment, can all
produce CXCL12. Studies have reported a correlation between CXCL12 expression
and bone marrow and lymph node metastasis of breast (Muller et al., 2001) and
prostate cancer (Taichman et al., 2002). Today, CXCL12 expression has been
observed in more than 20 types of human non-hematological tumours (Kryczek et al.,
2007). These multiple functions make CXCL12 important in cancer metastases

(Hinton et al., 2010, Matsusue et al., 2009) and a target for novel therapies.

The role of CXCL12 is not limited to cancer pathology. Both CXCL12 and CXCR4 are
strongly expressed in the synovium of RA patients and are associated with the
migration and accumulation of CD4+ memory T-cells within the joint (Nanki et al.,
2000). In another study, neutralisation of CXCL12 was found to reduce eosinophilia
and bronchial hyper-reactivity in a model of allergic airway disease (Gonzalo et al.,
2000). Within the brain, CXCL12 is associated with neurogenesis, controlling axonal
guidance and neurite outgrowth but is also thought to play a role in neuroinflammation
(Guyon, 2014). In the cardiovascular system, genome-wide association studies of

coronary heart disease have identified a locus linked to CXCL12 (Farouk et al., 2010).
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This correlates with a number of in vivo studies in which a reduction in vascular
remodelling following injury was achieved following the neutralisation of CXCL12 or

blockade of CXCR4 (Zernecke et al., 2005, Schober et al., 2003).

Taken together, these data implicate the potential of the CXCL12/CXCR4 axis to
regulate several disease conditions. Moreover, several clinical trials have examined
the efficacy of CXCR4 inhibitors in renal impairment, immune deficiency and several
cancers (i.e., related to circumventing resistance to chemotherapy) (Domanska et al.,
2013). The CXCR4 inhibitor, AMD3100, has been approved for autologous
transplantation for the treatment of Non-Hodgkin’s lymphoma and multiple myeloma
(DiPersio et al., 2009). However, not all trials have been successful and it is now
recognised that CXCR7, previously thought to function as a decoy receptor, may
mediate some biological effects of CXCL12 (Puchert and Engele, 2014), limiting the
effectiveness of drugs targeting only CXCR4. Thus, targeting of CXC12 production at

the level of transcription may be important to improving treatment success.

1.5.3 Regulation of CXCL12 expression

To date, work assessing the regulation of CXCL12 expression is restricted to relatively
few papers, despite its central importance in a number of diseases (Garcia-Moruja et
al., 2005). Studies have indicated that there are a number of factors that affect the
expression of CXCL12. It has been reported that CXCL12 expression can be
regulated by DNA-damage caused by irradiation and chemotherapy (e.g., 5-
fluorouracil and cyclophosphamide) in mouse bone marrow and cultured cells
(Ponomaryov et al., 2000). Furthermore, recent studies have revealed that hypoxia-
inducible factor-lo. (HIF-1a) triggers the expression of CXCL12 in hypoxic or

damaged tissues by hematopoietic stem cells (HSC), endothelial cells (Ceradini et al.,
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2004), primary human ovarian tumour cells (Kryczek et al., 2005), and synovial
fibroblasts (Hitchon et al., 2002). Moreover, it was found that oestradiol activates
oestrogen receptors and induces CXCL12 production in ovarian and breast cancer

cells (Hall and Korach, 2003).

A number of studies indicate that IKKa, the major regulator of the non-canonical NF-
kKB pathway, can play a role in the regulation of CXCL12 expression. Moreover,
several ligands which activate this pathway also induce CXCL12. Madge and May
have demonstrated that siRNA knock-down of IKKa inhibits CXCL12 mRNA in
endothelial cells, whereas IKKB deletion enhances CXCL12 production (Madge and
May, 2010, Madge et al., 2008). These data suggest that CXCL12 expression can be

regulated by hypoxia and the non-canonical NF-kB signalling pathway.

1.6 The Role of NF-kB pathway in cancer

Itis well recognised that NF-kB plays a major role in the regulation of cellular immunity
and inflammatory responses. However, researchers have recently shown an interest
in its role in the progression of malignant cancers (Senegas et al., 2015). Several
studies have highlighted cellular processes that link NF-kB activity and tumour
development, including enhanced cell proliferation, inhibition of apoptosis, and the
stimulation of angiogenesis and metastasis (Liu et al., 2015, Hoesel and Schmid,
2013, DiDonato et al., 2012, Lee and Hung, 2008). Constitutive NF-kB activation in
cancer cells has been shown to increase resistance to genotoxic anticancer therapy
and ionizing radiation (Ahmed and Li, 2008, Montagut et al., 2006), which may be due
to the ability of NF-kB to reduce the apoptotic responses to these therapies. This
hypothesis was supported by studies which show that the inhibition of NF-kB activity
results in an increase in their sensitivity to chemo- or radiotherapies (Shostak and

Chariot, 2015, Karin et al., 2002).
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Several chemokines are produced via NF-kB pathways which promote metastatic
spread. For instance, Interleukin-8 (IL-8) has been found to stimulate angiogenesis,
which is important for the proliferation and metastasis of tumour cells (Koch et al.,
1992). NF-kB activation not only leads to overexpression of IL-8 but also vascular
endothelial growth factors (VEGF) (Huang et al., 2000), which promotes migration
and angiogenesis. In addition, NF-kB activation promotes the ability of cancer cells to
invade surrounding tissues through enhancing the production of several matrix
metalloproteinases (MMPs) (Takeshita et al., 1999). Recent studies have found that
high NF-kB activity is correlated with the clinical outcomes of several types of cancer,
including prostate, pancreatic, colorectal, lung, and breast cancers (Senegas et al.,
2015, Lu and Stark, 2004, Cogswell et al., 2000). In addition, high levels of NF-kB

have also been noted in melanoma, leukaemia and lymphoma (Karin, 2006).

1.6.1 The role of IKKs in cancer

More recently, studies have sought to examine the role of the IKKs in cancer
development (Lee and Hung, 2008). Constitutive activation of IKKs has been reported
in several types of cancers, such as breast, colorectal, and prostate cancer (Fusella
et al., 2017, Charalambous et al., 2003, Gasparian et al., 2002, Romieu-Mourez et
al., 2001). To date, mutations in genes for intermediates of the non-canonical NF-kB
pathway (e.g.,TRAF2, TRAF3, clAP1, clAP2, NIK and p52/p100) have been observed
in only few cell types, for instance in multiple myeloma (Annunziata et al., 2007, Keats

et al., 2007) making targeted inhibition challenging.

The role of IKKB has been the most intensely studied IKK in cancer and more
advanced in terms of therapeutic targeting with limited examples identified here. For
example pre-treatment with PS1145, an IKKpB inhibitor inhibits canonical NF-kB

activity and results in the death of multiple myeloma cancer cells (Castro et al., 2003,
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Hideshima et al., 2002). Another study demonstrated that IKKB knockdown prevents
the development of melanoma tumours in mice through the inhibition of G2/M
transition and induction of apoptosis (Yang et al., 2010). In fibroblasts co-cultured with
breast cancer cells, phosphorylation of IKKB induced by IL-13 leads to fibrosis,
inflammation and tumour development (Li et al., 2016). In addition, over-activation of
the canonical NF-kB pathway by IKKB overexpression is associated with tumour

progression and increased angiogenesis in breast cancer (Lee et al., 2007).

IKKa has also been reported to influence tumour progression in a number of cancers,
including breast, pancreatic, colorectal, gastric and prostate (Fernandez-Majada et
al., 2007, Luo et al., 2007, Hirata et al., 2006, Shiah et al., 2006, Park et al., 2005).
For instance, knockdown of IKKa by shRNA led to the deactivation of silencing
mediator for retinoic acid and thyroid hormone receptor (SMRT) which results in
growth inhibition and apoptosis in human colorectal cancer cells in vitro and in mice-
null in vivo (Margalef et al., 2012). In addition, IKKa-mediated activation of the non-
canonical NF-kB pathway prevents the expression of Maspin, a tumour suppressor

gene in a prostate cancer mouse metastatic model (Koch and Radtke, 2007).

The role of IKKa is however, not restricted to activation of the non-canonical NF-kB
pathway (Figure 1.5); there is evidence showing that IKKa can promote cell
proliferation and consequently tumorigenesis in various cancer types through NF-kB
independent pathways. Several studies demonstrate that IKKa can regulate the
expression of a number of transcription factors such as estrogen receptor-a (ERa),
steroid receptor coactivator-3 (SRC3), and [B-catenin in breast cancer which
consequently induces cyclin D1 expression, a protein involved in the regulation of the
cell cycle (Perkins, 2007, Carayol and Wang, 2006, Park et al., 2005). In addition, it
was found that activation of IKKa induces its nuclear translocation to independently

regulate other factors that lead to gene expression (Chariot, 2009). For instance, IKKa
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regulates gene transcription by phosphorylation of a number of nuclear targets
including histone H3 and CBP (Huang et al., 2007, Yamamoto et al., 2003). IKKa is
also implicated in toll-like receptors 7 and 9 mediated interferon-a (IFNa) induction
through phosphorylation of interferon regulatory factor-7 (IRF7). Both TLRs have roles
in microbial recognition and dendritic cell activation (Hoshino et al., 2006). Thus, IKKa

may link immune responses to tumour development.
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Figure 1.5: The consequences of IKKa activation. In addition to activation of the non-
canonical signalling pathway through phosphorylation of the p100 NF-kB subunit,
IKKa is now thought to phosphorylate a number of other substrates. [Adapted from
(Perkins, 2007)].

1.6.2 The role of NF-kB pathways in bone biology

There have been a growing number of studies investigating the role of the NF-kB
pathway in bone from both a clinical perspective and experimental work conducted

using cell lines. The NF-kB pathway is considered to be a major cause of the
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pathogenesis of osteolysis in inflammatory diseases (e.g., Paget's disease,
rheumatoid arthritis and periodontitis) and also mediates the action of several
cytokines involved in osteoporosis in post-menopausal women. The NF-kB pathways
have been implicated in bone abnormalities and pathologies. Furthermore, it was
shown that inhibition of this pathway was an effective approach to inhibit osteoclast
formation and bone resorption activity (Abu-Amer, 2013). The role of NF-kB in bone
homeostasis was first investigated following the combined deletion of the p50 and p52
subunits in mice, which resulted in osteopetrosis due to the complete lack of

osteoclasts (lotsova et al., 1997, Franzoso et al., 1997).

RANKL produced by osteoblasts is one of the few known activators of the non-
canonical pathway that plays an important role in the regulation and activation of
osteoclast differentiation through the RANK/RANKL/OPG signalling pathway. It was
shown by Novack and colleagues that a NIK deficiency inhibits the nuclear
translocation of p52 and RelA in response to RANKL stimulation; the lack of p100
proteolysis as a result of NIK loss prevents the formation of osteoclasts (Novack et
al., 2003). Furthermore, Vaira and colleagues observed that RelB, but not RelA,
salvages the differentiation defect of the osteoclast precursors, suggesting that NIK
stimulation of the proteolytic processing of pl00 is necessary for the
osteoclastogenesis (Vaira et al., 2008). Furthermore, the role of the non-canonical
NF-kB pathway has been studied in an inflammatory arthritis model. It has been well-
established that osteoclasts are responsible for the degradation of bone in arthritis,
and several studies have reported that inhibition of this pathway induced by RANKL
improves bone erosion in certain arthritis models (Pettit et al., 2001, Kong et al.,
1999). For instance, several studies have demonstrated that Bisphosphonates and
Denosumab inhibit RANKL, which results in reduced bone resorption and osteoclast

apoptosis (Zaheer et al., 2015, Russell, 2011).
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After further analysis, the critical role of IKKa in the bone was established using gene
deletion studies. In vivo studies have demonstrated that IKKa-null mice exhibit
skeletal abnormalities and ossification of limbs, sternum, vertebrae and cranial bones
(Chaisson et al., 2004, Mercurio et al., 1997). In contrast, other studies have
demonstrated that bone development and osteoclastogenesis were not affected by
the absence of IKKa. It was shown by Ruocco and colleagues that IKKB-null mice
resulted in normal skeletal development and osteopetrosis (Ruocco et al., 2005). In
addition, IKKB inhibitors (e.g., NBD) have been reported to inhibit a number of
inflammatory responses (e.g., inflammatory osteolysis) (Clohisy et al., 2006, Jimi et

al., 2004), suggesting that NF-kB is required for osteoclast formation and activity.

In contrast to osteoclastogenesis, the role of NF-kB pathway in bone cancer was
studied. Vaira and co-workers demonstrated an inhibition of tumour-induced bone
loss in NIK-/- and RelB-/- mice injected with B16 melanoma cells (Vaira et al., 2008).
This suggests that the non-canonical NF-kB pathway may be a potential therapeutic
target in metastatic bone cancers. Furthermore, NF-kB has also been reported to
block osteoblast differentiation in Saos2 osteosarcoma cells (Eliseev et al., 2006).
Recently, NF-kB has also been demonstrated to play a pro-survival role in
osteoblastic cells following radiation injury (Xiao et al., 2009). Therefore, identifying
novel approaches for targeting the non-canonical NF-kB pathway are important for

improving the treatment success for bone cancer and other diseases.

1.7 The development of IKKa inhibitors

As described above, it is clear that the NF-kB pathway plays a critical role in the
development and progression of various human cancers, as well as a vital function in
the regulation of cellular immunity and inflammatory responses. Thus, the inhibition

of the NF-kB pathway has become an important therapeutic target in the development
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of anticancer drugs. Several NF-kB pathway inhibitors have been developed for
experimental and clinical use, including MG132 (Dimmeler et al., 1999) and disulfiram
(Wang et al., 2003). However, these agents exhibit a wide-range of actions within the

pathway.

Since IKKs have been identified as key regulators in the NF-kB signalling pathways,
their inhibition has become a primary strategy used to prevent the over-activation of
NF-kB pathway. As a result, several small molecule IKK inhibitors have been
developed. These inhibitors commonly function as ATP-competitive molecules or
alternatively possess allosteric actions to limit IKK activities (Gamble et al., 2012).
Several IKKp inhibitors have been reported over the past 15 years, such as BMS-
345541 and TPCA-1 (Podolin et al., 2005, Burke et al., 2003). In addition, the
proteasome inhibitor, Bortezomib, which can block NF-kB signalling pathway in

tumour cells, is a clinically effective treatment for MM (Raab et al., 2009).

Recent evidence suggests that IKKa is strongly involved in the regulation of a number
of genes that control cellular processes associated with cancer development (e.g.,
proliferation, metastasis, invasion and resistance to chemotherapy) (Doppler et al.,
2013, Kaileh and Sen, 2012, Ammirante et al., 2010, Fernandez-Majada et al., 2007,
Hirata et al., 2006, Park et al., 2005). To date, no completely selective IKKa inhibitors
have been developed. Importantly, the targeting of NF-kB activity by IKK inhibitors is
associated with a number of issues which preclude clinical effectiveness. For
instance, chronic inflammation, immunosuppression and increased susceptibility to
infection, hepatotoxicity and toxicity in non-cancer cells (Chariot, 2009, Pasparakis,

2009, Li et al., 1999D).

Considering all of the evidence presented in this chapter, it appears that IKKa is a

distinctive regulatory kinase in the NF-kB pathway. Therefore, the development of
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selective IKKa inhibitors may be indispensable in terms of therapeutic targeting for

human cancers and other diseases.

1.8 Research hypothesis and aims

It is now becoming clear that the non-canonical NF-kB signalling pathway has a
potential role in cancer development. How this is mediated is not completely clear,
the role of the pathway in tumour development has not been well defined. Evidence
suggests that CXCL12 expression can be regulated by IKKa through non-canonical
NF-kB signalling therefore inhibiting CXCL12 production may be a strategy to treat
some cancers. This possibility is appropriate for investigation as CXCR4 inhibitors
have not been as clinically successful as predicted. Furthermore, more recently, it
has been demonstrated that CXCL12 is able to interact with another receptor CXCR7
at much higher affinity than CXCR4. Therefore this project aims to inhibit CXCL12
production at the level of transcription by targeting IKKa. Thus, targeting this kinase
might be a promising approach for the development of a novel treatment for bone and
breast cancer. In order to test this hypothesis, the main objectives in this thesis are

to:

1- Evaluate the pharmacological effects of novel, selective IKKa inhibitors at the
cellular level in terms of their selectivity and the potency against outputs of the

canonical and non-canonical NF-kB pathways in bone and breast cancer.

2- Characterise the role of IKKa in the regulation of non-canonical NF-kB pathway in
U20S cells and CAFs via a knockdown of IKKa using siRNA and a pharmacological

approach with SU compounds.

3- Examine the function of IKKa in the regulation of CXCL12 expression in U20S

cells and CAFs using reporter cells, RT-gPCR and ELISA.
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Chapter Two
MATERIALS AND METHODS
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2.1 Materials

2.1.1 General Reagents

All the materials used were supplied by Sigma Aldrich Chemical Company Ltd. (Poole,
Dorrset UK) or other reputable companies unless otherwise stated, which were of

highest commercial purity available.

Thermo Fisher Scientific UK Ltd (Leicestershire, UK)
Bovine Serum Albumin (BSA, Fraction V)

L — Glutamine

Gibco™ Penicillin-Streptomycin

Gibco™ Fetal Bovine Serum

Dulbecco’s Modified Eagle Medium (DMEM)

Cell culture plates and dishes

AmershamTM ProtramTM — ECL nitrocellulose membrane

Insight Biotechnology Limited (Wembley, UK)

Recombinant Human Tumour Necrosis Factor-alpha (TNF-a)
Bio-Rad Laboratories (Hertfordshire, UK)

Bio-Rad AG® 1-X8 Resin

Pre-stained SDS-page molecular weight markers

Boehringer Mannheim (East Sussex, UK)
Bovine Serum Albumin (BSA, Fraction V)

Carl Roth GmbH + CO. KG (Karlsruhe, Germany)
Rotiphorese® Gel 30 (37.5:1) acrylamide

Corning B.V (Buckinghamshire, UK)

All tissue culture dishes, plates, flasks, and graduated pipettes
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GE Healthcare (Buckinghamshire, UK)

Amersham Hybond ECL Nitrocellulose Membrane

GIBCO BRL (Paisley, UK)
Fetal Calf Serum (FCS), L-glutamine, Minimal Essential Medium (x10), Non-essential

amino acids, Penicillin/Streptomycin, Sodium Bicarbonate.

Whatmann (Kent, UK)

Nitrocellulose Membrane, 3MM blotting paper

Roche Diagnostics Ltd (Burgess Hill, UK)
Dithiothreitol (DTT)

Sarstedt AG & Co LTD (Leicester, UK)
Serological pipette 5ml
Serological pipette 10ml

Thermo Fisher Scientific Inc. (Surrey, UK)
Multidish 6 wells
Multidish 12 wells

2.1.2 SU compounds (University of Strathclyde, Glasgow, UK)

SU1261, SU1266, SU1349, and SU1433

NIK inhibitors
CW15407 (synthesized in-house)

IKKB inhibitors (Calbiochem)
IKK2 X1
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2.1.3 Antibodies

Cell signaling Technology Inc. (Hertfordshire, UK)
Anti-IkBa (Rabbit monoclonal, 92424L)

Anti-p-NF kappa B2 p65 (Rabbit polyclonal, 3031L)
Anti-p- NF-kappa B2 p100 (Rabbit monoclonal, 4810L)
Anti-RelB (Rabbit monoclonal, 10544)

Anti-TRAF2 (Rabbit polyclonal, 4724s)

Anti-TRAF3 (Rabbit polyclonal, 4729s)

Anti-GAPDH (Rabbit monoclonal, 14C10)

Anti-Nucleolin (Rabbit monoclonal, 14574s)

Abcam (Cambridge, UK)
Anti-IKKB (Rabbit polyclonal, ab32135)

Santa Cruz Biotechnology Inc. (California, USA)
Anti-NFkB p65 (Rabbit polyclonal, C-20)

Anti-p38a (Rabbit monoclonal, N-20)

Anti-tERK (Rabbit monoclonal, N-20)

Millipore (U.K.) Limited (Watford, UK)
Anti-NFkB p100/p52 (Mouse, 32534)
Anti-IKKa (Mouse monoclonal, 14A231)

Liquid Nitrogen (provide from any local)

2.2 Cell culture

Cell culture work was done in cell culture hood under aseptic conditions. All the cells

were grown in flasks 25 cm? and 75 cm?.

2.2.1 Culturing human osteosarcoma (U20S) cell line

Human osteosarcoma U20S cells were routinely cultured in McCoy’s 5A medium
containing 10% (v/v) bovine calf serum, 1% (v/v) penicillin/streptomycin and 1% (v/v)

L-glutamine. Cells were grown in T-75 cm? flasks and maintained in 5% CO; and 95%
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air at 37°C, with media changed at least twice per week. Cells were sub-cultured upon
reaching approximately 90% confluency. To passage cells, the media was removed
and the cells washed once with 2 ml of a sterile solution of trypsin (0.5%) to remove
traces of serum. The solution was then removed and 3 ml of trypsin was reintroduced
into the flask and left in an incubator at 37 °C until cells detached (2-3 min). The flask
was then gently tapped to completely detach the cells from the surface and then
McCoy’s 5A medium was added to the flask. Cells were gently pipetted on the side of
the flask to break any clusters. Cells were then seeded into various sizes of sterile
dishes and plates for experimentation. Cells were maintained in 5% CO; and 95% air

at 37 °C and medium was replaced every two-three days to maintain healthy cells.

2.2.2 Culture of human breast cancer cell lines

MCF7 (ER positive) and MDA-MB-231 (ER negative) human breast cancer cells were
routinely cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% (v/v) bovine calf serum, 1% (v/v) penicillin/streptomycin and 1% (v/v) L-
glutamine. Cells were grown in T-75 cm? flasks and maintained in 5% CO; and 95%
air at 37 °C, with media changed at least twice per week and cells passaged once a
confluency of around 90% was reached. To passage cells, the media was removed
and the cells washed once with 1.5 ml of a sterile solution of trypsin (0.5%) to remove
traces of serum. The solution was then removed and 2-3 ml trypsin was added and
then incubated at 37 °C until cells detached. The flask was then gently tapped to
completely detach the cells from the surface and then the DMEM was added to the
flask. Cells were gently pipetted on the side of the flask to break any clusters. Cells
were then seeded into various sizes of sterile dishes and plates for experimentation.
Cells were maintained in 5% CO; and 95% air at 37 °C and medium was replaced

every two-three days to maintain healthy cells.
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2.2.3 Clinical samples and patients

Breast cancer specimens were kindly provided by Dr. Sara Zanivan from the Beatson
Institute for Cancer Research UK. Cancer-associated fibroblasts (CAFs) and normal
fibroblasts (NFs) were isolated from primary tumors and adjacent normal tissues of
breast cancer patients (Women aged 40 to 45 years). The purity of cells have been
verified by immunostaining. They were prepared with minimal contamination by
epithelial, endothelial, or hematopoietic cells, such as leukocytes and erythrocytes.
Fibroblasts in cancer tissues are similar in morphology to myofibroblasts, which are
large spindle-shaped cells. Differential trypsinisation was used during sub-culturing
for the growth of fibroblasts. CAFs and NFs were always cultured simultaneously, in

the same conditions and at similar passages (3—10).

2.2.3.1 Culture of human mammary fibroblasts (CAFs and NFs)

Human mammary fibroblasts were maintained in DMEM supplemented with 10% (v/v)
bovine calf serum, 1% (v/v) penicillin/streptomycin and 1% (v/v) L-glutamine. Cells
were grown in T-75 cm? flasks and maintained in 5% CO. and 95% air at 37 °C, the
media being changed three times per week. CAFs and NFs were passaged upon
reaching approximately 80-90% confluency. The media was removed and the
mammary fibroblasts washed once with 2 ml of trypsin (0.5%). The solution was then
removed and 3 ml of trypsin was reintroduced into the flask and left in an incubator at
37°C for 2-5 min until cells began to round up, indicating that they had begun to detach
the cells from the flask. The medium was then added to the flask, and gently pipetted
on the side of the flask to break any clusters. Human fibroblasts were then cultured
into various sizes of sterile dishes and plates for experimentation, and they incubated
in 5% CO, and 95% air at 37 °C and media was replaced every two days to maintain

healthy fibroblasts.
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2.3 Treatment of cell lines and human mammary fibroblasts

2.3.1 SU compounds

SU compounds: SU1261, SU1266, SU1349 and SU1433 were developed at the
University of Strathclyde, Glasgow, UK. Based on the weight and the molecular weight
(M.W) of these compounds, a 20 mM stock solution was prepared by dissolving the
chemical in a calculated volume of DMSO. The prepared solutions were stored at -
20°C. U20S cells were treated with a concentration range of 0.3-30 uM for
pharmacological study, whereas 0.1-10 uM was used for breast cancer cells (MCF7

& MDA-MB321) and human mammary fibroblast (CAFs & NFs).

2.3.2 siRNA-mediated silencing of IKKa or IKK in cells

Small interfering RNA (siRNA) is a molecular biology method that is used to study the
functions and role of different proteins in cellular processes in cells. It belongs to a
class of double stranded RNA (20 - 25 base 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). In order to observe the effect the loss of the IKKs on the cells and human
mammary fibroblasts, cells were transfected with siRNA against IKKa and IKKp in
comparison to non-target SiRNA (NT) supplied from Thermo Fisher Scientific®
(Thermo Fisher Scientific, Surrey, UK). Target sequences are shown in Table 2.1.
Newly purchased siRNA was re-suspended in RNase-free 1x siRNA buffer
(Dharmacon, Buckinghamshire, UK). To prepare a 20uM stock, 500ul of 1X siRNA
buffer were added to 10nmol of siRNA then mixed by pipetting. The diluted solution
was then placed on an orbital mixer for 30 minutes at room-temperature, before being

aliquoted and stored at -20°C.
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U20S cells and fibroblasts were seeded into 6 wells plates and cultured until they
reached approximately 50-60% confluence on the day of transfection. For each well,
two labelled Ependorfs were prepared, tube 1 containing the siRNA mixture and tube
2 containing the Lipofectamine® mixture. Tube 1 was made up to 100pl with Opti-
MEM® medium (Life Technologies, Paisley, UK) as follows: 25 nM (1.25 pl siRNA +
98.75 pl Opti-MEM®), 50 nM (2.5 pl siRNA + 97.5 pyl Opti-MEM®), 75 nM (3.75 pl
siRNA + 96.25 pl Opti-MEM®) and 100 nM (5 ul siRNA + 95 ul Opti-MEM®). These
were used to establish the optimal concentration. In the second tube, 5 ul
Lipofectamine RNAIMAX® (Invitrogen®, Paisley, UK) was diluted into 100ul Opti-
MEM®. Lipofectamine RNAIMAX® was used as the transfection reagent to deliver
the siRNA to the cells. Both tubes then mixed together at a 1:1 ratio and left to
incubate at room temperature for 20 min to allow the formation of complexes. Full
media were then replaced with 800 ul Opti-MEM®. After 20 min, the transfection
mixture (Final volume 200 pl) was added to the appropriate wells dropwise. Plates
were incubated for 16-18h in 5% CO, and 95% air at 37°C. After this period, the
transfection mixture was aspirated off and replaced with full media. The cells were
then incubated for 96 h (U20S cells) or 72 h (CAFs and NFs) at 37°C and 5% CO..
Whole sample extracts were then collected and stored in -20°C for IKK expression

levels by Western blot analysis (Section 2.5).

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

Target Gene On-Target plus siRNA Target Sequence
IKKa (CHUK) Human CHUK GCGUGAAACUGGAAUAAU
Cat. NO: J-003473-09
IKKB (IKBKB) Human IKBKB (3551) GAGCUGUACAGGAGAUAA
Cat-No: J-003503-13
Non-target (NT) Non-target UGGUUUACAUGUCGACUAA
Cat No: D-001810-01-20
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2.4 Preparation of nuclear extracts

Cells were grown on 6-well plates until 90% confluency and then exposed to
appropriate agonists for indicated time period. The reaction was terminated by
washing on ice with 0.75 ml of cold PBS, cells were scraped into 0.5 ml PBS and
transferred to Eppendorf tubes. Cells were then centrifuged at 14000 rpm for 2 min at
4°C. The pellet was re-suspended in 400ul of buffer 1 (10 mM Hepes pH 7.9,
containing 1mM DTT, 0.5 mM PMSF, 0.1 mM EDTA, 0.1 mM EGTA, 10 mM KCI, 10
Mg/ml pepstatin, 10 pg/ml leupeptin and 10 pg/ml aprotinin) and it was left on ice for
15 min. Next, 25 pl of 10% (w/v) NP-40 was added, and the samples vortexed at full
speed for 10 sec. The centrifugation was employed at 20,817 g for 60 sec in order to
separate the nuclear fraction. The supernatants were removed and the pellets were
resuspended in 50 yl of buffer 2 (20mM Hepes, (pH 7.9), 25% (v/v) glycerol, 0.4 mM
NaCl, 1 mM EGTA, 1 mM DTT, 0.5 mM PMSF, 10 pg/ml aprotinin, 10 yg/ml leupeptin
and 10 ug/ml pepstatin) and agitated at 4°C for 15 min. The samples were sonicated
in ice bath twice for 30 sec. Nuclear proteins were then recovered by centrifugation at
20,817 g for 15 min, and the soluble nuclear extract (supernatant) was collected and

stored at -80°C until use.

2.4.1 Determination of protein concentration in the nuclear extract

Quantification of protein concentration in nuclear extracts was determined by using
the Bio-Rad DC™ protein assay dye reagent by the Bradford assay method. A
standard curve was performed using various concentrations (2-20 ug) of BSA. The
dilutions of the standards and the nuclear extracts samples were made up in sterile
dH20 (790-795ul) and mixed with 200ul of dye agent. The samples then were

transferred into a cuvette and the colour development quantified at 595 nm on an
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Ultrospec®2000 UV/visible spectrophotometer. The protein concentration of each

sample was calculated from the standard curve.

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.

2.5.1 Preparation of Whole Cell Extracts (Lysis of protein)

U20S cells and human mammary fibroblast were exposed to appropriate agonists or
siRNA for the relevant period of time and they were then placed on ice to stop the
reaction and prevent protein degradation or dephosphorylation. Cells were
immediately washed twice with 500ul ice cold PBS before adding 150-200ul of pre-
heated laemmli’'s sample buffer (63mM Tris-HCI (pH 6.8), 2mM Na4P207, 5mM
EDTA, 10% (v/v) glycerol, 2% (w/v) SDS, 50mM DTT, 0.007% (w/v) bromophenol
blue) . The cells were then scraped and the chromosomal DNA sheared by repeatedly
pushing through a 21 gauge needle. The cells were then transferred to Eppendorf
tubes and boiled for 5min to denature the proteins in the samples, before keeping at

-20°C or -80°C until use.
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2.5.2 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

The principle is based on the migration of negatively charged proteins due to presence
of SDS towards the positive anode via the polyacrylamide gel. By this process, the
smaller proteins move faster than the large ones through the pores produced by the
acrylamide thus proteins are separated by the polyacrylamide gel according to their

molecular weight.

To begin this process, firstly, gel kit apparatus was cleaned in 70% ethanol before
assembly, then distilled water was added to check the glass plates were flush and not
leaking. Resolving gels were prepared, depending on the size of the protein of interest
containing an appropriate amount (15 (w/v) %, 10 (w/v) %, 8.5 (w/v) % 7.5 (w/v) %)
acrylamide (Rotiphorese® Gel 30 (37.5:1), 0.375M Tris base (pH8.8), 0.1% (w/v),
SDS and 10% (w/v) Ammonium persulfate (APS).The appropriate amount of 30%
acrylamide/bisacrylamide stock depending on the size of the protein of interest.
Polymerization process was started by the addition of 0.05% (v/v) N, N, N’, N’
tetramethylethylenediamine (TEMED). Glass plates were set up on a Mini-PROTEAN
casting chamber and the solution was poured between the two glass plates with 200
pl of 0.1% SDS added on top to make the upper end of the gel in line shape. Following
gel polymerisation the SDS solution was removed and a stacking gel containing 0.125
M Tris base (pH6.8), 10% acrylamide, 0.1% SDS, 10% APS, and 0.05% TEMED was
poured on top of the resolving gel, and a teflon comb was immediately inserted into
the stacking gel solution. After the polymerization process was completed, the comb
was carefully removed and gels were assembled in a Bio-Rad Mini-PROTEAN
electrophoresis tank filled with electrophoresis buffer (0.1% SDS, 25 mM Tris, 129
mM glycine). By using a Hamilton microsyringe, aliquots of samples (20-30 pg/ml)
were then loaded into the wells. A prestained marker of known molecular weights was

run on the same gel in order to identify the protein of interest by size and ensure
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transfer to membrane was successful. Samples were electrophoresed at a constant

voltage of 130 V, until the bromophoenol dye had reached the bottom of the gel.

2.5.3 Electrophoretic transfer of proteins to nitrocellular membrane

The proteins separated on the gel by SDS-PAGE were transferred to nitrocellulose
membranes by electrophoretic blotting using a standard protocol (Towbin et al.,
1979). In wet conditions, the gel was placed and pressed firmly against a
nitrocellulose membrane and assembled in a transfer cassette sandwiched between
two whatmann 3 MM filter papers porous pads and two sponge pads. The cassette
was then immersed in transblotting buffer (25 M Tris, 19 mM glycine, 20% methanol)
in a Bio-Rad Mini- PROTEAN electrophoresis tank and was run for 105 min at
constant current of 300 mA with an ice pack included to cool the tank. The presence
of SDS gives the protein a negative charge, the cassette therefore was oriented with
the membrane towards the anode meaning protein would move towards this positive

electrode and bind to the membrane.

2.5.4 Immunological detection of protein

Following transfer of the proteins from the gel to the nitrocellulose membrane, the
membrane was trimmed to the size of the gel and non-specific binding blocked by
incubation in a solution of 2% (w/v) BSA/ in NaTT buffer (150 mM NaCl, 20 mM Tris
(pH 7.4), 0.2% (v/v) Tween -20) for two hours with gentle agitation on a platform
shaker. Then blocking buffer was removed and nitrocellulose membranes incubated
overnight, either at room temperature or 4°C, with primary antibody specific to the
target protein diluted to optimal concentration in NaTT buffer containing 0.2% BSA.
Optimised for each antibody are listed in Table 2.2. On the following day, the

membranes were washed in NaTT every 15 min for 90 min with gentle agitation. The
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membranes were further incubated with gentle agitation for a 90 min at room
temperature with secondary (either rabbit or mouse, depending on primary antibody
used) horseradish peroxidase-conjugated IgG directed against the first
immunoglobulin diluted to approximately 1:10000 in NaTT buffer containing 0.2%
(w/v) BSA. Again the membranes were washed six times in NaTT every 15 min before
being incubated in enhanced chemiluminescence (ECL) reagent (1:1 mixture of
solution 1 [1IM Tris pH8.5, 250 mM luminol, 250 mM coumaric acid and water] and
solution 2 [1M Tris pH8.5, 0.19% H.O, and water]) for two minutes with agitation to
detect immunoreactive protein bands. Membranes were then placed into a cassette,
covered with cling film and in the dark room exposed to X-ray film (B Plus — Full Blue)
for the required time and developed using either an X-OMAT machine (KODAK M35-

M X-OMAT processor) or X-Ray Film Processor JP-33.
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Table 2.2: Antibodies used for Western blot and optimal conditions.

Protein of | Antibody source Blocking Species Antibody
interest conditions conditions
IkBa Cell Signaling 2% BSA in Rabbit 1/3000 (4°C)
92424 NaTT
p-p65 Cell Signaling 2% BSA in Rabbit 1/3000 (4°C)
(S536) 3031 NaTT
p65 Santa Cruz 2% BSA in Rabbit 1/15000 (RT)
C-20 NaTT
p-p100 Cell Signaling 3% BSA in Rabbit 1/3000 (4°C)
4810 NaTT
p100/52 Millipore 2% BSA in Mouse 1/5000 (4°C)
32534 NaTT
RelB Cell Signaling 2% BSA in Rabbit 1/3000 (4°C)
10544 NaTT
IKKa Calbiochem 3% BSA in Mouse 1/3000 (4°C)
14A231 NaTT
IKKB Abcam 3% BSAin Rabbit 1/3000 (4°C)
ab32135 NaTT
NIK Santa Cruz 3% BSA in Rabbit 1/3000 (4°C)
H-248 NaTT
TRAF2 Cell Signaling 2% BSA in Rabbit 1/3000 (4°C)
4724 NaTT
TRAF3 Cell Signaling 2% BSA in Rabbit 1/3000 (4°C)
4729 NaTT
Nucleolin Cell Signaling 2% BSA in Rabbit 1/15000 (RT)
14574 NaTT
GAPDH Cell Signaling 2% BSA in Rabbit 1/15000 (RT)
14C10 NaTT
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2.5.5 Nitrocellose membrane stripping and reprobing

Nitrocellulose membranes processed by Western blotting were reprobed for the
subsequent detection of other cellulose proteins or to confirm equal loading of total
proteins. The first step in this process was stripping the membrane of any previous
antibody using a stripping buffer (2% SDS and 0.05 M Tris-HCI). The membrane was
incubated at 60°C in 15 ml of stripping buffer with 0.1 M (105 pl) B-mercaptoethanol
for 60 min on a shaker. The stripping buffer was then removed in a fume hood sink
and the membrane was washed in NaTT three times for 10 min to remove residual
stripping buffer. Membranes were then ready for reprobing, following the protocol

previously described (Section 2.5).

2.5.6 Scanning densitometry and quantification of expression levels

Western blot films were scanned on an HP Scanjet G2710 Scanner using Adobe
Photoshop 5.0.2 software. The captured images were then normalised to a control
and quantified using Scion Image (Scion Corp., Maryland, USA). Fold increase in
protein levels compared to control or agonist stimulated control were calculated using
one-or-two way analysis of variance (ANOVA) using GraphPad Prism software,

version 5.0, (GraphPad Software Inc, CA, USA).

2.6 Cellular thermal shift assay (CETSA)

The cellular thermal shift assay is a new analytical technique used to monitor drug
binding to its target protein inside cells and tissue samples (Martinez Molina et al.,
2013). Cells at approximately 90% confluency were washed once with 5 ml PBS. The
cells were then scraped before being pelleted by centrifugation 106 g for 3 min at
room temperature, the pellet was then resuspended in either 2 ml PBS (with

proteasome inhibitor) or 2 ml Lysis buffer (with proteasome inhibitor). Cells were then
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aliquoted into 100 pl volumes in 10 PCR tubes (0.5 ml). The samples were then
incubated with temperature gradient covering 40-70 °C for 3 min. The samples were
then freeze-thawed twice for 3 min using liquid nitrogen and a re-heating block by
incubating the samples for 3 min at 25 °C. Briefly vortex between each thaw process
was made. The samples were then centrifuged at 20,817 g for 20 min at 4 °C to pellet
the cellular debris. The samples were kept on ice without disturbing the pellet.
Following this, 90 ul of supernatant samples were then transferred to a new eppendorf
tubes before 90 ul of reducing load buffer was added. The samples were then
homogenised, and heated at 70°C for 10 min or boiled for 3 min. At this stage, the

samples were ready for Western blot analysis (Section 2.5).

2.7 Luciferase reporter activity assay

A U20S-CXCL12 reporter cell line was developed in our laboratory by Liam Ireland
using a CXCL12 promoter construct donated by Garcia-Moruja group (Garcia-Moruja
et al., 2005). Cells were grown to confluency in 96 well plates, the cells were then
starved for 24 h by removing media and adding 100 pl serum free media. Cells were
exposed to a various agonists at the indicated time points before performing the
reporter assay or pre-treated with selective IKKa inhibitors (SU compounds) for one
hour prior stimulation. Lysis buffer was prepared as follows: (25mM Tris-Phos 1%
Triton X-100, 15% Glycerol, 1 mM DTT, and Vol up to 500 mL with distilled water. 10
ml of the lysis buffer was added to a beaker along with 0.1 g BSA. At the same time,
0.0015 g luciferin, 0.0055 g ATP, and 0.003g DTT were weighted and stored in fridge.
The media was aspirated from the wells. Cells were washed with 100 yl PBS and then
removed it. Immediately, luciferin, ATP and DTT were added to the lysis buffer. Cells
were incubated with 100 pl of luciferase buffer (lysis buffer containing 1 mM ATP, 1%

(v/v) BSA and 0.2 mM luciferin substrate) for 5 min in room temperature. Finally, the
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relative light units were measured using microplate reader (PerkinElmer/Wallac 1450-

021 Trilux MicroBeta Liquid Scintillation and Luminescence Counter).

2.7.1 Construction of luciferase reporter plasmid

Construction of luciferase reporter plasmid was conducted by Garcia-Moruja and
colleagues (Garcia-Moruja et al., 2005) as follows: pCMVLUC plasmid containing the
CMV promoter upstream of the luciferase gene was created by subcloning the
Hindlll-Xhol fragment from pGEMLUC (Promega) in pCDNA3.1 (Invitrogen). This
plasmid was used as a luciferase positive control in all experiments. A negative control
plasmid was created by deleting the Spel-BamHI fragment that contains the CMV
promoter sequence. This plasmid was hamed pDPROMLUC. A 1.1 kb fragment of
SDF1 50 flanking region and first exon was PCR-amplified using the primer set SDF-
INTER (TGAGGATCCAGGCACGACCACGACCTTGGCGTTCAT3), SDF-1100
(TGAAACTAGTCACCGCCGAGGGACGGCTCCGTGG) from human genomic DNA
using Pfu DNA polymerase (lower mutation rate). A Spel site was added to the 50
end of SDF-1100 and a BamHI site was added to the 50 end of SDF-INTER, the

plasmid pPSDF1100LUC was created by subcloning this fragment in pDPROMLUC.

2.8 Polymerase chain reaction (PCR) amplification

The polymerase chain reaction (PCR) is a technique which allows the exponential
amplification of a specific region of DNA via repeating a three-step process:

denaturation, annealing, and extension (synthesis).

2.8.1 Extraction of total cellular RNA

RNA was extracted by using Isolate Il RNA Mini Kit (Bioline, London, UK). Cells were

exposed to appropriate agonists or treatment. U20S cells and patient samples were
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grown to 80% confluency in 6-well cell culture plates. The cell culture media was
removed and 350 pl of a mixture of Isolate Il RLY buffer with 3.5 pl of 2-
mercaptoethanol added to lyse the cells in the wells. The suspension was transferred
to 1.5 ml microcentrifuge. An equal volume of 70% ethanol was added and then
vortexed for 5 sec. The solution was transferred to an Isolate || RNA Mini spin column
in a 2 ml collection tube, and then centrifuged at 12,851 g for 30 sec to bind the RNA
to the purification column. Next the column membrane was washed using 350 pl of
Membrane desalting buffer (MDM). After centrifugation, 95ul of DNase digestion
buffer (90 ul of RDN plus 10 pl DNase) was added directly to the center of membrane
and incubated for 15 min at room temperature to degrade any cell line genomic DNA
which might be co-purified by the spin-column. The membranes (Containing RNA)
were washed with RW1 buffer followed by two washes with RW2 buffer to help
remove genomic DNA and protein contaminants. Next, the membranes were placed
into a sterile RNase-free 1.5 ml microfuge tube and 40 pl of Diethyl-pyrocarbonate
(DEPC)-treated water (RNase-free water) was added directly onto center of
membrane, and then centrifuged at 11,000 rpm for 1 min to elute and collect the RNA
from the spin column. The purified RNA was stored at -80 °C until required for further

analysis.

2.8.2 Measurement of RNA concentration

RNA concentrations of prepared samples were measured using NanoDrop® ND-
2000C Spectrophotometer (R&D Systems, Minneapolis, MN, USA). This instrument
also allows for determination of quality and purity of RNA through UV absorption
curve. Firstly the probe of the spectrophometer was cleaned by a tissue wetted with
distilled water. 2ul of distilled water was pipetted onto the probe to blank the

spectrophometer. The probe was once again cleaned before 2l of purified RNA was
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pipetted onto the probe. The software displays the sample absorption curve as well
as the calculated RNA concentration and ratios (A260nm/A280mm; A260,m/A230nm).
The ratio at A260,m/A230nm around 2.0 indicates low salt contamination and the ratio
at A260nm/A280nm provides an evaluation of the purity of RNA and protein
contamination. Pure RNA should have an A260,,/A280:m ratio of 2. All extracted RNA
samples used for PCR in this study had acceptable purity ratios of around 2 for

A260,m/A280mm and A260nm/A230nm.

2.8.3 cDNA synthesis using reverse transcription (RT)

To quantify the mRNA transcripts of the genes under investigation, mRNA in the total
RNA extracted from samples was reverse transcribed to complementary DNA (cDNA)
using Tetro cDNA synthesis kit (Bioline, London, UK). The kit can transcribe a
maximum of 5 ug of total RNA per reaction. For the purposes of this study, 1 ug of
purified total RNA from each of the samples was used in all of the cDNA reactions
and the cDNA synthesis was carried out as described in the manufacturer’'s manual.
All reactions were prepared on ice. The volume which contained 1ug total RNA from
each sample was added to a sterile RNase-free PCR tube and the volume was
adjusted to 12 pl by adding RNase-free water. Subsequently, the cDNA synthesis
master mix with Oligo dT as the first-strand synthesis primer was prepared as shown
in Table 2.3, and then 8 pl of the Tetro cDNA synthesis master mix was added for
each 12 pl RNA mixture to give a final volume of 20 ul. The samples were gently
mixed by pipette, and then incubated for 30 min at 45 °C. The reaction was terminated
at 85 °C for 5 min and then quick chilled on ice. These samples were labelled “RT+".
To check for the presence of persisting contaminating genomic DNA, an additional
reaction tube, labelled “RT-* was set up in parallel for each RNA sample. This reaction

contained all of the cDNA synthesis components and total RNA with the exception of
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Tetro reverse transcriptase. These “RT-“samples were processed under the same
conditions of “RT+” samples. PCR carried out using an aliquot of an “RT-“control
sample should not generate an amplicon. The cDNA samples were stored at -20 °C
until required. The resulting cDNAs were then used as the DNA template for

gquantitative real-time PCR (Section 2.8.4) for gene expression analysis.

Table 2.3: Tetro cDNA synthesis Master Mix

Component Volume (pl)
Primer: Oligo (dT)1s 1
10mM dNTP mix 1
5x RT buffer 4
RiboSafe RNase Inhibitor 1
Tetro Reverse Transcriptase (200u/pl) | 1

2.8.4 Quantitative real time PCR (RT-gPCR)

Reverse-transcribed real-time quantitative PCR allows for the detection and
measurement of products generated during each cycle of the PCR process.
Quantitation of CXCL12 cDNA was performed using probe-based TagMan® real time
guantitative PCR assay. All reactions were conducted in triplicate on a MicroAmp®
Optical 96-well reaction plate (Applied Biosystems, UK). Each RT-gPCR reaction
mixture was made up to a total of 20 ul, which contained; 2 ul of the cDNA template,
7 Ul RNase-free water, 1 pl of Gene Expression Assay (The Gene Assay IDs for the
target genes can be found in Table 2.4), and 10 yl TagMan® Universal PCR Master
Mix (Applied Biosystems, UK). Negative no-template control blank wells with reaction
mix without cDNA were included to ensure amplification derived from the samples’
cDNA and not from contaminants. In addition, “RT-“ samples were employed as

another negative control, where no reverse transcriptase was added to the RNA
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samples during the cDNA synthesis step. Any amplification present in these reactions
would suggest genomic DNA carryover in the RNA samples. Plates were then sealed
and centrifuged for 2 min at 106 g. The thermal cycling and amplicon detection was
conducted on a StepOne Plus real-time PCR system (The cycling conditions are
detailed in Table 2.5). Crossing threshold (Ct) values were obtained from the real time
guantitation of CXCL12 mRNA in U20S cells and patient samples. The negative

controls such as water blank and “RT-“ gave undetermined Ct values as expected.

Table 2.4: TagMan® Gene Expression Assays. The gene and assay ID are detailed.

Gene Gene Assay ID Amplicon length
CXCL12 Hs00171022_m1 | 77bp
ACTB Hs01060665 g1 | 63bp

Table 2.5: Applied Biosystems StepOne Plus thermal cycling program for TagMan®
RT-gPCR.

Times and Temperature
40 Cycles
Initial Steps Melt Anneal/Extend
Hold Hold Cycle
2 min* 50 °C 10 min** 95 °C 15sec 95°C 1 min 60 °C

* The 2 min hold at 50 °C is required for optimal uracil N-glycosylase (UNG) activity.
** The 10 min hold at 95 °C is required for DNA polymerase activation.
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2.8.5 Quantification method

Relative quantitation (AACt), also known as the comparative threshold method, was
used to quantify real-time RT- qPCR results (Livak and Schmittgen, 2001). Levels of
CXCL12 gene expression were normalised to the levels of an endogenous
housekeeping gene (B-actin).The comparative threshold method was used to quantify
relative gene expression compared to control using the formula:

Fold Change = 2-44CY)

, where ACt Control = (Ct, target gene - Ct, reference gene); ACt Stimulated = (Ct

target gene - Ct reference gene); and A(ACt) = ACt, stimulated - ACt, control.

2.9 Enzyme-linked Immunosorbent Assay (ELISA)

2.9.1 Preparation and treatment of human mammary fibroblast

CAFs and NFs were cultured on six-well plates with 2 ml of DMEM complete media.
After 12 h of incubation, the media was changed to 1 ml of DMEM 2 % calf serum,
followed by incubation with LTaif3, for 24 and 48 h or the cells were transfected with
100nM of siRNA IKKa and pre-treated with SU1349 (1 and 10 uM). The media
conditioned by fibroblasts were collected by centrifugation for 3 minutes at 106 g and
processed for ELISA protein expression analysis immediately or stored at -20 °C until

use.

2.9.2 Measurement of CXCL12/SDF1-alpha

CXCL12 levels in the DMEM supernatant were measured using the Quantikine
human CXCL12/SDF-1 immunoassay (R&D Systems, Minneapolis, MN 55413,USA)

in accordance with the manufacturer’s instructions as follows:
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ELISA solutions and buffers

Solutions and buffers were prepared in room temperature as follows:

Wash Buffer: 20 ml of wash buffer concentrate was added to distilled water to

prepare 500 ml of wash buffer.

Substrate Solution: colour reagents A and B should be mixed together in equal

volumes within 15 min of use.

Human CXCL12/SDF-1a standard: The human CXCL12/SDF-1a standard was
reconstituted in distilled water to produce a stock solution of 100,000 pg/mL. This the
standard solution was then mixed well to ensure complete reconstitution and allowed
to sit for a minimum of 30 minutes prior to making dilutions or stored in at -20°C until

use.

Use polypropylene tubes (CXCL12 standards): 100 pL of CXCL12 stock solution
(100,000 pg/mL) was added into 900 pL of Calibrator Diluent RD6Q in polypropylene
tube to prepare a final concentration of 10,000 pg/mL. Then, a serial dilution was
carried out in order to prepare different concentrations of CXCL12 and Calibrator

Diluent RD6Q serves as the zero standard (0 pg/mL).

Assay procedure:

A monoclonal antibody specific for human CXCL12 has been pre-coated onto a 96-
well microplate. 100 pL of Assay Diluent RD1-55 and 100 pL of standard, control, or
samples were added to each well. The adhesive strip provided was used to cover the
plate, and it was then incubated for 2 h at room temperature on a horizontal orbital
microplate shaker set up at 300 rpm. Then, the plate was washed for four times to

remove excess capture antibody using washing buffer (400 uL) and was dried well by
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invert the plate and hitting on clean tissues. Next, 200 pyL of Human SDF-1a
Conjugate was added as secondary antibody to each well. Again, the plate was
covered with a new adhesive strip and incubated later for 2 h at room temperature on
the shaker (300 rpm) before the final wash four times. After drying, 200 L of
Substrate Solution (Colour reagents A and B) was added to each well. The plate was
then wrapped with tin foil and incubated for 30 min at room temperature. The reaction
was finally stopped with 50 pL of Stop Solution (The colour in the wells should change
from blue to yellow. If the color in the wells is green or the colour change does not
appear uniform, the plate gently tapped to ensure thorough mixing). The optical
density was measured at 450 nm within 30 min using SPECTRAmax 190 microtiter
plate spectrophotometer and Softmax PRO 3.0 software (Molecular Devices, CA,

USA).

2.10 Data analysis

All data shown were expressed as mean * s.e.m and were representative of at least
three separate experiments. Most statistics were calculated using GraphPad Prism
version 5.01. The statistical significance of differences between mean values from
control and treated groups were determined by one-or-two way analysis of variance
(ANOVA) with Dunnett’s post-test. For the ICso values, GraphPad Prism software
version 7.0 (GraphPad Software California) was used, p values <0.05 were

considered significant.
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Chapter Three

Characterisation of the inhibitory effect of selective
IKKa inhibitors (SU compounds) on canonical and non-
canonical NF-kB pathways in U20S and MCF7 cells
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3.1 Introduction

As outlined earlier (Chapter 1), it is clear that IKKs play a central role in the regulation
of NF-kB pathways (Oeckinghaus and Ghosh, 2009, Lee and Hung, 2008). The non-
canonical NF-kB pathway can be activated by different stimuli, such as lymphotoxin
B (LTB), which leads to phosphorylation of p100 by IKKa subunits followed by the
processing of p100 to generate p52. p52-RelB heterodimers then translocation into
the nucleus to promote specific gene transcription (Oeckinghaus and Ghosh, 2009).
Evidence indicates that IKKa signalling is up regulated in U20S osteosarcoma cell
line derived from bone cancer patients (Leopizzi et al., 2017). Moreover, it is one of
the first cell lines used in biomedical research, including bone formation (Niforou et
al., 2008). Therefore, U20S cell line was selected as the system to demonstrate IKKa

mediated NF-kB activity.

Furthermore, IKKa has been implicated in the progression, invasion, metastasis and
the development of various types of cancer such as, breast, pancreatic, gastric,
colorectal, and prostate cancer (Ben-Neriah and Karin, 2011, Hao et al., 2010,
Nadiminty et al., 2010, Luo et al., 2007, Fernandez-Majada et al., 2007, Shiah et al.,
2006, Hirata et al., 2006). However, in spite of IKKa having been implicated in different
aspects of cancer, development of selective inhibitors for IKKa have not, as yet, been
developed as a therapeutic approach. Therefore, novel first-in-class selective IKKa
Inhibitors (SU compounds) were generated in-house of the University of Strathclyde,
using enzyme isoform specific in vitro kinase assays. Early compound scaffolds have
been generated and have potential as selective inhibitors of the non-canonical NF-kB
pathway (Anthony et al., 2017) but issues of potency still remained. Thus, a more
advanced set of SU compounds were utilised such as SU1261, SU1266, SU1349,

and SU1433.
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Thus, the aim of the work in this chapter is to evaluate SU compounds at the cellular
level in terms of their selectivity and the potency against outputs of the canonical and
non-canonical NF-kB pathways in human osteosarcoma (U20S) and breast cancer
cell lines (MCF7-ER-positive and MDA-MB-231-ER-negative). In other words, to
assess whether effective target engagement with selectivity against IKKa could be
achieved. In addition to measurement of standard outputs, a thermostability assay
was used in an attempt to assess a direct interaction between IKKa and SU

compounds.

3.2 Results

3.2.1 In vitro selectivity of SU compounds

A large number of SU compounds were generated and screened in-house however,
for the purpose of the thesis only four compounds were utilised. The inhibitory activity
of the SU compounds; SU1261, SU1266, SU1349 and SU1433, on IKKa or 8 kinase
activities were tested using an in vitro kinase assay, performed at the University of
Strathclyde by Mrs. Louise C. Young, using a kinase assay kit (Cell Signalling
Technology, Inc., Danvers, MA, USA). Using either purified IKKa or IKKB, kinase
activity was assessed using a biotinylated peptide substrate containing serine 32 of
IkBa. The extent of phosphorylation was assessed by dissociation-enhanced
lanthanide fluorescent immunoassay (DELFIA) and the time-resolved fluorescence
(TRF). Results from at least three individual experiments were used to determine the

ICso Ccurves.

Table 3.1 shows the Ki values or the dissociation constant values (the concentration
of the compound in which 50% of the kinase activity is inhibited) of SU compounds
for IKKa and IKKB. The Ki value for SU1261 for IKKa was 10 nM, whereas the Ki

value of IKKB was 70-fold higher than that of IKKa (Ki value = 680 nM). Similarly, the
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Ki value for SU1349 on IKKa was 21 nM, while the Ki value for IKKB was 120-fold
higher than IKKa (Ki value = 2445 nM). SU1433 was also more selective against IKKa
(Ki value = 11 nM) than IKKB which was 220-fold (Ki value = 2295 nM). These data
suggest that these compounds are highly selective for IKKa. However, the Ki values
for SU1266 were much lower for both IKKa (Ki value = 2 nM) and IKK (Ki value = 77
nM), although the selectivity ratio was the lowest at approximately 1:40 for this

compound.

Table 3.1: The Ki values for SU compounds.

Ki value (nM) SU1261 SU1433 SU1349 SU1266
IKKa 10 11 21 2
IKKB 680 2295 2445 77

3.2.2 Activation of the non-canonical NF-kB signalling pathway in U20S

cells

Within the non-canonical NF-kB pathway, p100 processing is a key up-stream marker
which leads to p52 formation and nuclear translocation of RelB/p52. Evidence
suggests that IKKa is responsible for p100 processing through phosphorylation on
residues S866, S870 and S872 (Liang et al., 2006, Xiao et al., 2004). The aim of the
initial stage of the study was to define the optimal time for activation of the non-
canonical NF-kB signalling pathway and then define the role of IKKa by evaluating

the impact of novel first-in-class SU compounds (IKKa Inhibitors).
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3.2.2.1 The effect of LTa1B2 on the non-canonical NF-kB pathway in
U20S cells

Figure 3.1 shows a time course over 24 h for LTaif32 induced p100 phosphorylation
and p100 processing in U20S cells. After a substantial delay, LTa:3, stimulated the
phosphorylation of p100 at 4 h which remained elevated for up to 24 h. A maximum
response was achieved at 6 h (Fold stim = 2.82 + 0.49, p<0.01). LTa1f3. also induced
p100 processing, the formation of p52 was also found to be delayed following LTa13>
stimulation, with no stimulatory effect on p52 formation until 6 h, reaching a maximum
response at 24 h, the longest time point studied (Fold stim = 4.88 + 1.33, p<0.05).
Interestingly, p100 expression followed a similar pattern as observed for p52
formation, again with a maximal expression at 24 h following LTa132 stimulation (Fold
stim = 2.67 £ 0.34). This suggests that LTa13> can mediate the processing of p100 to

p52 and the subsequent translocation of p52-RelB heterodimers to the nucleus.
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Figure 3.1: Time course of LTaiB>-mediated p100 phosphorylation and pl00
processing in U20S cells. Cells were stimulated with LTa132 (20 ng/ml) for a maximum
24 h. Whole cell extracts were assessed for A) p100 phosphorylation (100 kDa), p52
formation (52 kDa), and total p65 (65kDa) which was used as a loading control, as
outlined in Section 2.5. Blots were semi-quantified by scanning densitometry and
results expressed as fold increase relative to control for B) p-p100 and C) p52. Each
value represents the mean + SEM of three independent experiments. Data was
analysed using a one-way ANOVA test, *p<0.05, **p<0.01 vs control.
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3.2.2.2 The effect of SU compounds on LTa:f2-induced p100
phosphorylation and p52 formation in U20S cells

The effect of both SU1261 and SU1266 on LTaiB2-induced phosphorylation of p100
and p100 processing in U20S cells was assessed (Figures 3.2 and 3.3 respectively).
As shown in Figure 3.2, stimulation by LTa1f3; alone induced an approximate two-fold
increase in p100 phosphorylation (Fold stim = 2.06 = 0.38, p<0.05) and a slight
increase in p52 formation compared with non-stimulated cells. In the absence of
stimulation, SU1261 alone reduced the low basal phosphorylation of p100 by about
75% (Fold increase = 0.25 + 0.06, p<0.05) while, about 50% of p52 formation was
inhibited by SU1261 alone (Fold increase = 0.52 + 0.12, p<0.05). However, following
LTaiB. stimulation, SU1261 mediated a concentration-dependent inhibition of both
p100 phosphorylation and p52 formation with statistical significance at 10 and 30 yM
(p-p100: SU1261 30uM: Fold increase = 0.56 + 0.26, p<0.01, p52: SU1261 30uM:
Fold increase = 0.37 + 0.14, p<0.001). Levels of p100 expression were not changed
significantly over a concentration range from 0.3 to 30 uM of SU1261 compared with

untreated control cells.

In Figure 3.3, when U20S cells were pre-treated with SU1266, p100 phosphorylation
stimulated by LTasf3> was substantially decreased in the low micromolar range (3-30
uM) of SU1266 (p-p100: SU1266 3uM: Fold increase = 1.18 + 0.34, SU1266 10uM:
Fold increase = 0.45 £ 0.22, p<0.001). Similarly, p52 formation was substantially
reduced following pre-treatment with 10 and 30 yM of SU1266 (p52: SU1266 10uM:
Fold increase = 0.69 + 0.05, p<0.05, SU1266 30uM: Fold increase = 0.41 £ 0.05,
p<0.01). However, the p100 protein levels remained unchanged in all concentrations

(0.3 to 30 pM) of SU1266 compared with untreated control cells.
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Figure 3.2: The effect of SU1261 upon LTa:B2-mediated p100 phosphorylation and
p52 formation in U20S cells. Cells were pre-treated with SU1261 for 1h prior to
stimulation with LTaif2 (20 ng/ml) for 6 h. Whole cell extracts were assessed for A)
phosphorylation of p100 (100 kDa), p52 formation (52 kDa), and GAPDH (37 kDa)
which was used as a loading control, as outlined in Section 2.5. Blots were semi-
quantified by scanning densitometry and results expressed as fold increase relative
to control for B) p-p100. C) p52 formation. Each value represents the mean + SEM of
three independent experiments. Data was analysed using a one-way ANOVA test,
**p<0.01, ***p<0.001 vs LTa1p2 and DMSO as an agonist stimulated control.
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Figure 3.3: The effect of SU1266 upon LTa:B2-mediated p100 phosphorylation and
p52 formation in U20S cells. Cells were pre-treated with SU1266 for 1h prior to
stimulation with LTa:B- (20 ng/ml) for 6 h. Whole cell extracts were assessed for A)
phosphorylation of p100 (100 kDa), p52 formation (52 kDa), and GAPDH (37 kDa)
which was used as a loading control, as outlined in section 2.5. Blots were semi-
quantified by scanning densitometry and results expressed as fold increase relative
to control for B) p-p100. C) p52 formation. Each value represents the mean + SEM of
three independent experiments. Data was analysed using a one-way ANOVA test,
*p<0.05, **p<0.01, ***p<0.001 vs LTa1> and DMSO as an agonist stimulated control.
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3.2.2.3 ICspvalues for p100 phosphorylation and p52 formation by SU

compounds in U20S cells

Next, based on the results obtained from the Western blotting of SU compounds
(Figures 3.2 and 3.3), the data were fitted in a sigmoidal concentration-response curve
and the ICsp values of SU1261 and SU1266 calculated using GraphPad Prism
software, version 7.0 (Figure 3.4, A-D). Interestingly, the ICso of SU1261 for the
phosphorylation of p100 was 1.93 uM % 0.56 uM (Panel A), while the 1Cso value for
this agent for p52 formation was 5.20 = 1.65 uyM (Panel B). For SU1266 the ICso was
1.59 uM £ 0.17 uM for the phosphorylation of p100 (Panel C), with a higher ICs value

for p52 formation (10.56 uM % 3.33 uM) (Panel D).
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Figure 3.4: The ICso values of SU1261 and SU1266 for inhibition pl100
phosphorylation and p52 formation induced by LTa:32 in U20S cells. Using GraphPad
Prism software, version 7.0, the data obtained by Western blot analysis of SU1261
and SU1266 were fitted in a sigmoidal concentration-response curve for A) SU1261
for p-p100, B) SU1261 for p52 formation, C) SU1266 for p-p100, and D) SU1266 for
p52 formation.
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3.2.3. TNFa and IL-1B stimulation of the canonical NF-kB pathway in
U20S cells

Several studies have documented that TNFa and IL-1 can induce activation of the
IKK complex and subsequently the canonical NF-kB pathway, IKK@ but not IKKa plays
a key role in the degradation of IkBa and phosphorylation of p65 (Discussed in Section
1.4.4.4). As shown in Figure 3.5. Following TNFa stimulation, IkBa degradation was
observed early with a significant loss in cellular levels between 5 and 60 min
(p<0.001). IkBa degradation was maximal at 30 min (% basal IkBa expression =
5.67%). Thence, the expression of IkBa gradually recovered, reverting towards basal
values by 120 min. TNFa also induced an increase in the phosphorylation of p65 NF-
KB after 15 min and levels were maximal at this time (Fold stim = 5.94 + 1.53, p<0.05)

before returning gradually to basal levels by 120 min.

Figure 3.6 shows a short time course of IkBa loss and p65 phosphorylation induced
by IL-1B in U20S cells. Following IL-1B (5 ng/ml) stimulation, levels of IkBa declined
rapidly between 5 min and 120 min (p<0.001), degradation reached a minimum value
at 30 min (% basal IkBa expression = 0.92% + 0.43, p<0.001). IkBa expression then
returned to near basal levels by 240 min. Overall IL-1B stimulation was more

pronounced relative to TNFa.
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Figure 3.5: Time course for TNFa-mediated IkBa degradation and phosphorylation of
p65 in U20S cells. Cells were exposed to TNFa (10 ng/ml) for the indicated time
points. Whole cell extracts were assessed for A) IkBa (37 kDa), p65 (65 kDa)
phosphorylation and total p65 (65 kDa) which was used as a loading control, as
outlined in Section 2.5. Blots were semi-quantified by scanning densitometry and
results expressed as fold increase relative to control for B) % basal IkBa expression
and C) p-p65. Each value represents the mean + SEM of three independent
experiments. Data was analysed using a one-way ANOVA test, *p<0.05, **p<0.001
vs control.

74



- e — - — B

—my CEED S e € P65

65
_’------ L e

c | 5 [ 15 [ 30|60 120|240 1-18(ngmi

Incubation period (min)

B
c 100
.g EE kB-o
w
bt
o
o
@
¥ 50
2] -
i~
=
w
o *EE
_ﬂ - -
X od . :
c | s [ 15 30 | 60| 120 [ 240 | 1L-1B (5 ngimi)
Incubation period (min)
C
101 e
p-p65
= . >
s 8 —
E *
E B- E 3
= 0303
& o  EEH B
o g 35 .gg
£ 24 535 o]
0 " 393 Fete]  Ftets 5 52
c | 5 | 15| 30| 60 | 120 | 240 | IL-1B (5 ngiml)
Incubation period (min})

Figure 3.6: Time course for IL-1B-mediated IkBa degradation and p65
phosphorylation in U20S cells. Cells exposed to IL-1B (5 ng/ml) for the indicated time
points. Whole cell extracts were assessed for A) IkBa (37 kDa), p65 (65 kDa)
phosphorylation and total p65 (65 kDa) which was used as a loading control, as
outlined in Section 2.5. Blots were semi-quantified by scanning densitometry and
results expressed as fold increase relative to control for B) % basal IkBa expression
and C) p-p65. Each value represents the mean + SEM of three independent
experiments. Data was analysed using a one-way ANOVA test, **p<0.01, **p<0.001
vs control.
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3.2.3.1 The effect of SU compounds on TNFa-induced IkBa degradation
in U20S cells

The effect of both SU compounds were then tested on the two markers of the
canonical NF-kB pathway signalling, cellular IkBa degradation and phosphorylation
of p65. As shown in Figure 3.7, TNFa (10 ng/ml) induced significant IkBa degradation
by 98% (% basal IkBa expression = 2.10 + 1.34, p<0.001) compared with non-
stimulated cells. However, pre-treatment with increasing concentrations of SU1261
(0.3-30 pM) did not prevent the loss in cellular IkBa in cells exposed to TNFa. In
contrast, as shown in Figure 3.8, IkBa loss in response to TNFa was substantially
reversed with increasing concentrations (3-30 uM) of SU1266. These results suggest
that only SU1266 had an effect on IKKB within the canonical NF-kB pathway in U20S

cells.
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Figure 3.7: The effect of SU1261 upon TNFa-mediated IkBa degradation in U20S
cells. Cells were pre-treated with SU1261 for 1 h prior to stimulation with TNFa (10
ng/ml) for 30 min. Whole cell extracts were assessed for A) IkBa (37 kDa) and total
p65 (65kDa) which was used as a loading control, as outlined in Section 2.5. Blots
were semi-quantified by scanning densitometry and results expressed as fold
increase relative to control for B) % basal IkBa expression. Each value represents the
mean + SEM of three independent experiments. Data was analysed using a one-way
ANOVA test.
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Figure 3.8: The effect of SU1266 upon TNFa-mediated IkBa degradation in U20S
cells. Cells were pre-treated with SU1266 for 1 h prior to stimulation with TNFa
(10ng/ml) for 30 min. Whole cell extracts were assessed for A) [kBa (37kDa) and total
p65 (65kDa) which was used as a loading control, as outlined in Section 2.5. Blots
were semi-quantified by scanning densitometry and results expressed as fold
increase relative to control for B) % basal IkBa expression. Each value represents the
mean + SEM of three independent experiments. Data was analysed using a one-way
ANOVA test, **p<0.01, ***p<0.001 vs TNFa and DMSO as an agonist stimulated

control.
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3.2.3.2 The effect of SU compounds on TNFa induced phosphorylation
of p65 in U20S cells

Figure 3.9 shows that pre-treatment of U20S with increasing concentrations of
SU1261 did not change the phosphorylation of p65 induced by TNFa stimulation.
However, this response was decreased at the highest concentration of SU1261 but
this inhibition was not statistically significant relative to the TNFa response. In Figure
3.10, TNFa (10 ng/ml) stimulated the phosphorylation of p65 significantly by more
than six-fold compared with unstimulated cells (Fold stim = 6.48 + 1.27, p<0.05).
However, the response of p65 phosphorylation was reversed in the presence of
SU1266 at the low micromolar 3-30 uM (p<0.01). Furthermore, both SU1261 and
SU1266 showed a small inhibitory effect upon p65 phosphorylation in the absence of

TNFa.
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Figure 3.9: The effect of SU1261 upon TNFa-mediated p-p65 phosphorylation in
U20S cells. Cells were pre-treated with SU1261 for 1 h prior to stimulation with TNFa
(10 ng/ml) for 30 min. Whole cell extracts were assessed for A) p-p65 (65 kDa) and
GAPDH (37 kDa) which was used as a loading control, as outlined in Section 2.5.
Blots were semi-quantified by scanning densitometry and results expressed as fold
increase relative to control for B) p-p65 expression. Each value represents the mean
+ SEM of three independent experiments. Data was analysed using a one-way
ANOVA test.
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Figure 3.10: The effect of SU1266 upon TNFa-mediated p65 phosphorylation in
U20S cells. Cells were pre-treated with SU1266 for 1 h prior to stimulation with TNFa
(10ng/ml) for 30 min. Whole cell extracts were assessed for A) p-p65 (65 kDa) and
GAPDH (37 kDa) which was used as a loading control, as outlined in Section 2.5.
Blots were semi-quantified by scanning densitometry and results expressed as fold
increase relative to control for B) p-p65 expression. Each value represents the mean
+ SEM of three independent experiments. Data was analysed using a one-way
ANOVA test, *p<0.05, **p<0.01 vs TNFa and DMSO as an agonist stimulated control.
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3.2.4 Developing more potent IKKa inhibitors and their effect on non-

canonical signalling in breast cancer cells

The first part of the chapter demonstrated the effect of SU compounds (SU1261 and
SU1266) to inhibit LTaiB2-stimulated activation of the non-canonical NFkB pathway
in U20S cells. More potent IKKa-inhibitors SU1349 and SU1433 were developed in-
house with improved activity and selectivity as demonstrated by in vitro kinase assay
(Table 3.1). However, breast cancer (MCF-7 cells) rather than U20S cells were used
to evaluate the potential for this class of compounds to be effective in multiple forms

of cancer.

3.2.4.1 The effect of SU compounds on LTa:1f2-mediated p100
phosphorylation and p52 formation in MCF-7 cells

Figure 3.11 demonstrates the effect of SU1349 on LTaifz-induced pl00
phosphorylation and p52 formation in MCF-7 cells. As with U20S cells LTaif:
significantly induced phosphorylation of p100 and p52 formation in MCF7 cells at 8 h
(p-p100: Fold stim = 2.74 + 0.1, p>0.001, p52: Fold stim = 1.93 + 0.12, p>0.001).
Alone, SU1349 (10uM) caused a substantial inhibitory effect upon basal p100
phosphorylation and p52 formation, the inhibition of both was more than 90%
compared with untreated control cells (p-p100: SU1349 10uM: Fold stim = 0.08 +
0.01, p52: SU1349 10uM: Fold stim = 0.07 = 0.01, p>0.001). Significantly, pre-
treatment with this inhibitor also significantly reduced LTaiB.-stimulated p100
phosphorylation in a concentration-dependent manner over the low micromolar range
(SU1349, 3uM: Fold increase = 0.11 = 0.01, 10uM: Fold increase = 0.1 + 0.01,
p>0.001). In addition, p52 formation was found to be significantly inhibited after
stimulation with LTa132 over the low micromolar range (SU1349 10uM: Fold = 0.09 +

0.04, p>0.001). Interestingly, a statistically significant decrease in p100 protein level
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was recorded at the same concentration range of SU1349 (SU1349 3uM: Fold
increase = 0.24 + 0.07, p>0.01, 10uM: Fold increase = 0.07 + 0.01, p>0.001).
Surprisingly, SU1349 (1-10 uM) was found to have statistically significant inhibitory
effect upon basal expression of all three parameters in addition to its effect upon

LTa1f2 stimulation.

The effect of SU1433 upon LTaif, induced phosphorylation of p100 and p52
formation is illustrated in Figure 3.12. LTaif. alone significantly stimulated the
phosphorylation of p100 and p52 formation compared with unstimulated control cells
(p-p100: Fold stim = 2.26 + 0.16, p>0.001, p52: Fold stim = 2.28 + 0.27, p>0.01). Pre-
treatment of MCF-7 cells with 10uM of SU1433 alone significantly reduced the
phosphorylation of p100 and formation of p52 compared with control (p-p100: SU1433
10uM: Fold stim = 0.12 + 0.05, p52: SU1433 10uM: Fold stim = 0.05 + 0.01, p>0.05).
Furthermore, pre-treatment with increasing concentrations of SU1433 prior to addition
of LTaiB2 significantly inhibited the phosphorylation of pl00 compared to the
stimulated group (SU1433 10uM: Fold increase = 0.11 + 0.04, p>0.001). Furthermore,
formation of p52 was found to be inhibited at both 3 and 10 yM compared with the
stimulated group (SU1433 3uM: Fold increase = 1.13 £ 0.15, p>0.01, 10uM: Fold
increase = 0.24 £ 0.1, p>0.001). However, p100 expression was decreased modestly
with 10puM of SU1433 alone, whereas it was not altered significantly when the cells

were treated with SU1433 (0.1-10 uM) followed by LTa:f2-stimulation.

These findings suggested that SU1349 and SU1433 could inhibit the agonist
stimulated non-canonical NFkB pathway in MCF7 cells in a concentration-dependent
manner. Moreover, at maximal concentrations, these agents abolished LTaif2-
stimulated and basal constitutive p100 phosphorylation and p52 formation by more
than 95% compared to the control basal level or when compared to the LTa:32/DMSO

control.
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Figure 3.11: The effect of SU1349 upon LTa;pB2-mediated p100 phosphorylation and
p52 formation in MCF-7 cells. Cells were pre-treated with SU1349 for 1 h prior to
stimulation with LTa1f2 (20 ng/ml) for 8 h. Whole cell extracts were assessed for A)
phosphorylation of p100 (100 kDa), p52 formation (52 kDa), and total p65 (65 kDa)
which was used as a loading control, as outlined in Section 2.5. Blots were semi-
quantified by scanning densitometry and results expressed as fold increase relative
to control for B) p-p100. C) p52 formation. Each value represents the mean + SEM of
three independent experiments. Data was analysed using a one-way ANOVA test,
*p<0.05, **p<0.01, ***p<0.001 vs LTa:82and DMSO as an agonist stimulated control.
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Figure 3.12: The effect of SU1433 upon LTa:f2-mediated p100 phosphorylation and
p52 formation in MCF-7 cells. Cells were pre-treated with SU1433 for 1 h prior to
stimulation with LTaif2 (20 ng/ml) for 8 h. Whole cell extracts were assessed for A)
phosphorylation of p100 (100 kDa), p52 formation (52 kDa), and total p65 (65 kDa)
which was used as a loading control, as outlined in Section 2.5. Blots were semi-
quantified by scanning densitometry and results expressed as fold increase relative
to control for B) p-p100. C) p52 formation. Each value represents the mean + SEM of
three independent experiments. Data was analysed using a one-way ANOVA test,
**p<0.01, ***p<0.001 vs LTa:132 and DMSO as an agonist stimulated control.
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3.2.4.2 ICsp values of SU compounds for p100 phosphorylation and
formation of p52 in LTaiB2 stimulated MCF-7 cells

As with SU1261 and SU1266, ICs values of SU1349 and SU1433 were calculated
from the Western blotting results. Interestingly, the 1Cso of SU1349 for the
phosphorylation of p100 was 1.0 uM £ 0.33uM (Figure 3.13, panel A), while the ICs
for p52 formation was only 0.51 £ 0.09 pM (Figure 3.13, panel B). However, the I1Cso
value of the SU1433 was recorded as 1.32 uyM + 0.44 uM for the phosphorylation of
pl00 (Figure 3.13, panel C), whereas it was 3.10 yM = 0.55uM for p52 formation

(Figure 3.13, panel D).
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Figure 3.13: The ICsy values of SU1349 and SU1433 for inhibition pl100
phosphorylation and p52 formation induced by LTaif2 in MCF-7 cells. Using
GraphPad Prism software, version 7.0, the data obtained by Western blot analysis of
SU1349 and SU1433 were fitted in a sigmoidal concentration-response curve for A)
SU1349 for p-p100, B) SU1349 for p52 formation, C) SU433 for p-p100, and D)
SU1433 for p52 formation.
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3.2.5 Thermal shift assay

Whilst studies in this chapter have thus far strongly indicated inhibition of IKKa activity
in cells which correlates with effects in biochemical assays, a direct interaction
between the drug and IKKa has yet to be established. Recently, Martinez and co-
workers have developed a method to monitor drug binding to its target protein in the
cellular format by using the cellular thermal shift assay CETSA (Martinez Molina et
al., 2013), based on the thermal stabilisation resulting from a direct interaction
between the drug and its target protein. The cellular thermal shift assay has been

used extensively but not in relation to inhibitors of the non-canonical NF-xB pathway.

There are two main parts in the CETSA experiments; first, melting curve experiments
for the target protein in control and treated cells in order to determine the extent of
stabilisation in the presence of compounds. Secondly, concentration-response
experiments at a constant temperature (isothermal dose-response fingerprints or
ITDRFcersa) (Jafari et al., 2014), which are similar to the melting curve experiments,
but the compound is at different concentrations at a constant temperature during the
heating step. Moreover, the melting curve experiments must be followed by

concentration-response experiments in the same cells.

3.2.5.2 The cellular thermal shift assay for evaluating drug target

interactions in U20S cells

Before running the thermal shift assay with IKKa, as a new target protein, initial
experiments were conducted to assess ERK and p38a MAPK comparing to the data
reported by Jafari and colleagues in HL-60 cells (Jafari et al., 2014). Firstly melting
curves (40 to 70 °C) were established for these proteins alone, without any drugs,

then the aggregation temperatures compared with and without drugs.
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3.2.5.1 The melting curves for ERK-MAPK and p38a-MAPK within U20S
cells using the cellular thermal shift assay (CETSA)

Figure 3.14 (A and B) shows results from the melting curves for p38a and ERK in
U20S cells in the absence of any drug. Both ERK and p38a were identified at the
lower test temperatures and then destabilised readily with increasing temperatures in
intact cells. Both target proteins were destabilised at the higher temperatures in lysed
cells. The destabilisation values of ERK and p38a in U20S cells for both lysed and
intact cells were as follows: ERK = 55.97 + 0.6 °C in lysed cells and 49.80 + 0.8 °C in

intact cells, p38a = 57.74 £ 0.9 °C in lysed cells and 53.45 + 0.7 °C in intact cells.

From these data, it was concluded that both ERK and p38a could be destabilised as
the temperature increased, and it was apparent that intact cells were more sensitive

than lysed samples, which were more resistant to high temperature.
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Figure 3.14: CETSA melting curves for p38a (A) and ERK (B) in U20S cells. Cells
were heated at gradient temperature from 41 °C to 69 °C for 3 min then freeze-thawed
2 times. p38a and ERK were detected by Western blotting. Blots were quantified by
scanning densitometry for each protein in lysate and intact cells and expressed as a
percentage of the control C1 which was not subjected to any change in temperature.
All experiments were performed on 3 independent occasions, and data presented as
the average = S.E.M. From these experiments. The solid lines represent the best fits
of the data to the Boltzmann sigmoid within the GraphPad Prism software. Data was
analysed using a two-way ANOVA test. All data were obtained as outlined in Section
2.6.
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3.2.5.1 The melting curve for IKKa within U20S cells using the cellular
thermal shift assay (CETSA)

Figure 3.15 illustrates the melting curve for IKKa in U20S cells. Western blots
demonstrated that IKKa was stabilised at lower temperatures and then destabilised
markedly with increasing temperatures in intact cells. In lysed cells, IKKa was more
resistant to destabilisation which was more marked at higher temperatures. The
destabilisation value for IKKa in lysed U20S cells was 59.03 + 0.8 °C, whereas, it was

42.46 = 0.7 °C in intact cells.
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Figure 3.15: The CETSA melting curves for IKKa in U20S cells. Cells were heated at
gradient temperature from 41 °C to 69 °C for 3 min then freeze-thawed 2 times. IKKa
was detected by Western blotting. Blots were quantified by scanning densitometry in
lysate and intact cells and expressed as a percentage of the control C1 which was
not subjected to any change in temperature. All experiments were performed at 3
independent occasions, and data are given as the average + S.E.M. From these
experiments. The solid lines represent the best fits of the data to the Boltzmann
sigmoid within the GraphPad Prism software. Data was analysed using a two-way
ANOVA test. All data were obtained as outlined in Section 2.6.
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3.2.5.2 Comparisons of the target engagement for ERK, p38a and IKKa

in intact versus lysed cells

Figure 3.16 (A and B), shows the comparison of the target engagement for ERK, p38a
and IKKa in intact versus lysed U20S cells. It is clear that IKKa was far more labile in
intact cells in comparison to lysed cells and there was difference in lability between

IKKa and ERK and p38a in intact cells (IKKa > ERK > p38a).
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Figure 3.16 (A and B) shows the comparison for target engagement for p38a, ERK
and IKKa in intact versus lysed U20S cells. Data was analysed using a two-way
ANOVA test.
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3.2.5.3 Effect of SB203580 on the melting curve for p38 MAP kinase in
U20S cells

Figure 3.17 (A and B) illustrates results from the melting curve for protein kinase p38a
MAPK in intact U20S cells following pre-treatment with SB203580, as a recognised
inhibitor of p38a kinase activity (Cuenda et al., 1995). Western blots again showed
that p38a was stabilised at lower temperatures and degraded quickly as the
temperature increased. However whilst DMSO was without effect, SB203580 pre-
treatment significantly increased the stabilisation of p38a with a shift in the

aggregation temperature to 63 £ 0.3 °C.
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Figure 3.17: SB203580 modulates the thermostability of p38 in U20S cells. (A) Cells
were treated with DMSO (0.1%) or 20 uM of SB203580 for 1 h. The treated and control
cells were heated at gradient temperature from 41 °C to 69 °C for 3 min then freeze-
thawed 2 times. Levels of p38a were detected by Western blotting. (B) Blots were
guantified by scanning densitometry in the intact cells and expressed as a percentage
of the control C1 which was not subjected to any change in temperature. Data were
obtained in the untreated cells (green circle) and in the presence of DMSO (red
triangle) as a negative control and the established p38a inhibitor SB203580 (blue
square) as positive control. All experiments were performed at 3 independent
occasions, and data are given as the average + s.e.m. From these experiments, the
solid lines represent the best fits of the data to the Boltzmann sigmoid within the
GraphPad Prism software. Data was analysed using a two-way ANOVA test. All data
were obtained as outlined in Section 2.6.
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3.2.5.4 Effect of SU1261 on the melting curve for IKKa kinase in U20S
cells

Figure 3.18 (A and B) shows results for the melting curve associated with IKKa in
intact U20S cells following pre-treatment with SU1261. Again IKKa was found to be
strongly temperature sensitive, however, addition of SU1261 to cells did not cause
the thermal stabilisation of IKKa. When the relative difference in the intensities of the
bands for IKKa were quantified, it did not show any difference in the apparent melting
curves using this approach. This data suggest that the stability of IKKa was not
affected by SU1261 and disappointingly direct target engagement with IKKa could not

be demonstrated.
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Figure 3.18: SU1261 does not alter the thermostability of IKKa in U20S cells. (A)
Cells were treated with DMSO (0.05%) or 10 uM of SU1261 for 1 h. The treated and
control cells were heated at gradient temperature from 41 °C to 69 °C for 3 min then
freeze-thawed 2 times. IKKa levels were detected by Western blotting. (B) Blots were
gquantified by scanning densitometry in the intact cells and expressed as a percentage
of the control C1 which was not subjected to any change in temperature. Data were
obtained in the untreated cells (green circle) and in the presence of DMSO (red
triangle) as a negative control and the established IKKa inhibitor SU1261 (blue
square) as positive control. All experiments were performed at 3 independent
occasions, and data are given as the average + s.e.m. From these experiments. The
solid lines represent the best fits of the data to the Boltzmann sigmoid within the
GraphPad Prism software. Data was analysed using a two-way ANOVA test. All data
were obtained as outlined in Section 2.6.
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3.3 Discussion

As explained earlier in Chapter 1, the non-canonical NF-kB signalling pathway is now
recognised to be involved in the pathogenesis of many chronic human diseases,
including cancer, arthritis and cardiovascular disease (Karin, 2006, Xiao and Ghosh,
2005). Therefore, inhibition of this pathway has become an attractive strategy for the
treatment of various diseases. This has only been moderately successful as the

development of truly selective kinase inhibitors is challenging (Cohen, 1999).

To date, the most successful approach employed to prevent the over-activation of NF-
kB signalling pathway involves proteosomal inhibition. It is based on the inhibition of
IkBa loss and prevention of nuclear translocation of p65 NF-kB. One such agent,
Bortezomib, has been utilised for the treatment of multiple myeloma and leukaemia

(Zheng et al., 2012, Picot et al., 2011, Raab et al., 2009).

Since the initial identification of IkB kinases (IKKs) by Chen and co-workers in 1996,
overwhelming evidence has accumulated to demonstrate a central role in the
regulation of NF-kB signalling pathways (Karin, 2006, Xiao and Ghosh, 2005).
Therefore, targeting these kinases has become the logical therapeutic approach.
Significantly, a number of IKKB inhibitors have been developed such as CHS828
(Hjarnaa et al., 1999), SPC-839 (Palanki et al., 2002), BMS-345541 (Burke et al.,
2003), ML120B and the B-carboline natural product PS-1145 (Wen et al., 2006,
Castro et al., 2003). Both PS-1145 and ML120B were demonstrated to be effective
against different cancers including diffuse large B-cell lymphoma, multiple myeloma
and chronic myelogenous leukemia (Yemelyanov et al., 2006, Cilloni et al., 2006, Lam
et al., 2005). Moreover, apigenin (4', 5, 7-trihydroxyflavone) has been shown to inhibit

proliferation and invasiveness in human prostate cancer (Shukla et al., 2015).

However, none of the previous IKKB inhibitors have been used clinically due to a

number of associated serious complications such as immunosuppression, chronic
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inflammatory disorders, fatal hepatotoxicity and infectious disease (Chariot, 2009, Li
et al., 1999b). Therefore, an alternative if belated strategy has been to develop
selective pharmacological inhibitors of IKKa. Interestingly, recent publications have
reported that IKKa has an important role in a number of cancers (Ben-Neriah and
Karin, 2011, Ammirante et al., 2010, Cogswell et al., 2000). In spite of IKKa having

been implicated in these events, selective IKKa inhibitors have not been forthcoming.

In this project, three different selective IKKa inhibitors were used, SU1261, SU1349
and SU1433, as they became available during the drug development programme. In
the absence of a crystal structure for IKKa, compounds were developed using
standard Structure—Activity Relationship (SAR) approaches using in vitro kinases
assays. For these and a series of other compounds, Ki values for IKKa were in the
mid-nanomolar range with selectivity ratios (IKKa vs IKKB) in the region of 50 to 200
fold. The exception was SU1266 which had a relatively low Ki value for IKKa (2 nM)
but had the lowest selectivity ratio. These small molecule inhibitors (SU compounds)
specifically bind to the ATP binding domain of the IKKa amino-terminal kinase domain

to inhibit activity.

Initial experiments demonstrated good inhibition of cellular non-canonical NF-kB
signalling confirming results from kinases assays in vitro. However there were a
number of interesting aspects to the pharmacological effects in U20S cells. First of
all for both SU1261 and SU1266, inhibition of agonist-stimulated p100
phosphorylation was some 30-100 fold less effective than observed in the biochemical
assays. This is a common aspect of drug development for example, SP-600125, a
small-molecule ATP-competitive inhibitor of INK, showed poor potency and selectivity
in cells compared to biochemical assay (Bain et al., 2003, Bennett et al., 2001). In the
same vein, AS601245 and other potent JNK inhibitors, only inhibit c-Jun

phosphorylation at relatively high concentrations (Gaillard et al., 2005). These
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contradictions are likely due to a combination of ATP concentration, differences
between cellular environment and biochemical sensitivities to inhibitors, and limited
cellular penetration (Zhang et al., 2012). In addition, there may have been compound
degradation in cells routinely incubated with cells for up to 5 hours but there was not

sufficient opportunity to study this possibility in detail.

Also it was evident that there were differences in the 1Cso values when measuring
inhibition of different components of the non-canonical NF-kB pathway. The observed
decrease in ICso values in cell-based assay compared to dissociation constants in
vitro is most likely a reflection of high ATP concentrations present in the cells (Bennett
et al.,, 2001). However, ICso values were consistently lower for inhibition of agonist-
stimulated p100 phosphorylation than for downstream p52 formation, an output
reflecting p100 degradation subsequent to the phosphorylation process itself (Xiao et
al., 2004, Amir et al., 2004, Senftleben et al., 2001, Xiao et al., 2001). In fact, full
inhibition of p52 formation was not always achieved at the maximum concentration of
compound (Figures 3.2 and 3.3). This may suggest that both processes are not
completely linked. Moreover, high concentrations of SU compounds may have off-
target effects which may indirectly mediate the effects on p52 formation. Indeed p100
expression itself increased over a similar time course and therefore there may be a
different mechanism by which p52 is formed following prolonged stimulation times.
Studies do show pl00 expression to be regulated by the non-canonical NF-kB
pathway (Xiao et al., 2004, Xiao et al., 2001, Senftleben et al., 2001). This aspect of

LTa1B2 induced non-canonical NF-kB signalling will be further examined in Chapter 4.

Nevertheless, despite these caveats, the study demonstrates that SU1261 is a
selective inhibitor of the non-canonical NF-kB signalling with little effect on agonist-
stimulated IKKB-mediated phosphorylation of p65. This exemplifies for the first time a

successful strategy to develop a selective IKKa inhibitors for use in defining the role
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of this kinase in the cellular biology of U20S cells and elsewhere. In contrast, it was
found that SU1266 despite a selectively ratio of 40 did not retain such a selectivity in
cellular systems. This suggests a minimum selectivity ratio in biochemical assays
required to manifest selectivity in cells. Also one additional aspect may be the
relatively low Ki of SU1261 for IKKa, the absolute potencies may also be a factor

requiring Ki values for IKK3 above 1-3 uM for selectivity.

Furthermore, these findings compared very favourably with other work using
compounds synthesised as selective IKKa inhibitors such as noraristeromycin
(Asamitsu et al., 2008) and the glucosamine derivative, 2-(N-Acetyl)-L-
phenylalanylamido-2-deoxy-beta-D-glucose (Scotto d'Abusco et al., 2010). Asamitsu
and co-workers demonstrated that noraristeromycin (NAM) inhibited the kinase
activity of IKKa more than IKKB. However, it was found that IkBa degradation and p65
phosphorylation were also inhibited by noraristeromycin, suggesting that canonical
NF-kB pathway inhibition predominates. Also, they found this agent had no effect
upon pl00 phosphorylation or p52 formation. Similarly, Scotto d'Abusco and
colleagues found that the glucosamine derivative, 2-(N-Acetyl)-L-phenylalanylamido-
2-deoxy-beta-D-glucose (NAPA) inhibited IKKa nuclear translocation in human
chondrocytes, but this inhibition took place only at very high concentrations (250-
500uM). Taken together these studies exemplify the challenges in developing such a

class of compounds.

These findings were initially established for U20S cells and suggest a potential
application for these novel inhibitors in bone cancer. However, recent evidence also
indicates a role for IKKa in breast cancer (Hao et al.,, 2010, Cao et al., 2007),
pancreatic cancer (Liou et al., 2013, Storz, 2013, Doppler et al., 2013), and prostate
cancer (Ammirante et al., 2010, Luo et al., 2007). Indeed, testing the later compounds,

SU1349 and SU1433, in MCF 7 cells showed their utility in different breast cancers.
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For example, published work from Bennett and co-worker demonstrated high
expression of the cellular kinase IKKa as well as high levels of the androgen receptor
(AR) in triple negative breast cancer patients (Negative for ER/PR/HER2) compared
to AR-negative alone (Bennett et al., 2017). Others studies showed that IKKa-
mediated non-canonical pl00 NF-kB2 signalling has a critical role in cancer
development in a number of tumour settings (Gamble et al., 2012, Perkins, 2007).
IKKa-related readouts identified that p100 phosphorylation and p52 formation were
inhibited by SU1349 and SU1433 in MCF7 cells (Figures 3.11 and 3.12) but less
potently in MDA-MB-231 cells, which display a much higher basal level of p100

phosphorylation (data not shown).

In an independent study, it was shown by Qing and colleagues that p100 processing
induced by BAFF was inhibited by geldanamycin (GA), however, GA had no effect on
p100 expression (Qing et al., 2007). Interestingly, in contrast to Qing, our results
showed that SU1349 can inhibit the levels of p100 in MCF-7 cells (Figure 3.11), which
could be explained by the fact that IKKa can also regulate the expression of p100
(Senftleben et al., 2001). Collectively, these data suggest that inhibitors of IKKa would

be of benefit in ER-positive breast cancer patients who develop endocrine resistance.

Finally, experiments were conducted to confirm a direct interaction between IKKa and
SU1261 in U20S cells using the cellular thermostability assay (CETSA). Based on
Western blot analysis, distinct melting curves for p38a, ERK and IKKa were
established in the absence of any compound. Inhibition of extracts with SB203580
induced an obvious shift in the melting curve of p38a due to the direct interaction
between them which led to a substantial stabilisation of this protein. On the other
hand, IKKa was found to be strongly temperature sensitive in intact cells compared
with lysates. However, the stability of IKKa was not affected by SU1261. Indeed, most

kinase inhibitors bind to both active and inactive conformation of kinase (Frantz et al.,
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1998), whereas other inhibitors selectively target the inactive conformation of kinase
(Wan et al., 2004, Pargellis et al., 2002). Therefore, SU1261 may act by shifting the
equilibrium between active and inactive conformation of IKKa in a way that prevents
kinase activation rather than by inhibiting its activity directly. This view is supported
by Jafari et al., (2014) who reported that the absence of this stabilisation may be the
consequence of antibody recognition of a non-functional form of the protein, for
instance the form lacking activating phosphorylation. Moreover, it is important that any
negative result after performing CETSA be followed by appropriate troubleshooting
experiments. In this regard, Jafari and co-workers identified a number of the most
common issues in CETSA with appropriate solutions. Time did not allow further
investigating the direction interaction between the SU compounds and IKKa using the

thermostability assay.

CESTA has been used successfully in other instances. It was shown by Qin and
colleagues that the compound JapA inhibited breast tumour growth and metastasis
through direct targeting of the MDM2 oncogene, surprisingly, the binding of JapA to
MDM2 induced a very large shift melting curve in MDM2 (>15 °C) in MCF-7 and MDA-
MB-231 cells (Qin et al., 2015). In another study, Bai and co-worker investigated the
binding of the novel inhibitor BM-1197 to the antiapoptotic Bcl-2 family proteins Bcl-2
and Bcl-xL in the Mcl-1 knockout mouse embryonic fibroblast (MEF) cells. BM-1197
showed strong thermo-stabilisation of Bcl-xL and, to a lesser extent, thermo-
stabilisation of Bcl-2 (Bai et al., 2014). Moreover, Martinez Molina et al., (2013)
showed engagement of Olaparib and Iniparib, classical PARP-1 inhibitors, with Poly
[ADP-ribose] polymerase 1 (PARP-1), revealing a large thermal shift for PARP-1 in
cells treated with Olaparib, while Iniparib failed to induce a real thermal shift. More
studies with a series of SU compounds may reveal the potential for this assay system

to assist in identifying active compounds.
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Chapter Four

A novel rapid activation of IKKa-dependent non-canonical
NF-kB signalling coupled to human CXCL12 expression in

bone cancer cells
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4.1 Introduction

The activation of both NF-kB pathways in response to cellular activation leads to
increased expression of at least 500 gene, including chemokines (Birbach et al., 2002)
which play a key role in normally physiology and disease (Karin, 2006, Xiao and
Ghosh, 2005). CXCL12 is secreted by vascular endothelial cells, stromal fibroblasts
and osteoblasts, and is widely expressed in a number of organs, including bone
marrow (Teicher and Fricker, 2010), and it is essential in the homing of hematopoietic
stem cells to bone marrow (Aiuti et al., 1997). The majority of studies have

demonstrated a role of the CXCL12-CXCR4 axis in the metastasis and tumour

progression for various types of cancer, including bone sarcoma (Dewan et al., 2006,
Perissinotto et al., 2005). Huang and co-workers reported that the activation of the

MEK-ERK-IKKa/B-NF-kB pathway played a role in the CXCL12-induced migration of

human OS cells, which was inhibited by AMD3100, a CXCR4 inhibitor, and siRNA

against CXCR4 (Huang et al., 2009). Moreover, CTCE-9908, a CXCR4 inhibitor, has

been shown to reduce the metastatic process in OS K7M2 cells in vivo and in vitro by
disruption of the CXCL12-CXCR4 interaction. However, to date, there are few studies
that have investigated the role of CXCL12-CXCR4 axis in tumour growth and
progression. Miura and colleagues pointed out that the formation of tumours in vivo is
positively associated with the levels of CXCR4 expression in human HOS OS cells

(Miura et al., 2005).

IKKa solely controls the non-canonical NF-kB pathway via activation of p100
phosphorylation which in turn releases NF-kB p52/RelB heterodimers and initiates
transcription of a specific subset of genes relevant to cancer (Oeckinghaus and
Ghosh, 2009, Hacker and Karin, 2006). This includes CXCL12, CXCL13, CCL19, and
CCL21 (Wharry et al., 2009, Bonizzi and Karin, 2004, Dejardin et al., 2002).

Furthermore, Madge and May have demonstrated that SIRNA knockdown of IKKa
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inhibits CXCL12 mRNA in endothelial cells, whereas IKK[B deletion enhances
CXCL12 production (Madge and May, 2010, Madge et al., 2008). This suggests that
IKKa-mediation of the non-canonical NF-kB pathway is implicated in the regulation of
CXCL12 expression. Furthermore, publications have reported that IKKa was found to
regulate certain genes implicated in cancer cell transformation and angiogenesis

(Birbrair et al., 2015, Luo et al., 2007, Huang et al., 2007).

However, despite the importance of CXCL12, very few studies have investigated the
role of IKKa in the regulation of CXCL12 expression. Moreover, no previous study has
investigated the ability of the non-canonical NF-kB pathway to regulate CXCL12
expression in a bone cancer setting, or to explore its inhibition by blocking this
pathway. In this chapter, the aim is to identify a key intermediate of the non-canonical
NF-kB pathway, inhibitory kappa B kinase alpha (IKKa) in the regulation of CXCL12
expression. Our results in chapter three indicated that our lead SU compounds,
demonstrated selectivity against IKKa. Therefore the novel compounds, as a classical
pharmacological inhibition strategy, and siRNA-mediated silencing of IKKa, as a non-
pharmacological inhibition strategy, were employed to target IKKa and thus target

CXCL12 production at the level of transcription.
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4.2 Results

4.2.1 The role of IKKa in the regulation of the non-canonical NF-kB
pathway

4.2.1.1 LTaiB2 slowly induces p52 and RelB nuclear translocation in
U20S cells

As demonstrated in the previous chapter (Figure 3.1), LTa18. slowly increased the
phosphorylation of p100 and p52 formation which were apparent at 4 h and sustained
for up to 24 h. To confirm such a profile, the nuclear accumulation of both p52 and
RelB in response to LTa:3, was assessed in nuclear extracts from U20S cells. As
illustrated in Figure 4.1, p52 nuclear translocation increased slowly and was apparent
between 4-24 h, however levels did not reach statistical significance until 24 h after
stimulation (Fold increase = 2.72 £ 0.73, p< 0.05). On the other hand, RelB nuclear
translocation increased more than three-fold following LTaifz-stimulation, this
response was apparent from 4 h, maximal by 8 h (Fold increase = 3.43 £ 0.35, p<

0.01) and sustained up to 24 h.
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Figure 4.1: LTaiB2 induces p52 and RelB nuclear translocation in U20S cells. Cells
were exposed to LTai32 (20 ng/ml) for the indicated time points, then nuclear extracts
were blotted for A) p52 (52 kDa), RelB (68 kDa) and Nucleolin (106 kDa) which was
used as a loading control, as outlined in Section 2.5. Blots were semi-quantified by
scanning densitometry and results expressed as fold increase relative to control for
B) p52 and C) RelB. Each value represents the mean £ SEM of three independent
experiments. Data was analysed using a one-way ANOVA test, *p<0.05, **p<0.01 vs
control.
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4.2.1.2 TNFa and IL-1B induce rapid non-canonical NF-kB signalling in
U20S cells

In further experiments TNFa and IL-13 were utilised to determine if these agents,
which have the potential to stimulate CXCL12 production, can also activate the non-
canonical NF-kB pathway. TNFa has been shown to stimulate the delayed formation
of p52 formation in endothelial cells in the absence of p100 phosphorylation (Ko Ha

Ho personal communication), so this concept was further examined here.

4.2.1.2.1 TNFa induces phosphorylation of p100 at early time in U20S
cells

Figure 4.2 shows a time course for TNFa induced phosphorylation of p100 in U20S
cells. Unexpectedly, phosphorylation of p100 was observed to be very rapid with a
significant increase between 5-60 min. A maximum response was obtained by 15 min
(Fold stim = 12.53 + 0.66, p<0.001) after which the p-p100 levels returned towards
basal values. By comparison LTai32 gave the expected delayed response (Figure
3.1), which shown here was weaker at the maximum time point, 4 h, than that

maximally induced by TNFa.
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Figure 4.2: Time course of TNF-a-mediated phosphorylation of p100 in U20S cells.
Cells were stimulated with TNFa (5 ng/ml) for the times indicated. LTa13> was used
as a positive control. Whole cell extracts were assessed for A) p-p100 (100 kDa) and
total p65 (65 kDa) which was used as a loading control, as outlined in Section 2.5.
Blots were semi-quantified by scanning densitometry and results expressed as fold
increase relative to control for B) p-p100. Each value represents the mean + SEM of
three independent experiments. Data was analysed using a one-way ANOVA test,

**p<0.01, ***p<0.001 vs control.
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4.2.1.2.2 TNFa induces p100 processing to p52 formation in whole cell

extracts of U20S cells

Figure 4.3 shows a time course of p100 processing following stimulation by TNFa in
U20S cells. Interestingly, p52 formation significantly increased between 4 and 8 h (8
h Fold stim = 2.64 £ 0.2, p<0.05). The expression of p100 also increased in response

to TNFa with similar kinetics to that observed for p52 formation.

4.2.1.2.3 TNFa induces RelB expression in whole cell extracts of U20S

cells

Figure 4.4 shows a time course for RelB expression induced by TNFa. As with p52,
the expression of RelB was found to be delayed before an increase was observed at
4h with significance reached by 6 h (Fold increase = 2.09 + 0.25, p< 0.05) and with a
further increase by 8 h (Fold increase = 2.48 £ 0.28 , p< 0.01). In contrast, LTa13- (20
ng/ml) at the 8 h time point gave a modest increase of RelB expression compared

with TNFa.
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Figure 4.3: Time course of TNFa-mediated p52 formation in U20S cells. Cells were
stimulated with 5 ng/ml of TNFa for a maximum 8 h time period. LTa:82 (20 ng/ml)
was used as a positive control. Whole cell extracts were assessed for A) p52 (52 kDa)
formation and total p65 (65 kDa) which was used as a loading control, as outlined in
Section 2.5. Blots were semi-quantified by scanning densitometry and results
expressed as fold increase relative to control for B) p52 formation. Each value
represents the mean + SEM of three independent experiments. Data was analysed

using a one-way ANOVA test, *p<0.05 vs control.
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Figure 4.4: Time course of TNFa-mediated RelB formation in U20S cells. The cells
were exposed with TNFa (5 ng/ml) for the times indicated. LTaif. (20 ng/ml) was
used as a positive control. Whole cell extracts were blotted for A) RelB (68 kDa) and
total p65 (65 kDa) which was used as a loading control, as outlined in Section 2.5.
Blots were semi-quantified by scanning densitometry and results expressed as fold
increase relative to control for B) RelB expression. Each value represents the mean
+ SEM of three independent experiments. Data was analysed using a one-way

ANOVA test, *p<0.05, **p<0.01 vs control.
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4.2.1.2.4 TNFa rapidly induces p52 and RelB nuclear translocation in
U20S cells

Whilst the rapid phosphorylation of p100 did not correspond to a noted increase in
p52 and RelB, these markers in nuclear extracts were examined as a further indicator
of pathway activation. In contrast to results obtained in whole cells, Figure 4.5 shows
that TNFa induced a rapid increase in nuclear translocation of p52 starting from as
early as 15 min with a significant response reached between 60 and 240 min (Fold
increase at 60 min = 11.65 £ 1.52, p< 0.001). Similarly, the formation of RelB
increased gradually from 30 min reaching a peak between 60 and 240 min of

stimulation (Fold increase at 240 min = 14.94 + 0.58, p< 0.001).
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Figure 4.5: TNFa induces p52 and RelB nuclear translocation in U20S cells. Cells
were exposed to TNFa (5 ng/ml) for the times indicated. Nuclear extracts were blotted
for A) p52 (52 kDa), RelB (68 kDa) and Nucleolin (106 kDa) which was used as a
loading control, as outlined in Section 2.5. Blots were semi-quantified by scanning
densitometry and results expressed as fold increase relative to control for B) p52 and
C) RelB. Each value represents the mean = SEM of three independent experiments.
Data was analysed using a one-way ANOVA test, ***p<0.001 vs control.
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4.2.1.2.5IL-1B induces phosphorylation of p100 at early time in U20S
cells

The experiments outlined above were then repeated with IL-13. Figure 4.6 shows that
as with TNFa, IL-1B increased p100 phosphorylation rapidly and strongly with a
significant response between 15 and 60 min (p<0.001), the highest response being

achieved at 30 min (Fold stim = 35.90 + 0.93, p<0.001).
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Figure 4.6: Time course of IL-1B-mediated phosphorylation of p100 in U20S cells.
Cells were exposed to IL-1B (5 ng/ml) for the times indicated. LTaif2 (20 ng/ml) was
used as a positive control. Whole cell extracts were assessed for A) pl00
phosphorylation (100 kDa) and total p65 (65 kDa) which was used as a loading
control, as outlined in Section 2.5. Blots were semi-quantified by scanning
densitometry and results expressed as fold increase relative to control for B) p100
phosphorylation. Each value represents the mean + SEM of three independent
experiments. Data was analysed using a one-way ANOVA test, ***p<0.001 vs control.
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4.2.1.2.6 IL-1B induces p100 processing to p52 formation in whole cell
lysates of U20S cells

In a similar fashion to TNFa, Figure 4.7 shows a time course of p100 processing in
response to IL-1B. Following stimulation by IL-1f (5 ng/ml), p52 formation significantly
increased between 4 and 8 h, a maximal response was achieved at 6 h (Fold stim =

3.60 £ 0.65, p<0.05). The expression of p100 also increased in response to I1L-1pB.

4.2.1.2.7 IL-1B induces RelB expression in whole cell lysates of U20S
cells

Figure 4.8 shows that as with TNFa, the lag period before an increase in cellular RelB
expression by IL-1B was similar. IL-13 significantly induced RelB expression starting
from 6 h with a maximum response achieved by 8 h (Fold increase = 2.80 + 0.26, p<

0.01).
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Figure 4.7: Time course of IL-1B -mediated p52 formation in U20S cells. Cells were
stimulated with 5 ng/ml of IL-1B for indicated time points. LTa1B2 (20 ng/ml) was used
as a positive control. Whole cell extracts were assessed for A) p52 (52 kDa) formation
and total p65 (65 kDa) which was used as a loading control, as outlined in Section
2.5. Blots were semi-quantified by scanning densitometry and results expressed as
fold increase relative to control for B) p52 formation. Each value represents the mean
+ SEM of three independent experiments. Data was analysed using a one-way
ANOVA test, *p<0.05 vs control.
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Figure 4.8: IL-1p induces RelB expression in U20S cells. Cells were exposed for IL-
18 (5 ng/ml) for the indicated time points. LTa1B2 (20ng/ml) was used as a positive
control. Whole cell lysates were blotted for A) RelB (68 kDa) and total p65 (65 kDa)
which was used as a loading control, as outlined in Section 2.5. Blots were semi-
quantified by scanning densitometry and results expressed as fold increase relative
to control for B) RelB formation. Each value represents the mean = SEM of three
independent experiments. Data was analysed using a one-way ANOVA test, **p<0.01

vs control.
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4.2.1.2.8 IL-1B rapidly induces p52 and RelB nuclear translocation in
U20S cells

Figure 4.9 shows that as with TNFa, IL-1B rapidly stimulated an increase in nuclear
p52 formation with a significant response between 60 and 240 min compared with
non-stimulated cells. The maximum response was obtained at 60 min (Fold increase
= 6.26 £ 0.77, p<0.001). Similar to p52 formation, IL-1B also significantly increased
nuclear RelB expression starting from 60 min up to 240 min, the maximum response

was obtained at 240 min (Fold increase = 13.30 + 2.48, p< 0.001).
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Figure 4.9: IL-1B induces p52 and RelB nuclear translocation in U20S cells. Cells
were exposed to IL-1 (5 ng/ml) for the indicated time points. Nuclear extracts were
blotted for A) p52 (52 kDa), RelB (68 kDa) and Nucleolin (106 kDa) which was used
as a loading control, as outlined in Section 2.5. Blots were semi-quantified by
scanning densitometry and results expressed as fold increase relative to control for
B) p52 and C) RelB. Each value represents the mean + SEM of three independent
experiments. Data was analysed using a one-way ANOVA test, **p<0.01, ***p<0.001

vs control.
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4.2.1.3 The activation of p100 phosphorylation in response to TNFa and
IL-1B in U20S, MCF-7 and CAFs cells

Other cells types were tested to determine if the responses observed in U20S cells
were cell type specific (Figure 4.10). In both MCF-7 cells and CAFs no equivalent

stimulation of p100 phosphorylation at early time points was observed.

— - —

— — €— p-p100
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Figure 4.10: Comparison of TNFa and IL-1B-mediated phosphorylation of p100 in
U20S, MCF-7 and CAFs cells. Cells were stimulated with TNFa (5 ng/ml) for 15 min
or IL-1B (5 ng/ml) for 30 min. Whole cell extracts were assessed for pl100
phosphorylation (100 kDa) and total p65 (65 kDa) which was used as a loading
control, as outlined in Section 2.5. The results are representative of three independent
experiments.

4.2.1.4 Time course comparison of non-canonical NF-kB activation by

different agonists in U20S cells

Bringing the results obtained in Chapter 3 for LTa1f3; together with results here allows
for a direct comparison between the agonists (Figure 4.11 panels A, B and C). On the
basis of our collective findings, a novel early activation in the non-canonical NF-kB
pathway was observed in U20S cells in response to TNFa and IL-1B in contrast to

the usual delayed response to LTaif..
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Figure 4.11: Comparison of kinetic profiles for p100 phosphorylation, p52 and RelB
for different agonists in U20S cells. Cells were stimulated with either LTaif32 (20
ng/ml) for 0-24 h or TNFa (5 ng/ml) and IL-1f3 (5 ng/ml) for 0-240 min. Protein levels
were analysed by Western blotting and then semi-quantified by scanning
densitometry and results expressed as fold increase relative to control for (A) p100
phosphorylation (B) p52 nuclear translocation (C) RelB nuclear translocation, each
value represents the mean + S.E.M. The results are representative of three
independent experiments. Data was analysed using a two-way ANOVA test, *p<0.05,
**p<0.01, ***p<0.001 vs non-stimulated cells.
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4.2.2 The effect of siRNA-mediated silencing of cellular IKKa expression

on the non-canonical NF-kB pathway in U20S cells

Having identified the rapid activation of non-canonical NF-kB signalling in response
to TNFa and IL1B, the role of IKKa was examined using both molecular and

pharmacological approaches.

4.2.2.1 Knockdown efficiency of siRNA-mediated silencing of IKKa and
IKKB in U20S cells

Initial experiments sought to optimise the knockdown of IKKs using siRNA; increasing
concentrations of IKKa and IKKB siRNA were transfected into U20S cells for 96 h
which was found to be the optimal period for silencing. The same concentrations of
non-targeting (NT) siRNA were also used to exclude any effect which may occur as a
result of the transfection process (Figure 4.12). Whilst the NT construct was without
effect, increasing concentrations (25-50nM) of siRNA effectively reduced endogenous
IKKa expression by as much as 70% whilst at higher concentrations, 75-100 nM, the
loss was approximately 95% (75 nM: % basal IKKa expression = 5.27 £ 1.97; 100 nM:
% basal IKKa expression = 5.25 + 1.39, p<0.001). Furthermore, IKKa siRNA did not

exhibit any non-selective targeting of IKKp.

In the same fashion, Figure 4.13 demonstrates the knockdown efficiency siRNA IKKf
in U20S cells. Following transfection siRNA IKK (25-100 nM) into U20S cells for 96
h, IKKB knockdown was successfully achieved by more than 95% (p<0.001) at all four
concentrations tested. Non-targeting (NT) siRNA (25-100 nM) was again without
effect. Moreover, treatment of cells with siRNA IKKB show no off-target effect on IKKa

expression.
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Figure 4.12: The effect of sSiRNA IKKa on IKKa expression in U20S cells. Cells were
transfected with siRNA IKKa or non-targeting (NT) up to a concentration of 100nM for
96 h. Whole cell extracts were assessed for A) IKKa (84kDa), IKKB and total p65 (65
kDa) which was used as a loading control, as outlined in Section 2.5. Blots were semi-
quantified for percentage of basal IKKa expression by scanning densitometry and
results expressed as a relative to untreated control for B) IKKa. Each value represents
the mean percentage knockdown = S.E.M. of three independent experiments. Data
was analysed using a one-way ANOVA test, ***p<0.001 vs control.
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Figure 4.13: The effect of siRNA IKKB on IKKB expression in U20S cells. Cells were
transfected with siRNA IKK or non-targeting (NT) up to a concentration of 100nM for
96 h. Whole cell extracts were assessed for A) IKKB (86 kDa), IKKa and total p65 (65
kDa) which was used as a loading control, as outlined in Section 2.5. Blots were semi-
quantified for percentage of basal IKKB expression by scanning densitometry and
results expressed as a relative to untreated control for B) IKK3. Each value represents
the mean percentage knockdown + S.E.M. of three independent experiments. Data
was analysed using a one-way ANOVA test, ***p<0.001 vs control.
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4.2.2.2 The effect of IKKa and IKKB siRNA silencing on LTa:f2 induced
p100 phosphorylation and p52 in U20S cells

Having optimised knockdown conditions, the effect of siRNA IKKa or siRNA IKK@ on
LTaiB2 induced pl00 phosphorylation and pl00 processing in U20S cells were
examined (Figure 4.14). LTaif. alone induced a significant increase in pl00
phosphorylation at 6 h (Fold increase = 4.57 + 0.50, p<0.001). Surprisingly, the
phosphorylation of p100 was significantly reduced following IKK siRNA (IKKB siRNA
75nM: Fold increase = 3.17 £ 0.32, IKK siRNA 100nM: Fold increase = 2.83 £ 0.63,

p<0.01), while there was no significant effect for IKKa siRNA.

In a similar fashion, LTa1f2 (20 ng/ml) modestly induced p52 formation (Fold increase
=1.50 £ 0.19). Again, as with p-p100, LTa1B.-stimulated p52 formation was modestly
reduced following IKKB siRNA but this reduction was not statistically significant. This
response was not affected by IKKa siRNA. In addition, IKKa or IKKB siRNA alone
knocked down p100 expression compared to non-stimulated cells. Moreover, the non-

targeting (NT) construct as a negative control, did not target p-p100 or p52 formation.
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Figure 4.14: The effect of IKKa or B siRNA upon LTa1f>-mediated phosphorylation of
p100 and p100 processing in U20S cells. Cells were transfected with non-targeting
siRNA (NT) 100nM, IKKa and IKKB siRNA (75 and 100nM) for 96 h prior stimulation
with LTa132 (20 ng/ml) for 8 h. Whole cell extracts were assessed for A) p-p100 (100
kDa), p52 (52kDa), IKKa (84 kDa), IKKB (86 kDa) and total p65 (65 kDa) which was
used as a loading control, as outlined in Section 2.5. Blots were semi-quantified by
scanning densitometry and results expressed as fold increase relative to control for
B) p100 phosphorylation and C) p52 formation. Each value represents the mean *
SEM of three independent experiments. Data was analysed using a one-way ANOVA
test, **p<0.01 vs an agonist-stimulated control.

4.2.2.3 The effect of IKKa and IKKB siRNA silencing on TNFa-induced
phosphorylation of p100 in U20S cells

The effect of siRNA IKKa or siRNA IKKB on TNFa induced p-pl00 and pl00
processing in U20S cells were then examined (Figure 4.15). TNFa alone caused a
marked stimulation of p100 phosphorylation at 15 min (Fold increase = 7.25 + 0.84,
p<0.001). Interestingly, IKKa siRNA at both 75 and 100nM concentrations significantly
reduced TNFa induced p100 phosphorylation by approximately 80% compared to the
non-target (NT) control (IKKa siRNA 75nM; Fold increase = 1.98 + 0.40; 100nM: Fold
increase = 1.34 = 0.11, p<0.001). In contrast, IKKB siRNA reduced the signal
marginally but the effect was not significant. It was also observed that p52 formation
in both TNFa-stimulated and control cells was significantly reduced in the presence
of 100 nM IKK siRNA (See also Figure 4.15). Furthermore, transfection of cells with
IKKa or IKKB siRNA did not cause any changes in p100 levels comparted to TNFa

alone or when compared to the control.
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Figure 4.15: The effect of IKKa or B siRNA upon TNFa-mediated phosphorylation of
p100 and p100 processing in U20S cells. Cells were transfected with non-targeting
(NT) siRNA 100nM, IKKa and IKK siRNA (75, 100 nM) for 96 h prior stimulation with
TNFa (5 ng/ml) for 15 min. Whole cell extracts were assessed for A) p-p100 (100
kDa), IKKa (84 kDa), IKKB (86 kDa) and total p65 (65 kDa) which was used as a
loading control, as outlined in Section 2.5. Blots were semi-quantified by scanning
densitometry and results expressed as fold increase relative to control for B) p100
phosphorylation and C) p52 formation. Each value represents the mean £+ SEM of
three independent experiments. Data was analysed using a one-way ANOVA test,
*p<0.05, ***p<0.001 vs an agonist-stimulated control.

4.2.2.4 The effect of IKKa and IKKB siRNA silencing on IL-1B-induced
phosphorylation of p100 and p52 in U20S cells

Similar to previous results with TNFa, Figure 4.16 illustrates the effect of IKKa and 8
siRNA on IL-1B induced phosphorylation of p100 and p100 processing in U20S cells.
Stimulation with IL-1( alone induced a 46-fold increase in the phosphorylation of p100
(Fold increase = 46.09 + 1.65, p<0.001). Interestingly, following transfection of the
cells with siRNA IKKa, the phosphorylation of p100 induced by IL-18 was markedly
reduced by approximately 80% at both 75 and 100 nM concentrations tested
compared to the non-target (NT) control (IKKa siRNA 75nM: Fold increase = 9.18 +
2.17, IKKa siRNA 100nM: Fold increase = 8.10 + 0.56). In contrast IKKB siRNA slightly
reduced the response but this effect was not significant. Similarly, p52 formation in
both IL-1B-stimulated and control cells was significantly reduced in the presence of

100 nM of IKKB siRNA (Figure 4.16).
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Figure 4.16: The effect of IKKa or 8 siRNA upon IL-1p-mediated phosphorylation of
p100 and p100 processing in U20S cells. Cells were transfected with non-targeting
(NT) siRNA 100nM, IKKa and IKKB siRNA for 96 h prior stimulation with IL-1( for 30
min. Whole cell extracts were assessed for A) p-p100 (100 kDa), p52 (52 kDa), IKKa
(84 kDa), IKKpB (86 kDa) and total p65 (65 kDa) which was used as a loading control,
as outlined in Section 2.5. Blots were semi-quantified by scanning densitometry and
results expressed as fold increase relative to control for B) p100 phosphorylation and
C) p52 formation. Each value represents the mean + SEM of three independent
experiments. Data was analysed using a one-way ANOVA test, **p<0.01, ***p<0.001
Vs agonist-stimulated control.

4.2.2.5 The effect of IKKa and 8 siRNA double knockdown upon TNFa-
induced p100 phosphorylation in U20S cells

Since single knockdown of either IKKa or 3 siRNA had the potential to reduce TNFa-
induced pl100 phosphorylation, the effect of both together was assessed (Figure
4.17). Following stimulation, TNFa (5 ng/ml) alone significantly induced a 15-20 fold
increase in p100 phosphorylation (17.13 £ 0.38, p<0.001) compared to non-stimulated
cells. Interestingly, when the cells were transfected to double-knockdown of IKKa and
IKKB siRNA (50-100 nM), the phosphorylation of p100 induced by TNFa was totally
inhibited at all the concentrations tested compared to the non-target (NT) control
(IKKa & B siRNA 50nM: Fold increase = 1.13 + 0.03, IKKa & B siRNA 75nM: Fold
increase = 0.89 £ 0.09, p<0.001). This suggested the potential of both isoforms to

work in conjunction to regulate p100 phosphorylation.
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Figure 4.17: The effect of double-knockdown of IKKa and IKKB siRNA upon TNFa-
mediated p100 phosphorylation in U20S cells. Cells were transfected with non-
targeting (NT) siRNA 100 nM, IKKa and IKKB siRNA (50-100 nM) for 96 h prior
stimulation with TNFa (5 ng/ml) for 15 min. Whole cell extracts were assessed for A)
p-p100 (100 kDa), IKKa (84 kDa), IKKB (86 kDa) and total p65 (65 kDa) which was
used as a loading control, as outlined in Section 2.5. Blots were semi-quantified by
scanning densitometry and results expressed as fold increase relative to the control
for B) p100 phosphorylation. Each value represents the mean + SEM of three
independent experiments. Data was analysed using a one-way ANOVA test,

***p<0.001 vs an agonist-stimulated control.
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4.2.2.6 The effect of IKKa siRNA silencing on TNFa-induced p52 and
RelB nuclear translocation in U20S cells

The effect of sSiRNA silencing was then examined at the level of p52 and RelB. Figure
4.18 shows that TNFa alone caused a significant stimulation of p52 nuclear
translocation (Fold increase = 2.84 + 0.42, p<0.001). When the cells were treated with
increasing concentrations of siRNA |IKKa a decrease in TNFa-induced p52
translocation was observed which was significant at higher concentrations (Fold
increase = 1.44 + 0.16, p<0.05). Non-targeted siRNA (NT) showed a minimal non-

significant effect on p52 translocation in these experiments.

Using the same scenario, Figure 4.19 shows nuclear RelB induced by TNFa following
transfection of the cells with increasing concentrations of siRNA IKKa (50-150 nM).
Alone TNFa produced an 8.67 fold increase (+ 1.12, p<0.001) in RelB nuclear
translocation in comparison to unstimulated cells. Interestingly, all four concentrations
of IKKa siRNA significantly diminished RelB nuclear translocation, and as Figure 4.19
demonstrates, higher concentrations of IKKa siRNA completely inhibited the nuclear
translocation of RelB compared to the non-target (NT) control (Fold increase = 0.37

0.38, p<0.001).
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Figure 4.18: The effect of IKKa siRNA upon TNFa-mediated p52 nuclear localisation
in U20S cells. Cells were transfected with non-targeting (NT) siRNA 150nM, IKKa
siRNA (50-150 nM) for 96 h prior stimulation with TNFa (5 ng/ml) for 60 min. Nuclear
extracts were assessed for p52 (52 kDa) and Nucleolin (106 kDa) which was used as
a loading control, as outlined in Section 2.5. Blots were semi-quantified by scanning
densitometry and results expressed as fold increase relative to control for B) p52.
Each value represents the mean £ SEM of three independent experiments. Data was
analysed using a one-way ANOVA test, *p<0.05 vs an agonist-stimulated control.
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Figure 4.19: The effect of IKKa siRNA upon TNFa-mediated RelB nuclear localisation
in U20S cells. Cells were transfected with non-targeting (NT) siRNA 150nM, IKKa
siRNA (50-100nM) for 96 hr prior stimulation with TNFa (5 ng/ml) for 60 min. Nuclear
extracts were assessed for RelB (66 kDa) and Nucleolin (106 kDa) which was used
as a loading control, as outlined in Section 2.5. Blots were semi-quantified by
scanning densitometry and results expressed as fold increase relative to control for
B) RelB. Each value represents the mean £ SEM of two independent experiments.
Data was analysed using a one-way ANOVA test, *p<0.05, **p<0.01, **p<0.001 vs
an agonist-stimulated control.
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4.2.3 The effect of SU compounds on agonist-stimulated non-canonical

NF-kB pathway activation in U20S cells

4.2.3.1 The effect of SU compounds on TNFa-induced phosphorylation
of p100 in U20S cells

Having utilised siRNA to reveal a novel regulation of early p100 phosphorylation by
either TNFa or IL-1B, the three SU compounds characterised in Chapter 3 were
utilised. Figure 4.20 shows the effect of SU1261 compound on TNFa-induced
phosphorylation of p100 in U20S cells. As expected, TNFa alone induced a marked
increase in p100 phosphorylation (Fold stim = 11.63 + 0.66, p<0.001) and whilst the
DMSO vehicle was without effect, incubation with increasing concentrations of
SU1261 over the low to mid micromolar range significantly reduced the response. An

approximate ICso of SU1261 was obtained, 1.31 uM.

Similar to the effect of SU1261, pre-treatment with SU1266 also reduced TNFa (5
ng/ml) stimulated phosphorylation of pl00 (Figure 4.21). The response was
significantly reduced at all concentrations tested giving an I1Cso value 0.32 uM, which

was more potent than that observed with SU1261.

The final SU compound tested in this section was SU1349. As shown in Figure 4.22,
treatment of U20S cells with this compound reduced p100 phosphorylation at higher
concentrations. These inhibitory profiles were consistent with those observed for
LTa1B. stimulated responses and support a role of IKKa in rapid phosphorylation of

p100.
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Figure 4.20: The effect of SU1261 upon TNFa-mediated p100 phosphorylation in
U20S cells. Cells were pre-treated with SU1261 for 1 h prior to stimulation with TNFa
(5 ng/ml) for 15 min. Whole cell extracts were assessed for A) phosphorylation of p100
(100 kDa) and total p65 (65 kDa) which was used as a loading control, as outlined in
Section 2.5. Blots were semi-quantified by scanning densitometry and results
expressed as fold increase relative to control for B) p-p100. Each value represents
the mean = SEM of three independent experiments. Data was analysed using a one-
way ANOVA test, **p<0.01, ***p<0.001 vs TNFa and DMSO as an agonist stimulated

control.
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Figure 4.21: The effect of SU1266 upon TNFa-mediated p100 phosphorylation in
U20S cells. Cells were pre-treated with SU1266 for 1 h prior to stimulation with TNFa
(5 ng/ml) for 15 min. Whole cell extracts were assessed for A) phosphorylation of p100
(100 kDa) and total p65 (65 kDa) which was used as a loading control, as outlined in
Section 2.5. Blots were semi-quantified by scanning densitometry and results
expressed as fold increase relative to control for B) p-p100. Each value represents
the mean = SEM of three independent experiments. Data was analysed using a one-
way ANOVA test, **p<0.01, ***p<0.001 vs TNFa and DMSO as an agonist stimulated

control.
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Figure 4.22: The effect of SU1349 upon TNFa-mediated p100 phosphorylation in
U20S cells. Cells were pre-treated with SU1349 for 1 h prior to stimulation with TNFa
(5 ng/ml) for 15 min. Whole cell extracts were assessed for A) phosphorylation of p100
(100 kDa) and p65 (65 kDa) which was used as a loading control, as outlined in
Section 2.5. Blots were semi-quantified by scanning densitometry and results
expressed as fold increase relative to control for B) p-p100. Each value represents
the mean = SEM of three independent experiments. Data was analysed using a one-
way ANOVA test, ***p<0.001 vs TNFa and DMSO as an agonist stimulated control.
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4.2.3.2. The effect of SU compounds on IL-1B-induced phosphorylation
of p100 in U20S cells

As with TNFa, the effect of SU1261, SU1266 and SU1349 were tested against IL-1B-
induced phosphorylation of p100 in U20S cells. As indicated in Figure 4.23,
increasing concentrations of SU1261 between 1 and 30 uM, significantly decreased
p100 phosphorylation. At 30 uM, the highest concentration used, there was complete
inhibition. Figure 4.24 shows the effect of SU1266 against-IL-13 induced
phosphorylation of p100 in U20S cells. Similar to SU1261, increasing concentrations
of SU1266, inhibited IL-1B-induced phosphorylation of p100. Again, at concentrations
of 3-30 uM, SU1266 totally abolished p100 phosphorylation. The effect of SU1349 on
p100 phosphorylation is also illustrated in Figure 4.25. Pre-treatment with SU1349
(0.3-3 pM) gradually decreased IL-1B-stimulated phosphorylation of p100, but this
decrease was not statistically significant until higher concentrations of the compound

were employed.
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Figure 4.23: The effect of SU1261 upon IL-1B3-mediated p100 phosphorylation in
U20S cells. Cells were pre-treated with SU1261 for 1 h prior to stimulation with IL-13
(5 ng/ml) for 30 min. Whole cell extracts were assessed for A) phosphorylation of p100
(100 kDa) and total p65 (65 kDa) which was used as a loading control, as outlined in
Section 2.5. Blots were semi-quantified by scanning densitometry and results
expressed as fold increase relative to control for B) p-p100, each value represents
the mean = SEM of three independent experiments. Data was analysed using a one-
way ANOVA test, **p<0.01, ***p<0.001 vs IL-18 and DMSO as an agonist stimulated
control.
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Figure 4.24: The effect of SU1266 upon IL-1B3-mediated p100 phosphorylation in
U20S cells. Cells were pre-treated with SU1261 for 1 h prior to stimulation with IL-13
(5 ng/ml) for 30 min. Whole cell extracts assessed for A) phosphorylation of p100 (100
kDa) and total p65 (65 kDa) which was used as a loading control, as outlined in
Section 2.5. Blots were semi-quantified by scanning densitometry and results
expressed as fold increase relative to control for B) p-p100. Each value represents
the mean = SEM of three independent experiments. Data was analysed using a one-
way ANOVA test, ***p<0.001 vs IL-13 and DMSO as an agonist stimulated control.
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Figure 4.25: The effect of SU1349 upon IL-1B3-mediated p100 phosphorylation in
U20S cells. Cells were pre-treated with SU1261 for 1 h prior to stimulation with I1L-13
(5 ng/ml) for 30 min. Whole cell lysates were assessed for A) phosphorylation of p100
(100 kDa) and total p65 (65 kDa) which was used as a loading control, as outlined in
Section 2.5. Blots were semi-quantified by scanning densitometry and results
expressed as fold increase relative to control for B) p-p100. Each value represents
the mean = SEM of three independent experiments. Data was analysed using a one-
way ANOVA test, ***p<0.001 vs IL-13 and DMSO as an agonist stimulated control.
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4.2.3.3 The effect of SU1261 on IL-1B-mediated p52 and RelB nuclear
translocation in U20S cells

Figure 4.26 illustrates the effect of SU1261 (0.3-30 uM) on nuclear translocation of
both p52 and RelB in U20S cells. IL-1B alone significantly induced both p52 and RelB
nuclear translocation (p52: Fold increase = 2.33 + 0.05, RelB: Fold increase = 3.48 +
0.03, p<0.001) compared with the control group. Pre-treatment of cells with increasing
concentrations of SU1261 (0.3-30 yM) inhibited the IL-13 response with a significant

effect observed at the maximal concentrations of SU1261.
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Figure 4.26: The effect of SU1261 upon IL-1B8-mediated p52 and RelB nuclear
localisation in U20S cells. Cells were pre-treated with SU1261 for 1 h prior to the
stimulation with IL-1B (5ng/ml) for 1 h. Nuclear extracts were assessed for A) p52 (52
kDa), RelB (68 kDa) and nucleolin (106 kDa) which was used as a loading control, as
outlined in Section 2.5. Blots were semi-quantified by scanning densitometry and
results expressed as fold increase relative to control for B) p52 and C) RelB. Each
value represents the mean = SEM of three independent experiments. Data was
analysed using a one-way ANOVA test, **p<0.01 and ***p<0.001 vs IL-1p and DMSO
as an agonist stimulated control.
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4.2.3.4 The effect of SU1266 on IL-1B-mediated p52 and RelB nuclear
translocation in U20S cells

As with SU1261, the effect of SU1266 on nuclear translocation of both p52 and RelB
is illustrated in Figure 4.27. IL-1f3 significantly increased both p52 and RelB nuclear
translocation (p52: Fold increase = 1.82 + 0.03, RelB: Fold increase = 2.38 + 0.18,
p<0.001) However, with increasing concentrations of SU1266, nuclear levels both p52

and RelB were significantly decreased compared to IL-1f treated cells.
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Figure 4.27: The effect of SU1266 upon IL-1B3-mediated p52 and RelB nuclear
localisation in U20S cells. Cells were pre-treated with SU1266 for 1 h prior to the
stimulation with IL-1B (5ng/ml) for 1 h. Nuclear extracts were assessed for A) p52 (52
kDa), RelB (68 kDa) and nucleolin (106 kDa) which was used as a loading control, as
outlined in section 2.5. Blots were semi-quantified by scanning densitometry and
results expressed as fold increase relative to control for B) p52 formation and C) RelB
formation. Each value represents the mean + SEM of three independent experiments.
Data was analysed using a one-way ANOVA test, **p<0.01 and ***p<0.001 vs IL-1
and DMSO as an agonist stimulated control.
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4.2.4 The effect of NIK inhibitor CW15407 upon TNFa-and IL-1B-induced
phosphorylation of p100 in U20S cells

As mentioned in Chapter 1, NF-kB-inducing kinase (NIK) has a key regulating role in
activating the non-canonical NF-kB pathway (Qing et al.,, 2005) through
phosphorylation of IKKa (Xiao et al., 2001, Senftleben et al., 2001). Therefore, the
effect of the NIK inhibitor (CW15407) was employed in the context of pl00
phosphorylation induced by TNFa and IL-1f to investigate whether NIK is involved in
early activation of this pathway. The phosphorylation of p100 was induced by TNFa
(Figure 4.28) or IL-18 (Figure 4.29) in the manner anticipated. Over the low
micromolar range CW15407 was ineffective; the compound did not cause any
statistically significant change in the phosphorylation of p100. Only at a maximum

concentration of 30 yM was a statistically significant inhibition recorded.
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Figure 4.28: The effect of CW15407 on TNFa induced phosphorylation of p100 in
U20S cells. Cells were pre-treated with CW15407 for 1 h prior to stimulation with
TNFa (5 ng/ml) for 15 min. Whole cell extracts were assessed for A) p-p100 (100 kDa)
and total p65 (65 kDa) which was used as a loading control, as outlined in Section
2.5. Blots were semi-quantified by scanning densitometry and results expressed as
fold increase relative to control for B) p100 phosphorylation. Each value represents
the mean = SEM of three independent experiments. Data was analysed using a one-
way ANOVA test, **p<0.01 vs TNFa and DMSO as an agonist stimulated control.
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Figure 4.29: The effect of CW 15407 on IL-1B induced phosphorylation of p100 in
U20S cells. Cells were pre-treated with CW 15407 for 1 h prior to stimulation with IL-
1B (5 ng/ml) for 30 min. Whole cell extracts were assessed for A) p-p100 (100 kDa)
and total p65 (65 kDa) which was used as a loading control, as outlined in Section
2.5. Blots were quantified by scanning densitometry and results expressed as fold
increase relative to control for B) p100 phosphorylation. Each value represents the
mean + SEM of three independent experiments. Data was analysed using a one-way
ANOVA test, **p<0.01 vs IL-13 and DMSO as an agonist stimulated control.

150



4.2.5 The effect of NIK inhibitor CW15407 upon LTa:B2-induced
phosphorylation of p100 in U20S cells

As with TNFa and IL-1p3, the effect of CW 15407 was investigated on LTa132-induced
phosphorylation of p100 in U20S cells (Figure 4.30). LTaif> significantly induced
phosphorylation of pl00 resulting in an approximate three-fold increase (Fold
increase = 2.99 = 0.06, p<0.001). In contrast to the effects upon TNFa or IL-1j,
CW15407 reduced LTaipB>-mediated phosphorylation of p100 with a significance
reduction achieved between 1uM and 30uM. The results demonstrated that NIK is

implicated in the regulation of LTai32-induced p100 phosphorylation in U20S cells.
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Figure 4.30: The effect CW15407 on LTaif32 induced phosphorylation of p100 in
U20S cells. Cells were pre-treated with CW15407 for 1 h prior to stimulation with
LTaiB2 (20 ng/ml) for 6 h. Whole cell extracts were assessed for A) p-p100 (100 kDa)
and total p65 (65 kDa) which was used as a loading control, as outlined in Section
2.5. Blots were quantified by scanning densitometry and results expressed as fold
increase relative to control for B) p100 phosphorylation. Each value represents the
mean + SEM of three independent experiments. Data was analysed using a one-way
ANOVA test, ***p<0.001 vs LTa:32 and DMSO as an agonist stimulated control.
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4.2.6 The effect of selective IKKB inhibitor IKK2 X1 upon TNFa-and IL-
1B- induced phosphorylation of p100 in U20S cells

To further confirm that early p100 phosphorylation was IKKB independent the effect
of the commercially available IKK inhibitor (IKK2 X1) was investigated. Initially the
effect of this inhibitor on cellular IkBa loss as a marker of the canonical NF-kB pathway
signalling was examined and preliminary results confirmed that IkBa loss induced by
TNFa was significantly reversed in the presence of IKK2 X1 in a concentration-
dependent manner over the low micromolar range (3-30 uM) (Figure 4.31). Next, the
effect of IKK2 X1 was tested upon p100 phosphorylation induced by TNFa or IL-13
(Figures 4.32 and 4.33, respectively). Compared with unstimulated cells, both TNFa
and IL-1B mediated a significant increase in the phosphorylation of p100 (Fold
increase = 5.20 + 0.98, Fold increase = 30.93 + 2.89, p<0.001, respectively).
However, either response was not altered significantly following treatment with IKK2

X1 up to a maximum concentration of 30 uM.
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Figure 4.31: The effect IKK2 X1 on TNFa-mediated IkBa degradation in U20S cells.
Cells were pre-treated with IKK2 X1 for 1 h prior to stimulation with TNFa (10 ng/ml)
for 30 min. Whole cell extracts were assessed for IkBa (37 kDa) and total p65 (65
kDa) which was used as a loading control, as outlined in Section 2.5. Blots were semi-
quantified by scanning densitometry and results expressed as fold increase relative
to control for B) IkBa degradation. Each value represents the mean = SEM of three
independent experiments. Data was analysed using a one-way ANOVA test,
***p<0.001 vs TNFa and DMSO as an agonist stimulated control.
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Figure 4.32: The effect IKK2 X1 on TNFa induced phosphorylation of p100 in U20S
cells. Cells were pre-treated with IKK2 X1 for 1 h prior to stimulation with TNFa (5
ng/ml) for 15 min. Whole cell extracts were assessed for p-p100 (100 kDa) and total
p65 (65 kDa) which was used as a loading control, as outlined in Section 2.5. Blots
were semi-quantified by scanning densitometry and results expressed as fold
increase relative to control for B) p100 phosphorylation. Each value represents the
mean + SEM of three independent experiments. Data was analysed using a one-way
ANOVA test.
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Figure 4.33: The effect IKK2 X1 on IL-18 induced phosphorylation of p100 in U20S
cells. Cells were pre-treated with IKK2 X1 for 1 h prior to stimulation with IL-1p (5
ng/ml) for 30 min. Whole cell extracts were assessed for p-p100 (100 kDa) and total
p65 (65 kDa) which was used as a loading control, as outlined in Section 2.5. Blots
were semi-quantified by scanning densitometry and results expressed as fold
increase relative to control for B) p100 phosphorylation. Each value represents the
mean + SEM of three independent experiments. Data was analysed using a one-way
ANOVA test.
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4.2.7 The role of IKKa in the regulation of CXCL12 expression in U20S-
CXCL12 cells

Our previous studies for both of IKKa knockdown and pharmacological intervention
demonstrated that IKKa is involved in TNFa-and IL-1B-induced non-canonical NF-kB
pathway in U20S cells. Therefore, we sought to correlate these effects with the
expression of likely IKKa dependent genes. Of those previously identified, CXCL12 is
one which has the potential to be regulated by IKKa (Chapter 1 Sections 1.4.4.6 &
1.5.3). As described in Chapter 2 (Section 2.7.1), CXCL12 promoter construct
(pPSDF1100LUC plasmid) was used to construct a CXC12 reporter assay. CXCL12
expression was examined in two ways, firstly using a CXCL12 luciferase reporter cell
line already developed in the laboratory designated as U20S-CXCL12, and the

second by examining endogenous CXCL12 mRNA using quantitative PCR.

4.2.7.1 LTaiB2, TNF-a, and IL-1B induced CXCL12 |uciferase activity in
U20S- CXCL12 cells in concentration dependent manner

The initial aim was to identify the optimal concentration for agonist induced CXCL12
luciferase activity. In Figure 4.34, U20S-CXCL12 cells were stimulated with
increasing concentrations of LTa:32, TNFa and IL-1 for 8 h. The response to LTaif32
was poor, the maximum concentration used only stimulated an approximate 1.5 fold
increase in reporter activity (Fold induction for CXCL12 = 1.64 *+ 0.05, p<0.01). By
contrast, both TNFa and IL-13 were able to stimulate CXCL12 to a maximal response
at 5 ng/ml of TNFa and IL-18 (TNFa Fold induction for CXCL12 = 2.95 £ 0.14,

p<0.001, IL-1B Fold induction for CXCL12 = 3.57 £ 0.19, p<0.001, respectively).
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Figure 4.34: Concentration dependency of LTai2, TNFa and IL-1B-induced CXCL12
luciferase activity in U20S-CXCL12 cells. Cells were stimulated with agonists at the
indicated concentrations for 8 h. Whole cell extracts were then measured for
luciferase assay as previously described in Section 2.7. Data shown is expressed as
fold induction and each value represents the mean + SEM of three independent
experiments. Data was analysed using a two-way ANOVA test, **p<0.01, ***p<0.001
Vs control.

4.2.7.2 LTaiB2, TNFa and IL-1B induce CXCL12 luciferase activity in
U20S-CXCL12 cells

Figure 4.35 illustrates a time course of LTaif2-TNFa-and IL-1B-induced CXCL12
luciferase activity over 24 h. U20S-CXCL12 cells were stimulated with LTaf32 (20
ng/ml), TNFa (5 ng/ml) and IL-18 (5 ng/ml) for the indicated time points. Both TNFa
and IL-1B induced CXCL12 luciferase activity to a greater extent than LTaif..
Increased CXCL12 reporter activity was observed as early as 2 h and reached a
maximum level by 8 h with no further increase up to 24 h, the longest time point
examined (TNFa Fold induction for CXCL12 = 2.95 = 0.14, p<0.001, IL-13 Fold
induction for CXCL12 = 3.57 + 0.19, p<0.001). There was a delay in the response to
LTaiB2. before CXCL12 luciferase activity started to increase at 8 h which was the
maximum response recorded (LTaif. fold induction for CXCL12 = 2.06 + 0.47,

p<0.05).
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Given that the responses to LTaif, was very weak, the responses to LTaif32 in
combination with either TNFa or IL-B was examined as shown in Figure 4.36 LTa1f3.
(20 ng/ml) alone gave a modest increase CXCL12 luciferase activity (Fold induction
= 1.52 £ 0.10) both TNFa or IL-1B significantly increased CXCL12 as observed
previously (TNFa Fold induction for CXCL12 = 2.83 + 0.7, p<0.001; IL-1B8 Fold
induction for CXCL12 = 3.40 + 0.02, p<0.001) compared to the control. Interestingly,
the combination of either TNFa or IL-18 with LTai3> was largely additive with little
evidence for synergy or marked potentiation (LTai2 + TNFa Fold induction for
CXCL12=2.93+0.9, p<001, LTa1f2 + IL-1B Fold induction for CXCL12 = 3.67 + 0.05,

p<0.001).
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Figure 4.35: Time course of LTaif32, TNF-a and IL-1B-mediated CXCL12 luciferase
activity in U20S-CXCL12 cells. Cells were stimulated with LTa1f. (20 ng/ml), TNFa
(5 ng/ml) and IL-1B (5 ng/ml) for the indicated time points. Whole cell extracts were
then measured for luciferase assay as previously described in Section 2.7. Data
shown is expressed as fold induction and each value represents the mean + SEM of
three independent experiments. Data was analysed using a two-way ANOVA test,
*p<0.05, ***p<0.001 vs control.
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Figure 4.36: The effect of TNF-a and IL-18 on LTaip2-induced CXCL12 luciferase
activity in U20S-CXCL12 cells. Cells were either incubated with LTaif2 (20ng/ml),
TNF-a (5ng/ml), and IL-1B (5ng/ml) alone, or a combination of both cytokines (LTa1f3:
+ TNFa) or (LTaif32 + IL-1B) for 8 h. Whole cell extracts were then measured for
luciferase activity as previously described in Section 2.7. Data shown is expressed as
fold induction and each value represents the mean + SEM of three independent
experiments. Data was analysed using a one-way ANOVA test, *p<0.05, ***p<0.001
Vs control.
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4.2.7.3 The effect of IKKa and IKKB siRNA silencing on LTa:B2-induced
CXCL12 luciferase activity in U20S-CXCL12 cells

Figure 4.37 shows the effect of IKKa and IKKB siRNA on LTaif32 induced-CXCL12 in
U20S-CXCL12 cells. The luciferase activity shows that LTai. alone modestly
increased CXCL12 reporter activity compared to control (Fold induction = 2.17 £ 0.03,

p<0.001). This response was not altered following transfection with either siRNA.
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Figure 4.37: The effect of IKKa and IKK siRNA on LTa:f3z2induced CXCL12 luciferase
activity in U20S-CXCL12 cells. Cells were transfected with 100nM of non-targeting
(NT), IKKa and IKKB siRNA (75, 100 nM) for 96 h prior to stimulation with 20 ng/ml of
LTaiB2 for 8 h. Whole cell extracts were then measured for luciferase activity as
previously described in Section 2.7. Data shown is expressed as fold induction and
each value represents the mean + SEM of three independent experiments. Data was
analysed using a one-way ANOVA test.
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4.2.7.4 Characterisation of the role of IKKa and IKK in the regulation of
TNFa- induced CXCL12 luciferase activity in U20S-CXCL12 cells

The effect of IKK knockdown on TNFa-stimulated CXCL12 reporter activity was
explored in Figure 4.38, TNFa alone markedly increased CXCL12 luciferase activity
compared to control (Fold induction = 2.97 + 0.03, p<0.001). Transfecting cells with
siRNA |IKKa led to a significant, 30% reduction in TNFa-stimulated CXCL12 reporter
activity compared to the non-target (NT) control (IKKa siRNA 75 nM: Fold induction =
2.31 £ 0.03, IKKa siRNA 100 nM: Fold stim = 2.34 + 0.03 P<0.01). In contrast,

transfecting cells with 75 or 100 nM of siRNA IKKf did not affect expression.
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Figure 4.38: The effect of IKKa and IKK siRNA on TNFa induced CXCL12 luciferase
activity in U20S-CXCL12 cells. Cells were transfected with 100 nM of non-targeting
(NT), IKKa and IKKB siRNA (75 and100 nM) for 96 h prior to stimulation with 5 ng/ml
of TNF-a for 8 h. Whole cell extracts were then measured for luciferase activity as
previously described in Section 2.7. Data shown is expressed as fold induction and
each value represents the mean + SEM of three independent experiments. Data was
analysed using a one-way ANOVA test, *p<0.05 vs an agonist-stimulated control.
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4.2.7.5 Characterisation of the role of IKKa and IKK in the regulation of
IL-1B- induced CXCL12 luciferase activity in U20S-CXCL12 cells

Figure 4.39 shows the effect of knockdown of IKKa and IKKB on IL-1B-induced
CXCL12 reporter activity in U20S-CXCL12 cells. Transfecting U20S cells with 75
and 100 nM siRNA IKKa led to a significant decline in CXCL12 luciferase activity from
4 fold to 3.46 fold. In contrast siRNA IKK(B promoted a small but significant increase
in CXCL12 luciferase activity (IKKB siRNA 75 nM: Fold induction = 4.48 + 0.01, IKKB
SiRNA 100 nM: Fold stim = 4.20 = 0.08, p<0.001) compared to the non-target (NT)

control.
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Figure 4.39: The effect of IKKa and IKKB siRNA on IL-18 induced CXCL12 luciferase
activity in U20S-CXCL12 cells. Cells were transfected with 100 nM of non-targeting
(NT), IKKa and IKKB siRNA (75 and 100 nM) for 96 h prior to stimulation with 5 ng/ml
of IL-1B for 8 h. Whole cell extracts were then measured for luciferase activity as
previously described in section 2.7. Data shown is expressed as fold induction and
each value represents the mean + SEM of three independent experiments. Data was
analysed using a one-way ANOVA test, *p<0.05, **p<0.01, **p<0.001 vs an agonist-
stimulated control.
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4.2.8 The effect of SU compounds on CXCL12 luciferase activity in
U20S-CXCL12 cells

4.2.8.1 The effect of SU compounds on LTa:p2 induced CXCL12
luciferase activity in U20S-CXCL12 cells

To further confirm a role for IKKa in CXCL12 luciferase activity, the SU compounds
previously characterised were utilised. Figure 4.40 demonstrates the effect of SU1261
on LTai32 induced CXCL12 luciferase activity in U20S-CXCL12 cells. LTa1f32 induced
a modest increase in CXCL12 (Fold increase = 1.69 + 0.06). This response was
reduced by pre-treatment with increasing concentrations of SU1261, the inhibition
being marked between 3-30 uM (3 pM: Fold increase = 0.78 £ 0.02, 10 uM: 0.63 +
0.03, and 30 uM: 0.65 £ 0.06 p<0.001). Similarly, SU1266 also significantly reduced
CXCL12 luciferase activity in U20S-CXCL12 cells in a concentration-dependent
manner over the low micromolar range as shown in Figure 4.41 (3 uM: Fold increase

=1.01+0.09, 10 pM: 0.99 + 0.05, and 30 uM: 0.70 + 0.01, p<0.001).
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Figure 4.40: The effect of SU1261 upon LTaif,-mediated CXCL12 luciferase activity
in U20S-CXCL12 cells. Cells were pre-treated with SU1261 for 1 h prior to stimulation
with LTa132 (20 ng/ml) for 8 h. Whole cell extracts were then measured for luciferase
activity as previously described in Section 2.7. Data shown is expressed as fold
induction and each value represents the mean + SEM of three independent
experiments. Data was analysed using a one-way ANOVA test, ***p<0.001 vs an
agonist-stimulated control.
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Figure 4.41: The effect of SU1266 upon LTa:B2-mediated CXCL12 luciferase activity
in U20S-CXCL12 cells. Cells were pre-treated with SU1266 for 1 h prior to stimulation
with LTa132 (20 ng/ml) for 8 h. Cell lysates were then measured for luciferase activity
as previously described in Section 2.7. Data shown is expressed as fold induction and
each value represents the mean + SEM of three independent experiments. Data was
analysed using a one-way ANOVA test, ***p<0.001 vs an agonist-stimulated control.
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4.2.8.2 The effect of SU compounds on TNFa-induced CXCL12
luciferase activity in U20S-CXCL12 cells

Figure 4.42 shows the effect of SU1261 on TNFa-induced CXCL12 luciferase activity
in U20S-CXCL12 cells. TNFa was able to induce CXCL12 by 3.60 fold (+ 0.11,
p<0.001). A concentration of 3 yM SU1261 caused a significant inhibition in CXCL12
activity, approximately 70%, whereas a greater decrease was observed at 10 and
30uM. Likewise, CXCL12 reporter activity induced by TNFa was markedly decreased
by pre-treatment with SU1266 over the low micromolar range (1-30 yM) as shown in
Figure 4.43. The highest concentration of SU1266 effectively abolished CXCL12

activity (SU1266 30 uM: Fold increase = 0.22 + 0.02, p<0.001).
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Figure 4.42: The effect of SU1261 upon TNFa-mediated CXCL12 luciferase activity
in U20S-CXCL12 cells. Cells were pre-treated with SU1261 for 1 h prior to stimulation
with TNFa (5 ng/ml) for 8 h. Cell lysates were then measured for luciferase activity as
previously described in Section 2.7. Data shown is expressed as fold induction and
each value represents the mean + SEM of three independent experiments. Data was
analysed using a one-way ANOVA test, ***p<0.001 vs an agonist-stimulated control.
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Figure 4.43: The effect of SU1266 upon TNFa-mediated CXCL12 luciferase activity
in U20S-CXCL12 cells. Cells were pre-treated with SU1266 for 1 h prior to stimulation
with TNFa (5 ng/ml) for 8 h. Cell lysates were then measured for luciferase activity as
previously described in Section 2.7. Data shown is expressed as fold induction and
each value represents the mean £ SEM of three independent experiments. Data was
analysed using a one-way ANOVA test, **p<0.01, ***p<0.001 vs an agonist-
stimulated control.
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4.2.8.3 The effect of SU compounds on IL-1B-induced CXCL12
luciferase activity in U20S-CXCL12 cells

Similar to their impact against TNFa, Figure 4.44 shows the effect of SU1261 against
IL-1B-induced CXCL12 luciferase activity in U20S-CXCL12 cells. Stimulation with IL-
18 significantly increased CXCL12 reporter activity by more than four-fold (Fold
increase =4.34 + 0.15, p<0.001). At micromolar concentrations of SU1261 (3-30 uM),
CXCL12 reporter activity was strongly inhibited by approximately 90% at the highest
concentration. Similar to the effect SU1261, SU1266 (3-30 uM) significantly reduced
the reporter activity of CXCL12 induced by IL-1B (Figure 4.45). Again, this response

was inhibited by approximately 90% at 30 uM.
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Figure 4.44: The effect of SU1261 upon IL-1p-mediated CXCL12 luciferase activity in
U20S-CXCL12 cells. Cells were pre-treated with SU1261 for 1 h prior to stimulation
with IL-18 (5 ng/ml) for 8 h. Cell lysates were then measured for luciferase activity as
previously described in Section 2.7. Data shown is expressed as fold induction and
each value represents the mean + SEM of three independent experiments. Data was
analysed using a one-way ANOVA test, ***p<0.001 vs an agonist-stimulated control.
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Figure 4.45: The effect of SU1266 upon IL-1B-mediated CXCL12 luciferase activity in
U20S-CXCL12 cells. Cells were pre-treated with SU1266 for 1 h prior to stimulation
with IL-1B (5 ng/ml) for 8h. Cell lysates were then measured for luciferase activity as
previously described in Section 2.7. Data shown is expressed as fold induction and
each value represents the mean + SEM of three independent experiments. Data was
analysed using a one-way ANOVA test, ***p<0.001 vs an agonist-stimulated control.
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4.2.5.4 1Csovalues for CXCL12 luciferase activity by SU compounds in
U20S-CXCL12 cells

Next, ICso values for the SU compounds were calculated by analysis of the Western
blotting results. The data were fitted in a sigmoidal concentration-response curve and
the ICso values of SU1261 and SU1266 calculated using GraphPad Prism software
(Figure 4.46). The I1Cso values for inhibition of CXCL12 luciferase activity by SU1261
and SU1266 were determined after stimulation with LTa1. (20 ng/ml) (Panel A and
B), TNFa (5 ng/ml) (Panel C and D) and IL-1B (5 ng/ml) (panel E and F) for 8 h. A
number of issues were identified, the concentration-response curves for SU1266
compound were shallow in comparison to SU1261 compound due to not enough
points in the dynamic part of the curve for SU1266 compound, and therefore the range
for this compound was not standard. However, SU1261 showed ICso against CXCL12

luciferase activity less than 1.74 uM and it was more potent than SU1266.
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Figure 4.46: 1Cso values for SU1261 and SU1266 against CXCL12 luciferase activity
in U20S-CXCL12 cells. Using GraphPad Prism software, version 7.0, the data
obtained by Western blot analysis of SU1261 and SU1266 were fitted in a sigmoidal
concentration-response curve for A) SU1261 following LTa13> stimulation. B) SU1266
following LTaiB2 stimulation C) SU1261 following TNFa stimulation. D) SU1266
following TNFa stimulation. E) SU1261 following IL-13 stimulation. F) SU1266

following IL-1pB stimulation.
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4.2.9 The role of IKKa in the regulation of CXCL12 expression using RT-
gPCR in U20S cells

The luciferase reporter activity data suggested differences in CXCL12 activity in
response to the agonists used in this study and the role of IKKa in the regulation of
this expression. Therefore, the role of IKKa in CXCL12 regulation was verified by

endogenous expression using RT-gPCR.

Figure 4.47 shows a time course up to 24 h for LTaif3; for the induction of CXCL12
expression in U20S cells. LTaif32 stimulation induced a minor increase in CXCL12
expression level at 8 h, which subsequently decreased at 24 h. In contrast, TNFa
induced CXCL12 expression at 4 h, the maximum level of approximately three-fold
was achieved at 8 h of stimulation and mRNA levels subsequently reduced at 24 h
(Figure 4.48). IL-1B induced the strongest CXCL12 response (Figure 4.49),
expression significantly increased at 4 h (p < 0.05) with a maximum stimulation of 10
fold at 8 h (Fold increase = 10.76 £ 1.61, p < 0.001). These findings demonstrated
that TNFa and IL-1B robustly up-regulates CXCL12 expression in U20S cells in

comparison to LTai32, thus confirming the luciferase reporter data.
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Figure 4.47: LTaiB. ligation induces non-canonical NF-kB-dependent mRNA
expression of CXCL12 in U20S cells. Cells on 6-well plates were incubated with
LTaiB2 (20 ng/ml) for the indicated time points and RNA extraction as outlined in
Section 2.8.1. Quantitative PCR analysis was performed as outlined in Section 2.8.4.
Error bars represent the mean + SEM of triplicate determinations from three individual
experiments. Data was analysed using a one-way ANOVA test.
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Figure 4.48: TNFa ligation induces non-canonical NF-kB-dependent mRNA
expression of CXCL12 in U20S cells. Cells on 6-well plates were incubated with TNFa
(5 ng/ml) for the indicated time points and RNA extraction as outlined in Section 2.8.1.
Quantitative PCR analysis was performed as outlined in Section 2.8.4. Error bars
represent the mean + SEM of triplicate determinations from three individual
experiments. Data was analysed using a one-way ANOVA test.
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Figure 4.49: IL-1p ligation induces non-canonical NFkB-dependent mRNA expression
of CXCL12 in U20S cells. Cells on 6-well plates were incubated with IL-18 (5 ng/ml)
for the indicated time points and RNA extraction as outlined in Section 2.8.1.
Quantitative PCR analysis was performed as outlined in Section 2.8.4. Error bars
represent the mean + SEM of triplicate determinations from three individual
experiments. Data was analysed using a one-way ANOVA test, *p<0.05, ***p<0.001
Vs control.

4.2.9.1 The effect of SU1261 and IKKa siRNA silencing on IL-1B-induced
CXCL12 mRNA expression in U20S cells

Next, the role of IKKa in the regulation of CXCL12 induction was explored by using
SU1261 and IKKa siRNA (Figure 4.50). IL-1B produced a robust 5.3-fold £ 0.83 fold
increase in CXCL12 mRNA expression in comparison to unstimulated cells (p<
0.001). Interestingly, it was found that SU1261 (10uM) markedly inhibited IL-13-
induced CXCL12 mRNA expression by approximately 80% (SU1261 10 uM: Fold
increase = 1.61 + 0.53, p< 0.001). Furthermore, IKKa knockdown (100 nM)
significantly reduced IL-1B-induced CXCL12 expression by approximately 60%

(siRNA IKKa 100nM Fold increase = 2.07 + 0.40, p < 0.05) compared to NT.

174



o™
N Hl CXCL-12
U xEkx
= —
- 64 —
=)
°©
:
< 4
=
(i
E
o 24
=
i
o
©
1’ 0
PO R R I R SU 1261 (10 pM)
+ + siRNA IKKa (100 nM)
+ + siRNA NT (100 ni)
PO R R DMSO (0.05 %)
+ + + + + IL-1B (5 ng/ml)

Figure 4.50: The effect of SU1261 and IKKa siRNA on IL-18 induces non-canonical
NF-kB-dependent mRNA expression of CXCL12 in U20S cells. Cells in 6-well culture
plates and transfected with 100 nM of non-targeting (NT) and IKKa siRNA (100 nM)
for 96 h, cells were also treated with 10 yM SU1261 and 0.05% DMSO for 1 h. Cells
were then stimulated with of IL-1B (5 ng/ml) for 8 h. RNA extraction and gPCR was
performed as outlined in sections 2.8.1 and 2.8.4. Error bars represent the mean +
SEM of triplicate determinations from three individual experiments. Data was
analysed using a one-way ANOVA test, *p< 0.05, ***p< 0.001 vs an agonist-
stimulated control.
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4.3 Discussion

Relatively little attention has focused on the role of the non-canonical NF-kB pathway
in the regulation of CXCL12, which is known to play a key role in a humber of biological
processes and cellular events related to tumour progression (Wharry et al., 2009).
The aim of the chapter was to characterise the role of IKKa in the regulation of
CXCL12 expression via the activation of non-canonical NF-kB pathway in U20S cells.
Two approaches were employed to investigate the role of IKKa in this study, firstly the
classical pharmacological inhibition strategy using SU compounds characterised in
Chapter 3. Secondly, using small interference RNA (siRNA). These strategies have
revealed an important role for IKKa in the regulation of CXCL12 expression via the
non-canonical NF-kB pathway activation in response to TNFa and IL-13, which were
both found to activate this pathway in a manner different to the usual activation by
LTaiB2. Furthermore, luciferase reporter activity and RT-gPCR data revealed that

IKKa could influence CXCL12 expression mediated by these agonists.

Initially, the kinetics of LTaif3, induced p100 phosphorylation and p100 processing
was examined and compared to TNFa and IL-1B ligands. Several studies showed that
in various types of cells, the activation of non-canonical NF-kB pathway in response
to LTBR is slow (Ganeff et al., 2011, Madge et al., 2008, Dejardin, 2006, Xiao et al.,
2001, Matsushima et al., 2001) and consistent with the transcriptional responses
which are thought to be delayed and longer-lasting (Sun, 2012, Werner et al., 2005).
Our results agree with these studies; in U20S cells LTa; 32 stimulated a slow increase
in p100 phosphorylation and nuclear translocation of NF-kB isoforms, which in turn
may be explained by the fact that NIK activation is a slow process involving TRAF3

mediated stabilisation NIK and de novo protein synthesis (Liao et al., 2004).

By contrast, TNFa and IL-1B are well known stimuli for activating the canonical NF-

kKB pathway (Plotnikov et al., 2011). Nonetheless, they were tested as activators of
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the non-canonical NF-kB pathway in U20S cells in the expectation that they would
stimulate p52 formation through increased p100 expression. Surprisingly, a far earlier
kinetic profile for TNFa and IL-1B was identified, the phosphorylation of p100 was
rapid with onset as early as 15 min, while the activation of nuclear translocation of
both p52-RelB was observed at 60 min (Figures 4.2, 4.5, 4.6 and 4.9). However, it
should be noted that p52 levels did concomitantly increase with p100 expression,
suggesting that newly synthesised p100 may dictate the levels of p52 irrespective
whether or not bona fide processing is on-going. It is worth mentioning that the
responses to TNFa or IL-13 could not be replicated in other cells lines such as MCF7
or CAFs; this novel profile may therefore be restricted to certain cell types. According
to recent studies, TNFa can activate the non-canonical NF-kB pathway in specific cell
types, but again this activation was found to be slow and long-lasting (Kim et al., 2011,
Lotzer et al.,, 2010, Oeckinghaus and Ghosh, 2009). Our results have not been
described previously, in which the most surprising aspect of the data is in the
activation of non-canonical NF-kB pathway at early times, suggesting differences in

receptor coupling to intermediates of the non-canonical NF-kB pathway.

The differences in activation of this pathway may be related to upstream modulation
of the pathways by NIK, TRAF2 and TRAF3. The non-canonical NF-kB pathway
involves the activation of the NIK, stabilisation and accumulation occur through
degradation of TRAF3 (Lich et al., 2007, Liao et al., 2004). In addition to TRAF3,
TRAF2 is known to play a negative role in p100 to p52 processing (Grech et al., 2004),
however, TRAF3 degradation is certainly a hallmark for non-canonical NF-kB
activation (Hacker and Karin, 2006). However, for so many of these studies
conclusions are based on transfection experiments with often long stimulation times;
the early action of the pathway in this study implies that sufficient NIK is already

present or TRAF3 already degraded. A number of researchers have reported that
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LTBR signalling requires NIK (Matsushima et al., 2001, Yin et al., 2001), the slow
kinetics for this agonist found in U20S cells is consistent with the general model
described above. Again this would imply that in U20S cells, the intermediates within

the pathway are functioning normally.

Preliminary studies designed to assess events upstream in U20S cells were not
successful. As expected NIK levels were low in U20S cells, compared with an
adenoviral positive control and did not increase in response to LTaif32 nor IL-1B (data
not shown). One issue may be the quality of the antibodies used, non-specific binding
was substantial and it was difficult to demonstrate clear binding to endogenous NIK.
In contrast, whilst no changes were found in cellular TRAF2 levels in response to
LTaiB2, there was minor degradation of TRAF3. In addition, there was a partial
degradation in both TRAF2 and TRAF3 in response to IL-1B but again the quality of
the antibodies were questionable (data not shown). This may however suggest that
LTaiB2and IL-1B have the potential to regulate the non-canonical NF-kB pathway via
the degradation of TRAF3 but further studies are required. The role of IKKa and NIK
is however, not restricted to activation of the non-canonical NF-kB pathway; there is
compelling evidence showing that activation of IKKa induces its nuclear translocation
and to independently regulates other factors that eventually lead to gene expression

(Chapter 1 Figure 1.5) (Chariot, 2009).

In addition, there were a number of further inconsistencies which the data has
revealed. In contrast to SU compounds, our results showed that phosphorylation of
p100 and p52 formation induced by LTaif, was not affected by siRNA IKKa but
substantially inhibited by the selective inhibitors. This inconsistency may be due to
the different inhibition strategies. Inhibition of a kinase as opposed to full protein
deletion can give rise to different results (Weiss et al., 2007, Abeliovich et al., 2003).

Given that IKKa operates in a complex with a number of other proteins then knock
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down may result in a complex array of outcomes. In addition, it is possible that for the
SU compounds there are off target effects and inhibition of other pathways which may
affect regulation of the pathway particularly at later times. These possibilities await to
be investigated. Interestingly, the canonical IKK signalling pathway can feed the non-
canonical NF-kB pathway through upregulation of p100, but the processing of p100
is solely dependent on its phosphorylation by IKKa which occurs by the activation of

the NIK (Xiao et al., 2001, Senftleben et al., 2001).

The second part of this chapter linked IKKa knock down and pharmacological
intervention to a downstream outcome. As mentioned in Chapter one, several studies
identified CXCL12 as regulated by IKKa via the non-canonical NF-kB pathway
(Madge and May, 2010, Madge et al., 2008). This chemokine has been shown to be
highly up-regulated in various types of human cancers, including bone sarcoma
(Dewan et al., 2006, Perissinotto et al., 2005). A CXCL12 reporter assay and
assessment of endogenous mRNA using RT-gPCR were used to define the role of
IKKa in the regulation of CXCL12 induction. Initial time courses for both approaches
demonstrated that the levels of CXCL12 induced by LTaif3> were lower than levels
induced by TNFa or IL-1B. This increase in CXCL2 expression is likely to be related
to binding sites within the CXCL12 promoter for multiple regulatory elements and may
suggest that activation of the non-canonical pathway alone is not sufficient for
expression (Widmer et al., 1993). Moreover, this lower level of CXCL12 expression
induced by LTa:32 may reflect the less robust p100 degradation and p52-RelB nuclear

translocation that was observed in response to LTai13> compared to TNFa and IL-1p.

In terms of the pathways involved in regulation of CXCL12, results suggested a role
for IKKa as defined by either siRNA or through the use of SU compounds. To date,
work assessing the regulation of CXCL12 expression is restricted to very few papers,

however analysis of the promoter region of the human CLCL12 gene revealed a
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number of regulatory binding sites including Sp1, AP2, NFX3 and GR (Garcia-Moruja
et al.,, 2005). Furthermore, a recent study has reported that hypoxia can regulate
CXCL12 through two potential HIF-1a binding sites, termed HBS1 and HBS2, in the
promoter region of CXCL12 gene. In addition, it was found that HIF-1a triggers
CXCL12 synthesis through the HBS1 promoter region in endothelial cells (Ceradini et

al., 2004).

However, specific IKK or p52 binding sites have not been identified. When examining
the role of IKKa in CXCL12 regulation, it was found that IKKa siRNA was not effective
against the small, LTa182 mediated response, whilst there was a small but significant
inhibition of TNFa or IL-1B-stimulated CXCL12 expression. In contrast, there was no
effect of IKKB siRNA. The few other studies published support these results. Allen
and colleagues found a role for non-canonical NF-kB activation in increased CXCL12
MRNA expression in colon cancers (Allen et al., 2012). In endothelial cells, Madge
and May demonstrated that siRNA knock down of IKKa inhibited CXCL12 mRNA
whilst IKKB deletion enhanced CXCL12 production (Madge and May, 2010, Madge et
al., 2008). This group further reported LTa1p2 induced CXCL12 expression via non-
canonical NF-kB activation, whereas TNFa regulated the level of p100 and RelB in
endothelial cells via the canonical NF-kB pathway, but did not activate the non-
canonical pathway or induce the expression of CXCL12 (Madge et al., 2008). This
partially supports the idea of IKKa driving CXCL12 expression but does imply that for
U20S cells activation of the canonical pathway either by TNFa or IL-13 does not have
a negative effect on CXCL12 expression. A recent study has shown that synergistic
activation of both the canonical and non-canonical NF-kB pathways resulted in a
hyper induction of CXCL13 in mouse aorta smooth muscle cells (Lotzer et al., 2010).
This may be the case in U20S cells, further studies to address this were not carried

out due to time constraints.
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Other studies do however indicate a role for IKKa in the regulation of other genes
which may be examined in the future. For example inhibition of NIK in mouse
fibrosarcoma cells (BFS-1) reduced expression of CXCL2 stimulated in response to
LTaiB> (Daller et al., 2011). Furthermore, IKKa regulates the production of other
chemokines and cytokines such as IL-8/CXCL-8 and IL-6, kinase-dead NIK inhibits
their production upon LTBR ligation (Smith et al., 2001). Other chemokines can be
regulated by IKKa, including CXCL13, CCL21 and CCL19 (Wharry et al., 2009,
Dejardin et al., 2002), suggesting that IKKa regulates chemokines via the non-
canonical NF-kB pathway. Therefore, one of the future strategies may be to conduct

a chemokine/cytokine array and test IKKa sensitivity for each gene.

In summary, the findings in this chapter have identified for the first time a novel, rapid
activation of the non-canonical NF-kB pathway in U20S cells by the cytokines TNFa
and IL-1B and suggest a mechanism of regulation distinct from the classical delayed
response to LTaiB.. Furthermore, this study establishes CXCL12 as a possible
marker for IKKa dependent non-canonical NF-kB activation in bone cancer.
Furthermore, SU compounds could be a promising target for treating bone cancer and

NF-kB-associated diseases by virtue of CXCL12 inhibition.
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Chapter Five

Expression of CXCL12 and components of non-canonical
NF-kB pathway in CAFs and NFs derived from clinical

specimens obtained from breast cancer patients
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5.1 Introduction

Having established in Chapter 4 that IKKa has the potential to regulate CXCL12
expression in U20S cells, preliminary experiments were conducted in CAFs derived
from breast cancer patients, which are known to express high levels of CXCL12. Thus,
the potential for novel IKKa inhibitors to regulate CXCL12 production in a more

pathologically relevant cancer model could be examined.

Cancer-associated fibroblasts (CAFs) have been described as the most abundant
cellular component in the cancer stroma, and is one of the most important cell types
in the tumour microenvironment (Kalluri, 2016, Lorusso and Ruegg, 2008).
Haematological and solid tumour cells interact with CXCL12 within their
microenvironment through its receptor, CXCR4. Orimo and co-workers demonstrated
that CAFs within breast cancer promote tumour growth through the secretion of
CXCL12 (Orimo et al., 2005). Another study reported that synergy between CXCL12
and TGF-B signalling in CAFs, derived from human breast cancer, leads to
development of a tumour through promoting mammary stromal myofibroblasts
(Kojima et al., 2010). As mentioned previously, IKKa-mediated non-canonical NF-kB
signalling in breast cancer (Hao et al., 2010, Cao et al., 2007, Cogswell et al., 2000),

thus there is a potential link between IKKa, CXCL12 and cancer.

In this chapter, we focused on understanding the role of CAFs in breast cancer relative
to activation of the non-canonical pathway and CXCL12 expression. The activation of
non-canonical NF-kB pathway was examined after exposure to LTai32 and TNFa.
Both siRNA and SU compounds were employed to prevent IKKa function and
downstream effects on CXCL12 expression measured using RT-gPCR and ELISA

assays.
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5.2 Results

5.2.1 Activation of the non-canonical NF-kB pathway in NFs and CAFs
Given that there is so little data on cellular signalling in CAFs a first step was to
establish that induction of the non-canonical NF-kB pathway could be observed in

CAFs and NFs.

5.2.2 Activation of the non-canonical NF-kB pathway in NFs

In preliminary experiments it was found that phosphorylation of pl00 and p52
formation were not increased by TNFa (data not shown), while p100 processing was
increased upon LTaif2 exposure. Figure 5.1 shows that in NFs exposed to LTai32
(20 ng/ml), there was no discernible increase in the phosphorylation of p100 over a
prolonged time course while p52 formation increased after a delay of 8 h and
continued until the end of the time period. A significant response was achieved at 8
and 24 h compared to non-stimulated cells (Fold stim = 6.91 + 0.89, p<0.05, Fold stim
= 8.46 % 2.39, p<0.01 respectively). Moreover, the expression of p100 decreased in

response to LTasf2to correspond with p52 accumulation.
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Figure 5.1: Time course of LTaif.-mediated p100 processing in NFs. Cells were
stimulated with LTa1f32 (20 ng/ml) for a maximum 24 h time period. Whole cell extracts
were assessed for A) p52 formation (52 kDa) and total p65 (65 kDa) which was used
as a loading control, as outlined in Section 2.5. Blots were semi-quantified by
scanning densitometry and results expressed as fold increase relative to control for
B) p52 formation. Each value represents the mean = SEM of three independent
experiments. Data was analysed using a one-way ANOVA test, *p<0.05, **p<0.01 vs
control.
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5.2.2.1 TRAF2 and TRAF3 degradation in NFs

Given that little characterisation of the non-canonical NF-kB pathway has been carried
out it was essential to assess intermediates of the pathway under different conditions.
In NFs cells, it was found that there was a partial degradation of TRAF2 between 8-
24 h of exposure to LTaif32 as shown in Figure 5.2. Conversely, TRAF3 degradation
was observed at 4 h with complete degradation achieved between 8 and 24 h of
exposure to LTaif2. This suggests that LTaif32 can activate the non-canonical NF-kB

pathway in NFs cells via the degradation of TRAF2 and TRAF3.
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Figure 5.2: Time course of LTa:>-mediated TRAF2 and TRAF3 degradation in NFs.
Cells were exposed to LTai2 (20 ng/ml) for various time periods. Whole cell extracts
were assessed for expression of TRAF2 (53 kDa), TRAF3 (62 kDa) and GAPDH (37
kDa) which was used as a loading control, as outlined in Section 2.5. Each blot is
representative of three independent experiments.

186



5.2.2.2 NIK expression in NFs

As mentioned in Chapter one, NIK is responsible for the processing of p100 to p52,
in which IKKa is a preferential substrate for NIK, confirming its role in the non-
canonical pathway (Xiao et al., 2001). Furthermore, it was found that NIK mediates
stimulation through certain receptors, including LTBR (Akiba et al., 1998). Therefore,
NFs were exposed to LTai32 (20 ng/ml) and assessed for NIK expression. As shown
in Figure 5.3, a slight increase in the levels of NIK was observed at two time points
following exposure to LTaif3, for 1 and 4 h of stimulation, whilst it was clearer during

other times of the time period compared to non-stimulated NFs.
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Figure 5.3: Time course of LTaiB2-mediated NIK expression in NFs. Cells were
exposed to LTaiB2 (20 ng/ml) for a maximum 24 h time period, whole cell extracts
were assessed for NIK (120 kDa) and GAPDH (37 kDa) which was used as a loading
control, as outlined in Section 2.5. Each blot is representative of three independent
experiments.
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5.2.3 Activation of the non-canonical NF-kB pathway in CAFs

Figure 5.4 shows that CAFs exposed to LTaip3> over a prolonged time course gave
an increase in p100 phosphorylation. The response was moderate, initially observed
at 4h and then increasing up to at 8 h giving a 4.5 fold increase in expression (+ 0.19,
p<0.001). In contrast, there was a clear increase in the formation of p52 at 8 h (Fold
increase = 6.03 = 0.75, p<0.01) with a further increase to around 7.5 fold after 24 h.

Furthermore, this stimulation was accompanied by consistent levels of p100 protein.
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Figure 5.4: Time course of LTaif.-mediated pl00 phosphorylation and p100
processing in CAFs. Cells were stimulated with LTa:f32 (20 ng/ml) for a maximum 24
h time period. Whole cell extracts were assessed for A) p100 phosphorylation (100
kDa), p52 formation (52 kDa) and total p65 (65 kDa) which was used as a loading
control, as outlined in Section 2.5. Blots were semi-quantified by scanning
densitometry and results expressed as fold increase relative to control for B) p-p100
and C) p52 formation. Each value represents the mean + SEM of three independent
experiments. Data was analysed using a one-way ANOVA test, **p<0.01, ***p<0.001
vs control.
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5.2.3.1 TRAF2 and TRAF3 degradation in CAFs

Figure 5.5 shows the kinetic profile of TRAF2 and 3 in CAFs. There was some
degradation between 4 and 24 h following exposure to LTaif32 but this was not
complete by the end of the time period. In contrast, TRAF3 levels were substantially
reduced from 2 h up to the end of the experimental period. This suggests that LTa132
does have the potential to regulate the non-canonical NF-kB pathway in CAFs via the
degradation of TRAF2 and TRAF3, and the results were consistent with the effects

upon non-canonical NF-kB pathway parameters.
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Figure 5.5: Time course of LTa1f.-mediated TRAF2 and TRAF3 degradation in CAFs.
Cells were exposed to LTaif2 (20 ng/ml) for various time periods. Whole cell extracts
were assessed for expression of TRAF2 (53 kDa), TRAF3 (62 kDa) and GAPDH (37
kDa) which was used as a loading control, as outlined in Section 2.5. Each blot is
representative of three independent experiments.
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5.2.3.2 NIK expression in CAFs
Figure 5.6 shows a time course of LTaif3.-mediated NIK expression in CAFs. Whilst
the endogenous levels of NIK were absent in non-stimulating cells, there was

accumulation of NIK expression over the 24 h post-LTa1f3, stimulation time period.
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Figure 5.6: Time course of LTaif2-mediated NIK expression in CAFs. Cells were
exposed to LTa1f2 (20 ng/ml) for a 24 h time period, whole cell extracts were assessed
for NIK (120 kDa) and GAPDH (37 kDa) which was used as a loading control, as
outlined in Section 2.5. Each blot is representative of three independent experiments.

5.2.4 The effect of silencing cellular IKKa expression on the non-

canonical NF-kB pathway in primary CAFs and NFs

In order to block activation of the non-canonical NF-kB signalling in response to
LTaif2, the role of IKKa was explored in CAFs and NFs by reducing its expression or
altering function using both siRNA as a molecular tool and SU compounds as

pharmacological approach.
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5.2.4.1 siRNA silencing of IKKa in NFs

To optimise the efficiency of the siRNA, 25-100 nM of siRNA IKKa or NT was
transfected into NFs for 72 h which was found to be the optimal duration for silencing.
Whilst the NT construct was without effect, expression of IKKa was greatly reduced
after 72 h silencing at 50-100 nM as shown in Figure 5.7. Levels of IKKa were
decreased to less than 10% compared to untreated cells for instance at 100 nM (%
basal IKKa expression = 9.65 + 0.18, p<0.001). Furthermore, treatment of cells with

siRNA IKKa did not appear to have an effect against IKKB expression.
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Figure 5.7: The effect of siRNA IKKa on IKKa expression in NFs. Cells transfected
with siRNA IKKa or non-targeting (NT) up to a concentration of 100 nM for 72 h. Whole
cell extracts were assessed for A) IKKa (84 kDa), IKKB and total p65 (65 kDa) which
was used as a loading control, as outlined in Section 2.5. Blots were semi-quantified
for percentage of basal IKKa expression by scanning densitometry and results
expressed as a relative to untreated control for B) IKKa. Each value represents the
mean percentage knockdown + S.E.M. of three independent experiments. Data was
analysed using a one-way ANOVA test, ***p<0.001 vs control.
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5.2.4.2 siRNA silencing of IKKa in CAFs

In CAFs, 25-100 nM of both siRNA IKKa and siRNA NT were transfected into cells for
72 h which was found to be the optimal duration for silencing. As shown in Figure 5.8,
the impact of NT to increase of IKKa expression was observed at 75 and 100 nM. In
contrast, siRNA IKKa effectively reduced expression of IKKa to approximately 90% at
all concentrations tested for instance at 100 nM; % basal IKKa expression =10.83 +

0.93 (p<0.001). Furthermore, IKKa siRNA was without effect against IKK[3 expression.
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Figure 5.8: The effect of siRNA IKKa on IKKa expression in CAFs. Cells were
transfected with siRNA IKKa or non-targeting (NT) up to a concentration of 100 nM
for 72 h. Whole cell extracts were assessed for A) IKKa (84 kDa), IKKB and total p65
(65 kDa) which was used as a loading control, as outlined in Section 2.5. Blots were
semi-quantified for percentage of basal IKKa expression by scanning densitometry
and results expressed as a relative to untreated control for B) IKKa. Each value
represents the mean percentage knockdown + S.E.M. of three independent
experiments. Data was analysed using a one-way ANOVA test, ***p<0.001 vs control.
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5.2.4.3 The effect of siRNA IKKa silencing on LTa1f2 induced p100
processing in NFs

Figure 5.9 illustrates the effect of IKKa siRNA on LTa:f3; induced p100 processing in
NFs. Cells were transfected with siRNA IKKa or SiRNA NT (100 nM) for 72 h prior to
exposure to LTaif, for 8 h. Preliminary experiments indicated that LTaif, alone
caused a marked stimulation of p52 formation. Interestingly, p100 expression and p52
formation were substantially reduced by IKKa siRNA (100 nM) compared to the non-

target (NT) control.
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Figure 5.9: The effect of IKKa siRNA upon LTaif>-mediated p52 formation in NFs.
Cells were transfected with non-targeting siRNA (NT) (100 nM) and IKKa siRNA (100
nM) for 72 h prior stimulation with LTa1f32 (20 ng/ml) for 8 h. Whole cell extracts were
assessed for p52 formation (52 kDa) and total p65 (65 kDa) which was used as a
loading control, as outlined in Section 2.5. Each blot is representative of two
independent experiments.
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5.2.4.4 The effect of siRNA IKKa silencing on LTa1f2 induced p100
processing in CAFs

In a similar fashion, Figure 5.10 demonstrates the effect of siRNA IKKa on LTaif3;
induced p100 processing in CAFs. Interestingly, as with NFs, preliminary experiments
indicated that both p100 expression and p52 formation were markedly inhibited by

IKKa siRNA (100 nM) compared to the non-target (NT) control.
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Figure 5.10: The effect of IKKa siRNA upon LTa1f,-mediated p52 formation in CAFs.
Cells were transfected with non-targeting siRNA (NT) 100nM and IKKa siRNA (100
nM) for 72 h prior stimulation with LTa1f32 (20 ng/ml) for 8 h. Whole cell extracts were
assessed for p52 formation (52kDa) and total p65 (65 kDa) which was used as a
loading control, as outlined in Section 2.5. Each blot is representative of two
independent experiments.

197



5.2.5 The effect of SU compounds on non-canonical NF-kB pathway in
NFs and CAFs

5.2.5.1 The effect of SU compounds on LTaif32 induced p100 processing
in NFs

Figure 5.11 shows the effect of SU1349 compound on LTa1f3; induced p52 formation
in NFs. LTaif32 significantly stimulated p52 formation over 8 h with an approximate 5.5
fold increase (Fold increase = 5.56 + 0.54, p<0.001). Pre-treatment of NFs with
increasing concentrations of SU1349 significantly reduced p52 formation over the low
micromolar range (1-10 yM). The maximum inhibition was obtained at 10uM (Fold

increase = 0.59 + 0.24, p<0.001).
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Figure 5.11: The effect of SU1349 upon LTa1f3.-mediated p52 formation in NFs. Cells
were pre-treated with SU1349 for 1 h prior to stimulation with LTa:82 (20 ng/ml) for 8
h. Whole cell extracts were assessed for A) p52 formation (p52 kDa) and total p65
(65 kDa) which was used as a loading control, as outlined in Section 2.5. Blots were
semi-quantified by scanning densitometry and results expressed as fold increase
relative to control for B) p52 formation. Each value represents the mean + SEM of
three independent experiments. Data was analysed using a one-way ANOVA test,
***p<0.001 vs LTaif, and DMSO as an agonist stimulated control.
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5.2.5.2 The effect of SU compounds on LTaif32 induced phosphorylation
of p100 and p52 in CAFs

Figure 5.12 shows the effect of SU1349 on LTaif, induced phosphorylation of p100
and p52 formation in CAFs. As expected, LTaif alone induced a significant increase
in p100 phosphorylation and p52 formation (p-p100: Fold increase = 7.23 £ 0.22, p52:
Fold increase = 3.44 + 0.29, p<0.01). With increasing concentrations of SU1349, both
of p100 phosphorylation and p52 formation gradually decreased with significant
inhibition achieved between 1 and 10uM. The maximum concentration (10 uM) of
SU1349 inhibited both p100 phosphorylation and p52 formation induced by LTa132 by
approximately 80% (ppl100: Fold increase = 1.43 £ 0.24, p<0.001, p52: Fold increase

= 0.62 + 0.18, p<0.001).

Similarly, CAFs were treated with increasing concentrations of SU1433 prior exposure
to LTaiB2. As shown in Figure 5.13, concentrations of 3-10 yM SU1433 reduced
phosphorylation of p100 and p52 formation by approximately 85% (p-p100: Fold

increase = 0.46 = 0.12, p52: Fold increase = 0.45 £ 0.11, p<0.001).
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Figure 5.12: The effect of SU1349 upon LTa:f2-mediated p100 phosphorylation and
p52 formation in CAFs. Cells were pre-treated with SU1349 for 1 h prior to stimulation
with LTaiB2 (20 ng/ml) for 8 h. Whole cell extracts were assessed for A) p100
phosphorylation (100 kDa), p52 formation (p52 kDa) and total p65 (65 kDa) which
was used as a loading control, as outlined in Section 2.5. Blots were semi-quantified
by scanning densitometry and results expressed as fold increase relative to control
for B) p-p100 and C) p52. Each value represents the mean + SEM of three
independent experiments. Data was analysed using a one-way ANOVA test,
**p<0.01, ***p<0.001 vs LTa:132 and DMSO as an agonist stimulated control.
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Figure 5.13: The effect of SU1433 upon LTa:f2-mediated p100 phosphorylation and
p52 formation in CAFs. Cells were pre-treated with SU1433 for 1 h prior to stimulation
with LTai2 (20 ng/ml) for 8 h. Whole cell extracts were assessed for A) p100
phosphorylation (100 kDa), p52 formation (p52 kDa) and total p65 (65 kDa) which
was used as a loading control, as outlined in Section 2.5. Blots were semi-quantified
by scanning densitometry and results expressed as fold increase relative to control
for B) pp100 and C) p52 formation. Each value represents the mean + SEM of three
independent experiments. Data was analysed using a one-way ANOVA test,
***p<0.001 vs LTaif, and DMSO as an agonist stimulated control.
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5.2.6 The role of IKKa in CXCL12 expression in CAFs and NFs

As was demonstrated in Chapter 4, IKKa has been implicated as a possible regulator
for CXCL12 in a bone cancer model. Therefore, quantitative real time PCR (RT-
gPCR) was used to determine whether this kinase was implicated in the context of
CXCL12 induction in CAFs and NFs. Figure 5.14 shows that exposure to LTa1[3; failed
to induce CXCL12 expression in CAFs, but significantly increased CXCL12
expression in NFs at 24 h (Fold increase = 1.96 + 0.20, p < 0.01). In contrast, IL-1

failed to induce CXCL12 expression in both NFs and CAFs (Data not shown).
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Figure 5.14: LTaiB. ligation induces non-canonical NF-kB-dependent mRNA
expression of CXCL12 in CAFs and NFs. Cells on 6-well plates were incubated with
LTa1B2 (20 ng/ml) for the indicated time points and assessed for CXCL12 as outlined
in Section 2.8.4. Error bars represent the mean + SEM of triplicate determinations
from three individual experiments. Data was analysed using a two-way ANOVA test,
**p<0.01 vs control.
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5.2.7 Detection of CXCL12 protein expression in CAFs and NF cells
using ELISA

To investigate further the link between non-canonical NF-kB signalling and CXCL12
expression, protein concentration was measured using an ELISA assay. As shown in
Figure 5.15, there was no change in CXCL12 release in CAFs or NFs in response to
LTa.B> stimulation. However, the results indicated elevated levels of CXCL12 protein

in the conditioned media by the CAFs as compared with that by NFs.
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Figure 5.15: Expression level of CXCL12 protein in CAFs and NFs. Cells were seeded
in 6-well culture plates and then stimulated with LTaif2 (20 ng/ml) for the indicated
time points. Supernatants were collected and CXCL12 protein level assessed by
ELISA assay as outlined in methods Section 2.9. Three independent experiments
were performed in duplicate. Data are expressed as means + SEM. Data was
analysed using a two-way ANOVA test.

5.2.7.1 The effect of SU1349 and IKKa siRNA silencing on CXCL12
protein expression in NFs and CAFs

As indicated in Figures 5.16 and 5.17, NFs and CAFs were treated with SU1349 (1
and 10 pM) and IKKa siRNA (100 nM) for 24 h. Whilst siRNA IKKa was without effect,
CXCL12 protein was slightly inhibited by SU1349 (1uM) in NFs, but this inhibition was
not statistically significantly (Figure 5.16). A similar outcome was observed in CAFs

(Figure 5.17).
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Figure 5.16: The effect of SU1349 and IKKa siRNA upon CXCL12 protein levels in
NFs. Cells were seeded in 6-well culture plates and transfected with 100 nM of non-
targeting (NT) and IKKa siRNA (100 nM) for 72 h, NFs were also treated with SU1349
(1 and 10 pM) and 0.05% DMSO for 24 h. Supernatants were collected and CXCL12
protein level assessed by ELISA assay as outlined in methods Section 2.9. Three
independent experiments were performed in duplicate. Data are expressed as means
+ SEM. Data was analysed using a one-way ANOVA test.
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Figure 5.17: The effect of SU1349 and IKKa siRNA upon CXCL12 protein levels in
CAFs. Cells were seeded in 6-well culture plates and transfected with 100 nM of non-
targeting (NT) and IKKa siRNA (100 nM) for 72 h, CAFs were also treated with
SU1349 (1 and 10 uyM) and 0.05% DMSO for 24 h. Supernatants were collected and
CXCL12 protein level assessed by ELISA assay as outlined in methods Section 2.9.
Three independent experiments were performed in duplicate. Data are expressed as
means = SEM. Data was analysed using a one-way ANOVA test.
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5.3 Discussion

The tumour microenvironment has recently become a matter of interest in cancer
research. Recent publications have revealed high levels of CXCL12 expressed by
cancer cells and tumour-associated stromal cells of breast cancer cells, which directly
stimulated the proliferation and invasiveness through both autocrine and paracrine
mechanisms (Kojima et al., 2010, Burger and Kipps, 2006, Orimo et al., 2005). The
major hurdle in treatment of breast cancer is its resistance to conventional therapies,
which include surgery, radiotherapy, chemotherapy, and hormone therapy (Tang et
al., 2016, Gonzalez-Angulo et al., 2007). Therefore, the disruption of the interaction
of cancer cells with their microenvironment through targeting of CXCL12 could

increase the efficacy of these therapies in tumours, including breast cancer.

Two primary fibroblast cells derived from clinical specimens of breast cancer patients
were made available for this study, the Normal fibroblasts (NFs) and Cancer-
associated fibroblasts (CAFs). These cells were obtained from the Beatson Institute
for Cancer Research UK (BICR). Isolation of stromal fibroblasts from invasive cancer
tissues of patients followed by low-passaged cultures in vitro is now a recognised
approach to explore the biological characteristics of CAFs and their effects on tumour
cells (Erez et al., 2010). Furthermore, other studies reported that CAFs at low
passages cultured in vitro retained their original features in the absence of continuous
interaction with carcinoma cells (Kalluri and Zeisberg, 2006, Orimo et al., 2005). CAFs
or NFs ultimately turn into senescent cells after 10 to 15 passages, therefore, all of
the primary cells in this study were at a maximum 10 passages, to maintain the closest
phenotype to the primary tissues. CAFs isolated from cancer tissues, including breast
cancer have high levels of CXCL12 (Yu et al., 2014, Kojima et al., 2010, Orimo et al.,

2005). Another study also showed that CAFs could promote aggressive behaviour of
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breast cancer cells and indeed, promoted migration and invasion of MDA-MB-231

cells in a CXCL12-dependent manner (Al-Ansari et al., 2013).

In this study, LTaip> was found to activate the non-canonical NF-kB pathway in NFs
and CAFs. In contrast, this activation did not occur following exposure to TNFa in
these cells. This is in agreement with other studies that have reported elevated levels
of non-canonical NF-kB pathway markers in response to LTaif32in various cell types
(Ganeff et al., 2011, Madge et al., 2008, Dejardin, 2006). The results of this study
indicate that LTa1p, activates non-canonical NF-kB pathway in CAFs in a manner
different in comparison to NFs. In CAFs, phosphorylation of p100 was observed, and
the formation of p52 was correlated with constant levels of p100, while in NFs, p100
phosphorylation was absent and loss of p100 correlated with p52 formation. It is

possible that p52 formation may be partly a result of constitutive p100 degradation.

It should be noted that the activation of the non-canonical pathway in these cells is
consistent with an increase in NIK expression and changes in TRAF2 and TRAF3.
NIK expression was found to be detected in CAFs and NFs following exposure to
LTaiB2. It seems possible that these results are due to the degradation in TRAF3
which was found to be degraded prior to TRAF2, this suggests that TRAF3
degradation first disassembles the complex bound to NIK to relieve the suppression.
These results agree with the findings of other studies discussed previously, which
suggests that NIK is a key regulator of the alternative NF-kB signalling which is absent
or at minimal level in resting cells through a TRAF3, TRAF2, and clAP1/2 complex
that ubiquitinates NIK causing its proteasomal degradation (Vallabhapurapu et al.,
2008). It was recently proposed that both LTBR and NIK bind to the same site on
TRAF2 and TRAF3, thus, following exposure to ligand, the receptor competes for the
binding sites on TRAF3, consequently replacing NIK from the negative regulatory

complex and relieving the degradation of NIK (Sanjo et al., 2010). Furthermore,
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previous studies have reported that TRAF3 degradation precedes TRAF2
degradation by disassembling the complex bound to NIK (Vallabhapurapu et al.,
2008, Zarnegar et al., 2008). Interestingly, whilst TNFa rapidly activate of the classical
NF-kB pathway in CAFs and NFs suggesting good receptor engagement (data not

shown), there was no activation of the non-canonical NF-kB pathway.

Again, RNA interference (siRNA) and SU compounds (IKKa inhibitors) were
employed to confirm that IKKa mediated the activation of the non-canonical NFkB
pathway in CAFs and NFs, p100 processing was reduced to a great extent following
IKKa silencing or by using SU compounds. In addition, ELISA and RT-gPCR assays
were used to assess CXCL12 expression as a downstream marker of non-canonical
pathway in CAFs and NFs. The results showed no difference was observed in levels
of CXCL12 following activation of this pathway by LTai2. The expression of CXCL12
was observed to be IKKa-dependent in U20S cells (Chapter 4), but this has not been
translated into this study, suggesting that this target is not selective for IKKa in these
cells. Nevertheless, ELISA assay indicated that CXCL12 in the conditioned media
from untreated CAFs was significantly higher than that from untreated NFs. This is in
agreement with other studies that have reported elevated levels of CXCL12 in CAFs
rather than NFs in breast cancer (Kojima et al., 2010, Huang et al., 2010, Orimo et
al., 2005). The role of IKKa was examined in the constitutive production of CXCL12
by using both siRNA IKKa and SU1349. The findings by ELISA revealed there was

no change in CXCL12 levels in CAFs, whereas there was a slight inhibition in NFs.

In conclusion, LTai3> demonstrated a difference in the activation of non-canonical
NF-kB pathway in CAFs and NFs that were obtained from human breast cancer
patients. Emerging evidence has suggested that CAFs show a critical role in the

development of solid tumours, and is a potential target for breast cancer treatment.
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CAFs can effect on tumour microenvironment through the expression of CXCL12

compared to NFs, which appears to be not affected by IKKa absence.
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Chapter Six

General Discussion and Conclusion
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6.1 General discussion and Future directions

Human osteosarcoma is the most frequent primary bone malignant tumour which
affects children and adolescents, also middle ages and elderly persons and is
considered the sixth most common type of cancer (Abarrategi et al., 2016, Mirabello
et al.,, 2009, Niforou et al.,, 2008). Despite great progress in surgery and
chemotherapy, the overall survival for patients with osteosarcoma is very poor and
lung metastasis is the leading caused death in 95% of patients with osteosarcoma
(Basu-Roy et al., 2013, Banerjee et al., 2013, Perissinotto et al., 2005). Thus,
inhibition of metastasis to the lung and other body organs is of critical importance in
treating osteosarcoma. The second disease model used in this study employed
cancer associated fibroblasts (CAFs) derived from breast cancer patients, one of the
most important cell types in the tumour microenvironment (Kalluri, 2016). A large body
of evidence indicates that CXCL12 and its receptor CXCR4 is involved in metastasis,
tumorigenesis, angiogenesis and proliferation in various human cancers, including
bone and breast cancer (Kojima et al., 2010, Lai et al., 2009, Perissinotto et al., 2005,
Bachelder et al., 2002). A number of studies have shown that IKKa is involved in the
regulation of CXCL12 via non-canonical NF-kB pathway activation. However, no
studies have examined the function of IKKa in relation to CXCL12 in U20S cells and
CAFs. Inhibition of IKKa may be a better strategy to improve treatment outcomes for
bone and breast cancer patients. Therefore, the main objectives in this thesis were to
firstly determine if IKKa could be activated in U20S cells and CAFs. Secondly, to
investigate the role of IKKa signalling in the regulation of CXCL12 expression and
thirdly to determine whether this pathway could be inhibited using molecular and

pharmacological approaches.

There are several hallmarks of cancer which contribute to uncontrolled cell growth

including self-sustained proliferation and absence of apoptosis (Hanahan and
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Weinberg, 2011). Since the discovery in 1986, NF-kB is considered to be a major
multi-component transcription factor pathway which plays a key role in normal
physiology and disease (Tegowski and Baldwin, 2018, Hacker and Karin, 2006, Xiao
and Ghosh, 2005), including arthritis, cancer and cardiovascular diseases .Thus, it
has been an attractive target for scientists in oncology (Hoesel and Schmid, 2013).
The NF-kB has two major components; the canonical pathway and the non-canonical
pathway. IKKB mediates the phosphorylation of IkBa in the canonical pathway, which
upon proteolytic degradation promotes the nuclear translocation of p65 and
subsequent transcriptional regulation. Within the alternative pathway, NF-kB inducing
kinase (NIK) promotes the phosphorylation and activation of IKKa, which in turn drives
the phosphorylation and degradation of a larger p100 and the subsequent nuclear
translocation of p52 NF-kB and RelB (Beinke and Ley, 2004). Each pathway leads to
expression of a number of genes involved in immunity, inflammation, and cell survival

in normal and cancerous cells (Oeckinghaus and Ghosh, 2009).

Over the past 15 years, the majority of studies have targeted the IKK( resulting in the
development of a number of compounds such as ML120B from Millennium
Pharmaceuticals, BMS-345541 from Bristol-Myers Squibb and SC-514 from Pfizer
mmm (lvanenkov et al., 2011). However, IKK inhibitors could not been clinically used
due to adverse effects and significant toxicity that occurs due to severe reduction in
anti-apoptotic protein expression in normal cells (Shukla et al., 2015, Gamble et al.,

2012, Chariot, 2009).

A growing body of evidence now implicates a major role for IKKa in cancer
progression and metastasis in a number of cancers including prostate, colorectal,
pancreatic and breast cancer (Luo et al., 2007, Fernandez-Majada et al., 2007, Shiah
et al., 2006, Park et al., 2005). However, selective IKKa inhibitors have not been

identified to date. Initial results in Chapter three confirmed that the inhibition of the
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non-canonical NF-kB pathway via IKKa inhibitors can be used to further characterise
the role of IKKa in cellular outcomes, in addition, it could be a good approach for the
treatment in bone and breast cancer. A number of challenges were identified in the
development of selective IKKa inhibitors. Firstly, in the absence of a crystal structure
for IKKa to date, the high sequence-homology in the ATP-binding site of IKKa and
IKKB, which share 52% overall sequence homology within N-terminal kinase domains
(Gamble et al., 2012, DiDonato et al., 1997). Secondly, further enhancements in
selectivity are required for these compounds to avoid the potential of off-target effects
through improve their physiochemical properties including solubility and resistance to
degradation and clearance. However, a novel class of IKKa inhibitors have been
developed using standard SAR approaches using enzymatic kinases assays at the
University of Strathclyde as part of a CRUK small molecule drug discovery
programme, these compounds were provided for assessment in bone and breast

cancer.

Initial experiments in this study demonstrated for the first time that our lead
compounds were selective and effective in bone and breast cancer through inhibition
of IKKa-mediated activation of the non-canonical NF-kB pathway. Furthermore, data
within our group also demonstrated the selectivity of these compounds for IKKa in
different cancer cells. Furthermore, preliminary experiments showed another aspect
in the clinical applicability of selective IKKa compounds; SU1349 combined with
enzalutamide inhibited IKKa/SR signalling pathways in triple negative breast cancers
patients TNBC (data not shown). Therefore, in future investigations, it might be
possible to extend the findings in this thesis to other approaches cancer drug-
discovery process, for example combination therapy or, depending on the off-target
profile of the compound, multi-kinase inhibition. A number of kinase inhibitors have

been documented to exhibit their anti-tumour activity through dual or multi-kinase
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inhibition (Wada et al., 2014, Komarova and Boland, 2013, Schult et al., 2012). An
important additional future strategy will be to investigate the potential effect of IKKa
inhibitors using in vivo cancer models, in particular genetically engineered mouse

models (GEMM) and primary xenografts.

Targeted therapies are dependent on adequate occupancy and target engagement to
ensure clinical efficacy. Jafari and colleagues demonstrated that using the cellular
thermostability assay CETSA could be useful for shortening the time required to select
candidate drugs with higher likelihood of efficacy (Jafari et al., 2014). Although this
study revealed a distinct melting curve for IKKa without drugs, the stability of IKKa
was not affected by SU1261 so the interaction of the drug with the target protein could
not be confirmed. If time had allowed it would been useful to increase the compound
concentration and decrease the temperature in smaller increments to visualize
possible small thermal shifts. In addition, the time used for incubation with the
compounds that could alter the ability to engage the target protein, which in turn may
affect the ability of antibodies to detect the target protein. Therefore to extend this
work, it will be useful to use antibodies that do not distinguish between the various
protein forms or using MS-based methods that detect either form. Alternatively, the
gel electrophoresis method could be modified to separate different protein forms

before Western blot-mediated quantification (Jafari et al., 2014).

The slow kinetics and dependence of de novo protein synthesis is the hallmark of the
non-canonical NF-kB activation (Liang et al., 2006, Claudio et al., 2002). The results
in Chapter 4 indicated, for the first time, a novel rapid activation of this pathway in
U20S cells by TNFa and IL-1B in comparison to classical delayed response to LTaif32,
suggesting a new mechanism within the non-canonical NF-kB pathway. In preliminary
experiments to follow up this observations were unrevealing, however over-

expression of Adv. wild type NIK resulted in an increase in p100 phosphorylation and
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the formation of p52 in U20S cells, in the absence of any change in p100 protein
expression (Data not shown) suggesting the normal pathway is functional. Using the,
the NIK inhibitor (CW 15407) showed conflicting effects but considerable off-target
effects for this inhibitor are likely. Other kinases have been also identified as upstream
IKK kinases acting in concert with NIK such as MEKK1 (Nakano et al., 1998) and
TAK1 (Sakurai et al., 1998). Although IKKa can be activated by different signals,
however only the NIK-dependent signals induce p100 processing (Xiao et al., 2004,
Xiao et al., 2001) and given that rapid processing was absent this indicated a NIK
independent pathway. Future research should therefore concentrate on molecular

mechanisms underpinning this phenomenon.

A large body of evidence now implicates a major role for the CXCL12/CXCR4 axis in
a number of physiological functions and pathophysiological conditions, particularly in
cancer metastases, in addition to tumorigenicity, angiogenesis and proliferation
(Greenbaum et al., 2013, Lewellis and Knaut, 2012, Kryczek et al., 2007, Dewan et
al., 2006). However, to date, work assessing the regulation of CXCL12 expression is
restricted to very few papers (Garcia-Moruja et al., 2005). The expression of CXCL12
has been proposed to be regulated by IKKa-mediated non-canonical NF-kB pathway
(Madge and May, 2010, Madge et al., 2008). One of the more significant findings to
emerge from this study, for the first time, is that IKKa up-regulates CXCL12
expression through activation of the non-canonical NF-kB pathway in U20S cells
(Chapter 4). Together, CXCL12 reporter activity and RT-gPCR data suggest that
CXCL12 could be regulated by IKKa in bone cancer, moreover CXCL12 expression
was inhibited by blocking IKKa by SU compounds and siRNA IKKa. The key strengths
of this study are the possibility of targeting CXCL12 at the level of regulation, which is
very important. Recently it has been demonstrated that CXCL12 is able to interact

with another receptor CXCR7. Therefore this study suggests that a successful

215



approach would be to selectively target the kinase IKKa, therefore inhibiting CXCL12
as a downstream outcome. Hence, our study point a novel early kinetically distinct
mode of regulation of non-canonical NF-kB signalling regulated by IKKa in response
to TNFa and IL-1B8 compared to classical delayed response to LTai,, which is
significant in the induction of CXCL12. In addition to possibility of targeting CXCL12
expression through inhibiting of IKKa-mediated activation of the non-canonical NF-kB
pathway by SU compounds (Figure 6.1). The siRNA has been used widely to silence
relevant target genes involved in a number of signalling pathways, however
correlating this phenotypic impact with pharmacological small-molecule inhibition
profiles is not always consistent (Weiss et al., 2007). Further investigation is needed
using other RNA methods such as shRNA (small hairpin RNA) or using CRISPR

(Clustered Regularly Interspaced Short Palindromic Repeats).

TNFa & IL-1B LTa,B,
— 1 8 - - &
Noncanonical NF-kB 6

Fast 1

N S
0
}

p52 RelB

P52 RelB
Figure 6.1: A schematic diagram shows the effect of SU compounds to inhibit CXCL12
expression induced by LTa132, TNFa- and IL-1(3 via the non-canonical NF-kB pathway
in U20S cells. The non-canonical NF-kB pathway involve the processing of p100 to

generate p52 and the subsequent migration of RelB-p52 dimers into nucleus, as a
conseqguence, activate the transcription process for CXCL12 expression.
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Although the role of CXCL12/CXCR4 axis has been extensively studied in metastases
in various types of carcinoma, including bone sarcoma, only a few studies mentioned
this role in tumor growth and progression. CXCR4 inhibitors, such as AMD3100 and

CTCE-9908, have been shown to be effective in inhibiting tumour cell metastasis by

targeting interaction CXCL12/CXCR4 in U20S and OS K7M2 cells (Huang et al.,
2009, Kim et al., 2008). As regards tumour growth and progression in OS, Miura and
co-workers demonstrated that the ability to form tumours in vivo positively correlated

with the levels of CXCR4 expression in human HOS OS cells (Miura et al., 2005).

The results in Chapter 5 link to the expression of CXCL12 in CAFs and NFs derived
from breast cancer patients. While a direct role for IKKa has not been reported in the
regulation of CXCL12 expression in these cells, the findings were consistent with
other research which found that CAFs have been identified as a major source of
CXCL12 within the tumour microenvironment, which promotes tumour growth and
angiogenesis (Kojima et al., 2010, Orimo et al., 2005). The SDF-1/CXCR4 axis can
also induce the activation of NF-kB, which plays an important role in tumour growth
and breast cancer metastasis (Mukherjee and Zhao, 2013, Dewan et al., 2006).
Several preclinical studies demonstrate used CXCR4 antagonists in solid tumours to
sensitise tumour cells to chemotherapeutic therapies through disrupting
CXCL12/CXCR4-dependent tumour-stroma interactions (Nervi et al., 2009, Zeng et
al., 2009, Dillmann et al.,, 2009). Therefore, targeting of CXCL12 in tumour
microenvironment may help to define novel strategies for more successful cancer

treatment.

This work could be extended in a number of ways. For example, the effect of
combined treatment of SU compounds and irradiation could be an attractive approach
in breast cancer. Radiotherapy is a cancer therapy which uses radiation to kill cancer

cells and is commonly used to treat different types of cancer including breast cancer
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(Njeh et al., 2010). IKKa could promote resistance to radiation therapy in CAFs via
the activation of the non-canonical NF-kB pathway, which is highly expressed in CAFs
biopsies, NF-kB activation has been observed in cells treated with y-radiation in breast
cancer patients (Guo et al., 2004). Furthermore, several publications have reported
that the inhibition of NF-kB in combination with irradiation or chemotherapy induces a
more favourable outcome (Nakanishi and Toi, 2005, Baldwin, 2001). Furthermore,
preliminary studies in the Boyd laboratory (SIPBS) revealed an additive anti-tumour
efficacy using a combination of SU1261 and radiation therapy in prostate cancer
(PCa) cells, the results demonstrated a significant difference in survival fraction during
combined treatment compared to cells treated with radiation therapy alone (Khalid
personal communication). Further studies are needed to confirm whether disruption
of the interaction of cancer cells with their microenvironment might fill the gap existing

and can increase the efficacy of conventional therapies.

6.2 Conclusion

In conclusion, the findings of this thesis show SU compounds as novel first-in class
IKKa inhibitors in bone and breast cancer. The novel findings obtained from this thesis
highlight the significant role of IKKa in mediating the non-canonical NF-kB pathway in
the potential regulation of CXCL12 expression in bone cancer. Furthermore, our
findings reveal for the first time novel, rapid activation of the non-canonical NF-kB
pathway. In addition, results presented using two primary cells of breast cancer
patients, CAFs and NFs, suggest that IKKa is not required for the regulation of
CXCL12, which appears to be a potential target for increasing the efficacy of
conventional therapies in breast cancer. These findings from this study provide a
novel foundation for a possible future translation via a wider study in vivo and then a

clinical trial study.
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