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Abstract

The chemokine, CXCL12 (SDF-1), is produced by diverse cell types and promotes cancer progression
within the tumour microenvironment through its effects. A number of inhibitors for the CXCL12
receptor, CXCR4, have been developed for the treatment of certain cancers. However, these drugs have
limited clinical success and toxicity issues, raising concerns about long-term effects. Studies have
shown the essential role of MAPK and NF-«B pathways in the regulation of chemokine production.
Therefore, the current study aimed to investigate the role of MAPK and the NF-xB pathway in the
regulation of CXCL12 induced by IL-1B in the human osteosarcoma cell line (U20S) model.
Furthermore, a preliminary study of 5000 commercial compounds assessed for inhibition of IL-1p-
induced CXCL12 reporter activity identified a number of hits. Thus, an additional part of the thesis
aimed to synthesise and pharmacologically evaluate novel CXCLI12 inhibitors and examine their

mechanism (s) of inhibition.

Initially, the target KM compounds were successfully synthesised, and thermal stability analysis
showed constant temperature stability. These compounds were candidates for pharmacological studies
following assessment of signalling cascades in IL-1B-induced CXCL12 expression in the latter part of

the thesis

In validating candidate signalling pathways studies showed no role for JNK and p38 MAPK in
CXCLI12 regulation. IL-1p strongly stimulated the IKKa-dependent NFkB pathway, which aligns with
previous research. Pharmacological inhibition of TAK-1 and IKK alpha implicated IKK alpha in
CXCL12 induction, with no discernible role of IKKp-dependent NFxB pathway. However, molecular
experiments using siRNA knockdown confirmed that whilst siRNA IKKa plays an essential role in
non-canonical pathway regulation, it does not impact CXCL12 induction. This suggests that with
respect to CXCL12 regulation, the compounds SU1261 and 5Z-7-oxo exhibit off-target effects.
Surprisingly, MEKK3, which has no regulatory involvement in any IL-1B-induced MAPK or NFkB
pathway was implicated in CXCL12 induction.

Synthesised CXCL12 inhibitors were characterised, two compounds, KM8 and KM11, showed
significant inhibition of CXCL12 production stimulated by IL-1p. For these compounds, inhibition of
CXCL12 induction did not correlate with any effects on MAPK or NF«B pathways, which were not
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affected. This implies inhibition of another pathway leading to CXCL12 induction, possibly MEKK3

or another axis.
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1. Introduction

1.1 Cancer

Cancer is the uncontrolled proliferation of cells that can affect any body organ. This abnormal
condition causes differentiation to be compromised and cell growth to take over, resulting in tumour
formation and spread to other organs (Hanahan & Weinberg, 2000). In a study conducted by Siegel
and others, cancer has been classified as the first or second leading cause of death in individuals under
the age of 70 in 183 countries (Cause & Age, 2020). The American Cancer Society report estimates
that more than 600,000 deaths and 1.9 million newly diagnosed cancer-related cases occurred in the
United States in 2022 (Siegel et al., 2022). Similarly, cancer statistics for England demonstrated a
25% increase in the overall cancer incidence rate in men, higher than in women in the population in

2022 (Baker & Mansfield, 2023).

A recent report from the World Health Organisation (WHO) in 2024, provided by the International
Agency for Research on Cancer, estimates a 77% increase in cancer incidence from 22 million cancer
cases in 2022 to 35 million cancer cases in 2050, with increasing cancer-related deaths (Bray et al.,
2024). Importantly, three major cancer types accounted for two-thirds of diagnosed cases and cancer-
related deaths globally in 2022: lung cancer, which is predominant in men; breast cancer, which is
predominantly found in women; and colorectal cancer (based on studies by the Global Cancer
Observatory, 2022). Figure 1.1 illustrates the expected incidence and mortality rates for men and

women globally regarding the four predominant malignancies in 2022 (Bray et al., 2024).



Mohammed Sinjar

A B
W lLung B Lung
m Female breast M Female breast
M Colorectum Colorectum
Prostate Prostate
m Other cancer B Other cancer
types types

20.0 million new cases 9.7 million deaths

Figure 1.1 The expected numbers of new cases and cancer-related deaths worldwide in
2022 for both genders. A) Incidence, B) Mortality. Figure adapted from (Bray et al., 2024).

1.2 Hallmarks of cancer

Over the last 30 years, cancer research has developed extensive knowledge, revealing it to be a disease
involving dynamic changes in the genome. These changes result from somatic genetic modifications
in normal cells to produce cancer cells. In 2000, Weinberg and Hanahan highlighted the six main
hallmarks of cancer cells as shown in Figure 1.2, which will be detailed below, which were further

developed in 2011 to include four additional hallmarks (Hanahan & Weinberg, 2000, 2011).
1.2.1 Sustaining Proliferative Signalling

Normal tissues regulate the production of growth-promoting factors responsible for cell growth and
division, thereby maintaining their function. Similarly, cancer cells can sustain proliferative signalling
by different pathways, such as the autocrine pathway, which involves producing growth factor ligands
that bind to cognate receptors, resulting in stimulation of the normal cells to further supply them with

multiple growth factors (Cheng et al., 2008). Another regulatory factor is paracrine-induced
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overexpression of receptors on the cancer cell surface or structural modifications in receptor molecules,
resulting in growth factor production and downstream signalling pathway stimulation. Hyper-
activation of the signalling pathway itself is underpinned by somatic mutation (Hanahan & Weinberg,
2011). These mutations were observed in the B-Raf protein mutation in human melanoma, mediating
sustained activation of the Mitogen-Activated Protein kinase (MAPK) pathway and constant activation
of proliferative signals (Davies & Samuels, 2010). Similarly, Jiang & Liu demonstrated that mutations
in the phosphoinositide 3-kinase (PI3-kinase) isoforms hyperactivated the Akt/PKB signalling
cascades in different types of cancer (Jiang & Liu, 2009). Moreover, studies on negative regulatory
mechanisms have identified Phosphatase and tensin homolog (PTEN), whose inactivation further

enhances proliferative signalling (Sudarsanam & Johnson, 2010; Wertz & Dixit, 2010).

1.2.2 Evading Growth Suppressors

There are multiple tumour suppressor genes that inhibit or limit cancer cell growth and proliferation.
Normally, these genes act together during a certain stage in the cell cycle and function to maintain
genomic integrity. Defects or mutations in these suppressor genes, such as RB (retinoblastoma-
associated) and p53 proteins, enable the cancerous cells to persist in growth and proliferation (Burkhart
& Sage, 2008; Deshpande et al., 2005). For instance, mutations in the p53 tumour suppressor gene and
the RB1 gene result in enhanced uncontrolled cell division due to their inactivation and the
accumulation of genetic abnormalities that drive cancer progression (Ghebranious & Donehower,

1998).

1.2.3 Resistance to Apoptosis

Normally, apoptosis or programmed cell death is caused by many processes, such as inflammation or
cell damage. Two main pathways, an effector and a regulator, produce the apoptotic signals through
intrinsic and extrinsic programs controlled by family members of Bcl-2. Initially, the extrinsic pathway
is activated via death receptor ligation, such as Fas/CD95, leading to activation of initiator Caspase-8
or -10, and this activates effector Caspase-3 and -7 (Hanahan & Weinberg, 2011; Mohammad et al.,
2015). The intrinsic pathway is activated via intracellular stress such as oncogene activation and DNA
damage, inducing mitochondrial signals that form an apoptosome, which activates Caspase-9, which

in turn activates the effector Caspases-3 and -7 (Hanahan & Weinberg, 2011; Neophytou et al., 2021).
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Apoptosis can be inhibited by suppressing the proapoptotic proteins (Bax and Bak) via the anti-
apoptotic Bcl-2 (Adams & Cory, 2007). Mutation of the tumour suppressor TP53 protein, increasing
the expression of anti-apoptotic Bcl-2 or enhancing the survival signals, and downregulating
proapoptotic factors, interrupting the extrinsic apoptosis pathway (Hanahan & Weinberg, 2011). For
example, overexpression of anti-apoptotic family members Bcl-2 blocked the mitochondrial signals
and prevented apoptosome formation, which is necessary for effector Caspase activation downstream,
mediating intrinsic signalling (Mohammad et al., 2015). Furthermore, somatic mutation in caspase
genes, such as Caspase-8, which frequently occur in some malignancies such as colorectal cancer, can
reduce the caspase activity or catalytic ability, which decreases the effector function and reduces
apoptosis (Neophytou et al., 2021). Inactivation of Caspases-3 and -7, aids resistance of cancer cells to
apoptosis induced by death receptors such as Fas and TRAIL receptors (DR4/5) (Mohammad et al.,
2015; Neophytou et al., 2021).

1.2.4 Enabling Replicative Immortality

The healthy cells undergo senescence and crisis or apoptosis stages during their life cycle, controlled
by telomere function that has a crucial role in the limitation of the chromosomal DNA ends
(Blasco, 2005). It has been found that senescence resistance and cell death in cancer cells are linked
to an extension of the telomeric DNA segments, which can occur after telomerase stimulation,
resulting in immortalised cells with malignant progression in some cancer types, like breast cancer
(Raynaud et al., 2010). Inhibiting telomerase activity or disrupting the lengthening of the telomerase

pathway could limit the replicative potential of cancer cells, leading to their senescence and death.

1.2.5 Inducing Angiogenesis

Hanahan and Folkman in 1996 illustrated that cancer cells are similar to normal cells and need
essential nutrients and oxygen for cellular metabolic processes, which are enhanced via pro-
angiogenic factors such as FGF and VEGF. Normal cells can be provided with nutrients during the
early life cycle by generating new endothelial cells and vessels via angiogenesis (Hanahan & Folkman,
1996). In contrast, the development of vasculature remains triggered in cancer with continuous
production of vessels through the release of many angiogenic stimuli such as thrombospondin-1 (TSP-

1), VEGF-A, and FGF (Baeriswyl & Christofori, 2009; Hanahan & Weinberg, 2011). Other studies
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showed that supporting cells (pericytes) and cells derived from bone marrow were essential in tumour
angiogenesis development (Qian & Pollard, 2010; Raza et al., 2010). Drugs that target these factors
have been developed, such as VEGF inhibitors. Bevacizumab has been shown to be an effective drug

for VEGF-induced angiogenesis in colorectal cancer (Pavlidis & Pavlidis, 2013).
1.2.6 Induction of Invasion and Metastasis

Many studies have shown the complexity of mechanisms implicated in cancer invasion and migration.
Metastasis starts from the intracellular migration of cancer cells from the local invasion through blood
or lymphatic vessels to other tissues as macro tumours and colonies. One of these essential factors
that regulates cancer development is E-cadherin, which through the adhesion of cells together and
prevents migration, and any mutation or reduction in this regulator can enhance the tumour hallmark
(Berx & Van Roy, 2009). Other experiments elucidated the involvement of epithelial-mesenchymal
transition (EMT) in cell invasion and migration, including epithelial cells and inflammatory cells, to
mediate cancer invasion and metastasis, as well as activation of associated transcription factors (Friedl

& Wolf, 2008, 2010; Micalizzi et al., 2010).
1.2.7 Evading the Immune System

It is now recognised that immune cell function is a significant factor in cancer development. Under
normal conditions, abnormal cells are recognised and killed through coordinating innate and adaptive
mechanisms involving CTLs and NK cells (Mohammad et al., 2015; Neophytou et al., 2021).
However, cancer cells have the ability to avoid detection due to genetic mutation and do not present
as foreign cells and thereby evade destruction by the immune system. They also attenuate or
deactivate specific cellular processes responsible for the immune protection against cancer cells,
producing prolonged survival for them (Hanahan & Weinberg, 2011). For example, by releasing
TGF-B and other suppressing factors that subdue CD8" T cell differentiation into regulatory T cells
(Tregs), which suppress the immune responses towards tumour cells, as reported in mouse tumour
models (Yang et al., 2010). Natural killer cells were also involved in this regulatory system by
reducing receptor activation on T-cells, such as NKG2D (Natural Killer Group 2D) and NKp30
(Natural cytotoxicity triggering receptor 3), and/or enhancing inhibitory signals resulting in

downregulation of death ligands or reduction in cytotoxic components release ( perforin/granzymes),
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evading the immune system destruction (Mamessier et al., 2011; Neophytou et al., 2021).
Furthermore, recent experiments revealed that cancer cells, such as breast cancer, can evade the
immune defence through the recruitment of immune-suppressive Tregs within the tumour
microenvironment (TME) (Plitas & Rudensky, 2020). Myeloid-derived suppressor cells were found
to be involved in immune response inhibition in cancer through inhibiting the activity of CTLs (Lu

et al., 2024). This is particularly important for the tumour microenvironment.

1.2.8 Genomic Instability

Cancer cells have specific characteristics with respect to the genome and genomic instability. Cancer
cells can detect and fix any genetic defects at a rate higher than normal cells, which have selectivity
for these functions; thus, uncontrolled development of the genetic mutation can occur, resulting in the
accumulation of this mutation at an accelerated rate with the increasing oncogene activation and tumour
suppressor gene inactivation (Hanahan & Weinberg, 2011). Genomic instability not only drives
tumorigenesis but also contributes to heterogeneity, which can lead to therapeutic resistance and

disease recurrence (Turner & Reis-Filho, 2012).

1.2.9 Abnormal Metabolism

Abnormal metabolism is a unique feature of cancer cells through the reprogramming of cellular
nutrition and energy production through a glycolysis-dependent rather than an oxidative
phosphorylation pathway. This enables the cancer cells to produce ATP and metabolic intermediates
required for proliferation and TME adaptation. Yang and co-workers demonstrated that disturbing the
Tricarboxylic acid cycle enhanced cancer cell metabolism both in vitro and in vivo, which resulted
from a lactate overflow that promotes energy release. This enables the survival of cancer cells and

hypoxia resistance by metabolic adaptation, a hallmark of solid tumours (Yang et al., 2024).

More recently, studies have shown the importance of crosstalk between metabolic and epigenetic
modifications in tumour cells, such as noncoding RNA, chromatin remodelling, histone lactylation,
and DNA methylation. The findings demonstrate the complexity with respect to reprogramming the

metabolism of cancer cells to survive, replicate, and evade treatment (Xu et al., 2023).
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1.2.10 Inflammation

Tumours and inflammation have long been linked. Inflammation can create a supportive
environment for cancer growth and development. The inflammatory response includes a number of
immune cells, cytokines, and chemokines that can contribute to converting normal cells into
cancerous ones. For example, chronic inflammation can lead to DNA damage and genomic
instability, thus providing a good condition for mutation and clonal expansion of mutant cells. Such
alterations were clearly identified in chronic hepatitis, H. pylori-induced gastritis, or inflammation
induced by schistosoma, which enhanced liver, stomach, or bladder cancers, respectively. Similarly,
inflammatory cells can release nitrogen species and reactive oxygen species, which can cause further

DNA damage and mutations (Hanahan & Weinberg, 2011).

In addition, cytokines and growth factors produced in the inflammatory medium can promote cell
proliferation, survival, and angiogenesis through regulating several cellular pathways such as NFk-
B and MAPK signalling cascades, all of which are essential for tumour development and metastasis
(DeNardo et al., 2010; Grivennikov et al., 2010). It has been found that chemical inhalation of
asbestos and tobacco triggered IL-1B expression and other inflammatory signalling cascades, which
increased the risk of lung cancer and malignant mesothelioma (Kadariya et al., 2016; Takahashi et
al., 2010). Recent studies demonstrated that inflammation-induced obesity could also promote the
risk of developing various cancers (Quail & Dannenberg, 2019). Others have shown the essential
role of chemokines in tumour growth and metastasis through the recruitment of immune and non-

immune cells and regulating TME (Kortlever et al., 2017; Liao et al., 2019).
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Figure 1. 2 Signs/Hallmarks of cancer cells.

Six cancer hallmarks include evading growth suppressors, induction of invasion and metastasis,
inducing angiogenesis, enabling replicative immortality, resistance to apoptosis, and sustaining
proliferative signalling. Four additional hallmarks involve abnormal metabolism, evading the
immune system, inflammation, and genomic instability. Figure adapted from (Weinberg and
Hanahan, 2000, 2011) using BioRender.

1.3 Signalling Pathways in Cancer

As indicated above, aberration of a number of key signalling pathways have been involved in multiple
cancer stages (Sever & Brugge, 2015). As detailed below, two main pathways have been recognised
to play a critical role in cancer development, the MAP kinase and the PI3kinase /AKT pathway. An
additional pathway that has been implicated in linking inflammation/immune function to cancer

progression is the Nuclear Factor Kappa B (NFxB) pathway and is the focus of this thesis.



Mohammed Sinjar

Other pathways, such as Hippo, Wnt/B-catenin, Hedgehog, and Notch, are not reviewed here — the

reader is referred to a number of relevant reviews (Li et al., 2012; Sever & Brugge, 2015).

1.3.1 The Ras/Raf/ MAPK Signalling Pathway

The Ras/Raf/MAPK pathway plays a role in several cellular processes, including differentiation, cell
growth, and survival; a defect in this pathway is a hallmark of a number of cancers (Chang et al., 2003;
Kolch, 2000). The original focus of the pathway was with respect to growth factors such as PDGF,
EGF, and the activation of growth factor receptors, that is, receptor tyrosine kinases (RTKs). Following
receptor stimulation, a number of protein/protein interactions result in the activation of the small
molecular weight G-protein RAS via GTP/GDP exchange. This initiates a kinase cascade through
activation of Raf, MEK and subsequent activation of ERK, which promotes cell cycle progression and
controls various cellular processes, including cell differentiation and survival (Kolch, 2000; Ritt et al.,
2016). It has been found that mutation of the Ras protein, particularly the K-Ras, which is the common
mutated oncogene, promotes cancer development in multiple human cancers, such as lung,
hepatocellular, and pancreatic cancers (Dergham et al., 1997; Mascaux et al., 2005; Yang & Liu, 2017).
Additionally, a BRAF mutation, especially the V60OE mutation within the kinase binding domain of
the protein, caused constitutive activation of the pathway via sustained phosphorylation of the
activation site, as examined in melanoma and other cancers (Holderfield et al., 2014; Steelman et al.,
2011). Other mutations which are oncogenic, not examined here in detail, include overexpression and
mutation of growth factor receptors such as FGFR and HER2 (Bahar et al., 2023; Santarpia et al.,
2012). More recently, MAP kinase pathways, including JNK, p38, and ERKS, have been identified,
and the potential for disruptions in these pathways have been explored (Bahar et al., 2023). These
cellular cascades drive cancer proliferation and metastasis in various cancer cells (Chen et al., 2015;

Ritt et al., 2016).

1.3.2 The PI3K/AKT Signalling Pathway

Many studies have shown that phosphoinositide 3-kinase and protein kinase B (PI3K/AKT) signalling
pathway is essential in regulating cell growth, motility, and survival (Larue & Bellacosa, 2005). Studies
have detailed PI3K activation through the binding of growth factors to receptor tyrosine kinases

(RTKs) (Varaetal., 2004), which then promotes the phosphorylation of PIP; to PIP3. This key molecule

10
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was found to recruit AKT to the cell membrane, causing its phosphorylation and activation (Alessi et
al., 1997). Activation of this pathway promotes many cellular processes (Kennedy et al., 1997; Vara et
al., 2004). For example, cell survival is promoted by Akt through phosphorylation and inactivation of
proapoptotic proteins such as caspase-9, which enhances cellular proliferation through mTOR-

dependent regulatory cascades (Vara et al., 2004).

As with the ERK/MAP kinase pathway, uncontrolled activation of this pathway is related to alterations
in major components, for example, AKT or mTOR, leading to cancer development and progression, as
examined in lung and prostate cancer (Fumarola et al., 2014; Morgan et al., 2009). Oncogenic
mutations in either the PIK3CA gene encoding the p110a subunit of PI3K or the mutation/deletion of
PTEN that functions to dephosphorylate PIP3 resulted in sustained PI3K/AKT pathway activation,
promoting cancer growth (Carnero et al., 2008; Luo et al., 2003; Sever & Brugge, 2015). Furthermore,
Hollander and co-workers found that PTEN essentially functioned as a tumour suppressor gene, and
its deletion in mice increased the activity of this pathway, resulting in breast and thyroid cancer

development (Hollander et al., 2011).

1.3.3 NF-kB Signalling Pathway

The Nuclear Factor Kappa B (NF-kB) pathway is a key transcription factor pathway implicated in
immune responses, inflammation, and cell survival. Its dysregulation is involved in the oncogenesis of
many tumours, such as colorectal (Li & Hong, 2016), breast (Khongthong et al., 2019), lung (Asgarova
et al., 2018), and bone metastasis (Santini et al., 2011). Initially discovered in 1986 by Sen and
Baltimore using electrophoretic mobility shift assays, NF-xB was demonstrated as a nuclear factor
that bound an 11base-pair motif (GGGACTTTCC) in the immunoglobulin kappa light-chain enhancer
in B cells (Sen & Baltimore, 1986). Originally considered to be B-cell-specific, it was subsequently
found to be expressed in various cell types and activated by factors such as TNF-a and pathogens

(Lenardo & Baltimore, 1989).

To date, five members of the NF-kB family have been identified and functionally characterised, along
with several inhibitory-kappa B (IkB) proteins that regulate NF-kB function. As transcription factors,
they were found to contain domains responsible for DNA binding and dimerisation, and were cloned

using recombinant DNA techniques in HEK293 cells (Ghosh et al., 1998). More recently, an

11



Mohammed Sinjar

experimental study has shown that subunit-specific functions could be separated through X-ray
crystallography, with RelA being absolutely required for embryonic survival (Alcamo et al., 2002).
Almost all NF-xB subunits are fully activated upon C-terminal activation; both C- and N-terminal
activation are required for complete nuclear translocation, and activation of RelB (Dobrzanski et al.,

1993).

1.3.3.1 Structure of NF-kB Family Members

The NF-kB family of transcription factors comprises five members (RelA (p65), RelB, c-Rel, NF-xkB2
(p100, processed to p52), and NF-kB1 (p105, processed to p50)) as shown in Figure 1.3 A, each
containing a 300-amino-acid region of homology called the Rel Homology Domain (RHD). The RHD
mediates DNA binding to the «B sites (5’-GGRN(Y)YYCC-3’), dimerisation and nuclear
translocation, as demonstrated by crystallographic studies of p50- or p65-containing heterodimers
(Chen et al., 1998; Mulero et al., 2019). Class II members (RelA, RelB, c-Rel) possess C-terminal
transactivation domains (TADs), which are present as a pair in RelA and c-Rel and promote strong
transcriptional activation as demonstrated using luciferase assays in HEK293 cells. Class I members
(NF-xB1, NF-xB2) are processed by ubiquitination-proteasome at the glycine-rich regions to produce
p50 (433 amino acids) and p52 (223 amino acids), these subunits lack TADs and act as repressors as
homodimers or as cofactors with RelA/RelB. The precursors of p105 and p100 contain ankyrin repeat
domains (ARD) that mediate the inhibition of nuclear function until the precursors are proteolysed
(Napetschnig & Wu, 2013). Related Non-canonical subunits, for example, ribosomal protein S3
(RPS3), can increase NF-«B activity, as demonstrated by co-immunoprecipitation in A549 cells (Wan

et al., 2007).

1.3.3.2 Structure of Inhibitory-kappa B (IkB) Family Members

The IkB family, including IxBa, IkBf, IkBe, Bcl-3 (Ferreiro & Komives, 2010), [kBzeta (Muta, 2006),
and the precursor proteins p100 (NF-xB2) and p105 (NF-xB1) (Hayden & Ghosh, 2012) as shown in
Figure 1.3 B, contains 5 to 7 ankyrin repeats (ANK) that directly associate with NF-xB dimers, hiding
their Nuclear Localisation Signal (NLS) and thereby sequestering them in the cytoplasm. These family
members possess a transactivation region in the C-terminal RHD, which is rich in acidic, hydrophobic
amino acids, and serine amino acids for phosphorylation. A change in any of these amino acid

sequences results in reduced transcriptional activity and the impairment of NF-«kB transcription itself,

12
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which is mediated by these genes as reported in the dominant-negative IxBa mutant (Chen et al., 1996).
In addition, these subunits share an N-terminal leucine zipper (LZ) domain that permits the NF-xB

subunits to interact with each other.

In a large number of studies, illustrated by TNF-a stimulation in MEFs (Hayden & Ghosh, 2008), the
most studied, IkB member IkBa (317 residues) has been shown to be phosphorylated at Ser32/Ser36
residues by the IKK complex (IKKa, IKKB, and NEMO), resulting in the ubiquitination and
proteasomal degradation, and as indicated below, allowing p65 to translocate to the nucleus. Both IkBf3
and IxBe share this inhibitory effect; however, they differ in their sensitivity to stimuli; IkBp is
involved only in the response to long-lived stimuli such as LPS-treated macrophages. The IkB, Bcl-3,
serves as a nuclear coactivator for p50/p52 homodimers, mainly in B-cell lymphomas, and mediates

transcription stimulation through association with histone acetyltransferases, as shown by ChIP assay

(Liou & Hsia, 2003). The ANK repeats mediate specific regulation of NF-«B.
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Figure 1. 3 The structure of NF-xB and IxB family protein members.

Panel (A) represents the five family proteins of NF-kB. The RHD in Rel-related proteins (RelA, RelB,
c-Rel, p100/p52, p105/p50) controls their dimerisation and binding to DNA. C-terminal TAD is only
found in Rel members (Rel A, Rel B and c-Rel). Ankyrin repeats (ANK) are found on p105/p50 and
p100/p52 and mediate the sequestering of NF-«xB dimers in the cytoplasm through binding to them.
The proteolytic process of the C-terminal region for p100 and p105, which is ubiquitin-dependent
cleavage, produces p52 and p50 NF-kB subunits. The amino acid count is shown on the right-hand
side, next to each NF-kxB member. RHD: Rel homology domain; LZ: leucine zipper; TAD:
transactivation domain; Panel (B) IkB family members and their expressed proteins with functional
domains are shown. PEST region refers to a polypeptide sequence enriched in proline (P), glutamic
acid (E), threonine (T), and serine (S); GR indicates the glycine-rich region; and DD denotes the death
domain. Figure Adapted from (Zinatizadeh et al., 2021).

14



Mohammed Sinjar

1.3.3.3 Structure and Function of the Inhibitory Kappa B Kinases (IKKs)

A major discovery with respect to the regulation of both canonical and non-canonical NFkB signalling
was the IKK complex, which integrates signals from activation of a wide range of activated receptors
to NF-kB activation itself. It is composed of two catalytic subunits, IKKa (85 kDa, 745 residues) and
IKKp (87 kDa, 756 residues), and a regulatory subunit, which is termed (NEMO), NF-kB Essential
Modulator (48 kDa, 419 residues) (Ghosh et al., 1998). Each of the catalytic subunits contains an N-
terminal kinase domain, ubiquitin-like domain (ULD), leucine zipper (LZ), helix-loop-helix (HLH)
domain, and a C-terminal NEMO binding domain (NBD). At least in the case of IKKa the leucine
zipper domain in its C-terminal region facilitates dimerisation, a feature of non-canonical NF-xB
pathway. IKKa also contains a nuclear localisation sequence (NLS) as part of the kinase domain
(Hacker & Karin, 2006). Figure 1.4, as indicated by X-ray crystallography (Oeckinghaus & Ghosh,
2009). NEMO is a cytoplasmic protein without catalytic activity that is composed of an amino-terminal
kinase-binding domain, two coiled-coil (CC1 and CC2) domains, a leucine zipper, and a carboxy-
terminal zinc finger domain. It interacts with upstream signals (such as Receptor-interacting
proteinl (RIP1) and TRAF6) and K63-linked/linear polyubiquitin chains, as demonstrated by co-
immunoprecipitation in TNF-a-treated HEK293 cells. The extended structure of NEMO,
demonstrating the binding interface that NEMO forms with IKKo/IKKf, allowing for an allosteric

kinase activation (Israél, 2000).

\___/
NEMO
iy YR =

Figure 1. 4 Structure of IKKs, IKKa, IKKf and IKKy (NEMO).
LZ: leucine zipper motif; HLH: helix-loop-helix domain; NBD: NEMO-binding domain; CC: coiled
coil region. Figure Adapted from (Oeckinghaus & Ghosh, 2009).

15



Mohammed Sinjar

1.3.3.4 Activation of NF-kB p100/p52

The key component in the non-canonical NF-kB pathway is p100 (900 amino acids) (Kim et al., 2000).
It is the NF-xB2 subunit, precursor of p52, which is a central participant involved in the regulation of
lymphoid organogenesis, B-cell maturation, as well as oncogenesis. Like the IkB proteins, the C-
terminal ARD of pl100 retains RelB within the cytoplasmic p100/RelB complexes (Sun, 2017).
Alternative pathway activation is stimulated by NIK and IKKa, which are induced by TNFR ligand (
BAFF, CD40L, RANKL) (Shih et al., 2011; Sun, 2017). IKKa phosphorylates p100 at Ser866/Ser870
(C-terminus) and Ser99/Ser108 (N-terminus), and then ubiquitination and partial proteasomal
processing to p52, as confirmed by Western blotting in B-cell lines (Sun, 2017). This pathway,
controlled by the inhibition of TRAF3 degradation and NIK stabilisation, permits p52/RelB dimers to
undergo nuclear translocation and activation of genes such as CXCL13, BAFF, and CCL19, as
demonstrated in NIK-deficient mice (Sun, 2017).

Aberrant activation of p100/p52 is oncogenic in cancers. In diffuse large B-cell lymphoma, constitutive
activation of p52/RelB was linked to pl00 phosphorylation and activation, which facilitates the
transcriptional regulation of anti-apoptotic genes such as cIAP. This effect was quantified using RT-
qPCR (Collares, 2019). Similarly, in breast cancer, MMP-9 is upregulated by p52/RelB dimers in
MDA-MB-231 cells. This factor appears to be one of the key drivers facilitating metastasis, as
confirmed by zymography (Zinatizadeh et al., 2021). Experimental studies showed that NIK knockout
in lymphoma cells decreased p52 levels (Cildir et al., 2016), and TRAF3 mutations in myeloma

enhanced non-canonical NF-kB signalling (Nishikori, 2005), resulting in enhanced tumour growth.

1.3.3.5 The Molecular Activation of IxBa in the Canonical NF-kB Pathway

As indicated above, a key feature of canonical NF-kB activation involves IkBa (317 amino acids), the
most direct and canonical inhibitor of NF-kB. This was achieved through cytoplasmic sequestration
and degradation in a stimulus-dependent manner. Six ankyrin repeats sequester the dimers of NF-kB
(such as p65/p50) by hiding their nuclear localisation signals (NLS), as indicated by HEK293 cell co-
immunoprecipitation data (Hayden & Ghosh, 2008). Stimuli such as TNF-a, LPS, or IL-1p have been
observed to stimulate the IKK complex through IL-1R1 and MyD88-TRAF6; the latter phosphorylates
IxBa at Ser32/Ser36. This caused the beta-Transducin Repeat-Containing Protein B-TrCP (an E3

ubiquitin ligase) mediated Lys48-linked polyubiquitination and proteasomal degradation, resulting in
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the liberation of NF-kB dimers, which were observed using immunofluorescence in IL-1pB-treated
MEFs (Hayden & Ghosh, 2008; Shih et al., 2011). The efficacy of IL-1p in canonical NFkB signalling
has been well established. In A549 cells, IL-1p induced greater IkBow degradation compared to TNF-
o, accompanied by sustained TRAF6 signalling, as demonstrated by Western blot analysis (Adli et al.,
2010).

The fluctuation in activity of NF-kB has been shown to be controlled by the stability of IkBa (Hayden
& Ghosh, 2008). For example, in colon cancer, IL-1p-mediated IkBa degradation in HCT116 cells
activates p65, which promotes the proliferation of cells, playing an essential role in this malignancy
(Karin, 2006). In addition, Demchenko and coworkers demonstrated that IkBa mutations or IKKf3
hyperactivation, in multiple myeloma patient samples, result in constitutive NF-kB activation that was

sensitive to inhibition by IKK inhibitors such as ML120B (Demchenko & Kuehl, 2010).

1.3.4 Signalling Pathways of NF-kB

There are two primary signalling pathways that regulate NF-xB activation in cellular environments in
response to stimuli. These pathways include canonical (classical) and non-canonical (alternative)

pathways, which are described in detail below.

1.3.4.1 Receptor Coupling to the Canonical NF-kB Pathway

Significant work has identified additional components that link different types of receptors to the IKK
complex within the canonical NF-xB pathway, which is activated by multiple inflammatory stimuli
such as TNF-a, IL-1B, LPS, reaching its component, the IKK complex, or by receptor-stimulating
signals such as T-cell (TCR) and B-cell (BCR) receptors (Hayden & Ghosh, 2008; Taniguchi & Karin,
2018). In the stimulated state, a stimulus like IL-1p engages IL-1R1, leading to the association of
MyD88 and TRAF6. Subsequent signalling (TRAF6-TAB2/3-TAK1) activates the IKK complex,
resulting in phosphorylation of IKKf (Figure 1.5) and K63-linked polyubiquitination. Activated IKKf
phosphorylates IkBa, targeting it for B-TrCP-mediated ubiquitination and degradation. This
degradation releases NF-kB dimers, commonly (p65/p50 or c-Rel/p50), which translocate to the
nucleus (Hayden & Ghosh, 2008). In a mouse model study, TNF-a-treated macrophages were observed
to exhibit oscillatory dynamics of NF-«B signalling mediated by activation of IkBa through paracrine

signalling that induce gene expression and autoimmune disease, through disruption of this dynamic in
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response to cytokines (Adelaja et al., 2021). These data highlighted the essential role of TRAF6,
TAB2/3, and TAKI in IL-1B-induced NF-xB activation and have important implications for

inflammation-related diseases, inflammatory bowel disease, autoimmune diseases, and cancer.

Furthermore, studies have shown that viruses induce IKKB-dependent NF-kB activation either directly
through specific viral proteins, such as Hepatitis C virus or Influenza A virus, via TRAFs or RIP1
receptors, or indirectly through viral RNA or DNA, which act as pathogen-associated molecular
patterns recognised by host pattern recognition receptors (Hiscott et al., 2006; Santoro et al., 2003;
Schmitz et al., 2014). GPCRs were also examined to activate the IKKp-dependent NF-kB pathway
through a complex mechanism involving Gq and Ggy subunits triggered by endogenous mediators, such
as bradykinin. This activation is essential for inflammation, but it is moderated and transient compared

to stronger innate immune receptors, such as TLRs (Xie et al., 2000; Ye, 2001).

1.3.4.2 The Non-Canonical NF-kB Pathway

As outlined above, the non-canonical NF-kB pathway (alternative pathway) is a signalling pathway
that was found to be activated in a subset of cell types (B cells and lymphoid stromal cells) and
characterised by processing of p100 into p52. However, the pathway has proved to be far more
ubiquitous than first realised, and I found it in T-cells, epithelial cells, cancer cells, and others.
However, unlike the canonical NF-kB pathway, it is triggered almost exclusively by a subset of the
TNFR superfamily, such as the lymphotoxin 3 receptor (LTBR) (Sun, 2017), BAFFR (Claudio et al.,
2002; Dejardin et al., 2002), CD40 (Coope et al., 2002), and receptor activator of NF-kB (RANK)
(Novack et al., 2003; Sun, 2011). Unlike the rapid activation kinetics and IKK[3 and NEMO-dependent
establishment of the canonical NF-kB pathway, it has slower activation kinetics (Liao et al., 2004),
requires new protein synthesis, and is mediated closely by IKKa homodimers and not to IKKp or

NEMO (Liang et al., 2006).

The initial receptor binding and upstream signalling activation via TRAF2/3/clIAPs for the non-
canonical NF-kB pathway remain distinct from those for the canonical NF-kB pathway activation

induced via TRAF6/TAK-1 receptor binding (Kendellen et al., 2014; Sun, 2011, 2017).

The non-canonical NF-kB pathway is triggered by binding of one of the TNFR superfamily receptors
to their specific ligands, resulting in the recruitment of adaptor proteins, specifically, TRAF2/3 (Sun,
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2011, 2017). TRAF2/3 binds to cellular inhibitor of apoptosis (cIAP1/2), which ubiquitinates the NF-
kB-inducing kinase (NIK) to target it for proteosome-mediated degradation. In unstimulated cells, NIK
is kept at low levels by being in a complex with TRAF3, TRAF2, c-IAP1, and c-IAP2, which facilitates
its Lys48-linked polyubiquitination and subsequent proteasomal degradation, as shown by ChIP assay
of BAFFR-stimulated B cells (Cildir et al., 2016; Sun, 2011; Vallabhapurapu et al., 2008). Binding of
the receptor leads to the degradation of TRAF3 and TRAF2; thereby, NIK can be accumulated and
auto-phosphorylated (stabilisation of NIK) (Sun, 2011, 2017; Vallabhapurapu et al., 2008).

Then stabilised NIK phosphorylates IKKa that in turn phosphorylates p100, leading to the association
of SCFB-TrCP for generating Lys48-ubiquitin ligase and the partial proteasomal processing for p52,
as shown in Figure 1.5 (Razani et al., 2011). The generated p52/RelB dimers migrate to the nucleus
and activate gene transcription, such as BAFF, essential for B cell survival and also required for
lymphoid development and tumour progression, as evidenced in multiple myeloma cells (Cildir et al.,

2016).

The non-canonical NFkB pathway activation is not fully recognised and understood; both IKKa and
NIK are potential targets of this pathway inhibition. Therefore, by a deep understanding of this
pathway, we can identify potential therapeutic targets for attenuation or prevention of cancer (Ben-

Neriah & Karin, 2011). This pathway is studied in the thesis with respect to cytokine induction.
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Figure 1. 5 The NF-kB pathways, the Canonical and Non-canonical pathways.

The cytokines activated the canonical pathway, including Interleukin-1 (IL-1), Tumour Necrosis
Factor (TNFa), and Lipopolysaccharide (LPS). Activation induces IkBa phosphorylation by the IKK
complex, followed by its ubiquitination (Ub) and degradation by the 26S proteasome. Transport the
RelA/p50 dimer to the nucleus in its free form to induce target gene transcription. The alternative
pathway caused NF-kB-inducing kinase (NIK) upon TNF cytokine-family stimulation, leading to
activation of IKKa. NIK-IKKoap100 recruitment results in phosphorylation of the p100 subunit. This
leads to p100 processing and p52 formation in a 26S proteasome-dependent manner, resulting in the
activation of p52-RelB that bind to different kB subunits and transcriptional activation of target genes.
Figure adapted from (Viennois et al., 2013).

1.3.4.3 The Role of the NF-kB Pathway in Cancer

The NF-kB pathway plays a critical role in cancer hallmarks. Hyperactivation of NF-kB, which is
driven by the IKK complex, promotes cancer development. For example, Karin and coworkers
demonstrated in colorectal cancer HCT116 cells that the TNF-a-induced IKK activation by promoting
IKKp phosphorylation, allowing IkBa phosphorylation and the subsequent sequestration of p65/p50
dimers (Karin, 2006). NIK-induced phosphorylation of IKKa at serine 176/180 processes p100 to its
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active form, p52, in multiple myeloma (MM), and the mutations of TRAF3 exacerbate NIK-IKKa
activity that was detected in about 50% of MM tumours (Demchenko et al., 2010). Similarly, NEMO
mutations/amplifications, identified in multiple myeloma, abrogate ubiquitin binding and lead to
constitutive IKK activation, as confirmed in xenografts model (Annunziata et al., 2007). Recently, in
lung cancer, Zinatizadeh’s study explained that activation of IKKp increased IL-6 and VEGF, which
contributed to tumour growth using A549 cells (Zinatizadeh et al., 2021).

Additionally, IKKf inhibitors such as Aryl cyanide hydroxyphenyl have been tested in lymphoma
xenografts and suppressed by about 60% tumour load, indicating therapeutic potency (Cildir et al.,
2016). However, the structural plasticity of the IKK complex has popularised it as an attractive
therapeutic target, with IKKf} inhibitor MLL120B being an inhibitor currently under clinical trials.

Greten and coworkers demonstrated the relation between IKKf activation and inflammation-induced
tumour development in a mouse model of colitis-associated cancer through upregulating IL-6 levels in
MDCs, which was diminished when IKKf was deleted in colorectal cancer (Greten et al., 2004).

Suggesting that IL-6 acted as a tumour growth factor.

Notably, a study in breast cancer has shown that LPS and IL-1B-mediated p65/p50 activity is
responsible for the upregulation of Cyclin D1 and cell proliferation, as demonstrated by ChIP-
sequencing (Zinatizadeh et al., 2021). Studies in breast cancer models have shown that IKK pathways
can also be activated in response to stress, such as reactive oxygen species (ROS), but with a minor
effect. Such signals are enhanced by inflammatory cytokine, TNF-q, that induces ROS NF«B activation
through IxB phosphorylation and degradation, enhancing EMT in breast cancer cells (Dong et al.,
2007). Similarly, this response was observed in various cancer cells, depending on cell type-specific,
where ROS regulates NFkB activation through their component phosphorylation (IxkB, IKK), resulting
in activation in the cytoplasm or inhibition in the nucleus (Morgan & Liu, 2011).These findings indicate

the essential role of the canonical NF-xB pathway in cancer growth and development.

Another essential pathway in cancer regulation highlighted by researchers worldwide is the non-
canonical NF-kB, which has context-dependent roles and serves as a classic example to understand the
contribution of this pathway in a cellular context. For example, in large diffusion B-cell lymphoma,

activation of the LTBR by LTalp2 activates the non-canonical NF-xB pathway, which translocates
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p52/RelB dimer to the nucleus and induces various regulatory genes involved in lymphogenesis using
a genomic analysis study in a mouse model (M. Wolfet al., 2010). Furthermore, a study by Santini and
coworkers demonstrated that the RANKL-RANK pathway mediates non-canonical NF-kB activation
in breast cancer, enhancing bone metastases as detected in primary breast cancer patients (Santini et

al., 2011).

Using genetic studies and preclinical therapeutic inhibition for this pathway was the cornerstone in
cancer treatment, particularly for bone cancer (Shi et al., 2025), which has not been clearly examined

in previous studies, and this will be discussed in detail.

1.4 The Role of Inflammation in the Tumour Microenvironment

A number of cancer hallmarks come together in the tumour microenvironment (TME). A significant
realisation was that the TME comprises an inflammatory environment that supports and shapes tumour
development. The basic features of TME components can be subdivided into cellular and non-cellular
components, which have unique characteristics and functions. Cellular constituents of the TME consist
of cancer cells, immune cells, including cytotoxic T-lymphocytes, B-lymphocytes, tumour-associated
macrophages (TAMs), neutrophils, and natural killer cells (Quail & Joyce, 2013; Wang et al., 2017),
CAFs (Farhood et al., 2019), endothelial cells (Yang et al., 2021), and adipocytes (Pallegar & Christian,
2020). These cells not only provide support for tumour growth, but are also involved in immune

evasion, angiogenesis, and extracellular matrix (ECM) remodelling (Brassart-Pasco et al., 2020).

T cells represent one of the two most abundant immune cells in the TME (Bhandoola & Sambandam,
2006; Y. Chen et al., 2021). T-cells are key players of adaptive immunity, and they include CD8+
cytotoxic T-lymphocyte cells (CTLs), which recognise tumour antigens presented by major
histocompatibility complex class I (MHC-I) molecules and directly kill tumour cells in FasL-mediated
apoptosis and in granule exocytosis (O'connell et al., 1996; Wieczorek et al., 2017). CD4+helper T
cells facilitate the activation of CTLs at least in part by delivering activating signals (CD40-CD40L
interaction) and secreting cytokines, such as IL-2, that promote clonal expansion of the CTLs (Bennett
et al.,, 1998; Bourgeois et al., 2002). By contrast, studies demonstrated another kind of T-cells,
regulatory T cells (Tregs), which express a transcription factor Foxp3 that act to suppress effector T-

cell function via inhibitory cytokines such as TGF-B, promoting immune escape (Wolf et al., 2015).
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Furthermore, immune checkpoints strongly affect T-cell function in the TME. For example, inhibitory
checkpoints such as PD-1, CTLA-4, and LAG-3, which are highly expressed on exhausted T-cells,
allow tumours to avoid immune surveillance by the expression of PD-L1 (Freeman et al., 2000; Leach
et al., 1996). Blockade of checkpoints, such as anti-PD-1/PD-L1 antibodies (BMS-936558), reactivates
T cells to mediate killing that has shown effectiveness in clinical studies, such as melanoma and non-
small cell lung carcinoma (Topalian et al., 2012). However, persistent exposure to the antigen in the
TME results in T-cell exhaustion, which is characterised by decreased effector function and diminished

proliferative potential (Pauken & Wherry, 2015).

Additionally, interactions of T-cells with other immune cells enhanced anti-tumour immunity. For
instance, Dendritic cells (DCs) reconnoiter T-cells via direct antigen presentation to T-cells but are
frequently inhibited in their function by TME factors, such as VEGF and PD-1 expression, as examined
in ovarian and colorectal cancer (Krempski et al., 2011; Michielsen et al., 2011). Similarly, Myeloid-
derived suppressor cells (MDSCs) and TAMs suppress T cells using arginase, nitric oxide, and TGF-
B, which create an immunosuppressive environment (Gabrilovich et al., 2012; Mantovani et al., 2017).
Moreover, the cells of the innate immune system, such as TAMs and NK cells, are also important. NK
cells that are induced by IL-12 and IL-21 can directly kill MHC-I-deficient tumour cells with granzyme
B and perforin, which is important for immune surveillance (Smyth et al., 2005). But stromal cells
suppress these effector cells, such as TGF-B derived from tumour-associated CAF, which can inhibit

NK and CD8" T cell cytotoxicity and proliferation, allowing immune evasion (Flavell et al., 2010).

Another essential element in TME is CAFs, which are a diverse cell population of activated fibroblasts
and are abundant in the tumour stroma of a plethora of tumour types. CAFs can exert tremendous
effects on TME through multiple mechanisms. By alterations of the ECM, growth factor production,
and induction of angiogenesis, they support tumour hallmarks and resistance to therapy (Sarkar et al.,
2023). CAFs also secrete a dense ECM of proteins, with collagen being an example, which contributes
to tissue stiffness and builds a physical barrier to prevent invading T cells from entering the tumour
environment (Stylianou et al., 2019). Factors released by CAFs, such as the chemokine CXCL12,

directly stimulate proliferation in lung cancer cells (Wald et al., 2011).
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Additionally, CAF-derived factors can diminish T cell migration and recruit immune suppression cells,
such as Treg cells and MDSCs. Through this cell interaction, CAFs can induce or inhibit the T cell
apoptotic effect, thereby contributing to immunosuppressive TME (Costa et al., 2018).

Strong evidence for these findings comes from experimental studies. For example, Costa and
coworkers showed that CAF, notably, the S1 subset, plays a role in immunosuppression, through
attracting T lymphocytes and enhancing their differentiation into regulatory T cells in human breast
cancer (Costa et al., 2018). CAFs express high PD-L1 and FASL in an in vivo study and bind to PD-1
and FAS on T cells, driving antigen-specific CD8" T cell apoptosis. Neutralisation of PD-L2 and FASL
caused T cell cytotoxicity induction and anti-cancer activity improvement (Lakins et al., 2018).
Furthermore, Ozdemir and coworkers illustrated in pancreatic adenocarcinoma that CAFs depletion
decreased the ECM recruitment, increased T cell release and tumour sensitivity to the immune
suppressive system (Ozdemir et al., 2014). Studies by Salmon and coworkers demonstrated in a murine
breast cancer model that CAF-derived CXCL12 creates a peritumoral barrier, and pharmacological
targeting of CXCR4 (the CXCL12 receptor) resulted in increased T cell infiltration into tumours and
synergy with anti-PD-L1 monoclonal antibody therapy in pancreatic cancer (Feig et al., 2013; Salmon

et al., 2012).

CAFs also release cytokines, such as IL-6 and TGF-f3, which stimulate tumour development and evade
immune surveillance (Kalluri, 2016). For example, IL-6 secreted by CAFs is known to induce STAT3
within cancer cells, promoting their survival and therapeutic resistance in ovarian cancer cells (L. Wang
et al., 2018). Endothelial cells are also essential through the chemokines production, such as CXCLS,
that recruit and support neutrophils and thereby metastatic spread (Balkwill, 2004).

Additionally, a number of pro-inflammatory mediators are secreted via cells of stromal and immune
origin that collectively drive chronic inflammation, which in turn upregulates pro-inflammatory
enzymes such as COX-2, thus ultimately inducing DNA damage and genetic instability (Coussens &
Werb, 2002). One important mediator is IL-1, a proinflammatory cytokine secreted by macrophages
and stromal cells. IL-1a and IL-1f can induce the activation of NF-kB and MAPK signalling pathways
in tumour cells, which facilitates cancer development, for example, in breast cancer systems,
endothelial adhesion molecules, such as VCAM-1, which promote tumour cell intravasation, are

upregulated in response to IL-1B (Voronov et al., 2003). The CANTOS clinical study (Canakinumab
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Anti-inflammatory Thrombosis Outcomes Study) indicated that controlling IL-1p with canakinumab,
a recombinant monoclonal anti-IL-1p antibody, substantially reduced the incidence and mortality of
lung cancer in atherosclerotic patients, which provides further suggestion of IL-1B’s involvement in
inflammation-associated carcinogenesis, although this study was not designed as a cancer prevention

study (Ridker et al., 2017).

An essential point needs to be mentioned about the dual effect of cytokines in TME. For example,
TGF-B at first inhibits the growth of the tumour epithelial cell but then promotes EMT and Treg
recruitment to the metastatic region (Massagué, 2008). Likewise, IFN-y augments anti-tumour
immunity, while paradoxically inducing PD-L1 to permit immune evasion (Taube et al., 2012).
Furthermore, it has been found that CCL2 secreted by stromal cells recruits its receptor CCR2+
inflammatory monocytes, facilitating breast tumour metastasis via monocyte-derived VEGF. This
effect was inhibited using an anti-CCL2 antibody that neutralises and reduces the interaction with
tumour cells (Qian et al., 2011). Evidence reported that PD-1/PD-L1 blockers like pembrolizumab
regenerate cytotoxic T cells, but TGF-f inhibitor, galunisertib, block metastasis; however, their action

must be balanced to prevent autoimmunity responses (Massagué, 2008; Topalian et al., 2012).

Recent treatment strategies have increasingly targeted these inflammatory networks in the TME.
Strategies like inhibiting the CXCL12/CXCR4 pathway through disrupting stromal crosstalk or
blocking IL-1PB signalling effectively reduce pro-tumorigenic activity across cancer types. These
strategies highlight the importance of targeting inflammation for novel cancer therapies (Feig et al.,
2013; Geindreau et al., 2022). Figure 1.6 summarises and presents the link between inflammation and
cancer development through the main key components: inflammatory signals, immune cells, pro-

tumour effects, and TME changes, which were discussed.
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Figure 1. 6 The relationship between inflammation and cancer development.

The blue box (inflammatory signals) includes the central mediators that initiate and sustain
inflammation within the tumour microenvironment (TME). The green box (immune cells) refers to
tumour-associated macrophages (TAMs), myeloid-derived suppressor cells (MDSCs), dendritic cells,
regulatory T cells (T-regs), and neutrophils; these cells infiltrate tumour tissue and exert both pro- and
anti-tumour effects, ultimately promoting cancer cell growth and survival. The purple box (TME
changes) includes extracellular matrix (ECM) alterations and hypoxia, which drive physical and
chemical changes in the TME to support tumour growth and metastasis. The orange box (pro-tumour
effects) represents the outcomes of chronic inflammation, such as angiogenesis and metastasis, which

enhance tumour progression, survival, and dissemination.
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1.5 Osteosarcoma

Osteosarcoma (OS) is the most common type of primary bone cancer, first described by John
Abernathy in 1804 (Peltier, 1993). It predominantly affects children and adolescents and accounts for
approximately 40% of all primary bone malignancies (Ziyu Ji et al., 2023). The pathogenesis of OS
includes many genetic mutations that contribute to the transformation of normal cells into cancerous
cells. For example, Czarnecka and colleagues suggested that OS may originate from mesenchymal
stem cells (MSCs) or osteoblast precursors. MSCs can differentiate in vitro into multiple lineages,
including osteogenic, chondrogenic, and adipogenic cell types. This differentiation potential is strongly
implicated in the heterogeneity of OS. Furthermore, the activation of TP53 and RB1 in MSCs, along
with the development of tumours, supports this association (Czarnecka et al., 2020). The malignant
transformation was believed to occur in proliferative precursors, as opposed to post-mitotic, terminally
differentiated osteoblasts. Genetic triggers such as TP53, RB1 gene deletion, and activation of
oncogenic signalling pathways such as NOTCH, cooperate with microenvironmental pathways such

as inflammatory cytokines to drive OS (Walkley et al., 2008).

Furthermore, studies highlight these origins in the bone marrow/bone microenvironment as shown in
Figure 1.7, which points to the contribution of MSCs and osteoblasts in the initiation of OS. Studies in
osteoblast precursors and MSCs showed that OS is highly vascularised and the WNT and NOTCH
signalling are involved in its differentiation, metastasis and drug resistance. The endosteal niche acts
as an environment for tumour cells to interfere with bone remodelling, releasing growth factors that
support stem and tumorigenic cells. This further underscores the spatial relation between vascular
niches and osteoclast-induced resorption in OS, highlighting the potential for therapeutic targeting in

the improvement of clinical responses (Abarrategi et al., 2016).

A multi-model analysis study has examined OS phenotypes (osteoblasts, osteocytes, and fibroblast-
like cells), MSCs, EPCs, pericytes, and bone cancer cell lines such as U20S. The study identified
various mutation genes such as NOTCHI, BRCA2, APC, PTCHI1, and PRKARIA involved in OS
development and metastasis; these mutations are driven by specific markers such as CXCR4 and CD44

(Czarnecka et al., 2020). Overall, the nature of OS etiology is strongly influenced by genetic
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microenvironment interaction, which highlights the need for OS to be examined on an individual

patient basis.

{@x MSC as cell-of-origin (®  Osteoblast
@ OSB as cell-of-origin @ Osteoclast
: Tamoridlls ®  Haematopoietic cells

@ MSC and pericytes Q@;;__ Osteocyte

a® Endothelial cells

Figure 1. 7 The cells of origin for OS.

Several primary cell types within the bone microenvironment (BME) are essential, particularly
mesenchymal stem cells (MSCs) located in a perivascular niche and their osteogenic lineage-
committed cells, such as osteoblasts (OSBs). These cells are considered the main candidates for
acquiring the initial mutations that promote OS development and trigger tumour formation. Other cell
types present in the bone marrow include osteoclasts, osteocytes, endothelial cells, and haematopoietic
cells. Figure adapted from (Abarrategi et al., 2016).

1.5.1 Subtypes of Osteosarcoma

1.5.1.1 Classical Osteosarcoma

The conventional type accounts for approximately 80 % of osteosarcoma cases, primarily impacting
the metaphyseal areas of long bones. This type is further divided according to the predominant matrix

type: osteoblastic, chondroblastic, and fibroblastic variants (Kimura et al., 2017; Picci, 2007).
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1.5.1.2 Surface Osteosarcoma

Surface osteosarcomas consist of three different subtypes. The common surface type is the Parosteal
type, which includes the posterior region of the distal femur and has a well-known morphology with
limited cellular atypia. The second subtype is Periosteal osteosarcoma, primarily chondroblasts, which
arises on the bone surface and has a more favourable prognosis than conventional variants. High-grade
surface osteosarcoma, the rarest type, exhibits aggressive behaviour identical to conventional high-

grade osteosarcoma (Bielack et al., 2002; Nouri et al., 2015).

1.5.1.3 Telangiectatic Osteosarcoma

This uncommon type, accounting for approximately 3-10% of cases, is defined by the presence of
blood-filled spaces partitioned by septae that contain highly malignant cells. Although it exhibited an
aggressive radiological appearance, certain studies indicated a comparatively improved effect of

chemotherapy (Huvos et al., 1982; Liu et al., 2013).

1.5.1.4 Small Cell Osteosarcoma

This variant accounting for around 1-2% of all OS and exhibits similarities to Ewing’s sarcoma while
producing osteoid matrix. This aggressive variant is characterised by small round cells with little

cytoplasm and variable osteoid production (Edeiken et al., 1987; Nakajima et al., 1997).

1.5.2 Signalling Pathways in Osteosarcoma

OS pathogenesis implies complex interactions among many signalling cascades that govern cancer
hallmarks, which were previously discussed in Section 1.3. Figure 1.8 illustrates the main signalling
cascades activated in osteosarcoma. Two pathways are well documented and described in detail below,
while other pathways, JAK/STAT3, PI3K/AKT/mTOR, Hippo, Wnt/B-catenin, Hh, and Notch, are not
discussed in this research, and the provided reviews could guide the interested reader (Z. Ji et al., 2023;

Kim et al., 2018; Zhao et al., 2021).
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Figure 1. 8 The Main Signalling Pathways in Osteosarcoma and Their Inducing Factors.
Cytokines, GF, TNFR, and other stimuli activate JAK/STAT3, PI3K/AKT/mTOR, Hippo, Wnt/p-
catenin, NFxB, and Notch signalling cascades, resulting in the activation of various cellular processes
(proliferation, growth, survival, migration, invasion, metastasis, apoptosis, and autophagy). Figure
adapted from (Ziyu Ji et al., 2023).
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1.5.2.1 The MAPK Signalling Pathways

The MAPK pathway is essential in osteosarcoma hallmarks, particularly the ERK1/2 pathway, which
plays a well-documented role in MAPK-mediated pathogenesis and progression through MCL-1 and
Ezrin signalling activation (Chandhanayingyong et al., 2012; Pignochino et al., 2009). An experimental
study by Pignochino and coworkers demonstrated that the ERK1/2 pathway was associated with
tumour proliferation and angiogenesis. The multi-kinase inhibitor Sorafenib inhibited OS by inhibiting
ERK1/2 and its downstream mediators, including MCL-1 (anti-apoptotic protein, myeloid cell
leukaemia-1) and Ezrin (protein enhancing metastasis), which results in inhibition of tumour growth
and vascularisation in pre-clinical models (Pignochino et al., 2009). Similarly, a natural compound
showed anticancer activity via inducing apoptosis and autophagy in human OS cells through ROS-

modulated ERK1/2 activation (Huang et al., 2018).
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In addition, melatonin inhibits OS growth through suppression of ERK1/2 signalling in MG-63
osteosarcoma cells (Liu et al., 2016). Both the JNK and p38 MAPK pathways have two aspects. The
protein NOV (a secreted matricellular protein) has also been reported to suppress OS cell growth while
activating apoptosis and migration via regulation of p38 MAPK and JNK signals, possibly by crosstalk
with AP-1 (Yao et al., 2015). Similarly, these pathways are suppressed by the natural compound
Kaempferol, which inhibits bone metastasis in the U20S cell line (Chen et al., 2013). These results
demonstrate how the MAPK pathway might have therapeutic implications for OS.

1.5.2.2 The NF-kB Signalling Pathway

One of the primary pathways that researchers worldwide are interested in understanding better is the
NF-«B pathway. Therefore, we focused on this pathway in the thesis as a target for potential cancer
reduction and therapeutic improvement. This pathway was described earlier in Section 1.3.3.6.2. In
osteosarcoma, the NF-xB pathway is a central driver of bone progression and metastasis, primarily
through its canonical (p50/p65-1kB) signalling, although evidence is now revealing the possibility for
crosstalk with alternative (RelB/p52) signalling in bone dynamics (Inoue et al., 2007).

In resting cells, NF-«xB is a cytoplasmic heterodimer complex with an inhibitory protein, IkB to keep
it inactive (Neumann & Naumann, 2007). In bone cancer, dysregulation allows constitutive activation
through inflammatory cytokines like TNF-a or IL-1, cellular stress, or TME acidosis, causing signal-

mediated enhanced tumour development (Avnet et al., 2017; Gilmore, 2006).

For instance, Li and coworkers have shown that NF-kB activation in bone cancer cells, including U20S
and MG-63 cells, can increase integrin-f1, which promotes antiapoptotic signal transduction and bone
invasion and metastasis. A pharmacological study using AIIB2 monoclonal antibody, which inhibits
integrin-B1 and NF-kB inhibitor, JSH-23, decreased murine lung metastasis via inhibiting this pathway,

indicating its therapeutic effect (Li et al., 2019).

Studies have shown that NF-kB induction directly promotes metastatic programs by multiple pathways.
For example, in the LM8 OS cell line, VCP (p97) transfected cells, an NF-xB regulator, promote
constant activation of the NF-kB pathway, increasing the metastatic potential of tumour cells to the
lung through expression of MMP-9. Inhibiting VCP-mediated NF-«xB signalling might reduce lung
metastasis by regulating the degradation process of phosphorylated IkBa (Asai et al., 2002). Similarly,
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preclinical models showed that Aspirin also inhibited canonical NF-«xB activity in MG-63, U20S, and
143B cells, accompanied by reduced expression of metastasis-mediated genes such as Bcl2, cIAP1/2,

and XIAP, and prevented metastasis in the lung in a dose-dependent manner (D. Liao et al., 2015).

A cancer analysis study highlights the conserved functions of NF-«B in bone tumour metastasis. In
prostate cancer, miR-141-3p (a tumour suppressor miRNA) targeting the TARF6/NF-kB axis is
downregulated in bone-metastatic prostate cancer cells, promoting metastasis through NF-kB
activation (Huang et al., 2017). Additionally, Santini and coworkers reported in primary breast cancer
that expression of RANK is up-regulated and related to skeletal metastasis, indicating a role for NF-

kB signalling in the osteoclast-mediated bone degradation (Santini et al., 2011).

Using genetic studies, the NF-kB signalling pathway also differentially regulates the resistance to
apoptosis. For instance, knocking down IncRNA XIST (X-inactive specific transcript, an oncogene in
cancer) in U20S cells induced canonical NF-kB activation, which cooperated with p53 to induce
expression of the proapoptotic PUMA (p53-upregulated modulator of apoptosis) and induce caspase-
3-mediated OS apoptosis (W. Gao et al., 2019). Furthermore, activation of NF-xB mediated TME
acidosis was observed in MSCs, promoting secretion of paracrine factors such as CXCLS5, IL-6, IL-8,

and MMPs, which influence OS stemness and chemoresistance (Avnet et al., 2017).

Preclinical therapeutic inhibition of the NF-xB pathway must be target-specific. For example, the
herbal drug Asiaticoside suppresses the TRAF6/NF-«B signalling pathway, reducing OS growth and
invasion through inhibition of M2 polarisation of macrophages (Li & Wang, 2022). However, precise
and efficient therapeutic strategies are challenging due to the complex arrangement of the pathway and

its essential significance in normal cellular activity.

1.5.3 Osteosarcoma Treatment

Based on specific malignancy type and stage, treatment of osteosarcoma involves multiple approaches.
Treatment of the localised tumours includes the pre-operative stage, which includes adjuvant
chemotherapy for ten weeks to reduce tumour size and remove any micrometastasis (Redondo et al.,
2013). The surgical stage and the post-operative stage involve extended chemotherapy for up to one
year, with the regimen frequently modified according to the response to pre-operative treatment

(Ferguson & Goorin, 2001).
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Treatment for metastatic cases remains a significant challenge, as survival rates are considerably
decreased in patients diagnosed with metastases. It starts with aggressive chemotherapy, followed by
surgery if tumours become resectable, and may incorporate targeted medicines or clinical trials for
resistant cases (Italiano et al., 2020). Substantial challenges persist in effective OS management,
including managing chemotherapeutic side effects and psychosocial consequences, alongside the
challenges in targeting advanced treatments and immunotherapy (Hoang et al., 2004). Furthermore,

limited OS clinical trials reduce novel drug development (Mirabello et al., 2009).

Significantly, chemokines and their receptors are now recognised as critical mediators influencing
tumour growth and metastasis. Experimental studies evidenced this role through a consistent increase
in specific CXC chemokines, which was observed in paediatric OS patients (Li et al., 2011). A
dysregulated pattern of chemokine receptor expression was examined in OS tumours, suggesting
signalling loops that enhance malignancy (Von Luettichau et al., 2008). CXCR4/CXCL12 axis is a key
pathway and functionally involved in OS hallmarks through inducing cell proliferation, survival, and
homing (Perissinotto et al., 2005). These findings underscore the importance of chemokines as a
pivotal therapeutic target in osteosarcoma. Therefore, we highlight and examine chemokines here in

this thesis.

1.6 Chemokines

Chemokines represent a novel and significant category of mediators that connect cancer to
inflammation. These are small molecules (8 to 12 kDa) that modulate numerous cellular functions,
such as chemotaxis, angiogenesis, haematopoiesis, and immune cell activity, while also facilitating
various pathological conditions, including cancer (Griffith et al., 2014; Stockhammer et al., 2000; Taub
& Oppenheim, 1994; C. Wang et al., 2018). They have been divided into four classes based on their
structural organisation. The largest category comprises CC chemokines, characterised by two adjacent
cysteine residues, whereas C chemokines possess only a single N-terminal cysteine residue. Typically,
CXC and CX3C chemokines have either one or three extra amino acids (X) introduced between their
cysteine residues, as shown in Figure 1.9 (Cuesta-Gomez et al., 2021; Sun et al., 2010; Wang et al.,
2006). Other research highlights the novel category of chemokines, identified as chemokine ligands
(L) and their corresponding receptors (R) (Zlotnik & Yoshie, 2000). One of the most interesting
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chemokines essential in immune responses and pathological conditions is stromal cell-derived factor-

1 (SDF-1), also known as CXCLI12.

Chemokines can induce their biological effects via binding with their receptors and are classified into
four groups (CXCR, CX3CR, CCR, and XCR) based on their targeting chemokine (Burger & Kipps,
2006). Over 20 chemokine receptors and seven receptors present on the cell surface have been

identified for binding chemokines (Sun et al., 2010).
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Figure 1. 9 Structure of Chemokine Types. Figure adapted from (Cuesta-Gomez et al., 2021).
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1.6.1 Role of Chemokines in Cancer

Chemokines play an important role in cancer biology through diverse and complex functions that
regulate migration and targeting of cells between tissues through binding to their G-protein-coupled
receptors (Gqi), as shown in Figure 1.10 (Chow & Luster, 2014). In cancer, the primary function of
chemokines is immune cell migration into the TME, affecting the antitumor immunity through immune
cells or pro-tumourigenic cells recruitment (Kohli et al., 2022). Diverse chemokines can affect cancer
growth by recruiting anti- or pro-tumour immune cells. For example, CXCL9 and CXCLI10
significantly correlate with advantageous Thl-biased immune response and cytotoxic T-cell
recruitment to malignancies (Vilgelm & Richmond, 2019). Similarly, in a mouse model study, CCL2
can enhance breast cancer metastasis through CCR2 signalling activation, recruiting inflammatory
monocytes that differentiate into metastasis-associated macrophages (Kitamura et al.,, 2015).
Furthermore, it has been found that chemokines can affect cancer hallmarks through multiple
mechanisms. For instance, the CXCL1, CXCL2, CXCL3, and CCLS5 are highly expressed in melanoma
cells and implicated in cancer growth and progression (Payne & Cornelius, 2002), while high CXCL12
expression has been examined in breast cancer metastasis (Miiller et al., 2001), and OS (Baumhoer et

al., 2012).
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Figure 1. 10 Schematic Representation of Chemokine System Organisation
The scheme shows structural elements, receptor interactions, and signalling pathways that regulate
immune cell responses. GAG; GlycosAminoGlycan, 7TM; Seven-TransMembrane, Gqi; G protein
alpha inhibitory subunit, Ggy; G protein beta-gamma subunits, Ca®"; Calcium ions. Figure adapted
from (Chow & Luster, 2014; Griffith et al., 2014; Vilgelm & Richmond, 2019).
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1.7 Stromal Cell-derived Factor-1 (SDF-1) CXCL12

An important chemokine member that is involved in immunology and cancer is CXCL12. Initially,
CXCLI12 was identified as a pre-B cell growth factor. The original name (stromal cell-derived factor-
1, or SDF-1) came from its derivation from bone marrow stromal cells (Bleul et al., 1996). CXCL12,
which mediates its actions through CXCR4 and CXCR?7 receptors, is critical for a number of cellular
processes. For example, CXCL12 drives organ-specific arterial distribution during embryogenesis in
mice by binding to CXCR4. CXCLI12 acts on arterial endothelial cells to upregulate CXCR4, which is

essential for arterial development in the gastric system (Ara et al., 2005).

CXCLI12 also directs the migration of hematopoietic progenitor cells and mesenchymal stem cells to
injury sites, enabling tissue repair and regeneration. Additionally, embryogenesis includes germ cell
migration, organ vascularisation, and neural development, which are mediated by CXCL12/CXCR4
signalling. Knockout of CXCL12 or its receptor results in severe developmental defects and embryonic
lethality (Cheng et al., 2014). Studies also show that CXCLI12 enhances angiogenesis in HUVECs
through interaction with CXCR7, activating PI3K/Akt signalling, promoting proliferation and
migration, but in mice, CXCL12 also promotes angiogenesis through the CXCR4 signalling pathway,
and knockout of CXCR4 induces abnormal vascularisation in mice (Salcedo & Oppenheim, 2003;
Zhang et al., 2017). CXCL12 also triggers post-ischemic leukocyte infiltration in murine stroke models
through the CXCR4 signalling pathway, and inhibition of this pathway regulates neuroinflammation
by reduction of proinflammatory cytokines (Ruscher et al., 2013).

Furthermore, genetic studies have demonstrated the function of CXCL12 in the bone marrow system.
For example, mice lacking CXCL12 have been found to have a deficiency in B-cell lymphopoiesis and
bone marrow myelopoiesis. This indicates the essential value of CXCL12 in bone marrow regulation
via hematopoietic stem cells (HSCs) during embryonic development (Nagasawa, Hirota, et al., 1996).
Similarly, Sugiyama and his group demonstrated the importance of the CXCL12/CXCR4 signalling in
adult bone marrow by maintaining the HSC pool interacting with CXCL12-abundant reticular (CAR)
cells (Sugiyama et al., 2006).
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1.7.1 Structural Features and Components of CXCL12

CXCL12 is classified as one of the fourth class of chemokines CXC, which are composed of two
cysteine residues separated by another amino acid (Sun et al., 2010; Wang et al., 2006). Previous
studies discovered that CXCL12 has six isoforms in humans (o to ¢) and three isoforms in animals,
with two main isoforms implicated in the regulation of immune responses: a and B (Shirozu et al.,
1995; Yu et al., 2006). The functionality of CXCL12 is determined by several critical domains in its
molecular structure. The NH»-terminal region is crucial for receptor activation, with the initial eight
amino acids being required, and the first two amino acids (Lysine and Proline) being important (Levoye
et al.,, 2009). This region includes the CXCR4-binding motif with the sequence RFFESH, which
improves receptor binding activity (Crump et al., 1997). The central domain contains the BBXB motif
(with B indicating basic amino acids and X indicating any other residue), which is essential for
glycosaminoglycan (GAG) binding that contains Lysine24, Histidine25, Leucine26, and Lysine27
(Amara et al., 1999).

The variable region between chemokines is the C-terminal region and contributes to receptor binding
and activation. In CXCL12, the C-terminus plays a role in G protein-coupled receptor (GPCR)
activation (Rik Janssens et al., 2018). All six isoforms of CXCL12 possess identical 67 amino acids
but differ in overall length, as illustrated in Figure 1.11. These variants reveal distinct tissue distribution
patterns, with CXCL12a and B mostly present in adult tissues and located in bone marrow, whereas
CXCL12y is mainly expressed in cardiac tissue, and CXCL129, €, and ¢ show the highest expression
in the pancreas (Rik Janssens et al., 2018). Structurally, the heparin-binding domain of CXCL12, and
its two splice variants, a and B, which enable dimerisation and gradient formation, are essential for
immune cell migration; mutations in the heparin-binding domain reduce GAG and endothelial cell
binding, impairing migration of peripheral blood cells and monocyte attraction in vivo. GAG binding
protects CXCL12 from enzymatic inactivation and facilitates chemokine gradient formation

(R. Janssens et al., 2018).

Among these forms, CXCL12y displays distinctly unique features. A COOH-terminal extension of 20
amino acids distinguishes it from CXCL12a. It additionally binds GAGs with tenfold more affinity.
Notably, despite its inhibitory effect in vitro, CXCL12 elicits the most potent chemotactic response in
vivo (Rueda et al., 2008). This impact demonstrated the complexity of CXCL12's functions in
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biological responses and the importance of its structural variations. The structural characteristics and
several splice variants of CXCL12 enable precise regulation of its activity in diverse physiological
contexts. Its activity is primarily based on the distribution of its isoforms in tissues, which controls the
specialised function. Experiments on mice demonstrated that any chemical alteration in their amino
acid constituents inhibited CXCL12 function (Rik Janssens et al., 2018). Moreover, a study involving
mice deficient in a GAG binding site demonstrated reduced CXCL12 biological function (Rueda et al.,
2012).

Common Region (First 67 aa) Legend
o CXCR4 binding domains
N-terminal RFFESH motif GAG binding GAG binding domain
CXCR4 binding (BBXB motif)
Lys1-Pro2 ® Key residues

Splice Variants

CXCL12a (68aa)
CXCL12B (72aa)
CXCL12y (98aa)
T s
CXCL12¢ (69aa)

CXCL12¢ (79aa)

Figure 1. 11 CXCL12 Structure and Splice Isoforms.

CXCL12 contains CXCR4 binding domains with an N-terminal CXCR4 binding site and RFFESH
motif, a GAG binding domain with a BBXB motif. Different isoforms of CXCL12 contain various
numbers of amino acids. RFFESH: R= Arginine; F= Phenylalanine; E= Glutamic Acid; S= Serine;
H= Histidine, GAG: Glycosaminoglycan, aa: amino acids. Figure adapted from ( (Rik Janssens et al.,
2018).
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1.7.2 CXCL12 Production

CXCLI12 was initially found to be produced from bone marrow stromal cells (Nagasawa, Nakajima, et
al., 1996), endothelial cells, but also other cells such as cancer-associated fibroblasts (CAFs) (Orimo
et al., 2005; Teng et al., 2016a). The main source of CXCL12 production within the bone marrow is
CXCL12-abundant reticular cells (CAR), in comparison to other cell types (Sugiyama et al., 2006).
CXCLI12 expression is higher during the early stages of bone development, with changes in expression
marked in osteoblasts and chondrocyte cells. The CXCL12 production is mechanistically regulated by
many factors, such as growth factors, cytokines, and microenvironment effects, with a reverse impact
observed in bone marrow spaces in TME. For instance, studies have shown that in osteoblasts, pro-
inflammatory cytokines IL-1B and TNFa both increase CXCL12 expression in a concentration-
dependent manner. PTH also induces its expression in vivo and in vitro studies to promote

hematopoietic stem cell (HSC) mobilisation (Jung et al., 2006).

CXCLI12 is expressed in TMEs, including in CAFs and hypoxic endothelial cells. Studies have shown
that TGF-B and PDGF are involved in CAF by recruitment and function, and CXCL12 produced by
CAFs contributes to the recruitment of endothelial precursor cells and immune cells (Ostman &
Augsten, 2009), CAFs can stimulate CXCL12/CXCR4 signalling to promote tumour progression and
motility in gastric cancer cells (Izumi et al., 2016). In contrast, TGF-B downregulates CXCL12
expression in tumour-associated mesenchymal stem cells, which promotes breast cancer metastasis

(R. Janssens et al., 2018).

Hypoxia-inducible factor-la (HIF-1a) in hypoxic TMEs promotes the secretion of CXCL12 from
endothelial cells and promotes angiogenesis through binding of HIF to the hypoxia response region of
CXCR4 promoter, inducing gene transcription and expression (Lopez-Haber et al., 2016; Petit et al.,
2007). These complex regulatory factors highlight the potential of CXCL12 in both physiological and

pathological processes, depending on specific signals within the tissue microenvironment.

1.7.3 Cellular Mechanisms Activated by CXCL12.

As indicated above, CXCL12 mediated its actions via binding to two GPCRs, predominantly CXCR4
or CXCR7. Upon binding of CXCLI12 to CXCR4, a complex network of signalling pathways is

activated by the dissociation of heterotrimeric G proteins (Gq and Ggjy subunits). This activation
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initiates numerous concurrent signalling cascades that control diverse cellular processes, as shown in
Figure 1.12 (Yu et al., 2018). The primary pathway includes activating three separate paths by the G,
subunit. NF-kB activation results in the transcription of pro-inflammatory genes. The other path that
promotes VEGF synthesis and angiogenesis is JAK2-STAT3, while the other pathway, such as MAPK

or PI3K facilitates cellular hypersensitive responses (Cambier et al., 2023).

Following binding of CXCL12 to CXCR4, the Gpjy subunit activates two primary signalling pathways.
Activation of PI3K triggers a phosphorylation cascade through PDKI1 signalling to activate AKT,
which is essential for controlling cell survival, migration, and proliferation. For example, studies have
shown the importance of CXCL12-mediated PI3K/Akt/mTOR signalling in facial nerve injury repair
through enhancing Schwann cell migration (D. Gao et al., 2019). Another pathway involves the
conversion of PIP; into IP; and DAG through the activation of PLCP (Yu et al., 2018). The IP3 pathway
induces calcium release from the endoplasmic reticulum. Then, the calcium signalling with the DAG
pathway activates MAPK signalling, activating downstream CXCR4 signalling cascades, including
RAS-RAF-MEK-ERK signalling, controlling cell survival and motility (Cambier et al., 2023).
Dysregulation of this pathway, inducing pituitary adenoma formation as demonstrated in pituitary cell
lines and a mouse xenograft model (Barbieri et al., 2014) In an in vitro study, Kim and coworkers
illustrated that CXCL12 triggers chemotaxis through Ggi-protein-coupled pathways, which are
essential in directing hematopoietic progenitor cell migration to the bone marrow (Kim & Broxmeyer,

1998).

Consequently, inhibition strategies for both receptors differ. CXCR4 inhibitor, plerixafor, directly
targets the binding site and blocks the Ggi-induced signalling and chemotaxis, resulting in physiological
homing disruption and pathological spreading (R. Janssens et al., 2018). This was evidenced in bone
marrow physiology, a notable example of which Moll and coworkers explain that the CXCL12 in
stromal cells is critical for hematopoietic stem cell (HSC) retention. Its functional role has been
confirmed in knockout mice of CXCL12 or CXCR4 for HSC mobilisation, and in clinical inhibitory
studies, using plerixafor (Moll & Ransohoff, 2010).
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Figure 1. 12 Diagram representation of CXCL12-mediated signalling pathways.

CXCLI12 binds to its GPCR, CXCR4, to induce ERK/JAK-STAT/AKT/PLC-B/RhoA pathways and,
therefore, allergy, inflammation, and other physiological processes—original Figure made with
BioRender.

1.7.4 Signalling Functions of CXCR7

Recent studies have shown that CXCR7 is a typical chemokine receptor that lacks Ggi-protein coupling;
its activation depends on [-arrestin recruitment upon binding to CXCL12, activating p-arrestin-
dependent signalling pathways such as MAPK/ERK. CXCR?7 also acts as a scavenger receptor,
regulating CXCL12 levels, thereby modulating its availability for CXCR4 signalling, regulating
cellular processes such as cell survival and adhesion (R. Janssens et al., 2018). For example, studies
have demonstrated the role of CXCR?7 activation in atherosclerosis through multiple downstream
signalling cascades, such as PI3K/Akt-mediated endothelial repair and reduced endothelial
permeability, B-arrestin was mediated desensitisation and internalisation of CXCR?7, regulating

CXCLI12 bioavailability (Murad et al., 2021).
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As mentioned above, the inhibition strategy for CXCR7 differs from CXCR4 targeting; using a CXCR7
inhibitor such as CCX771 prevents CXCL12 scavenging and B-arrestin recruitment, resulting in
gradient alteration of CXCL12 and downstream signalling pathways modulating CXCR4 activity,

which are mediating cellular processes such as angiogenesis (R. Janssens et al., 2018).

1.7.5 Role of CXCL12 in Cancer Development

Although CXCL12 is essential in regulating the immune system responses, this action is important in
cancer development, invasion and metastasis. This has been observed through a number of different
cellular studies; the use of knockout mice combined with a number of cancer models, and correlative
studies using clinical samples. Often, the expression of CXCL12 is linked to CXCR4/expression and
defined as the CXCL12/CXCR4 axis.

For example, in ovarian cancer, high expression of CXCL12 is linked to dendritic cell trafficking and
adhesion in tumours (Li et al., 2018; Ray et al., 2015; Zou et al., 2001). In ovarian cancer patients,
Kryczek and co-workers demonstrated high expression of CXCL12, resulting in tumour development
synergistically with VEGF through induced angiogenesis in an in vivo assay model (Kryczek et al.,
2005). A cellular study on prostate cancer cells revealed that CXCL12 triggers prostate cancer
metastasis, which was attenuated through the degradation of CXCL12 by enhancing the activity of
CD26/dipeptidyl peptidase IV (DPP4) (Sun et al., 2008). This study was similar to T-cell lymphoma
(Sezary syndrome); the migration of CD4" T-cells into blood and skin was found to be linked to the
upregulation of CXCL12 and inhibition of DPP4 (Narducci et al., 2006). This was confirmed recently
on keloid scars, dysregulation of CXCL12-DPP4 controlled by TGF-B/SMAD signalling enhances
CXCR4"inflammatory cells infiltration in the scars (Z. Chen et al., 2021). Additionally, CXCL12 also
increased prostate cancer metastasis through the expression and activation of integrin avp3 receptors
in PC3 and C4-2B cell lines, resulting in enhancement of cell adhesion and invasion, but not in LNCaP

cells (Sun et al., 2007).

Furthermore, a study in a mouse xenograft model of breast cancer demonstrated that CXCL12
activation increased breast cancer metastasis to bone marrow and other sites, such as the lung (Ray et
al., 2015). A high expression of CXCL12 in human gastric cancer (GC) cells increased tumour growth
and invasion by the CAFs mediated integrin Bl recruitment that activates the CXCL12/CXCR4
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signalling pathway (Izumi et al., 2015). Similarly, Avraham’s study in mice lacking transcription
factors, including ATF3 and the c-Jun dimerisation protein 2 (JDP2), showed that CAFs promote a
TME through CXCL12 overexpression, increasing tumour size and cell proliferation relative to the

wild-type mice (Avraham et al., 2019).

Experiments by Orimo and his colleagues demonstrated that CAFs extracted from human breast cancer
could enhance tumour growth and angiogenesis via increased CXCL12 production more than normal
fibroblasts (Orimo et al., 2005). In addition to CAF, growth factors are also essential in cancer-
mediated CXCL12 signalling. For example, in lung cancer, CXCL12 activation promotes the
overexpression of CTGF by the CXCL12-mediated MEKK 1/JINK/ SMAD3 signalling pathway (Lin et
al., 2018). Additionally, CXCL12 secreted from bone marrow stromal cells and multiple myeloma cells
regulates the migration of monocytes within the TME, and induces anti-apoptotic effects in colon
cancer through activation of EGF signalling cascades (Beider et al., 2014; Rigo et al., 2010). In breast
cancer models, CXCL12 activates GTPases, including RhoA and Racl, resulting in enhanced ECM
degradation mediated by MMP to maintain metastasis (Mortezaee, 2020), whilst preclinical studies
confirmed that Racl or RhoA deletion significantly inhibited cancer metastasis and lung colonisation

(Mortezaee, 2020; Parri & Chiarugi, 2010).

Multiple studies reported that G protein-coupled receptor kinase (GRK) signalling-mediated arrestin
molecule could be activated by the CXCL12/CXCR4 pathway, thus enhancing multiple signalling
cascades resulting in cancer hallmarks initiation (Décaillot et al., 2011; Singh et al., 2013; Sun et al.,
2010). Research by Liao and coworkers showed the role of CXCL12/CXCR4 signalling in promoting
OS survival and lung metastasis through activation of JNK/Akt signalling cascade; this effect was
significantly inhibited by CXCR4 antagonist, Plerixafor, in both cellular and mouse models (Y.-X.
Liao et al., 2015). Furthermore, miR-494 has shown to inhibit CXCL12/CXCR4 signalling-mediated
breast cancer progression by the Wnt/B-catenin signalling pathway (Song et al., 2015). Similarly, Hall
and his colleagues demonstrated that CXCL12/CXCR4 activation induced proliferation in human
breast and ovarian cancer cells via the estrogen-ERa signalling pathway, as reported by colorimetric
assay (Hall & Korach, 2003). All of these findings support the importance of CXCL12 signalling in

cancer regulation.
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Whilst not intensively studied, evidence has emerged for CXCR7 in the pro-tumorigenic action of
CXCLI12. This occurs through stimulation of various signalling cascades, such as MAPK or B-arrestin
pathways, or through the CXCR4/CXCR7 heterodimer implicated in cancer development. For
example, Decaillot's study showed that the CXCR4/CXCR7 heterodimer enhanced cell migration by
the recruitment of B-arrestin and stimulated downstream ERK1/2 and p38 signalling cascades
(Décaillot et al., 2011). Similarly, Hernandez and coworkers demonstrated in mouse models, that this
heterodimer promotes breast cancer metastasis, with CXCR4 enhancing the dissemination of cancer
cells and CXCR7 regulating metastatic action (Hernandez et al., 2011). Further evidence provided by
Luker and coworkers illustrated that CXCR7 induced breast cancer cell growth and migration in an in

vivo study by scavenging CXCL12 from the TME, enhancing tumour progression (Luker et al., 2012).

Likewise, in breast cancer cells, CXCR7 expression induced lung metastasis through enhancing cell
survival and proliferation following CXCL12 activation, as reported in an in vivo study (Burns et al.,
2006). Also, Stacer and co-workers observed that CXCR?7 is an important oncogene that possesses
tumour suppressor activities related to the metastatic cascade in mice lacking CXCR7, which exhibited
a higher recurrent rate of breast cancer following resection (Stacer et al., 2016). However, CXCR7
signalling can also enhance cancer progression through heterodimer pathways. For example,
overexpression of CXCR7 binds CXCL12 in nasopharyngeal carcinoma (NPC) cells, enhancing
invasion and migration by the CXCR4/CXCR7-CXCL12 axis and downstream G protein signalling
pathways (Qiao et al., 2016).

1.7.6 CXCR4 Antagonists

Given the significant role of the CXCL12/CXCR4 axis in aspects of cancer, it has the potential to be a
target in cancer treatment. CXCR4 antagonists are classified as small molecules, peptides, and
antibodies. Small-molecule antagonists include AMD3100, AMD3465, and Burixafor, which disrupt
CXCL12/CXCR4 signalling essential for tumour cell homing to metastatic sites, such as bone marrow
and lymph nodes (Bao et al., 2023). Blocking this pathway inhibits metastasis and induces sensitisation
to chemotherapy as an adjuvant. For example, in an acute promyelocytic leukemia (APL) mouse model,
the cancer cells metastasise to bone marrow with resistance to chemotherapy due to CXCL12. The
APL cell mobilisation and chemotherapeutic sensitivity were increased upon administration of the

AMD3100 as adjuvant therapy (Nervi et al., 2009). In fact, AMD3100 was the first FDA-approved in
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December 2008, and it was used clinically as monotherapy in stem cell mobilisation in lymphoma and
myeloma, through its action on hematopoietic stem cell mobilisation into the circulation (Vose et al.,
2009). This antagonist showed more inhibitory effects on gastric cancer cell invasion than other
compounds, attenuating the CXCL12-mediated integrin B1 signalling pathway (Izumi et al., 2015). As
adjuvant therapy, Giordano and co-workers demonstrated that radiation therapy exposure in
combination with the CXCL12 inhibitor NOX-A12 or AMD3100 could prevent revascularisation and
immunosuppression in glioblastoma by inhibition of TAMs and myeloid suppressor cells mobilisation

(Giordano et al., 2019).

Another CXCR4 antagonist with potential anti-tumour effects is the peptide analogue CTCE-9908,
which reduced metastasis in OS and melanoma in a mouse model, through inhibiting tumour
colonisation (Su Young Kim et al., 2008). Furthermore, a potent monoclonal antibody (anti-CXCR4),
MDX-1338/Ulocuplumab, was found to inhibit tumour growth in multiple hematologic malignancies
by blocking the CXCL12 binding to its receptor CXCR4, thereby preventing cell migration through a
direct apoptotic effect, or synergising with drug-induced cytotoxicity (Kuhne et al., 2013). Many
CXCR4 antagonists have been reported to have significant in vitro inhibitory effects and reduced

cancer growth and metastasis. These antagonists are being evaluated in ongoing clinical trials, as shown

in Table 1.1 (Bao et al., 2023).
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Table 1. 1 The Main CXCR4 Antagonists Used in Cancer Treatment

Drug name structure indications Status Clinical
completed trials.gov
Plerixafor MM, NHL, FDA NCT0010366,
approved. NCT0073382,
(AMD3100, NH HN Y | *r AML, CLL,
Mozobil) N HN NCT0051225,
w N [ ] Sancreatic NCT0099005,
) i o || N
k) colorectal (completed) N >,
cancers, brain
tumours
Mavorixafor Advanced Renal Phasel/2 NCT02667886
Cell Carcinoma (completed)
(AMD11070) (RCC)
Phasel
Melanoma (completed) NCT02823405
Burixafor MM, NHL Phase2 NCT01458288
(completed)
(TG-0054)
Balixafortide Hematologic Phasel NCT01413568
malignancies (completed)
(POL6326) (HM), MM, NCTO01837095
metastatic
Breast cancer NCT01105403
HCC Phasel/2 NCT03812874
(completed)
CTCE-9908 Late-stage solid
tumours (Breast, Phasel/2
ovarian cancers) (uncompleted)
Solid tumours, Phasel NCT00591682
refractory (completed)
MSX-122 metastatic or
advanced
tumours

*r/tr AML; refractory/relapsed Acute Myeloid Leukemia. All clinical trials were searched from clinicaltrials.gov in January

2025. https://clinicaltrials.gov/expert-search on January 19, 2025
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1.7.7 Challenges in Developing CXCL12/CXCR4 Inhibitors

Several studies have reported that CXCR4 antagonists have multiple limitations in cancer treatment.
These limitations include undesirable toxicity resulting from the disruption of the physiological
CXCLI12/CXCR4 signalling, adaptive resistance through other pathways, and limited effects in solid
tumours, as well as challenges when used in combination with other drugs or with a CXCR7 antagonist
(Bao et al., 2023; Giordano et al., 2019; S. Y. Kim et al., 2008). Clinical studies reported CNS-related
side effects in pediatric patients, such as visual hallucinations and nightmares, following
administration of Plerixafor (AMD3100), these effects necessitate continuous monitoring (Sevilla et

al., 2012; Son et al., 2013).

Compensatory pathway activation and tumour resistance can influence the efficiency of CXCR4
antagonists and other medications, complicating the development of effective treatment procedures (R.
Janssens et al., 2018; C.-F. Liu et al., 2014; Zhao et al., 2014). For example, studies in immune and
endothelial cells have demonstrated that truncation of CXCL12 by CD26 impairs the CXCL12/CXCR4
signalling functionality, resulting in reduced activity. CD26 is necessary for N-terminal cleavage to
enhance receptor binding and activation. Both nitration and citrullination represent post-translational
modifications that could damage the structural integrity of CXCL12. This damage reduced CXCR4
signalling activity and potency through impaired ability of CXCL12 to bind effectively to and enhance
CXCR4 activation (Janssens et al., 2016; R. Janssens et al., 2018). Furthermore, Bieder and co-workers
demonstrated that excessive levels of CXCL12 reduced the effectiveness of CXCR4 antagonists in
leukemia and multiple myeloma models through competitive receptor saturation, thus confirming that

dysregulation of the CXCR4 axis reduces the signalling activity (Beider et al., 2011).

An experimental study by Luker and coworkers demonstrated that CXCR4-dependent cancer cells
remained responsive to CXCL12, enabling metastasis from the primary tumour to other CXCL12-
expressing organs (Luker et al., 2012). However, CXCR4 antagonists, such as MSX-122, which
showed promising efficacy and a safety profile in preclinical studies against specific cancers, still have
limited clinical success in supporting the efficacy and safety of human patients during clinical trials

(Ghasemi & Ghasemi, 2022).
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As outlined previously, CXCR7 can play a role in cancer development by binding CXCL12, providing
competition with CXCR4 signalling, thereby disrupting CXCR4 action. For instance, an experimental
study showed that CXCR7 regulates chemotaxis through CXCLI12 binding, with conformational
alteration of CXCR4-mediated G protein activation through receptor heterodimer formation.
Interference of CXCR7 with CXCR4 G protein-dependent signalling caused a reduction in calcium
responses and CXCR4 activation in transfected HEK-293T cells (Levoye et al., 2009). Similarly, Shi
and his colleagues have shown that the interaction of CXCR7 with CXCR4 in various signalling
pathways mediated cancer hallmarks, making the selectivity for receptor more challenging to target

CXCR4 effectively without undesirable effects (Shi et al., 2020a).

Additionally, in vivo and in vitro experimental studies revealed that CXCR7 antagonists can control
cancer-mediated CXCL12 signalling. For example, CCX771 and CCX754 inhibited the CXCL12-
mediated pro-tumour signalling activity, reducing metastatic progression in cancers such as lung cancer
(Guillemot et al., 2012), and human renal cancer through mTOR signalling. Also, these antagonists
affect glioblastoma through negative regulation of ERK1/2 signalling, as shown by nuclear staining,
and via caspase-3/7 activity assays (Hattermann et al., 2010). More recently, CCX662 and CCX771
antagonists have demonstrated efficacy in preclinical studies (Lounsbury, 2020; Shimizu et al., 2011).
However, translating these findings into clinical practice remains challenging, with the main limitations

of clinical trials evaluating these CXCR7 antagonists.

1.7.8 Cellular factors that regulate CXCL12 expression

Whilst it has been assumed that in some cell types, CXCL12 production is constitutive, a number of
extracellular stimuli have been shown to regulate CXCL12 expression via different signalling
pathways. CXCL12 has been shown to be produced in vivo and in vitro by osteoblasts in response to
different cytokines, including parathyroid hormone (PTH), IL-1B, and TNF-a. (Jung et al., 2006;
Taichman & Emerson, 1996; Xiao et al., 1997). For example, Calonge and coworkers showed that IL-
1B induced CXCL12 expression in human glioblastoma astrocytoma U373 and U87 cells by binding
transcription factor CCAAT/enhancer binding protein B (¢/EBPp) to a specific response region at the
CXCLI12 promoter (Calonge et al., 2010). A similar study showed that six putative binding motifs are
located on 1010 base pairs upstream from the transcriptional start site within the region containing Sp1

binding sites. These motifs were shown to be responsible for inducing CXCL12 expression upon
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stimulation with IL-1PB in U373 cells but not in other types of cells, as tested in luciferase reporter
activity (Garcia-Moruja et al., 2005). This study indicated the specific activity of IL-1p for the
induction of cells depending on their type. A recent study demonstrated that IL-1a induced expression
of CXCL12 by fibroblasts in colorectal cancer cells (HT-29), which enhanced tumour growth and liver
metastasis through CXCL12 signalling. This response was attenuated by using an IL-1a antagonist that
inhibits these signalling cascades, confirming the role of the cytokine in CXCL12 regulation (Ma et
al., 2021).

In addition, experimental studies have shown that hypoxia induces high expression of CXCLI12 in
endothelial cells, non-endothelial vascular and perivascular cells, and skeletal myocytes. This response
was mediated via HIF-1 and linked to progenitor cell attraction in ischemic tissue (Ceradini et al., 2004;
De Falco et al., 2004). However, regulating CXCL12 by hypoxia is important in different types of
cancer. For example, Liu and co-workers showed that the HIF1/CXCL12/CXCR4 axis regulates
pancreatic cancer progression through activating CXCR4 signalling (Liu et al., 2020). Similarly,
Kryczek and his colleagues showed that this axis contributes to ovarian cancer angiogenesis,
synergising with VEGF (Kryczek et al., 2005). In breast cancer, hypoxia-mediated HIF signalling
induced CXCL12 expression and CXCR4 receptor activation, thereby promoting tumour growth and
metastasis (Devignes et al., 2018). Calonge and coworkers have provided more evidence of HIF-1a-

induced CXCL12 expression in U373 and U87 glioma cells (Calonge et al., 2010).

There are factors which can negatively regulate CXCL12, the most studied on is TGF beta, TGF-f is
one of the main immunosuppressive cytokines produced by TAMs and mediates macrophage activity
through different cascades, such as integrin avp8 /MMP14 signalling (Kelly et al., 2018). A study in
murine breast cancer models by Yu and co-workers reported that TGF-§ could downregulate CXCL12
expression in MSCs via Smad 3 signalling cascade, which promotes lung metastasis of breast cancer
cells (Yu et al., 2017). However, in contrast, in murine breast cancer models, Arwert and coworkers
demonstrated that TGF-B secreted from cancer cells can regulate CXCL12/CXCR4 signalling by
promoting CXCL12 release on tumour-infiltrating monocytes that are attracted to the tumour site,
resulting in upregulation of CXCR4 level and signalling, with enhanced TAM migration and metastasis
(Arwert et al., 2018). These findings demonstrate many cellular factors involved in CXCL12 induction;

the focus in this thesis is IL-1.
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1.7.9 Pharmacological and Molecular Inhibition of CXCL12 Production

To date, no published studies have demonstrated the receptor-independent inhibition of CXCL12
induced by cellular factors as a strategy to overcome the limitations of the CXCR4 antagonist. One
recent study by Geng and coworkers in a breast cancer mouse model demonstrated the indirect targeting
of CXCL12 induction via a vaccine. It explained that a novel DNA vaccine targeting Fibroblast
Activation Protein alpha (FAPa), a marker of CAFs in the TME, enhanced anti-tumour effects through
reducing the number and activity of FAPo" CAFs. This led to decreased CXCL12 expression, resulting
in a reduction in the myeloid-derived suppressor cells in TME (Geng et al., 2019). This effect was
enhanced in the CXCR4-independent pathway.

Due to a lack of evidence, this targeting approach remains therapeutically challenging; therefore, in
this thesis, we highlight the potential to inhibit signalling-mediated CXCL12 induction for the first

time, demonstrating promising therapeutic activity against various cancer cells.
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1.8 Aims of the Study

Previous studies highlighted the challenges in the efficacy and safety profiles of CXCR4 antagonists.
Consequently, targeting CXCL12 to attenuate its induction and inhibit associated oncogenic signalling
represents an essential therapeutic strategy across various tumours, including bone cancer. Meanwhile,
novel CXCL12 inhibitors can now be synthesised, targeting CXCL12 induction rather than the CXCR4
receptor, thereby maximising the activity and reducing the off-target effect. Recently, a commercial
chemical library of approximately 5000 compounds was screened against the CXCL12 reporter activity
induced by IL-1p. It identified novel compounds with inhibitory activity (ICso) against IL-1p-induced
CXCL12 promoter activity using the U20S cell line, with no cytotoxic effect, and a high probability
of oral drug formulation (Drug-likeness) as shown in Figure 1.13. A preliminary follow-up study in
the Plevin laboratory demonstrated that some of these compounds (KMs) significantly reduced IL-1p-
induced CXCL12 activity (Figure 1.14), highlighting their potential to disrupt cancer-associated

signalling. Dependent on these findings, our strategy in this project aims to:

1-Synthesising newly reported active compounds in the Jamieson Laboratory (Figure 1.14), targeting
CXCLI12 production, and assessing their stability using (HPLC, NMR, LC-MS, and HRMS) and
cytotoxicity using MTT assay.

2-Examine the function of NF«B and its subunits IKKa and IKKf, TAK1 and MEKK3, as well as

other pathways and their involvement in the regulation of CXCL12 expression in U20S cells

3-Evaluate the pharmacological effects of novel CXCL12 inhibitors at the cellular level in terms of

their potency against CXCL12 production induced by cytokine IL-1f.
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Figure 1. 13 Chemical Structures and Names of Selected CXCL12 Inhibitors.

Some of the commercial compounds reported by the University of Dundee demonstrated an inhibitory
effect against IL-1B-induced CXCLI12 promoter expression, exhibiting high drug-likeness and no
cytotoxic effect on cell viability in U20S and HEPG?2 cells. The compounds in the blue colour showed
a cytotoxic effect with less drug-likeness and an inhibitory effect on CXCL12 activity.
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Figure 1. 14 Chemical Structures and Names of Targeted CXCL12 Inhibitors (KM).

The synthesised KM compounds were selected based on their physicochemical properties and
investigated in the Plevin laboratory—the compounds KMS8 and KMI11 (green colour) showed
significant inhibitory effects (ICso) against the CXCL12 luciferase reporter assay using the U20S cell
line induced by IL-1B, with high drug-likeness and no cytotoxic effect on cell viability at normal
concentrations (10-20 uM).
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Chapter Two

Materials and Methods
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2.1 General Reagents for Biological Assay

Unless otherwise indicated, Sigma-Aldrich Chemical Company Ltd. (Pool, Dorest, UK) or other

valuable companies provided all of the materials and reagents used.

Thermo Fisher Scientific UK Ltd (Leicestershire, UK)
Bovine Serum Albumin (BSA, Fraction V)
L—Glutamine Gibco™

Penicillin-Streptomycin (Antibiotics)

Trypsin

Gibco™ Fetal Bovine Serum

McCoy's 5A medium

Dithiothreitol (DTT)

Triton X-100

Adenosine triphosphate (ATP)

Sigma Aldrich, Co., USA

Trisphosphate

Tetramethyl-etheylene diamine (TEMED)

Thiazolyl Blue Tetrazolium Bromide (MTT reagent)
Glycerol

MgCl,

Promega Corporation, Madison, W1, USA

Luciferin

Bio-Rad Laboratories (Hertfordshire, UK)
Bio-Rad DCrv Protein Assay Dye Reagent Concentrate
Pre-stained SDS-PAGE molecular weight markers.

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

55



Mohammed Sinjar

Corning B.V. (Buckinghamshire, UK)

All tissue culture flasks, graduated pipettes, and multi-well plates.

GE Healthcare (Buckinghamshire, UK)
Amersham Hybond ECL Nitrocellulose Membrane

Whatmann (Kent, UK)
Nitrocellulose Membrane, 3MM blotting paper.

Sarsrtedt AG & Co., Ltd. (Leicester, UK)
Serological pipettes 5, 10, 25 mL

2.1.1 Anti-bodies
Cell Signalling Technology (UK)

Anti-p-NF kappa B2 p65 (Rabbit polyclonal, 3031S), (S536)

Anti-p- NF-kappa B2 p100 (Rabbit polyclonal, 4810S), (S866/870)

Anti-p-JNK (Rabbit polyclonal, 92518), (Y185/T183)

Anti-p-c-Jun (Rabbit polyclonal, 91952), (Ser 63)

Anti-pc/EBP (Rabbit polyclonal, 3084S), (T235)

Anti-p-p38 (Rabbit polyclonal, D3F9,4522S), (T180/Tyr182)

Anti-p38 (Rabbit polyclonal, 92125)

Anti-GAPDH (Rabbit monoclonal, 14C10)

Anti-p- IKK o/ (Rabbit polyclonal, 2697S), (Ser 176/180)

Anti-IkBa (Rabbit polyclonal, 9242S)
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Anti-MEKK3(Rabbit polyclonal, 5727S)

Anti- TAK-1 (Rabbit polyclonal, 5206S)

Millipore Limited (UK)

Anti-NFxB p100/p52 (Mouse monoclonal, 32538)

Anti-IKK o (Mouse monoclonal, 14A231)

Santa Cruz Biotechnology (USA)

Anti-NFxB p65 (Mouse monoclonal, Sc 8008)

Anti-JNK (Rabbit polyclonal, Sc 571)

Anti-pERK1/2 (Mouse monoclonal, Sc 7383)

Anti-pERK1/2 (Rabbit polyclonal, Sc 94)

Proteintech (China)

Anti-IkBa (Rabbit polyclonal, 10268- 1- AP)

Anti-IKK (Rabbit polyclonal, 15649-1-AP)

2.1.2 Pharmacological Agonists

Insight Biotechnology Limited (UK)
Interleukin-1 beta (IL-1pB)

2.1.3 Target Compounds

AMG548 (synthesised in-house, combined NLK/MAPK p38 inhibitor)

IKK?2 X1 (synthesised in-house IKK beta inhibitor by Prof. Craig Jameison)
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KM 6,10 and 11 (synthesised in-house CXCL12 inhibitors)

KMS (Molport, Latvia)

PD98059 (MEK1 inhibitor, Millipore, USA)

Ponatinib (multi-kinase, MEKK3 inhibitor, Biorbyt, UK)

SB203580 (MAPK p38 inhibitor, Tocris, UK)

SP600125 (JNK inhibitor, Tocris, UK)

SU1261(Strathclyde University IKK alpha inhibitors), (Ki IKKa vs IKKf: are 10 vs. 680 nM)
Takinib (TAKI1 inhibitor, Tocris, UK)

5Z-7-Oxozeaenol (TAK1 inhibitor, Millipore, USA)

2.2 Chemical Synthesis

The target compounds were synthesised following procedures in the experimental sections
(3.3.3)to (3.3.12).

2.3 Cell Culture

All cells were cultured in T75 cm? flasks, and all cell culture work was performed using aseptic

techniques in a Class II Safety Flow Hood.
Human Osteosarcoma (U20S) cell line

A human U20S cell line was derived from the bone tissue of a 15-year-old female diagnosed with
osteosarcoma. The cells were taken from a differentiated sarcoma of the tibia in 1964 (Bayani et al.,

2003), and the origin of the U20S cell line is the American Type Culture Collection.
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2.3.1 Culture of Human Osteosarcoma (U20S) Cells

The McCoy’s 5A medium was the standard medium for these cell lines supplemented with 10%
(v/v) foetal bovine serum, 1% (v/v) penicillin/streptomycin, and 1% (v/v) L-glutamine. Cells were

cultured in T-75 c¢cm? flasks and incubated at 37°C in a mixture of 95% air and 5% CO».

2.3.2 Trypsinisation and Subculture

Cells were sub-cultured once they reached approximately 80-90% confluency. Firstly, the media
was aspirated, and the cells were washed once with 1.5 mL of a sterile solution of 0.5% (v/v) trypsin.
After trypsin was removed, 2.5 mL of a sterile trypsin solution was put into the flask and placed in
the incubator at 37°C, at 5% (v/v) CO., for 3 min. Once the cells displayed a round morphology,
flasks were given a gentle tap to ensure the cells were fully detached. The flask was then washed
with 10 mL of McCoy’s 5A media to resuspend the recovered cells, which were used for seeding
into fresh flasks 75 cm? or multi-well culture plates (12-well or 6-well) as required. The cells were
maintained in 5% CO; and 95% air at 37 °C, and the cells were re-fed every two to three days to

maintain health.

2.4 Western Blotting

2.4.1 Quiescing Cells

Cells were placed in the incubator at 37 °C and grown until they reached approximately 90%
confluency in appropriate cell culture plates. Cells were then serum-starved in FBS-free McCoy’s

5A medium for approximately 24 hours prior to stimulation.

2.4.2 Preparation of Whole-Cell Extracts

Cells cultured on 12-well plates were exposed to appropriate concentrations of agonists (IL-10) for
specific durations or variable concentrations, after which the plates were placed on ice to stop the
reaction, and then the media was subsequently aspirated. Cells were washed twice with 750 uL cold
PBS, followed by the addition of 200 uL of DTT sample buffer (63mM Tris-HCI, (pH 6.8), 2mM
Na4P>07, 5mM EDTA, 10% (v/v) glycerol, 2% (w/v) SDS, 50mM DTT, 0.007% (w/v) bromophenol
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blue). Cells were scraped and dispersed using a 21-gauge needle, resulting in repeated shearing of
the chromosomal DNA. Extracted cells were placed into Eppendorf tubes with the lid pierced, then

boiled for three minutes and stored at -20 °C until use.

2.4.3 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

SDS-PAGE separated the prepared protein samples. Gel plates were rinsed with 70% (v/v) ethanol
before assembly. Distilled water was introduced to the completed plates for approximately one hour
to verify that the glass plates were not leaking or flushing. The resolving gels were formulated by
combining an appropriate volume (8.5-12% (v/v) of acrylamide (30% acrylamide: 0.8% N, N'-
methylenebis-acrylamide (37.5:1)), 0.375M Tris base (pH 8.8), 0.1% (w/v) SDS, 10% (w/v)
ammonium persulfate (APS), and TEMED to start the polymerisation process. The solution was
poured between the two glass plates arranged in a vertical slab arrangement according to the
manufacturer's instructions (Bio-Rad), and 200 uL of 0.1% (w/v) SDS was applied on top of the gel
solution. Upon polymerisation of the gels, the SDS layer was eliminated; concurrently, stacking gels
were made and directly applied on top of the resolving gel, with the comb quickly put into the
stacking gel solution. Following the polymerisation of the gel, the comb was thoroughly extracted,
and the gel was positioned in a Bio-Rad Mini-PROTEAN IITM electrophoresis tank containing
electrophoresis buffer (0.1% (w/v) SDS, 25 mM Tris, 129 mM glycine). Samples in 20-30 pL
aliquots were next introduced into the wells using a microsyringe. A pre-stained SDS-PAGE
molecular weight marker with established molecular weights was run simultaneously to determine
the molecular weights of a target protein. Samples were subjected to electrophoresis at a constant

voltage of 125 V until the bromophenol dye migrated to the bottom of the gel.

2.4.4 Electrophoretic Transfer of Proteins onto Nitrocellulose Membrane

According to Towbin and coworkers' method, gels were transferred to a nitrocellulose membrane
(Towbin et al., 1979). The gels were securely affixed to a nitrocellulose membrane and arranged
within a transfer cassette, interleaved with two sheets of Whatman 3MM paper and two sponges.
The cassette was immersed in transblot buffer (19 mM glycine, 25 mM Tris, and 20% (v/v)
methanol) within a Bio-Rad mini—Trans-BlotTM tank, and a steady current of 300 mA was

administered for 150 min. During this period, the tank was cooled by incorporating an ice reservoir.
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The addition of SDS in the resolving gel provides a negative charge to the proteins, forcing the

orientation of the cassette towards the anode alongside the nitrocellulose as shown in Figure 2.1.
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Figure 2. 1 A diagrammatic representation of the SDS-PAGE and Western blotting workflow.

Initially, lysed samples are run on gels to separate proteins by molecular weight (1). Transfer of
proteins from the gel to a nitrocellulose membrane is carried out (2). The nitrocellulose membrane
is then exposed to blocking in 1% BSA for 2 h and then probed with primary antibody overnight at
4 °C, washed three times for 25 min each and then probed with secondary antibody for 1.5 h (3).
Following another three 25 min washes, ECL was utilised for 2 min (4). Proteins were visualised in
a dark room using developing film—figure created in BioRender.

2.4.5 Immunological Detection of Proteins

Proteins were transferred to nitrocellulose membranes, which were then removed. The proteins were
then blocked by soaking them for 2 h at room temperature on a rotating shaker in a solution of 1%
(w/v) BSA in NaTT buffer (20 mM Tris, 150 mM NacCl (pH 7.4), and 0.2% (v/v) Tween-20). The
blocking buffer was eliminated, and the membranes were incubated overnight with a particular
antibody for the target protein in 0.2% (w/v) BSA in NaTT. Table 2.1 presents the optimal
conditions for each antibody. The membranes were rinsed three times with NaTT every 25 min on

the subsequent day, with gentle shaking. Subsequently, the membranes were treated for 90 min with
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secondary horseradish peroxidase-conjugated IgG (HRP) specific to the primary immunoglobulin,
diluted to an appropriate concentration in NaTT buffer containing 0.2% (w/v) BSA. The membrane
was washed three times in NaTT at 25-min intervals and the bands of immune-reactive protein were
identified by incubation in 6 mL of enhanced chemiluminescence (ECL) reagents (reagent 1
comprises Luminol, Coumaric Acid, 1M Tris-HCI pH 8.5, and distilled H>O; reagent 2 consists of
hydrogen peroxide, 1M Tris-HCI pH 8.5, and distilled H>O) for 2 min with mild shaking. Following
the placement of the membranes in a photographic cassette and their coverage with cling film, they
were exposed to X-ray film in a darkroom environment for a duration of 1 to 4 min and developed

with a JPI AUTOMATIC X-RAY FILM PROCESSOR MODEL JP-33 as shown in Figure 2.1.

Table 2. 1 Antibodies Used in Western Blots and Their Optimal Conditions

Protein of Interest Antibody Source Species Blocking Conditions Antibody

Conditions

p-p100 Cell Signalling Rabbit 2% BSA in 1/3000 (4°C)
(S866/870) 4810S NaTT

p100/52 Millipore Mouse 2% BSA in 1/6000 (4°C)
32538 NaTT

p-p65 Cell Signalling Rabbit 2% BSA in 1/3000 (4°C)
(S536) 30318 NaTT

p65 Santa Cruz Mouse 2% BSA in 1/3000 (4°C)
Sc 8008 NaTT

p-p38 Cell Signalling Rabbit 2% BSA in 1/2000 (4°C)
(T180/Tyr182) 45228 NaTT

p38 Cell Signalling Rabbit 2% BSA in 1/3000 (4°C)
92128 NaTT

IxB-a Cell Signalling Rabbit 2% BSA in 1/3000 (4°C)
92428 NaTT

p-JNK Cell Signalling Rabbit 2% BSA in 1/3000 (4°C)
(Y185/T183) 92518 NaTT
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Protein of Interest Antibody Source Species Blocking Conditions Antibody

Conditions

INK Santa Cruz Rabbit 2% BSA in 1/3000 (4°C)
Sc 571 NaTT

p-c-Jun (S63) Cell Signalling Rabbit 2% BSA in 1/3000 (4°C)
919528 NaTT

TAK-1 Cell Signalling Rabbit 2% BSA in 1/3000 (4°C)
(D94D7) 5206S NaTT

p- IKKo/f Cell Signalling Rabbit 2% BSA in 1/2000 (4°C)
S176/180 2697S NaTT

IKKa Millipore Mouse 2% BSA in 1/1500 (4°C)
14A231 NaTT

IKKpB Proteintech Rabbit 2% BSA in 1/2000 (4°C)
15649-1-AP NaTT

MEKK3 Cell Signalling Rabbit 2% BSA in 1/1500 (4°C)
(D36G5) 57278 NaTT

pERK1/2 Santa Cruz Mouse 2% BSA in 1/5000 (4°C)
Tyr 204 Sc 7383 NaTT

ERK1/2 Santa Cruz Rabbit 2% BSA in 1/6000 (4°C)
Sc 94 NaTT

pc/EBPp Cell Signalling Rabbit 2% BSA in 1/6000 (4°C)
(T235) 3084S NaTT

GAPDH Cell Signalling Rabbit 2% BSA in 1/6000 (4°C)
14C10 NaTT

2.4.6 Re-probing and Stripping of Nitrocellulose Membrane

The nitrocellulose membrane was re-probed for additional proteins by stripping it. The
nitrocellulose was incubated in a mixture of 15 mL of stripping buffer (0.05M Tris-HCI, 2% (v/v)
SDS, and 0.1M of B-mercaptoethanol) at 60 °C for 50 min with mild shaking. After discarding the
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stripping buffer, the membrane was rinsed three times in NATT every 5 min to get rid of the
stripping buffer residue. The membrane was incubated with a primary antibody overnight at 4 °C in
NATT solution with 0.2% (w/v) BSA, followed by a final wash. This step was ready for the

immunological detection protocol as described previously.

2.4.7 Scanning Densitometry and Analysis of Expression Levels

Western blots were scanned in an HP Scanjet G2710 Scanner using Adobe Photoshop 5.0.2
software. Images were then captured, normalised with control, and quantified using Scion Image
software (Scion Corp., MD, USA). A fold increase in protein was calculated against control or
agonist-stimulated control using one-way analysis of variance (ANOVA) via GraphPad Prism

software, version 8.0 (GraphPad Software, California, USA).

2.5 Promoter-Linked Reporter Assay

Reporter assay is an approach used to report the spatial-temporal dynamics of gene expression. It is
important to investigate the promoter of the gene of interest and whether it is active. Detection of
the target gene is done by using different methods based on reporters such as fluorescence reporter,

enzyme-based reporter, or luciferase assay reporter (Carter & Shieh, 2010).

2.5.1 CXCL12 Gene Promoter-Linked Luciferase Reporter Activity Assay

In our laboratory, a U20S-CXCL12 reporter cell line was established using a CXCL12 promoter
construct as outlined previously for other cell types (Garcia-Moruja et al., 2005). In 12 well plates,
cells were grown to confluency before being starved for 36-40 h by removing the medium and
replacing it with serum-free media. Before completing the reporter assay, cells were either pre-
treated with hit compounds for an hour or subjected to multiple agonists at specific time points in
duplicate for each measured parameter. After stimulation, the reaction was terminated by placing
the plate on ice, washing the cells twice with ice-cold PBS, and then adding 200 pL of lysis buffer
(25 mM Tris phosphate pH 7.8,8 mM MgClz, 1 mM DTT,1% Triton X-100, 15% Glycerol) to each
well. Cells were scraped from the plate, samples transferred to labelled 1.5 mL Eppendorf tubes,
and centrifuged at max RPM at 4°C for 3 min. A 100 pL aliquot of cell supernatant and 100 pL of
luciferase buffer (10 mL Lysis buffer,ImM ATP, 1% BSA, ImM DTT, 0.25 mM luciferin) were
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added and mixed well in a cuvet, then the relative light unit (RLU) was read for each sample in the
luminometer over 60 seconds (Berthold, Germany). In some experiments to confirm that the
compounds inhibit the gene expression (CXCL12) and not the luciferase enzyme itself, stimulated
cell extract/luciferase mixture was incubated with the compounds for 7 min prior to reading on the

luminometer.

2.6 MTT Toxicity Assay

Cell viability was assessed through the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, Sigma Aldrich) to purple formazan by mitochondrial
NAD(P)H-dependent oxidoreductase enzymes. Cells were cultured in 96-well microplates at 50-
60% confluence. On the subsequent day, cells were subjected to treatment in triplicate and thereafter
incubated at 37 °C in an atmosphere of 5% CO: and 95% air for a duration of 7 h. Following
incubation, the media was aspirated and substituted with fresh media. MTT 100 pL (1 mg/mL) was
administered to each well, and the microplates were incubated at 37°C with 5% CO; and 95% air
for 2 h, covered in aluminium foil. The medium was subsequently eliminated, and the produced
formazan crystals were solubilised by the addition of DMSO. The microplates were incubated for 5
min., after which absorbance readings were recorded at a wavelength of 570 nm using a POLARstar

Omega microtiter plate reader (BMG LABTECH, Germany).

2.7 Enzyme-Linked Immunosorbent Assay (ELISA)
2.7.1 Preparation and Treatment of U20S Cells

The U20S cells were cultured in a 6-well plate with 1.5 mL of media containing 10% FCS. After
reaching 50-60% confluency, the cells were transfected with 50 nM of siRNA [KKa, KK},
MEKK3, or TAK-1 for the indicated incubation time between 72-96 h, followed by stimulating the
cells with IL-1P (10 ng/mL) for 6 and 24 h, or after two days of culturing the cells, the media was
changed, and the cells were pretreated with KM compounds (10-20 uM) for one hour, followed by
6- or 24-h stimulation with IL-1B. The supernatant of the conditioned cells was collected and
centrifuged for 15 min at 4 °C or room temperature at 106 g and processed for assessment of protein
expression by ELISA immediately or collected and stored the samples at -20 °C for next-day

assessment.
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2.7.2 Measurement of Human CXCL12/SDF1-alpha

The concentration of human CXCL12 (Assay Genie, HUF102841, Dublin, Ireland) induced by IL-
1B was quantitatively measured by using a sandwich ELISA system following the supplier's

instructions:

Assay procedure:

Following preparation of the antibody working solutions, and kept at 37 °C for at least 30 min before
adding to the wells, 100 pL of assay diluent, standard, control, or samples were added to each well
of a microplate in duplicate. Then, the plate was sealed with the provided adhesive strip and
incubated for 90 min at 37 °C in 5% CO; and 95% air. The plate was washed three times to remove
unbound proteins using a washing buffer and was dried well by inverting the plate and hitting clean
tissues. Next, 100 puL of Biotin-labelled antibody was added to each well, then the plate was covered
and incubated for 60 min at 37 °C in 5% CO2, 95% air. After three times of washing, 100 puL of
SABC (HRP-Streptavidin Conjugate) was added to each well. Again, the plate was covered with a
new adhesive strip and incubated later for 30 min. Then, the plate was washed five times with
washing buffer, and 90 puL of Tetramethylbenzidine (TMB) was added to each well and incubated
at 37 °C for 20 min in the dark by wrapping the plate with tin foil. The reaction was terminated with
50 pL of 1M H>SO4 stop solution (the colour in the wells changed immediately from blue to yellow).
At a wavelength of 450 nm, a colour change was detected spectrophotometrically using the
POLARstar Omega microtiter plate reader (BMG LABTECH, Germany), and the sample

concentrations were compared to the standard curve.

2.7.3 Measurement of Human IL-8 (CXCLS)

The concentration of human IL-8 (Invitrogen, 88-8086, USA) induced by IL-1p was quantitatively

examined by using a sandwich ELISA system according to the instructions of the supplier:

Assay procedure:

The antibody specific for human IL-8 was pre-coated onto a 96-well microplate overnight with
shaking in the cold room before starting the experiment. The plate was washed three times with

washing buffer (400 pL), and the wells were dried by inverting the plate and wiping with clean
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tissues to remove excess capture antibodies. Then, 150 pL of ELISA diluent was added to each well
to block the wells and incubated at room temperature on a shaker for one hour. The provided
adhesive strip was used to cover the plate. Next, the plate was washed three times using a washing
buffer, and the same technique was applied as previously. Then, 100 pL of assay diluent, standard,
control, or samples were added to each well, and the plate was covered with an adhesive strip and
incubated on a shaker for 2 h at room temperature. The plate was washed three times, and 100 pL
of first and second detection antibodies were applied as previously. After five washes of the plate,
100 pL of TMB substrate was added to each well and incubated without shaking in the dark by
wrapping the plate with tin foil for 15 min. The reaction was terminated with 100 pL of stop solution
(the colour in the wells changed immediately from blue to yellow). At a wavelength of 450 nm, a
colour change was detected spectrophotometrically using the POLARstar Omega microtiter plate
reader (BMG LABTECH, Germany), and the sample concentrations were compared to the standard

curve.

2.8 Treatment of Bone Cancer Cell Line
2.8.1 Testing Compounds

In-house compounds (KM6, KM10, KM11, and AMG548) were developed at the University of
Strathclyde, Glasgow, UK. The TAKI inhibitors Takinib, 5Z-7-oxozeaenol, Ponatinib, and other
compounds were purchased from Merck and Millipore. Based on these compounds' weight and
molecular weight (M.W.), a 20 mM stock solution was prepared by dissolving the chemicals in a
calculated volume of DMSO. The prepared solutions were stored at -20 °C. U20S cells were treated

with diverse concentrations for a pharmacological study.

2.8.2 siRNA-mediated Silencing of Target Genes (TAK1, IKKa, IKKf, and MEKK3) in Cells

Small interfering RNA (siRNA) was used to investigate the roles and activities of various proteins
in cellular processes. It is a sequence of double-stranded RNA (20-25 base pairs) that prevents the
expression of specific genes with complementary nucleotide sequences by degrading the targeted

mRNA, which stops protein synthesis and translation (Elbashir et al., 2001).

67



Mohammed Sinjar

In order to observe the effect of the loss of TAK1, IKKa, IKKf, and MEKK3 on the cells, cells
were transfected with siRNA against the target protein in comparison to non-target sSiRNA (NT)
supplied from Thermo FisherScientific® (Thermo Fisher Scientific, Surrey, UK). Target sequences
are shown in Table 2.2. The newly purchased siRNA was resuspended in an RNase-free 1x siRNA
buffer (Dharmacon, Buckinghamshire, UK). To prepare a 20 uM stock, 500 puL of 1X siRNA buffer
was added to 10 nmol of siRNA and then mixed by pipetting. The diluted solution was then placed
on an orbital mixer for 30 min at room temperature before being aliquoted and stored at -20 °C.
U20S cells were seeded into 12-well plates and cultured until they reached approximately 60-70%
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 100 uL. with OptiMEM® medium (Life Technologies, Paisley, UK) as follows: 50 nM (2.5
uL siRNA + 97.5 uL Opti-MEM®), and 100 nM (5 pL siRNA + 95 puLL Opti-MEM®). In the second
tube, 2-2.5 pL Lipofectamine RNAIMAX® (Invitrogen®, Paisley, UK) was diluted into 100 pL
OptiMEM®. Lipofectamine RNAIMAX® was the transfection reagent to deliver the siRNA to the
cells. Both tubes were then mixed together at a 1:1 ratio and left to incubate at room temperature
for 20 min. to allow the formation of complexes. Cells were normally washed with 1 mL Opti-MEM
to get rid of excess medium, then replaced with 800 pL Opti-MEM®. After 20 min, the transfection
mixture (Final volume 200 pL) was added to the appropriate wells dropwise. Plates were incubated
for 16 h in 5% CO» and 95% air at 37 °C. After this period, the transfection mixture was aspirated
and replaced with media containing 10% FCS. The cells were then incubated for 72-96 h at 37 °C,
95% air, and 5% COxz. Then the cells were treated with an agonist for 30 min. Whole sample extracts
were then collected and stored at -20 °C for analysis of target protein expression levels by Western

blot analysis (Section 2.4) or ELISA assay (Section 2.7).
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Table 2. 2 siRNA Transfection Target Gene, siRNA Target Sequences, and Origin

Target Gene Target Sequence On-Target plus SIRNA
IKKa (CHUK) GCGUGAAACUGGAAUAAU Human CHUK
Cat.no: J-003473-09
IKKp (IKBKB) GAGCUGUACAGGAGAUAA Human IKBKB
Cat.no: J-003503-13
Non-target (NT) UGGUUUACAUGUCGACUAA Non-target
Cat.no: D-001810-01-20
MEKK3 GAACCGACGUCACCGGAUG Human Dharmacon
Cat.no: L-003301-00-20
Non-target (NT) UGGUUUACAUGUCGACUAA Non-target
Cat.no: D-001810-01-20
TAK-1 GAGUGAAUCUGGACGUUUA Human Dharmacon
Cat.no: L-003790-00-20
Non-target (NT) UGGCUUAUCUUACACUGGA Non-target

Cat.no: D-001810- 10-05

2.9 Data Analysis

All data presented were representative of a minimum of three independent experiments unless
otherwise indicated. Data were normalised to fold expression and expressed as One-way ANOVA
performed mean + S.E.M. Statistical analysis was performed using GraphPad Prism version 8.0
(GraphPad Software, California, USA) with both Dunnett’s and Tukey’s Post-comparison test (*P
<0.05, **P <0.01, ***P< 0.001, ****P <0.0001). GraphPad Prism was also used to calculate the

ICso for KM and purchased compounds. Nonlinear regression analysis was used to determine the

concentration response curve and calculate the ICs.
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Chapter Three

Chemical Synthesis and Analysis of
Novel Inhibitors for CXCL12

Production in Cancer
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3.1 Introduction

Bone cancer remains a clinical issue due to its metastatic potential, aggressive nature, and limited
treatment strategy (Borges et al., 2022). The cancer hallmarks and CXCL12 role were extensively
discussed in Chapter One, Section 1.7. It is one of the molecular targets associated with the
progression of bone cancer and has attracted attention (Teicher & Fricker, 2010). A malignant
tumour originating from bone tissues, bone cancer damages healthy bone tissues in its
pathological role. The quality of life is greatly diminished for patients with bone cancer because
they often experience severe chronic pain, dysfunction, and other related symptoms (Colvin &

Fallon, 2008).

Regarding bone cancer, the risk of developing this condition is rising rapidly each year. It has
been shown that less than 20% of patients with bone cancer survive for a year. Despite surgery,
which is only effective in the early stages, standard therapies such as chemotherapy, radiotherapy,
and others have proven to be effective but come with challenges, as explained in Sections 1.5.3.
Therefore, developing appropriate medications to prevent the onset of bone cancer has far-
reaching implications. As mentioned previously, the exacerbation of tumour hallmarks, along with
diagnosis and treatment, has been significantly regulated by the chemokine network. Thus, studies
on CXCL12 and its inhibition concerning bone progression could lead to a positive and broad

impact on medicine in the future.

As described in Sections 1.7.3-1.7.5, CXCL12 primarily exerts its effect through binding to its
receptor, CXCR4. For example, upregulation of CXCL12 within the bone microenvironment
plays a vital role in tumour growth and resistance to therapy and must be targeted. The
CXCL12/CXCR4 signalling plays a crucial role in the tumorigenic environment. This effect not
only facilitates the metastatic process but also contributes to tumour survival through activating
downstream signalling pathways, which regulate resistance to apoptosis and proliferation. These
signalling pathways include PI3K/AKT, MAPK, and NF-«kB, which are described in Section 1.7.5.
In a recent study using an in vivo model, it has been shown that inhibition of CXCL12 signalling
in prostate cancer may abolish metastatic bone development and enhance the therapeutic efficacy

of testing drugs such as Plerixafor (Conley-LaComb et al., 2016).
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Previous research has shown that therapeutic approaches such as small-molecule antagonists,
monoclonal antibodies, and peptide inhibitors target the CXCL12/CXCR4 signalling axis.
However, direct inhibition of CXCL12 expression presents several challenges as discussed
previously, including chemokine signalling crosstalk, compensatory pathways, and potential off-

target effects (Bao et al., 2023; Lin et al., 2019; Shi et al., 2020b).

Furthermore, Burger and coworkers demonstrated the importance of combination treatment
approaches, integrating CXCL12 inhibitors with known chemotherapeutic drugs to reduce
resistance and improve treatment outcomes (Burger & Peled, 2009). Crystallographic and
computational studies using structural insights have enabled rational drug design models for
improving inhibitor specificity and pharmacokinetics (Kumar et al., 2018). Use of computational
chemistry techniques, such as molecular docking, has provided detailed data for the inhibitor
binding mode (Prieto-Martinez et al., 2019). The 3D structure of CXCL12 has been recently
examined (R. Janssens et al., 2018). Thus, the potential of CXCL12 in the drug design field was

shown to be viable.

In addition, novel CXCL12 inhibitors have been synthesised, which can target CXCL12 induction
rather than the CXCR4 receptor, thereby maximising the activity and reducing the off-target effect.
Recently, the University of Dundee reported that a number of compounds were of interest, having
been identified through screening of a commercial library of approximately 5000 compounds
against CXCL12 gene expression induced by IL-1p. Based on the screening data, some compounds
showed preferable chemical and biological criteria, such as drug-like properties, an inhibitory
effect against stimuli-induced CXCL12 gene expression, and a cell cytotoxic effect on U20S cells
as shown in Table 3.1. Three compounds were unfavourable targets for synthesis and testing due
to their toxic effects and low drug likeness; they were presented for comparisons with the hit
compounds. All of these properties make the compounds presented as hit compounds. The
inhibitory potency of each compound was assessed by measuring the ICso against CXCLI12
promoter expression. To determine the potential off-target cytotoxic effects, a cell viability assay
was applied. The data were reported as a percentage effect observed at a 10 uM concentration,
which was used as the standard concentration; a high positive value indicates toxicity. Lastly, the
quantitative estimate of drug-likeness (QED) was calculated to prioritise compounds with

physicochemical properties aligned with those of successful oral drugs.

72



Mohammed Sinjar

The preliminary results in U20S cells stably transfected with a CXCL12 luciferase promoter
construct showed a significant reduction in gene expression by some of the reported compounds
(Table 3.1), using a luciferase reporter assay technique. Therefore, our goal in this study was to
identify chemical structures that can effectively inhibit CXCL12 signalling by abolishing its
expression. Some of the reported compounds (KM) were synthesised in the Jamieson lab. Using
the chemicals and techniques mentioned in Section 3.3, the KM compounds were successfully

prepared, and their chemical stability was also examined using HPLC.

Table 3.1 Screened chemical compounds and in-house KM compounds with in vitro inhibitory
potency ICso, Cytotoxicity, and calculated Drug-likeness

Name of Chemical Structure ICsovs pICsp [CXCLI12 |Cell QED | Cytotoxicity
Compound CXCL12 - % Effect | Viability % Screen
promoter (10 uM) Inhibitory
induction Effect (10
(uM) uM)
5(benzo[d]oxazol 0
-2-yl)-2-(tert- N k
butyl)isoindoline- Not
1,3-dione 0 0.2 6.7 102.2 -0.9 071 | "o
N= cytotoxic

3-(3,4 dihydro- o]
2H-quinolin-1- N
-4- H
ylsulfonyl)-4 N Not

methoxy-N- I 7.9 5.1 52.7 0.3 0.67 totoxi

phenylbenzamide O*E*O cytotoxic

[3-(3,4-dihydro- 0

el B e R g

ylsulfonyl)-4- - -

methoxyphenyl]- o KJ 4.8 5.3 77.6 3.2 0.72 Not .
0=8=0 cytotoxic

(4-methyl-1,4- .

diazepan-1- @
yl)methanone

2-[[10-(piperidin-
1-ylmethyl)-7-
thia-9,11- N

N
diazatricyclo[6.4. \\(/ N\ No
0.02,6]dodeca- N= 2.1 5.7 97.7 4.9 0.65

1(8),2(6),9,11- S
tetraen-12- \\\ OH
yl]sulfanyl]ethan
ol

cytotoxic

73




Mohammed Sinjar

Name of
Compound

Chemical Structure

IC50 VS
CXCL12 -
promoter
induction

(M)

pICso

CXCL12
% Effect
(10 uM)

Cell
Viability %
Inhibitory
Effect (10
uM)

QED

Cytotoxicity
Screen

ethyl 5-[[2-(1H-
indol-3-
ylacetyl]amino]-
3
methylthiophene-
2-carboxylate
(KM6)

1.4

5.8

100.3

0.66

Not
cytotoxic

(4S)-6-[(4-
fluorophenyl)met
hyl]-4-thiophen-
2-yl-1,3,4,7-
tetrahydropyrrolo
[3.4-
d]pyrimidine-2,5-
dione

1.4

5.8

109.7

8.1

0.88

Not
cytotoxic

(2S)-2-(4-
chlorophenyl)-
1,2-
dihydroimidazo[1
,2-a]quinoline
(KMB)

2.9

5.5

103.2

2.6

0.78

Not
cytotoxic

(3R,3aS)-N-
phenyl-3-
thiophen-2-yl-
3,32,4,5-
tetrahydrobenzo|
glindazole-2-
carboxamide

1.2

5.9

95.3

23

0.70

Not
cytotoxic

N-(2-(4-((5-
methylisoxazol-
3-
yl)methyl)piperaz
in-1-yl)-2-
oxoethyl)-[1,1'-
biphenyl]-4-
carboxamide
(KM10)

43

54

74.4

0.2

0.66

Not
cytotoxic

N-[4-(4-
cyclohexylphenyl
)-1,3-thiazol-2-
yl]-N-prop-2-
enylacetamide
(KMI11)

0.2

6.7

124.4

4.0

0.72

Not
cytotoxic
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Name of
Compound

Chemical Structure

IC50 VS
CXCL12 -
promoter
induction

(M)

pICso

CXCL12
% Effect
(10 uM)

Cell

Viability %
Inhibitory
Effect (10

uM)

QED

Cytotoxicity
Screen

N-[5-[(3,5-
dichlorophenyl)m
ethyl]-1,3-
thiazol-2-yl]-4-
ethylthiadiazole-
S-carboxamide

Cl S
| N
N / N

cl

5.6

5.2

70.2

98.3

0.67

Toxic
compound

[1-[(2-
chlorophenyl)met
hyl]indol-3-
ylJmethanol

OH

=0

Cl

0.9

6.1

61.4

104.8

0.76

Toxic
compound

N-[2-(1H-
benzimidazol-2-
ylamino)-2-
oxoethyl]-3,5-
dimethylbenzami
de

oo “f@
N\)LN/LN
0 b

1.6

5.8

101.2

101.1

0.68

Toxic
compound

ICso, Inhibitory concentration vs CXCL12 promoter induction; QED, Quantitative Estimate of Drug-likeness.

3.2 Results and Discussion

3.2.1 Synthesis of ethyl 5-(2-(1H-indol-3-yl)acetamido)-3-methylthiophene-2-carboxylate

(KM6)

A Knovenagel condensation reaction with cyanoacetic acid and ethyl acetoacetate provided the

acrylonitrile compound in a quantitative yield of stereoisomeric mixture in a ratio of 60:40. A

Gewald reaction in the presence of elemental sulfur was used to give the 2-aminothiophene

fragment in a yield of 22%. Finally, amide coupling with the 2-aminothiazole fragment and

indole-3-acetic acid in the presence of T3P (Propyl phosphonic anhydride) gave KM6 with 47%

yield, as shown in Scheme 3.1.
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Scheme 3.1: Synthesis of KM6

3.2.2 Synthesis of N-(2-(4-((5-methyl isoxazole 3yl) methyl) piperazine-1-yl)-2-oxoethyl)-[1,1'-
biphenyl]-4-carboxamide (KM10)

The synthesis of NH-piperazine derivative N-(2-oxo-2-(piperazine-1-yl) ethyl)-[1,1'-biphenyl]-4-
carboxamide is shown in Scheme 3.2. The synthesis commenced with the amide coupling of 4-
phenylbenzoic acid and glycine methyl ester, through in situ-generated acid chloride .The n-acylated
glycine methyl ester was hydrolysed under basic conditions to afford acid [1,1'-biphenyl]-4-
carbonyl) glycine in a yield of 80%. [1,1'-Biphenyl]-4-carbonyl) glycine and N-Boc piperazine were
coupled together using DIC and Oxyma as the coupling reagents which gave amide fert-butyl 4-
(([1,1'-biphenyl]-4carbonyl) glycyl) piperazine-1-carboxylate in a yield of 77%. The Boc protecting
group was removed under acidic conditions, affording piperazine derivative N-(2-oxo0-2-

(piperazine-1-yl) ethyl)-[1,1'-biphenyl]-4-carboxamide in a yield of 75%.
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DIC, Oxyma
DMF, 0°Ctort
16 h, 77%
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N I
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Ph rt, 16 h, 75%  Ph

Scheme 3.2 Schematic Synthesis of N-(2-oxo-2-(piperazin-1-yl) ethyl)-[1,1'-biphenyl]-4-

carboxamide

Next, piperazine derivative N-(2-oxo0-2-(piperazine-1-yl) ethyl)-[1,1'-Biphenyl]-4-carboxamide,
was subjected to a reductive amination reaction with the appropriate oxazole carbaldehyde
analogue, such as 5-methyl isoxazole carbaldehyde, in the presence of sodium
triacetoxyborohydride (Scheme 3.3). This afforded final compound N-(2-(4-((5-methyl isoxazole
3yl) methyl) piperazine-1-yl)-2-oxoethyl)-[1,1'-Biphenyl]-4-carboxamide after purification by
reverse-phase HPLC, in a yield of 30% and 92.4 % purity.

Me
(\NH om—ﬁ o ﬁN _N_
O N\) N/o \) O
> N =
”/\‘( NaBH(OAc)s /@)km/ﬁ( Me
O CH,Cl,rt,16 h Ph O

30 %
Ph A

HPLC purity=92.4%

Scheme 3.3 Schematic Synthesis of KM10
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3.2.3 Synthesis of N-allyl-N-(4-(4-cyclohexylphenyl)thiazol-2-yl)acetamide (KM11)

The synthetic methods of KMI11 are detailed in Scheme 3.4. Alpha bromination of 1-(4-
cyclohexylphenyl)ethan-1-one mediated by copper (II) bromide was followed by the Hantzsch
thiazole synthesis using thiourea, which over two steps provided the 2-amino thiazole in a yield
of 85%. The amino functional group was subjected to acetylation with acetic anhydride, giving
the corresponding acetamide in 64% yield. The amide nitrogen allylation in the presence of

sodium hydride gave KM11 in a yield of 44%.

0 0]
NH, N
0 A HNJ\Me \/\NJ\Me
N7 s NaH
Me 1. cusr,, EtOAC — NJ\S _ N)\S
90°C,5h Ac,0, THF _ B~ N _
2. thiourea, EtOH 100 °C, 16 h DMF, 120 °C
90°C,2h 64% 16 h, 44%
85% over 2-steps
HPLC purity > 99%

Scheme 3.4: Schematic Synthesis of KM11

In addition, giving our findings during biological experiments, a compound AMG-548 (p38/NLK)
inhibitor was synthesised to explore its effect on IL-1p-induced CXCL12 activity. The chemical

synthesis is detailed in the following Sections.

3.2.4 Synthesis of AMG-548 (NLK/p38 inhibitor)

The nucleophilic fragment on the right-hand side was synthesised from Boc-protected
phenylalanine methyl ester via aminolysis, followed by dehydration of the primary carboxamide,
facilitated by cyanuric chloride, as illustrated in Scheme 3.5. Using lithium aluminium hydride
for the reduction of the resulting nitrile afforded the required Boc-protected amine in a yield of

79%.
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Synthesis of RHS Fragment from Boc-Phe-OMe Amino Acid

Cl
NH,OH A
i 4 fi NN
O'Bu MeOH (1:1) OBu » 0Bu LIAIH, 0Bu

(0.1 M) oo ] (1.0 Min THF)

e i, 2 DMF, 1,05 h THF, -10°C
O{S) quant. O(S) quant. NC 2.5h,79% HoN

Scheme 3.5: Synthesis of Boc-protected amine

The fragment on the left-hand side was synthesised according to the synthetic method below
(Scheme 3.6). The substituted pyrimidinone core was constructed using a one-pot procedure as
reported by Lu and coworkers (Lu et al., 2006). This included the coupling of naphthaleneacetic
acid and 4-cyanopyridine via an enolate/nitrile nucleophilic condensation, followed by cyclisation
with methyl isothiocyanate and then S-methylation of the exocyclic thiolate anion. The
corresponding sulfone was obtained via the pendant thioether's oxidation with Oxone, an
appropriate electrophilic functional group to facilitate a nucleophilic aromatic substitution (SNAr).
An SnAr reaction between the Boc-protected phenylalanine amine and the sulfone, followed by
acid-mediated removal of the Boc-protecting group, afforded AMG-548 in 88% yield over two

steps.
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N~ | I |
N
OH EIOH, H,50, CN
85°C,5h 'BuOK
96% (1.0 M in 'BuOH)
DMF, 1 h
N:C
S thenMel, rt, 2 h
O'Bu Me” S A

&J\ DMF, rt, 1.5 31% over 3-steps

om

HoN
N
NH,

K»CO3, CH,Cl, Oxone
50°C, 60 h SO.Me MeOH/MH,0 (2:1)

then conc. HCI ~ r, 16 h
acetone, rt 43%

10 mins
88% over 2-steps
HPLC purity >99.9%

Scheme 3.6: Synthesis of AMG-548

3.3 Experimental data for KM compounds

3.3.1 General Experimental

All starting materials and reagents were obtained from commercial sources and used without
further purification, unless otherwise stated. Acetone, N, N-dimethylformamide, ethanol, ethyl
acetate, methanol, dichloromethane, 1,4-dioxane, diethyl ether, and petroleum ether 40-60 °C
were used as obtained from suppliers without. All dry solvents were purified using a PureSolv

SPS-400-5 Solvent Purification System.

Round-bottom flasks or microwave vials of appropriate volume were used for all performed
reactions. Reactions were carried out at elevated temperatures using a temperature regulated
hotplate/stirrer and DrySyn block with a contact thermometer. Room temperature generally refers

to about 20 °C. Reactions requiring a reduced temperature were performed using an ice bath (0

80



Mohammed Sinjar

°C) with a temperature probe unless otherwise stated. Brine denotes a saturated aqueous solution

of sodium chloride.

Reactions were monitored by TLC using Merck silica gel 60 covered aluminium backed plated
F254. TLC plates were visualised under UV light and staining using potassium permanganate

solution, vanillin or ninhydrin. Flash column chromatography was performed with Fluorochem

silica gel 60 (40—63 pm).

Reverse phase HPLC purification was performed at room temperature on a Gilson preparative
HPLC system, which included 322 pumps coupled to a 151 UV/Vis 163 spectrometer, 234
Autoinjector, and a GX-271 liquid handler, equipped with an Agilent Zorbax SB-C18 column
(21.2 x 150 mm, 5 pm packing diameter). Purification was done using gradient elution 5-95%
acetonitrile in water over 30 min at a 15 mL/min flow rate with 0.1% TFA modifier and UV
detection at 254 nm. Analysis was performed by Gilson Trilution v2.0 software. Reverse phase
HPLC data were obtained on an Agilent 1200 series HPLC using a Machery-Nagel Nucleodur
C18 column using a gradient method 5-95 % acetonitrile (containing 0.1% TFA) in water

(containing 0.1% TFA) over 18 minutes at a flow rate of 2 mL/min and UV monitoring at 250 nm.

'H and '*C NMR spectra were recorded on a Bruker AV3 400 NMR spectrometer at 400 and 101
MHz, respectively or on a Bruker DRX 500 NMR spectrometer at 500 and 126 MHz using the
deuterated solvent as the internal deuterium lock. Chemical shifts (8) are reported in ppm relative
to the residual protic solvent where § (CDCl3) = 7.26 ppm ('H) and § (CDCl3) = 77.16 ppm (*C);
8 (DMSO-ds) = 2.50 ppm ('H) and § (DMSO-ds) = 39.5 ppm (13C); 'H signals are described as
singlets (s), doublets (d), triplets (t), quartets (q), multiplets (m), broad (br), app (apparent) or a

combination of these and coupling constants are measured in Hz.

The Infrared (IR) spectra were recorded on a Shimadzu FTIR-84005 spectrometer, and the
products' frequencies (wavenumbers) are in cm—1. Low-resolution mass spectra were collected
utilising an Agilent Technologies 1200 series apparatus equipped with a 6130 single quadrupole
LC/MS and a Poroshell EC-C18 column. Analysis was conducted using a gradient approach,
eluting with 5-95% acetonitrile (incorporating 5 nM ammonium acetate) and water (containing 5

nM ammonium acetate) over 18 min. at a I mL/min flow rate, with UV detection at 254 or 214
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nm. HR-MS were collected using a Thermo Scientific Exactive Plus equipped with a Vanquish

LC.

HPLC stability analysis was performed using an LC2030 Prominence-I Shimadzu (Kyoto, Japan)
with a UV detector. The separation was carried out on a Phenomenex Gemini C18 column (150
mmx4.6 mmx5 pum particle size). The mobile phase used was water with methanol isocratic elution
with different compositions depending on the compound (Table 3.2) and a flow rate of 1 mL/min
at room temperature with a 254 and 285 nm wavelength—injection volume of 10 pL for all
samples. The data was analysed using Lab Solution software by measuring the detected peak area

in triplicate with Mean = R.S.D.

Table 3. 2 Details of the Mobile phase used in HPLC Analysis

Compound Run Time % MP-B! UV Detection . Temperature Flow Rate
(min.) (nm) °O) mL/min.
KMe 5 75 254,285 30 1.0
KM10 5 75 254, 285 30 1.0
KM11 8 90 254, 285 40 1.0

MP-B!, Mobile phase B (Methanol).

3.3.2 Stability Analysis Study using High-Performance Liquid Chromatography (HPLC)

HPLC is an advanced separation and identification technology applied extensively to analyze and
quantify compounds in mixtures, particularly in pharmaceuticals (Steiner et al., 2019).
Chromatography operates by passing a liquid sample in the mobile phase through a stationary
phase. The stationary phase is a solid support made from silica bonded to different phases packed
in a column; the mobile phase is a liquid solvent (such as water, methanol, and acetonitrile) passing

through the system under high pressure.

When the sample is loaded, compounds will be distributed between the phases according to their
affinity: compounds with high affinity (such as hydrophobic molecules in reverse-phase) will stick
to the stationary phase for a longer time, passing more slowly. In comparison, components with
low affinity will have faster elution times. This difference in migration provides a distinct separation

of the composites as the mobile phase carries them down the column. The eluted compounds are
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monitored with a UV-Visible detector, and a chromatogram is developed with peaks corresponding
to each compound. Such separation power is affected by parameters including column chemistry
and solvent composition (such as gradient elution) and flow rate, which may enable specific,
sensitive analyses in fields such as pharmaceutical and biochemistry (Khan, 2017; Moldoveanu &

David, 2022).

The stability of pharmaceutical products is crucial for ensuring that drugs maintain their intended
effects throughout their shelf lives and comply with safety and efficacy standards set by regulatory
bodies. The quality of these products directly influences patient health outcomes, necessitating
rigorous testing and validation of stability-indicating methods. Drug stability encompasses the
evaluation of how drugs degrade and interact with various formulations and environmental
conditions during transportation, storage, and usage (Patil et al., 2023). Therefore, the effect of
temperature on the series of KM compounds stability was assessed using HPLC, considering the
primary assay procedures prior to starting the experiment, including preparation of stock and

standard solutions and method development and validation, as explained in detail below.

3.3.2.1 Preparation of Stock and Standard Solutions for KM Compounds

A 1000 pg/mL stock solution was prepared by dissolving 10 mg of the synthesised KM compounds
in 10 mL of methanol, stirring in an ultrasonic bath for 30 min. This stock solution prepared a
7.812 pg/mL solution for all standards used in the stability study by diluting an aliquot with

methanol.

Stability:
Stability samples were stored in temperature-controlled rooms at 25°C, 37°C, and 50°C for 7 days.
Quantitative analysis was carried out using HPLC, with measurements taken in triplicate at each

time point.

3.3.2.2 Method Development and Partial Validation

The method was developed using isocratic elution and mobile phase, and the main details used in
the development and validation technique are explained in Table 3.2. The method validation was

based on the International Conference on Harmonisation (ICH) guidelines Q2(R1), for validation
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of analytical procedures (Guideline, 2005). The parameters required to assay compounds were

linearity, range, quantification limit, accuracy, and precision.

Linearity and Range:

The linearity response was assessed in the 1.95-125 ug/mL range. Appropriate amounts of the stock
solution were diluted with mobile phase, yielding concentrations of 1.95, 3.90, 7.81, 15.62, 31.25,
62.5, and 125 pg/mL. Triplicate injections of each standard concentration were carried out. The
peak area of standard compounds was plotted against the concentrations of standards. The linearity
was assessed by calculating the slope, y-intercept, and correlation coefficient (r*) using least squares
regression. Limit of detection (LOD) and limit of quantification (LOQ), LOQ was defined as the
lowest concentration of analyte that was reproducibly quantified above baseline following triplicate
injection with acceptable intra-assay precision and accuracy. LOD was the smallest concentration

detectable by the UV-VIS detector.

These parameters were calculated based on the standard deviation (SD) of the y-intercept and the

slope (s) as shown in the following equations (Amanolahi et al., 2017).

SD
LOQ=10 % LOD:3'3T

Precision and Accuracy

The repeatability of the analytical method was evaluated by preparing and running the calibration
curves of KM compounds (1.95-125 pg/mL) in triplicate, during the same day, under the same
experimental conditions. Peak areas were determined and compared. Precision was expressed as a
percentage relative standard deviation (R.S.D), and accuracy was expressed by the percentage of

recovery using the following formulation:

Detected concentration

Recovery (%) = x 100
very (%) Actual concentration
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3.3.3 Synthesis of Ethyl 5S-amino-3-methylthiophene-2-carboxylate

O
S

Et0" "\ NPz

Me

To a stirred solution of ethyl acetoacetate (4.86 mL, 38.4 mmol) and cyanoacetic acid (3.43 g,
40.3 mmol) in toluene (50 mL) was added ammonium acetate (0.740 g, 9.60 mmol) and acetic
acid (1.10 mL, 19.20 mmol) and the resulting reaction mixture was stirred under reflux for 12 h.
The mixture was cooled to room temperature and concentrated in vacuo. A saturated aqueous
solution of ammonium chloride (50 mL) was added, and the mixture was extracted with ethyl
acetate (3 x 100 mL). The combined organic extracts were washed with brine (200 mL), dried
(MgSO0,), filtered, and concentrated in vacuo. This afforded ethyl 4-cyano-3-methylbut-3-enoate
as a 60:40 mixture of E- and Z-isomers, which was used immediately in the next step without
purification. The residue was dissolved in ethanol (100 mL) and cooled to 0 °C. Elemental sulfur
(9.85 g, 38.40 mmol) was added in one portion, followed by the dropwise addition of diethylamine
(4.0 mL, 38.40 mmol), and the suspension was stirred at room temperature for 14 h. The reaction
mixture was poured into a saturated aqueous ammonium chloride solution (100 mL) and extracted
with ethyl acetate (3 x 200 mL). The combined organic extracts were dried (MgSOs), filtered, and
concentrated in vacuo. Purification by flash column chromatography, eluting with 10% ethanol in
dichloromethane, afforded ethyl 5-amino-3-methylthiophene-2-carboxylate (1.60 g, 22% yield
over two steps) as an orange solid. "TH NMR (400 MHz, CDCl3) 8 5.94 (s, 1H), 4.24 (q, J=7.1
Hz, 2H), 2.40 (s, 3H), 1.32 (t, J = 7.1 Hz, 3H); 3C NMR (101 MHz, CDCls) & 163.3, 156.1,
148.1, 112.1, 111.8, 60.2, 16.4, 14.6; LC-MS m/z [M+H]+ 186.2, tr = 6.73 min.

Spectroscopic data were aligned with the literature: (Dales, 2008).
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3.3.4 Synthesis of Ethyl 5-(2-(1H-indol-3-yl)acetamido)-3-methylthiophene-2-carboxylate
(KMe6)

An oven-dried flask was charged with 2-(1H-indol-3-yl) acetic acid (0.100 g, 0.571 mmol) and
ethyl 5-amino-3-methylthiophene-2-carboxylate synthesised in Section 3.3.3 (0.127 g, 0.685
mmol), then dichloromethane (CH2Cl2,10 mL). Triethylamine (0.239 mL, 1.71 mmol) was added,
and the mixture was cooled to 0 °C. Propanephosphonic acid anhydride, T3P (0.545 mL, 0.857
mmol; 50% in ethyl acetate) was added dropwise, then the reaction mixture was warmed to room
temperature and stirred for 16 h. The reaction mixture was concentrated in vacuo, and the residue
was purified by flash column chromatography, eluting with 10—-30% ethyl acetate in petroleum
ether. This afforded ethyl 5-(2-(1H-indol-3-yl)acetamido)-3-methylthiophene-2-carboxylate
(0.0923 g, 47% yield) as a beige solid. HPLC purity = 97%; FT-IR (neat) 3277, 2926, 2603, 2496,
1668, 1595, 1531, 1503, 1474, 1445, 1342, 1260, 1173, 1092, 1036, 980, 833, 754 cm™'; "TH NMR
(400 MHz, CDCI3) 0 8.43 (br s, 1H), 8.21 (br s, 1H), 7.55 (dd, J=7.9, 0.7 Hz, 1H), 7.47-7.42 (m,
1H), 7.30-7.24 (m, 1H), 7.22 (d, J = 2.4 Hz, 1H), 7.17 (ddd, J = 8.0, 7.1, 1.0 Hz, 1H), 6.18 (s,
1H), 4.27 (q, J= 7.1 Hz, 2H), 3.93 (s, 2H), 2.39 (s, 3H), 1.33 (t, J= 7.1 Hz, 3H); '3C NMR (126
MHz, CDCl3) 6 168.4, 163.5, 144.3, 142.6, 136.6, 126.9, 124.3, 123.3, 120.8, 118.6, 118.2, 115.9,
111.8,107.9,60.4,33.4,16.0, 14.6; LC-MS m/z [M+H]" 343.2, tr = 8.05 min; HRMS (ESI) calcd
for Ci1gH1oN203S (M+H)" 343.1105, found 343.1097. NMR and IR figures are illustrated in
Appendix 7.

Following Section 3.3.9, KM10 was synthesised in five linear reaction steps, starting from
biphenyl-4-carboxylic acid through a strategy highlighted in the functionalisation of the
piperazine core in the last step. The method, as shown in Schemes 3.2 and 3.3, was designed to
proceed through four isolable and characterised intermediates (1A-1D), as detailed below,

providing the final KM10 compound in pure form after purification using reverse-phase HPLC.
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3.3.5 Synthesis of methyl ([1,1'-biphenyl]-4-carbonyl) glycinate (1A)

To a stirred solution of biphenyl-4-carboxylic acid (2.00 g, 10.10 mmol) in dichloromethane (20
mL), thionyl chloride, SOCl; (5.85 mL, 80.70 mmol) was added dropwise at room temperature,
and the reaction mixture was stirred at 60 °C for 16 h. The reaction mixture was cooled to room
temperature and concentrated in vacuo. The residue was dissolved in dichloromethane (20 mL),
and glycine methyl ester (1.27 g, 10.90 mmol), and triethylamine (2.81 mL, 20.20 mmol) was
added at 0 °C. The resulting mixture was warmed to room temperature and stirred until TLC
monitoring indicated the consumption of the amine (4-6 h). The reaction mixture was washed
with 1 M aqueous hydrochloric acid (3%20 mL) and saturated aqueous sodium bicarbonate (3 %30
mL). The organic layer was dried (MgSOa), filtered, and concentrated in vacuo. The crude product
was purified by flash column chromatography on silica gel (gradient elution with 20-80% ethyl
acetate in petroleum ether) to afford methyl ([1,1'-biphenyl]-4-carbonyl) glycinate (2.401 g, 80%
yield) as a yellow solid. Rf = 0.45 (70:30 petroleum ether/ethyl acetate).

TH NMR (500 MHz, CDCl3) § 7.92 (d, J = 8.4 Hz, 2H), 7.71 (d, J = 8.3 Hz, 2H), 7.66-7.63 (d,
J=17.9 Hz, 2H), 7.50 (t, J = 7.6 Hz, 2H), 7.42 (t, J = 7.4 Hz, 1H), 6.70 (s, 1H), 4.31 (d, J = 5.0
Hz, 2H), 3.85 (s, 3H); LCMS (ESI) m/z 270.2 [M+H]+ , te= 7.52 min.
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3.3.6 Synthesis of [1,1'-biphenyl]-4-carbonyl) glycine (1B)

To a stirred solution of methyl ([1,1'-biphenyl]-4-carbonyl) glycinate (0.100 g, 3.717 mmol) (1A)
in (1:1 ratio) tetrahydrofuran and methanol (5 mL:5 mL), 4N NaOH (4 mL) was added, and the
mixture was stirred at room temperature for 3 h. After that, the reaction mixture was concentrated,
and the residue was dissolved in water. The mixture was acidified with 4 M HCI to pH 2, then
extracted with ethyl acetate (3 x 30 mL), dried MgSOs, and concentrated in vacuo which afforded
[1,1'-biphenyl]-4-carbonyl) glycine (0.206 g, 80% yield) as a white solid. R= 0.371 (90:10

Dichloromethane: Methanol).

TH NMR (500 MHz, DMSO-ds) & 8.89 (t, J = 8.9 Hz, 1H), 7.98 (d, J = 8.4 Hz, 2H), 7.81 (d, J =
7.9 Hz, 2H), 7.75 (d, J = 7.9 Hz, 2H), 7.51 (t, J = 7.6 Hz, 2H), 7.42 (t, J= 7.8 Hz, 1H), 3.96 (d, J
= 4.0. Hz, 2H). LCMS (ESI) m/z 255.1[M+H]", tg=5.71 min.

3.3.7 Synthesis of tert-butyl 4-(([1,1'-biphenyl]-4carbonyl) glycyl) piperazine-1-carboxylate

(10)
Oy s

To a stirred solution of [1,1'-biphenyl]-4-carbonyl, glycine (1.00 g, 3.92 mmol) (1B) in N, N-
dimethylformamide (10 mL) at 0 °C, diisopropylcarbodiimide (0.7 mL, 3.92 mmol) was added and
stirred for 30 minutes. Oxyma Pure (0.55 g, 3.92 mmol) was added and stirred for 30 min at 0 °C.

Then, N-boc-piperazine (0.73 g, 3.92 mmol) was added, and the resulting mixture was stirred for 18
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hr at room temperature. The reaction mixture was quenched with water and extracted with ethyl
acetate (3x30mL). The combined organic extracts were washed with sodium bicarbonate (5%30mL),
water (2x30mL), 5% LiCl (5%x30mL), saturated brine (2x30mL), and water (2x20mL). Dried over
anhydrous MgSOQs, filtered, and concentrated in vacuo, which afforded tert-butyl 4-(([1,1'-
biphenyl]-4carbonyl) glycyl) piperazine-1-carboxylate (1.24 g,75% yield) as a yellow solid. R¢=
0.388 (80:20 ethyl acetate: petroleum ether).

'H NMR (500 MHz, CDCl3) & 7.91 (t, J = 8.2 Hz, 2H), 7.67 (d, J = 8.1 Hz, 2H), 7.62 (d, J = 7.8
Hz, 2H), 7.46 (t, J= 7.4 Hz, 2H), 7.38 (t, J = 7.4 Hz, 1H), 7.34 (s, 1H), 4.30 (t, J = 4.4 Hz, 2H), 3.66
(d, J=3.7 Hz, 2H), 3.48 (t, J = 3.5 Hz, 6H), 1.48 (s, 9H). LCMS (ESI) m/z 424. [M+H]", tz= 8.14

min.

3.3.8 Synthesis of N-(2-oxo-2-(piperazin-1-yl) ethyl)-[1,1'-biphenyl]-4-carboxamide (1D)

To a stirred solution of fert-butyl 4-(([1,1'-biphenyl]-4carbonyl) glycyl) piperazine-1-carboxylate
(1C) in acetone/tetrahydrofuran (8 mL, 1:1 v/v ratio) was added 3 M aqueous hydrochloric acid.
The resulting solution was stirred overnight at room temperature. After TLC monitoring indicated
the completion of the reaction, the mixture was adjusted to pH 9 by dropwise addition of 4 M
aqueous sodium hydroxide. The mixture was diluted with water and extracted with
dichloromethane (3 x 30 mL). The combined organic extracts were dried (MgSQOs), filtered, and
concentrated in vacuo. The residue was filtered through a Biotage® SCX-II cartridge, eluting with
10% ammonia and methanol, which afforded N-(2-oxo-2-(piperazin-1-yl) ethyl)-[1,1'-biphenyl]-
4-carboxamide (0.05 g, 30% yield) as a yellow solid.
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'H NMR (500 MHz, DMSO-dy) § 7.96 (d, J = 8.3 Hz, 2H), 7.79 (d, J = 7.8 Hz, 2H), 7.74 (d, J =
6.7 Hz, 2H), 7.50 (t, J = 5.5 Hz, 2H), 7.42 (t, J = 7.2 Hz, 1H), 5.48 (s, 1H), 5.46 (br.s, 1H), 4.13
(d, J=4.0 Hz, 2H), 3.63 (dt, J = 3.6 Hz, 4H), 3.40 (s, 4H). LCMS (ESI) m/z 324.3 [M+H]" , te=

6.11 min.

3.3.9 Synthesis of N-(2-(4-((5-methylisoxazol 3yl) methyl) piperazin-1-yl)-2-oxoethyl)-[1,1'-
biphenyl]-4-carboxamide (KM10)

A mixture of N-(2-oxo-2-(piperazin-1-yl) ethyl)-[1,1'-biphenyl]-4-carboxamide (0.038 g, 0.117
mmol) (1D), and 5-methyl-1,20xazole-3-carbaldehyde (0.039 g, 0.351 mmol), were dissolved in
dichloromethane (0.7 mL) and the mixture was stirred for 15 min at room temperature. Sodium
triacetoxyborohydride (0.104 g, 0.491 mmol) was added and the reaction mixture was stirred at
room temperature for 16 h. The reaction mixture was quenched by the addition of a saturated
aqueous solution of sodium bicarbonate, then extracted with dichloromethane (3 x 20 ml). The
combined organic extracts were dried (MgSQOs), filtered, and concentrated in vacuo. Purification
of the residue by reversed-phase HPLC on an SB-C18 column using a gradient system (water
(0.1% TFA)/acetonitrile (0.1% TFA); 5-95%) followed by lyophilisation afforded N-(2-(4-((5-
methy lisoxazol 3yl) methyl) piperazine-1-yl)-2-oxoethyl)-[1,1'-biphenyl]-4-carboxamide
(0.0223 g, 30% yield) as off white solid.

HPLC purity = 92%; Rf = 0.60 (9:1 dichloromethane:methanol); FT-IR (neat) 3329 cm™'NH,
1676 cm™,1649 cm™ C=0.

'H NMR (400 MHz, CDCl3) & 7.89 (d, J = 8.4 Hz, 2H), 7.68 (d, J = 8.3 Hz, 2H), 7.62
(dd, J = 5.2, 3.3 Hz, 2H), 7.49 — 7.45 (m, 2H), 7.42 — 7.39 (m, 1H), 7.24 (d, J = 4.3
Hz, 1H), 6.23 (s, 1H), 4.30 (d, J = 4.2 Hz, 2H), 4.24 (s, 2H), 4.01 (s, 2H), 3.89 (s, 2H),
3.28 (br s, 2H), 3.24 (br s, 2H), 2.48 (s, 3H).
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BCNMR (101 MHz, CDCl3) 8 171.8, 166.8, 166.5, 153.5, 131.3, 128.4, 127.6, 127.1, 126.7, 102.2,
76.8, 76.5, 76.1, 50.9, 50.6, 41.0, 38.5,11.8; HRMS (ESI) m/z [M+H]+ calc. for C24H26N4O3
419.2078, found 419.2063. NMR, IR, and HPLC Figures are illustrated in Appendix 7.

Following Section 3.3.12, KM11 was synthesised in three reaction steps as shown in Scheme 3.4,
starting from 1-(4-Cyclohexylphenyl)ethan-1-one. The reaction process was designed to proceed
through two isolable and characterised intermediates (Sections 3.3.10-3.3.11), as detailed below,

providing the final KM11 compound in pure form after purification using reverse-phase HPLC.

3.3.10 Synthesis of 4-(4-cyclohexylphenyl)thiazol-2-amine
NH,
A

N S

1-(4-Cyclohexylphenyl)ethan-1-one (0.50 g, 2.47 mmol) and copper(Il) bromide (1.40 g, 4.94
mmol) were suspended in ethyl acetate (5 mL) and stirred at 90 °C in a sealed tube for 5 h. After
cooling to room temperature, EDTA (2.00 g) was added, and the mixture was stirred for 0.5 h.
The reaction mixture was filtered through a short pad of Celite, washing with ethyl acetate, and
the solvent was removed in vacuo. This afforded 2-bromo-1-(4-cyclohexylphenyl)ethan-1-one
(0.72 g, quant.), which was used in the next step without further purification. The residue was
dissolved in ethanol (5 mL), and thiourea (0.20 mg, 2.70 mmol) was added. The resulting reaction
mixture was stirred at 90 °C in a sealed tube for 2 h. The reaction mixture was cooled to room
temperature, and the resulting precipitate was collected and dried to afford 4-(4-
cyclohexylphenyl)thiazol-2-amine (0.561 g, 85% yield over two steps) as a white solid. "H NMR
(400 MHz, DMSO-ds) ¢ 8.77 (br s, 2H), 7.63 (d, J= 7.7 Hz, 2H), 7.34 (d, J= 7.7 Hz, 2H), 7.16
(s, 1H), 1.91-1.64 (m, 5H), 1.54—-1.15 (m, 5H), 1H coincident with residual DMSO resonance;
I3C NMR (101 MHz, DMSO-ds) 6 170.1, 149.0, 139.9, 127.3 (2 x CH), 126.8, 125.9 (2 x CH),
101.9, 43.5, 33.7 (2 x CH»), 26.2 (2 x CH>), 25.5; LC-MS m/z [M+H]" 259.2, tr = 9.32 min.

Spectroscopic data were aligned with the literature (Paruch, 2019).
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3.3.11 Synthesis of N-(4-(4-Cyclohexylphenyl)thiazol-2-yl)acetamide

O

HN)J\Me
i

N

4-(4-Cyclohexylphenyl)thiazol-2-amine (0.100 g, 0.387 mmol) was suspended in anhydrous
tetrahydrofuran (2 mL), and the acetic anhydride (0.5 mL) was added. The reaction vessel was
sealed, and the mixture was stirred at 100 °C for 16 h. The reaction mixture was cooled to room
temperature and diluted with ethyl acetate (20 mL), washed with saturated aqueous sodium
bicarbonate (2 x 20 mL), then brine (20 mL). The organic layer was dried (MgS0Oa4), filtered, and
concentrated in vacuo to afford N-(4-(4-cyclohexylphenyl)thiazol-2-yl)acetamide (0.074 g, 64%
yield) as a white solid. "TH NMR (400 MHz, CDCl3) 6 10.9 (s, 1H), 7.72 (d, J= 8.1 Hz, 2H), 7.26
(d,J=8.1 Hz, 2H), 2.60-2.48 (m, 1H), 1.94-1.86 (m, 3H), 1.84 (s, 3H), 1.80—1.68 (m, 2H), 1.52—
1.20 (m, 5H); 3C NMR (101 MHz, CDCl3) 6 168.4, 159.2, 149.9, 148.6, 132.1, 127.5 (2 x CH),
126.4 (2 x CH), 44.5, 34.5 (2 x CH»), 27.0 (2 x CH»), 26.3, 22.9; LC-MS m/z [M+H]" 301.4, tr

=9.51 min.
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3.3.12 Synthesis of N-Allyl-N-(4-(4-cyclohexylphenyl)thiazol-2-yl)acetamide (KM11)

(@]

\/\N)J\Me

NP s

N-(4-(4-Cyclohexylphenyl)thiazol-2-yl)acetamide (0.050 g, 0.166 mmol) was added to an oven-
dried microwave vial under nitrogen and anhydrous N,N-dimethylformamide (2 mL) was added.
The mixture was cooled to 0 °C and sodium hydride (0.013 g, 0.333 mmol; 60% in mineral oil)
was added slowly. The resulting suspension was warmed to room temperature and stirred for 0.5
h. Allyl bromide (0.022 mL, 0.249 mmol) was added, the microwave vial was sealed and stirred
at 120 °C for 16 h. The reaction mixture was cooled to room temperature, diluted with diethyl
ether (30 mL), and washed with water (5 X 30 mL) and brine (30 mL). The organic layer was dried
(MgS0s), filtered, and concentrated in vacuo. Purification by flash column chromatography,
eluting with 10% diethyl ether in petroleum ether, afforded N-allyl-N-(4-(4-
cyclohexylphenyl)thiazol-2-yl)acetamide (0.0251 g, 44% yield) as a beige solid. HPLC purity >
99%:; FT-IR (neat) 3264, 2920, 2604, 1665,1595, 1531, 1491, 1474, 1389, 1323, 1267, 1231, 833;
'TH NMR (400 MHz, CDCl3) 6 7.79 (d, J = 8.2 Hz, 2H), 7.24 (d, J = 8.2 Hz, 2H), 7.12 (s, 1H),
6.03 (ddt, J=22.2,10.2, 5.2 Hz, 1H), 5.26 (apt. dd, J=3.3, 1.1 Hz, 1H), 5.22 (apt. dd, /= 10.2,
1.1 Hz, 1H), 4.94 (br s, 2H), 2.58-2.46 (m, 1H), 2.41 (s, 3H), 1.94-1.80 (m, 4H), 1.79-1.72 (m,
1H), 1.50-1.35 (m, 5H); *C NMR (101 MHz, CDCl3) 6 170.2, 158.7, 158.2, 148.0, 132.5, 127.2
(2 x CH), 126.1 (2 x CH), 117.3, 108.4, 50.7, 44.5, 34.6 (2 x CH2»), 29.9, 27.0 (2 x CH>), 26.3,
22.9; LC-MS m/z [M+H]" 341.3, tr = 10.8 min; HRMS (ESI) calcd for C20H2sN20S (M+H)"
341.1682, found 341.1673. NMR and IR Figures are illustrated in Appendix 7.
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As mentioned earlier, compound AMG-548 (p38/NLK) inhibitor was synthesised in Section 3.3.17 in
five reaction steps starting from Boc-protected phenylalanine methyl ester and substituted
pyrimidinone cores The method as shown in Schemes 3.5 and 3.6 was designed to proceed through
four isolable and characterised intermediates, as detailed below (Sections 3.3.13-3.3.16), providing the
final AMG-548 compound in pure form after purification using reverse phase HPLC. The effect of this
compound was explored on IL-1B-induced CXCL12 activity.

3.3.13 Synthesis of tert-Butyl (S)-(1-cyano-2-phenylethyl)carbamate
OBu
")
NC

Boc-Phe-OMe (0.500 g, 1.790 mmol) was suspended in a 1:1 mixture of ammonium hydroxide
and methanol (20 mL, 0.1 M) and stirred at room temperature for 24 h. The mixture was
concentrated in vacuo to afford tert-butyl (S)-(1-amino-1-oxo0-3-phenylpropan-2-yl)carbamate
(0.473 g, quant.), which was used without further purification. ter#-Butyl (S)-(1-amino-1-oxo-3-
phenylpropan-2-yl)carbamate (0.362 g, 1.37 mmol) was dissolved in N,N-dimethylformamide (1
mL), and cyanuric chloride (0.126 g, 0.680 mmol) was added in one portion. The reaction mixture
was stirred at room temperature for 0.5 h and then diluted with water (50 mL). The precipitate
was filtered and washed with 5% aqueous sodium bicarbonate, then water, and dried under
vacuum. This afforded tert-butyl (S)-(1-cyano-2-phenylethyl)carbamate (0.358 g, quant.) as a
white solid. [a]p?® —25.0 (¢ 0.25, CHCl3); "TH NMR (500 MHz, CDCls) § 7.42-7.25 (m, 5H), 4.82
(br s, 2H), 3.15-3.00 (m, 2H), 1.44 (s, 9H); '3C NMR (126 MHz, CDCls) J 134.1, 129.6 (2 x

CH), 129.1 (2 x CH), 128.1, 118.5, 81.5, 43.5, 39.3, 28.3 (3 x CH3); LC-MS m/z [M—H]" 245.2,
tr = 8.25 min.

Spectroscopic data were aligned with the literature (An & Yu, 2015).
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3.3.14 Synthesis of fert-Butyl (S)-(1-amino-3-phenylpropan-2-yl)carbamate

OBu
HoN
tert-Butyl (S)-(1-cyano-2-phenylethyl)carbamate (0.358 g, 1.450 mmol) was suspended in
anhydrous tetrahydrofuran (20 mL) and cooled to —10 °C. Lithium aluminum hydride (3.64 mL,
3.640 mmol; 1.0 M in tetrahydrofuran) was added dropwise, and the mixture was stirred at —10
°C for 2 h. The reaction mixture was quenched by the addition of water (0.5 mL), followed by
15% aqueous sodium hydroxide (0.5 mL) and then a further portion of water (1.5 mL). The
reaction mixture was stirred at room temperature for 0.5 h, then magnesium sulfate was added.
The suspension was filtered through a celite plug, washing with ethyl acetate, and concentrated in
vacuo. This afforded tert-butyl (S)-(1-amino-3-phenylpropan-2-yl)carbamate (0.288 g, 79% yield)
as a colourless oil. [a]p?® —=7.6 (c 1.0, CHCI3); "TH NMR (500 MHz, CDCls) § 7.40-7.15 (m, SH),
4.75 (br s, 1H), 3.90-3.74 (m, 1H), 2.90-2.73 (m, 3H), 2.62 (dd, J = 13.1, 6.7 Hz, 1H), 1.42 (s,

9H); 3C NMR (126 MHz, CDCl3) § 155.9, 138.2, 129.4 (2 x CH), 128.5 (2 x CH), 126.5, 79.3,
54.1,44.7,38.9, 28.5 (3 x CH3); LC-MS m/z [M+H]" 251.3, tr = 5.94 min.

Spectroscopic data were aligned with the literature (Kondoh et al., 2020).
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3.3.15 Synthesis of 3-Methyl-2-(methylthio)-5-(naphthalen-2-yl)-6-(pyridin-4-yl)pyrimidin-
4(3H)-one

To a stirred solution of ethyl 2-(naphthalen-2-yl)acetate (1.000 g, 4.670 mmol) and 4-
cyanopyridine (0.486 g, 4.670 mmol) in anhydrous N,N-dimethylformamide (10 mL) was added
potassium tert-butoxide (4.67 mL, 4.670 mmol; 1.0 M in tert-butanol) dropwise. The deep red
solution was stirred at room temperature for 1.5 h. Methyl isothiocyanate (0.376 mg, 5.140 mmol)
in anhydrous N,N-dimethylformamide (2 mL) was added in one portion, and the mixture was
stirred at room temperature for 1.5 h. Methyl iodide (0.320 mL, 5.140 mmol) was added dropwise,
and the resulting mixture was stirred at room temperature for 2 h. Water (100 mL) was added
dropwise and the mixture was stirred for 16 h. The mixture was extracted with ethyl acetate (3 x
100 mL), and the combined organic extracts were dried (MgSQs), filtered, and concentrated in
vacuo. Purification by flash column chromatography, eluting with 20-50% ethyl acetate in
petroleum ether, afforded 3-methyl-2-(methylthio)-5-(naphthalen-2-yl)-6-(pyridin-4-
yl)pyrimidin-4(3H)-one (0.522 g, 31% yield) as a light yellow solid. "H NMR (500 MHz, CDCl3)
0 8.43 (d, J = 4.7 Hz, 2H), 7.86-7.70 (m, 4H), 7.52-7.41 (m, 2H), 7.31-7.23 (m, 3H), 3.65 (s,
3H), 2.68 (s, 3H); 13C NMR (126 MHz, CDCl3) § 162.4, 161.5, 154.5, 149.6 (2 x CH), 146.0,
133.2,132.8, 130.8, 130.3, 128.4, 128.2, 127.9, 127.7, 126.4, 126.1, 124.0 (2 x CH), 120.5, 31.0,
15.1; LC-MS m/z [M+H]" 360.2, tr = 8.31 min.
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3.3.16 Synthesis of 3-Methyl-2-(methylsulfonyl)-5-(naphthalen-2-yl)-6-(pyridin-4-
yD)pyrimidin-4(3H)-one

3-Methyl-2-(methylthio)-5-(naphthalen-2-yl)-6-(pyridin-4-yl)pyrimidin-4(3H)-one  (0.100 g,
0.278 mmol) was suspended in methanol (20 mL) and water (8 mL), then Oxone® (0.513 g,0.834
mmol) was added in one portion. The resulting reaction mixture was stirred at room temperature
for 16 h. The solvent volume was reduced in vacuo, and the mixture was extracted with
dichloromethane (3 x 30 mL). The combined organic extracts were dried (MgSQs), filtered and
concentrated in vacuo. Purification by flash column chromatography, eluting with 100% ethyl
acetate, afforded 3-methyl-2-(methylsulfonyl)-5-(naphthalen-2-yl)-6-(pyridin-4-yl)pyrimidin-
4(3H)-one (0.047 g, 43% yield) as a yellow solid. "TH NMR (500 MHz, CDCl3) 6 8.46 (d, J = 4.9
Hz, 2H), 7.86-7.72 (m, 4H), 7.56-7.44 (m, 2H), 7.23 (dd, J = 8.5, 1.7 Hz, 1H), 7.18 (d, J = 6.0
Hz, 2H), 3.97 (s, 3H), 3.53 (s, 3H); 13C NMR (126 MHz, CDCl3) d 161.5, 154.4, 153.2, 150.0 (2
x CH), 144.4, 133.4, 133.2, 130.4, 129.2, 128.5, 128.5, 128.3, 127.9, 127.5, 127.2, 126.6, 123.7
(2 x CH), 40.9, 31.1; LC-MS m/z [M+H]" 392.2, tr = 7.79 min.

LC-MS analysis of the reaction mixture showed the desired product, sulfoxide, and pyridine N-
oxide by-products. Adding further portions of Oxone resulted in increased formation of the

pyridine N-oxide with deleterious effects on the yield of the desired sulfone.
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3.3.17 Synthesis of (5)-2-((2-Amino-3-phenylpropyl)amino)-3-methyl-5-(naphthalen-2-yl)-
6-(pyridin-4-yl)pyrimidin-4(3H)-one (AMG-548)

3-Methyl-2-(methylsulfonyl)-5-(naphthalen-2-yl)-6-(pyridin-4-yl)pyrimidin-4(3 H)-one (0.104 g,
0.266 mmol) and tert-butyl (S)-(1-amino-3-phenylpropan-2-yl)carbamate (0.100 g, 0.399 mmol)
were dissolved in dichloromethane (2 mL) and potassium carbonate (0.092 g, 0.665 mmol) was
added. The mixture was stirred at 50 °C in a sealed vial for 60 h. The reaction mixture was cooled,
diluted with dichloromethane (20 mL) and washed with saturated aqueous sodium bicarbonate
(20 mL), dried (MgSO0s), filtered and concentrated in vacuo. The crude residue was dissolved in
acetone (10 mL) and concentrated hydrochloric acid (0.5 mL) was added dropwise. The mixture
was stirred at room temperature for 10 min, then concentrated in vacuo. The residue was dissolved

in methanol and filtered through a Biotage® SCX-II cartridge, eluting with methanol and then 7

M ammonia in methanol. Purification by flash column chromatography, eluting with 10-25%
methanol in ethyl acetate, afforded (§)-2-((2-amino-3-phenylpropyl)amino)-3-methyl-5-
(naphthalen-2-yl)-6-(pyridin-4-yl)pyrimidin-4(3H)-one (0.108 g, 88% yield over 2-steps) as a
yellow solid. HPLC purity >99.9%; [a]p?° +20.7 (¢ 0.5, CHCI3); FT-IR (neat) 3308, 3022, 2922,
1641, 1535, 1466, 1437, 820, 745, 700 cm™'; '"H NMR (500 MHz, CDCls) 6 8.37 (d, J= 6.0 Hz,
2H), 7.77 (d, J = 7.8 Hz, 1H), 7.74-7.63 (m, 3H), 7.46-7.37 (m, 2H), 7.34 (t, J = 7.3 Hz, 2H),
7.30-7.26 (m, 1H), 7.24-7.16 (m, SH), 5.81 (br s, 1H), 3.85-3.77 (m, 1H), 3.48 (s, 3H), 3.36—
3.26 (m, 2H), 2.90 (dd, J = 13.4, 4.8 Hz, 1H), 2.64 (dd, J = 13.5, 7.7 Hz, 1H), 1.68 (br s, 2H); 13C
NMR (101 MHz, CDCls) 6 163.0, 156.8, 152.7, 149.5 (2 x CH), 147.1,138.2, 133.4, 132.6, 132.3,
130.4, 129.3 (2 x CH), 128.9 (2 x CH), 128.1, 127.71, 127.68, 126.9, 126.0, 125.9, 124.2 (2 x
CH), 114.6,52.2,47.3,43.2, 27.6, one carbon resonance not evident; LC-MS m/z [M+H]" 462.3,
tr = 6.66 min; HRMS (ESI) calcd for C20H230Ns (M+H)" 462.2288, found 462.2284. NMR and
IR Figures are illustrated in Appendix 7.
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3.4 Analysis of Compound Stability Intended for Pharmacological Testing

A stability assessment of the synthesised compounds was conducted to assess the efficiency and
main mechanisms involved in their effect on target gene (CXCL12) expression in biological
studies. This work aimed to evaluate the effect of temperature variations on the stability of these

compounds.

It is known that most biological experiments performed on cancer cells use a culture medium and
biological environments between 25 °C and 37 °C in mammalian cells. Such a temperature range
reflects physiological conditions and optimal cell survival and activity during the experiments
(Freshney, 2015). An initial stability analysis is crucial to guarantee the stability of downstream
biological experiments. Characterising the behaviour of KM compounds under such experimental
conditions, particularly their temperature stabilities, helps explain the results found in cancer cell
biology studies and allows for a more accurate assessment of their mechanism of action towards
CXCL12 gene expression. However, the effect of temperature on KM compounds’ stability was

assessed using HPLC.

3.4.1 Results and Discussion

3.4.1.1 Quantitative HPLC Analysis and Calibration Curve of KM10

A calibration curve for KM10 was established using seven concentration levels ranging from 1.9 to
125 pg/mL. Each concentration was analysed in triplicate using HPLC, and the resulting peak areas
were recorded. The mean, standard deviation (SD), and relative standard deviation (RSD) for each

level were calculated to assess the precision of the analytical method as described in Section 3.3.2.2.
Linearity and Precision

The calibration data demonstrated excellent linearity over the tested range, with RSD values
consistently below 0.004 for all concentration levels, indicating high precision of the HPLC method
as described in Section 3.3.2.2. The LOD of KM 10 was determined as 0.0136 pg/mL and the LOQ
as 0.0411pg/mL. The summary of the calibration data is shown in Table 3.3:
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Table 3. 3 Calibration data of KM10

| conc.(ug/ml) | Meanarea | _sp | msp |
“ 73849.667 144.050 0.195
“ 144731.67 271.883 0.188
284678 643.345 0.226
m 570101.67 883.462 0.155
m 1132582.3 361.713 0.032
m 2271110 2606.342 0.115
“ 4375726.7 6829.652 0.156

y=35073x+ 22260
5000000 R?=0.9997

4500000
4000000
3500000
3000000
2500000
2000000
1500000
1000000

500000

0
0 50 100 150
Concentration (pg/mL)

Peak area

Figure 3. 1 Calibration curve of KM10 by HPLC

The data support a high degree of reproducibility within the tested range, and the resulting curve
can be reliably used to quantify KM10 in stability samples.

Sample Stability Analysis (Day 0)

A freshly prepared KM 10 sample was analysed under the same conditions. The measured peak areas
were: 309291, 308982, and 309521. This yielded a mean of 309264.66, SD = 270.46, and RSD =
0.087 indicates excellent repeatability. Using the calibration curve, the calculated concentration of

KMI10 in this sample was determined to be 8.05 pg/mL, which increased slightly from the expected
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nominal value (7.80 pg/mL), further confirming the method’s accuracy. Figure 3.2 illustrates the

calibration curve of KM 10, confirming linearity across the studied range (Snyder, 2011).

In Figure 3.3, the compound KM 10 was subjected to a short-term study. The chromatograms were

analysed, and the concentrations were determined using the peak area.

KM10

8.5

8.4

8.3
—
=

o 8.2
a

S 81
S

8

7.9

7.8

day0 day1 day3 day7

m25°C m37°C m50°C

Figure 3. 2 Short-term thermal stability study for 7 days at 25 °C, 37 °C, and 50 °C for
KM10

Stability Under Ambient and Physiological Conditions

From the analytical data, KM10 exhibited excellent stability under ambient (25°C) and
physiological (37 °C) temperature conditions. The percentage of the original concentration retained
at each time point remained consistently above 100%, indicating negligible degradation.
Specifically, concentrations at 25°C were 102.21%, 101.43%, and 100.39% on Days 1, 3, and 7,
respectively. At 37 °C, the values were similarly stable at 100.39%, 101.95%, and 102.81%. Low
relative standard deviation (RSD < 0.6%) demonstrated high analytical precision in all cases (Figure
3.6). These findings suggest that KM10 is chemically stable in environments relevant to
pharmaceutical storage and in vivo conditions, supporting its suitability for further preclinical

development (Waterman, 2005).
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Similarly, KM 10 stability was observed under accelerated thermal conditions (50 °C). Although the
compound retained approximately 100.34% of its initial concentration on Day 1, the value slightly
declined to 99.45% by Day 3, with no significant drop in the concentration observed at Day 7
(98.84%) as shown in Figure 3.3, indicating stability of the active compound with consistent
analytical precision (RSD < 0.25%). However, the compound contains an amide bond, which is
potentially susceptible to hydrolysis under elevated temperatures and moisture, as reported in
studies for amide linkage compounds (Gongalves et al., 2007). Building up the established
understanding of degradation pathways in pharmaceutical stability testing (Baertschi, 2016), this

investigation evaluates the potential stability of KM10 at elevated temperatures.

3.4.1.2 Quantitative HPLC Analysis and Calibration Curve of KM11

A quantitative HPLC method was developed and applied to the compound KM11 to determine its
linearity, precision, and suitability for concentration determination in pharmaceutical matrices as

described in Section 3.3.2.2.
Calibration Curve and Linearity

The calibration curve was constructed using seven concentration points ranging from 1.9 to 125
pg/mL. Each concentration level was injected in triplicate, and the mean peak area was calculated.
The method demonstrated excellent linearity with a consistent increase in peak area with
concentration and minimal deviation, as observed in the low relative standard deviation (RSD)
values, as shown in Table 3.4. This confirms the robustness and repeatability of the analytical

method. The LOD of KM11 was determined as 0.0256 pg/mL and the LOQ as 0.0773 pg/mL.
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Table 3. 4 Calibration data of KM11

| _Cone.(ugmt) | Meanarea | s | _msp
“ 54464.33 190.505 0.0035
“ 107188 137.390 0.0013
203393.3 410.215 0.0020
m 408634 313.597 0.0008
m 780907 3077.066 0.0039
“ 1588272 2269.764 0.0014
“ 3080725 7320.465 0.0024
3500000 Y et
3000000
g 2500000
% 2000000
A4 1500000
1000000
500000
0

0 20 40 60 80 100 120 140
Concentration (jLg/mL)

Figure 3. 3 Calibration curve of KM11 by HPLC

Sample Stability Analysis (Day 0)

A freshly prepared KM11 sample was analyzed at Day 0, with recorded peak areas of 209773,
209363, and 210189. The calculated mean area was 209775 with a relative standard deviation of
0.0020. Referencing the calibration curve, the sample concentration was approximately 7.85 pg/mL,
confirming the method’s applicability and precision for absolute sample quantification. Figure 3.4

illustrates the calibration curve of KM11, confirming linearity across the studied range.
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Stability Under Ambient and Physiological Conditions

The stability of KM11 was studied by monitoring its concentration after storage at three different
temperatures (25 °C, 37 °C, and 50 °C) for several days (1, 3, and 7 days). The concentration was
calculated based on area readings from the HPLC instrument, and the standard deviation (SD) and
R.S.D % were calculated to evaluate the variability of the results in Table 3.4 according to the

equation described in Section 3.3.2.2.

At 25 °C, the analysis results showed that the compound concentration remained stable throughout
the storage period. The concentration on the first day was 8.00 pg/mL, increasing slightly to 8.01
pg/mL on the seventh day, as shown in Figure 3.5. The RSD value remained less than 0.25%,
indicating high accuracy and stability. The percentage change did not exceed 3%, indicating the

stability of the compound at this temperature.

At 37 °C, the results also showed good stability at this temperature. There was no significant
decrease in the compound concentration over the three days of storage, but rather a slight increase
from 7.81 to 8.03 ng/mL (Figure 3.5). The RSD values also remained very low (less than 0.21%),

indicating the stability of the compound’s chemical composition.

At 50 °C, despite the elevated temperature, the compound continued to demonstrate acceptable
stability, with the concentration not decreasing significantly, reaching 7.83 ug/mL on day 7,
compared to 7.97 ug/mL on day 1(Figure 3.5). However, the RSD values less than or equal to 0.25%
were observed, and the percentage change did not exceed 3%, indicating the stability of the

compound at this temperature.
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Figure 3. 4 Short-term thermal stability study for 7 days at 25 °C, 37 °C, and 50 °C for
KM11

3.4.1.3 Quantitative HPLC Analysis and Calibration Curve of KM6

This study employed a quantitative HPLC method to determine compound KM6 across standard
concentrations and in an unknown test sample. The obtained results were evaluated in terms of
linearity, precision, reproducibility, and accuracy, all of which are fundamental parameters for
validation as described in Section 3.3.2.2. This demonstrates the system’s capacity to respond
proportionally across the entire concentration range, a critical feature indicating linearity. Such
linearity is essential to ensure reliable quantification of unknown samples and is typically confirmed
through calibration curve fitting, often yielding a correlation coefficient (R?) close to 1.0, as shown

in Figure 3.6.

The LOD of KM6 was determined as 0.0213 pg/mL and the LOQ as 0.0646 pg/mL. The standard
deviation (SD) and R.S.D % of KM6 were calculated to evaluate the variability of the results in
Table 3.5.
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Table 3. 5 Calibration data of KIM6

| Conc.ug/m) | Meanarea | so | _Rsp
“ 86093.5 279.307 0.324
“ 180361 104.652 0.058
362022.5 847.821 0.234
“ 711577 2247.185 0.316
m 1454432 2816.406 0.194
“ 2939918 111.723 0.004
“ 5356064 25465.037 0.475

6000000 y=43216x+ 53452

R?=0.9977
5000000

4000000

3000000

Peak area

2000000

1000000

0 20 40 60 80 100 120 140

Concentration (ug/mL)

Figure 3. 5 Calibration curve of KM6 by HPLC

Precision was assessed by calculating the standard deviation (SD) and relative standard deviation
(RSD%) for each concentration as described in Section 3.3.2.2. The RSD values across the dataset
ranged between 0.003% to 0.47%. This trend is common in chromatographic analysis, where signal
fluctuations and noise have more pronounced effects at higher signal intensities (Khan, 2017). The
unknown test sample was analyzed in triplicate, resulting in a mean area of 341,260.67 and an RSD

of 0.37%, demonstrating good intra-sample consistency. When interpolated using the established
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calibration curve, the corresponding concentration of the unknown sample was estimated to be 7.72
pg/mL. This value is consistent with the trend observed for the standard solutions and falls within

the linear range of the method.

The accuracy between the calculated concentration and the actual standard concentration (7.8
pg/mL) is 98.82%, which supports the accuracy of the quantification and the robustness of the

calibration.

To assess the chemical stability of KM6 under the tested conditions, replicate analyses were
conducted, and the resulting peak areas were used to calculate the percentage of retained
concentration relative to the reference (100% expected). The observed concentrations ranged
between 6.42 pg/mL and 6.76 pg/mL, corresponding to 84.0% to 87.5% of the nominal

concentration (assumed to be ~7.72 ug/mL based on previous calibration).

At 25 °C, the analysis results showed that the compound concentration remained stable throughout
the storage period. The concentration on the first day was 6.57 pg/mL, decreasing slightly to 6.44
pg/mL on the seventh day, as shown in Figure 3.7. The RSD value is less than 0.6%, indicating
accuracy and stability within the accepted range. The percentage change did not exceed 18%,
indicating a stability issue of the compound at this temperature, although the compound degradation

was less than 20%.

Similarly, the results at 37 °C and 50 °C showed a stability issue. The compound concentration
significantly decreased over the three days of storage from 7.72 to 6.48 and 6.57ug/mL, respectively
(Figure 3.7). The RSD values were less than 0.6 %, indicating a stability issue with the compound’s

chemical composition.

These results indicate a modest reduction in assayable KM6 content, ranging from 17% to 14%,
depending on the sample set. The relative standard deviation (RSD%) across all measurements
remained within acceptable analytical limits (typically <1%), suggesting that the observed decrease
in concentration is not due to analytical variability, but rather reflects true chemical degradation or
reduced stability of KM6 under the applied conditions. Notably, the reduction in concentration was
primarily observed between Day 0 and Day 1, which may indicate either early instability of the

compound or potential issues with the analytical procedure.
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This degree of degradation could be attributed to environmental factors such as light, heat, or
humidity, intrinsic chemical instability, possibly due to labile functional groups in KM6 (amide
linkages), Matrix effects in solution that accelerate hydrolysis or oxidation. Such a 14-17%
reduction in stability does not align with early-phase pharmaceutical stability profiles, where initial
degradation of <15% is considered manageable (Waterman, 2005). However, further investigation

or repetition of the analysis is warranted to draw definitive conclusions regarding the stability of
KM6.

KM6

day 0 day 1 day 3 day 7

Conc. pg/mL
O B N W b U1 OO N 0O O

m25°C m37°C m50°C

Figure 3. 6 Short-term thermal stability study for 7 days at 25 °C, 37 °C, and 50 °C for
KMé6

However, for long-term storage or formulation, this highlights the necessity for protective
packaging, pH-controlled media, or incorporation of stabilizers. Implications of degradation
studies (e.g., under acidic, basic, oxidative, and thermal conditions) are recommended to elucidate
the precise degradation pathways of KM6. Moreover, investigating the nature of the degradation
products via LC-MS or NMR would provide insights into structural vulnerabilities and assist in

designing more stable analogues if needed (Baertschi, 2016; Connors, 1986).

108



Mohammed Sinjar

3.5 Conclusion

The targeted compounds KM6, KM10, and KM11 were synthesised successfully using various
chemical techniques, and the calibration results confirm that the HPLC method used for quantifying
KM compounds is precise, accurate, and linear over a wide range of concentrations. Based on the
above results, it can be concluded that KM 10 and KM 11 compounds showed good chemical stability

under various storage conditions for up to 7 days, particularly at 25 °C and 37 °C.

At 50 °C, slight changes in the readings were observed, indicating that solubility is often a function
of temperature (Mota et al., 2009), which might explain the variances observed in some way.
However, they remained within acceptable limits, indicating their relative tolerance to high

temperatures in the short term.

In contrast, the KM6 compound exhibited reduced stability with mild degradation in its chemical
composition. An analytical evaluation suggests that further experimental replication and

investigation using LC-MS or NMR are required.
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Chapter Four

IL-1B-dependent Signalling
Pathways involved in CXCL12

induction in U20S Cells
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4.1 Introduction

As mentioned before, the chemokines, including CXCL12, play essential roles in cancer progression
and development through the recruitment of cells within the TME, thus enhancing many signalling
cascades, inducing cancer hallmarks. Huang and co-workers reported that the CXCL12/CXCR4
inhibitor, AMD3100 and siRNA targeting CXCR4 inhibited human OS metastasis induced by
CXCL12 expression (Huang et al., 2009). Many studies reported CXCL12 upregulation in various
human cancers, including osteosarcoma (Dai et al., 2023; Li et al., 2018; Teng et al., 2016b).
Previously, Garcia-Moruja reported IL-1B-induced CXCL12 gene expression in a U373-cell line
(Garcia-Moruja et al., 2005) Using that construct, we generated a U20S-CXCL12 cell line and
examined signalling pathways regulating CXCL12 induction.

4.1.1 The effect of IL-1B on CXCL12 expression in U20S cells

Initially, a time course (0-8 hours) for IL-1B-induced CXCL12 activity was generated in the U20S
cell line. The results, as shown in Figure 4.1 (A), revealed that after a delay of 2 hours, there was an

increase in reporter activity reaching a peak between 6 and 8 hours at approximately 4-fold of basal

levels (Fold stim at 6 hours =4.02 + 1.37, P< 0.001).

Next, a concentration-response curve was established for IL-1p as shown in Figure 4.1 (B). IL-1P
caused a concentration-dependent increase over the low ng/mL range, which reached a significant
level between 3 and 10 ng/mL (Fold stim- 3.34 + 0.44, 3.46 £+ 0.43, respectively). From these
experiments, a stimulation time of 6 hours was chosen for subsequent reporter experiments (see
Section 2.5.1), and 10 ng/mL of IL-13 was used as an optimal concentration. These findings indicate
the role of IL-I1PB in CXCL12 induction in U20S cells, which are compatible with previous
experimental studies for cell stimulation (Calonge et al., 2010), and the starting point for the

subsequent experiments.
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Figure 4. 1 Effect of IL-1p on CXCL12 expression in U20S cells.
U20S cells were grown in 12-well plates and treated with 10 ng/mL IL-1p for the indicated times

(A). Cells were treated with increasing concentrations of IL-1f for 8 hours (B). Whole-cell lysates
were prepared, and CXCL12 expression was measured using reporter assay, as previously described

in Section 2.5.1. *** P <(.001, ** P <0.01, vs control (n=5).

4.2 IL-1p Induces MAP Kinase Signalling Pathways in U20S Cells

Previous studies found that IL-13 was able to stimulate a number of signalling pathways (Pyrillou et
al., 2020; Weber et al., 2010; Zhang et al., 2020). Thus, we started to explore the signalling cassettes
that may regulate the induction of CXCL12. This includes the MAP kinases; extracellular regulated
(ERK), c-Jun-N-terminal (JNK), and p38 MAP kinase. In particular, ERK, which is known to regulate
¢/EBPp phosphorylation (Park et al., 2004; Raymond et al., 2006), resulting in activation of CXCL12
in various cell lines as demonstrated by Calonge and co-workers in U373 cancer cells (Calonge et al.,

2010).
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4.2.1 The effect of IL-1p on Phosphorylated ERK in U20S Cells

The effect of IL-1p on ERK 1/2 activation was then examined. As shown in Figure 4.2, the U20S
cells were treated with IL-1 over a time course of (0-120 min). For the phosphorylation of ERK1/2,
there was no difference in the stimulation of ERK1/2 signalling compared to non-stimulated cells at
early time points. Only at 30 min was there a slight increase, which was insignificant compared to
non-stimulated cells. Furthermore, the IL-1B-induced C/EBPJ phosphorylation was also examined to
confirm the effect of the ERK/c/EBPJ pathway on gene transcription. U20S cells were also treated
with IL-1p over a time course of (0-24 h), for ERK1/2 phosphorylation. There was no C/EBPf3
phosphorylation at time points up to 6 hours compared to non-stimulated cells. Following 16 h of
stimulation, the phosphorylation signals increased and stayed elevated up 24 h, as shown in Figure
4.2, panel C. These findings contradict the early stimulation of the reported c/EBPJ phosphorylation,
indicating no effect of IL-1P on the ERK1/2 signalling pathway and delayed activation of c/EBPf.
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Figure 4. 2 Time course of IL-1B-induced phosphorylation of ERK and ¢/EBPf in U20S cells.
U20S cells were grown in 12-well plates and treated with 10 ng/mL of IL-1f for the times indicated.

Whole-cell lysates were prepared for separation using SDS-PAGE and analysed by Western Blotting
using pERK1/2 antibody and pc/EBP. (A) Western Blots represent the phosphorylation of ERK1/2
(42,44 kDa) and total ERK (42,44 kDa), which was used as a loading control. In panel (B), blots were
semi-quantified by scanning densitometry and results expressed as fold stimulation relative to control
for pERK1/2. Panel (C) represents the phosphorylation of pC/EBPB (35,38 kDa). Each value
represents the mean £ SEM of three independent experiments. Data were analysed using a one-way
ANOVA test.

4.2.2 The effect of IL-1P on Phosphorylated JNK in U20S Cells
As IL-1B-induced ERK signalling was not observed in U20S cells, the effect of IL-1 on JNK

activation was examined. As shown in Figure 4.3, the U20S cells were treated with IL-1 over a time
course of (0-120 min). Phosphorylation of JNK was observed as early as 15 min and reached a higher
simulation at 30 min (Fold stims- 8.17 = 2.46, P < 0.01). Then, this response started to decrease

gradually over time, returning to near basal values by 120 minutes.
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Figure 4. 3 Time course of IL-1B-induced phosphorylation of pJNK in U20S cells.

U20S cells were treated with 10 ng/mL of IL-1p for the times indicated. Whole-cell lysates were
separated using SDS-PAGE and analysed by Western Blotting with ppJNK antibodies. (A) Western
Blots represent the phosphorylation of INK (46,54 kDa) and total INK, which was used as a loading
control. Blots were semi-quantified by scanning densitometry and results expressed as fold
stimulation relative to control for pJNK (B). Each value represents the mean + SEM of three
independent experiments. Data were analysed using a one-way ANOVA test, ** P <0.01, *P <0.05

vs control.

4.2.3 The effect of IL-1p on Phosphorylated p38 in U20S Cells

Next, the effect of IL-1 on p38 MAPK activation was examined. As shown in Figure 4.4, the U20S
cells were treated with IL-1PB over a time course of 0-120 min. Phosphorylation of p38 MAPK was
observed as early as 15 min and reached a higher stimulation at 30 min (Fold stims- 2.68 £ 0.07, P <

0.001). Then, this response started to decrease gradually over time, returning to near basal values by

120 minutes.
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Figure 4. 4 Time course of IL-1B-induced phosphorylation of p38 in U20OS cells.

U20S cells were treated with 10 ng/mL of IL-1p for the times indicated. Whole-cell lysates were
separated using SDS-PAGE and analysed by Western Blotting with pp38 antibodies. (A) Western
Blots represent the phosphorylation of p38 (38 kDa) and total p38 (38 kDa), which was used as a
loading control. Blots were semi-quantified by scanning densitometry and results expressed as fold
stimulation relative to control for pp38 (B). Each value represents the mean + SEM of three
independent experiments. Data were analysed using a one-way ANOVA test, *** P < 0.001 vs
control.

4.3 IL-1pB-mediated activation of canonical NF-kB signalling in U2OS cells

4.3.1 The effect of IL-1p on Cellular IkB-a and p65 Phosphorylation in U20S Cells

It has been found that IL-1p activates IkB-a degradation, and phosphorylates the p65 subunit, leading
to nuclear translocation and gene transcription through heterodimer interaction with RelA, enhancing
cellular responses in tumour cells (Alkalay et al., 1995; Verstrepen et al., 2008). For this reason, the
effect of IL-1P on canonical NF-kB components was tested over a time course of (0-120 min). Figure
4.5 shows that IkBa breakdown was noticed early after IL-1p stimulation, with a substantial drop in
cellular levels between 15 and 60 min (P< 0.001). The extent of IkBa degradation peaked at 30 min

(3.0% of basal IxBa expression), after which, IkBa expression gradually increased and returned to
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baseline levels by 120 min. IL-1p also caused a rise in the phosphorylation of p65 NF-kB after 15
min, which reached a maximum at 60 min (Fold stim - 14.67 + 0.62, P < 0.01) before progressively
reverting to baseline levels by 120 min. These results indicate the rapid stimulation of canonical NF-

kB components via IL-1p in U20S cells.

- - S e | IkBa
— - - = PP6S
S S e e a8 am ( TPEs
—— N —— GAPDH
o [15 [ 30 [ 60 | 20 IL-1 (10ng/ml)
Stimulation time (minutes)
B S 100- T 20+
(/2]
[72)
Qo c *
S © 15 * %k
) B
3 = 2
Q50 § 10
E T
© __ © 5—
om (T
O\o %k %k >k k
0- T T T o-
0 15 30 60 90 120 0 15 30 60 90 120
Time (minutes) Time (minutes)

Figure 4. 5 Time course of IL-1B-induced IxBa degradation and p65S phosphorylation in

U20S cells.

U20S cells were grown in 12-well plates and treated with 10 ng/mL of IL-1p (0-120 min). Whole-
cell lysates were separated using SDS-PAGE and analysed by Western Blotting for (A) IkBa
degradation (39 kDa), p65 phosphorylation (65 kDa), total p65 and GAPDH (37 kDa) as a loading
control. In panel (B), blots were semi-quantified by scanning densitometry, and the results expressed
as fold stimulation relative to the control. Each value represents the mean + SEM of three independent
experiments. Data was analysed using a one-way ANOVA test, **** P < (0.0001, ** P < 0.01 vs.
control.
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4.4 IL-1p Induces Non-Canonical NF-kB Signalling in U20S Cells

4.4.1 The effect of IL-1p on p100 phosphorylation and p52 Formation in U20S Cells

Having established that IL-1p is able to strongly activate the canonical NFkB pathway, the effect
upon elements of the non-canonical pathway was assessed. As in previous experiments, the effect of
IL-1B on the phosphorylation and degradation of p100 NF-«xB2 was studied over a time course of (0-
120 min) (McIntosh et al., 2023). Figure 4.6 showed IL-1B-induced phosphorylation of p100 after 15
min, which reached a maximum between 30 and 60 min (30 minutes, fold stim = 35.50 + 2.30, P <
0.01), after which levels then returned toward basal values. In contrast, the levels of p100 and p52
remained unchanged with time. Taken together, these results indicate that IL-1p activates a

component of the non-canonical NF-kB pathway in U20S cells through phosphorylation of a key
IKKa target, pp100 at Ser 866/870.
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Figure 4. 6 Time course of IL-1B-induced p100 phosphorylation in U20S cells.
U20S cells were grown in 12-well plates and treated with 10 ng/mL of IL-1 (0-120 minutes). Whole-

cell lysates were separated using SDS-PAGE and analysed by Western Blotting for (A) p100
phosphorylation (100 kDa), p52 (52 kDa), and GAPDH (37 kDa) as a loading control. In Panel (B),
blots were semi-quantified by scanning densitometry and the result expressed as fold stimulation
relative to the control for pp100. Each value represents the mean + SEM of three independent
experiments. Data was analysed using a one-way ANOVA test, **P <0.01 vs control.

4.5 Effect of NF-kB Inhibition upon Cellular Signalling mediated by IL-1 in
U20S Cells

4.5.1 Effect of IKK- Inhibition upon Canonical NF-kB signalling induced by IL-1f in U20S Cells

As reported previously, IKKB plays a crucial role in the cellular degradation of IxkBa and
phosphorylation of p65 (Hayden & Ghosh, 2008; Liu et al., 2017). Therefore, the role of this pathway
in the regulation of the signalling responses was assessed using the IKKf inhibitor, IKK2 X1 (Baxter
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et al., 2004), and the results are shown in Figure 4.7. The data indicate that IL-1f induced significant
IkBa degradation by 94% (% basal IkBa expression 6%, P < 0.0001) compared to non-stimulated
cells. Pre-treatment with IKK2 X1 but only at high concentrations (20 and 30 uM) partially reversed
the loss in cellular IxkBa in cells exposed to IL-1B (% basal IkBa expression -17 %, 27%, P < 0.01, P
< 0.05 respectively), with no effect on IkBa loss for the compound alone. The results revealed that
IKKp was important in the classical NF-kB pathway induced by IL-1p in U20S cells, but did not

fully confirm the effectiveness of the inhibitor.
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Figure 4. 7 Effect of IKK2 X1 on IL-1p-induced cellular IxkBa degradation in U20S cells.
U20S cells were pre-treated with IKKf inhibitor, IKK2X1 for 1 h before stimulation with IL-1p (IL,

10 ng/mL) for a further 30 min. Whole-cell extracts were assessed for A) IkBa degradation (39 kDa),
and GAPDH (37 kDa), which was used as a loading control. In panel (B), blots were semi-quantified
by scanning densitometry and the results expressed as a percentage of basal expression relative to the
control for IkBa. Each value represents the mean + SEM of three independent experiments. Data was
analysed using a one-way ANOVA test, ****P <0.0001, ***P <(0.001 vs agonist-stimulated control.
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4.5.2 Effect IKKa- Inhibition upon Canonical NF-kB Signalling Induced by IL-1f in U20S Cells

Having examined the important role of IKKa in cellular responses through phosphorylation of its
main marker, the p100 subunit (Claudio et al., 2002; Mclntosh et al., 2023), the regulation of this
pathway was assessed using the selective IKKa inhibitor SU1261 (Riley et al., 2024). IL-1B-induced
an approximate 21-fold increase in p100 phosphorylation in U20S cells compared to non-stimulated
cells (Fold stim for IL-1p — 21.09 + 2.03, P >0.0001), as shown in Figure 4.8. Pretreatment of the
cells with SU1261 significantly reduced p100 phosphorylation in a low micromolar range (0.3-20
uM), and at 10 and 20 uM effectively abolished IL-1 stimulation compared to agonist stimulated

cells (Fold stim for IL-1p + 10 uM SU1261- 5.47 £ 0.37, P >0.0001).

These results revealed that the alternative NF-xB pathway induced by IL-1f clearly implicates IKKa

in U20S cells.
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Figure 4. 8 Effect of SU1261 on IL-1B-induced p100 phosphorylation in U20S cells.
U20S cells were pre-treated with IKKa inhibitor SU1261 for 1 h before stimulation with IL-18 (IL,

10 ng/mL) for a further 30 min. Whole-cell extracts were assessed for A) p100 phosphorylation (100
kDa), and total p65 (65 kDa) as a loading control. In panel (B), blots were semi-quantified by scanning
densitometry and the results expressed as a percent basal expression relative to control for pp100.
Each value represents the mean = SEM of three independent experiments. Data was analysed using a

one-way ANOVA test, ****P <(.0001, ***P <0.001, *P < 0.05 vs agonist-stimulated control.
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4.5.3 Effect of siRNA-mediated silencing of cellular IKKa and IKKp expression on NF-xkB
signalling pathways in U20S Cells

Having used pharmacological inhibition of p100 phosphorylation-mediated IL-1f stimulation, an
alternative strategy utilised siRNA. Deletion of IKKf} and IKKa has been used previously in various
cancer cells, including U20S cells (Mahato et al., 2011; McIntosh et al., 2023).

4.5.3.1 Knockdown efficiency of siRNA-mediated silencing of IKKa and IKKf in U20S Cells

Initially, IKKs were knocked down using siRNA, and it was shown that transfecting U20S cells with
increasing concentrations of IKKa and IKKf siRNA for 72 h induced effective silencing. Figure 4.9
showed no effect of non-targeting siRNA on IKKa expression, whilst the IKKa siRNA effectively
reduced the IKKa expression at 50 and 100 nM; the loss in expression was about 85% compared with
non-targeting control (50 nM: % basal IKKa expression = 14.00 £ 2.97; 100 nM: % basal IKKa
expression = 17.00 £2.58, P <0.001). Additionally, IKKa siRNA was not found to exert an off-target
effect on IKK].

The knockdown efficiency of siRNA IKKf in U20S cells was examined using the same approach.
Figure 4.10 illustrates that following transfection of siRNA IKKp (50 and 100 nM) into U20S cells
for 72 h, IKKB knockdown was successfully achieved by more than 90% compared with non-
targeting control (50 nM: % basal IKK[} expression =8.33 £2.75; 100 nM: % basal IKKf} expression
= 8.00 + 2.65, P <0.0001). Non-targeting (NT) siRNA (50 and 100 nM) was again without effect.
Moreover, treatment of cells with siRNA IKKp showed no off-target effect on IKKa expression.

Therefore, the optimal concentration for siRNA transfection used for further experiments was 50 nM.
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Figure 4. 9 The effect of IKKa siRNA on IKKa expression in U20S cells.
U20S cells were transfected with 50 nM and 100 nM siRNA IKKa or non-targeting construct (NT)

for 72 h. In panel A, whole-cell extracts were assessed for IKKa (84 kDa), IKKp (86 kDa), and
GAPDH (37 kDa), which was used as a loading control. In Panel B, blots were semi-quantified for
the percentage of basal IKKa expression by scanning densitometry, and results expressed relative to
the untreated control. 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. 10 The effect of IKKp siRNA on IKKp expression in U20S cells.
U20S cells were transfected with 50 nM and 100 nM siRNA IKKa or non-targeting (NT) for 72 h.

In panel A, whole-cell extracts were assessed for IKK (86 kDa), IKKa (84 kDa), and GAPDH (37
kDa), which was used as a loading control. In Panel B, blots were semi-quantified for the percentage
of basal IKKp expression by scanning densitometry, and results expressed relative to the untreated
control. Each value represents the mean percentage knockdown + S.E.M. of three independent
experiments. Data was analysed using a one-way ANOVA test, ****P <(0.0001 vs control.
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4.5.3.2 The effect of IKKa siRNA Silencing on IL-1B-Induced Phosphorylation of p100 in U20S
Cells

Next, it was determined if siRNA IKKa could affect the phosphorylation of p100 and p100 processing
in U20S cells. Figure 4.11 demonstrated that IL-1 strongly stimulated p100 phosphorylation at 30
minutes (Fold increase = 8.53 £ 0.97, P< 0.001). Following transfection with IKKa siRNA at 50 nM,
IL-1B-induced phosphorylation of p100 was considerably reduced by around 75% in comparison to
the non-target (NT) control (IKKa siRNA 50 nM; Fold increase = 2.50 =+ 0.12). This was associated
with a marked loss in IKKa expression, whilst IKK expression was unaffected. Additionally, it was
noted that there was no difference in the levels of p100 and p52 following siRNA knockdown in

control and IL-1B-stimulated cells.
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Figure 4. 11 The effect of IKKa siRNA upon IL-1p-mediated phosphorylation of p100 in
U20S cells.

U20S cells were transfected with non-targeting (NT) siRNA 50 nM, IKKa siRNA 50 nM for 72 h
before stimulation with IL-1p (IL, 10ng/mL) for 30 min. In panel A, whole-cell extracts were assessed
for p-p100 (100 kDa), p52 (52 kDa), IKKa (84 kDa), IKKp (86 kDa), and GAPDH (37 kDa), which
was used as a loading control. In panel B, blots were semi-quantified by scanning densitometry and
results expressed as fold increases relative to the control for 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 agonist and nontargeting control.
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4.5.3.3 The effect of IKKf siRNA Silencing on IL-1B-Induced Cellular IkBa loss in U20S Cells

The effect of IKKP siRNA on IL-1B-induced cellular IkBa loss in U20S cells was also determined.
Figure 4.12 showed that IL-1p significantly induced cellular IxBa loss at 30 min compared to control
by around 80 % (% basal IxBa expression 20.61 + 3.75). Surprisingly, following transfection with
IKK siRNA at 50 nM, there was no IkBa reversal with a non-significant increase in cellular
degradation compared to the non-target (NT) control. This suggests that IKKa may substitute IKK[3
signalling through contribution to IkBa phosphorylation and cellular degradation, as reported
previously (Adli et al., 2010; Solt et al., 2007).
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Figure 4. 12 The effect of IKKf siRNA upon IL-1B-mediated cellular degradation of IxBa in
U20S cells.
Cells were transfected with non-targeting (NT) siRNA 50 nM, IKKB siRNA for 72 h before

stimulation with IL-1B (IL, 10 ng/mL) for 30 min. In panel A, whole cell extracts were assessed for
IkBa (39 kDa), IKKp (86 kDa), IKKa (84 kDa), and GAPDH (37 kDa), which was used as a loading
control. In panel B, blots were semi-quantified by scanning densitometry and results expressed as a
fold increase relative to control for cellular IkBa loss. Each value represents the mean + SEM of three

independent experiments. Data was analysed using a one-way ANOVA test.
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4.5.3.4 The effect of IKKa and IKKf siRNA Double Knockdown on IL-1B-Induced p100
Phosphorylation in U20S Cells

Whilst IKKa but not IKKf knockdown reduced IL-1B-induced phosphorylation of p100, the effect
of both together was examined to determine if there was any co-operation between IKK o and IKKf3
in regulating p100 phosphorylation. Following stimulation, Figure 4.13 showed that IL-1(3 alone
induced more than a 10-fold increase in p100 phosphorylation at 30 minutes compared to non-
stimulated cells (Fold increase = 10.76 = 0.62, P <0.0001). Following transfection with siRNA IKKa,
there was a 50-60% inhibition of the IL-1f response (Fold increase= 6.22 + 0.36, P < 0.0001).

By contrast, there was no effect following siRNA mediated IKK (3 rundown, which was similar to the
levels observed following NT treatment (Fold increase= 10.82 + 0.58). Following double knockdown
of IKKa and IKKf siRNA at 50 nM, which reduced both proteins by more than 75% compared with
the non-target (NT) control, IL-1B-induced phosphorylation of p100 was significantly inhibited.
However, the degree of inhibition was similar to that observed for single knockdown siRNA IKKa
cells (IKKa and B siRNA double knockdown; Fold increase = 6.16 = 0.72, P < 0.0001), with no
additional effect of IKKf} siRNA. Additionally, it was noted that there was no difference in the levels
of p100 and p52 in control and IL-1B-stimulated cells for any of the knockdown strategies. These
results confirm that IL-1§-induced phosphorylation of p100 is dependent on IKKa but, not IKKf.
Again, the single or double siRNA knockdown did not significantly reverse IkBa loss after 95 % of
cellular degradation induced by IL-1f3 compared to NT control, as shown in Figure 4.13. However,
the knockdown had no effect on cell survival as assessed by GAPDH expression. Furthermore, as
shown in Figure 4.14, preliminary results demonstrated that combined SU1261, IKKa inhibitor, and
IKKB knockdown slightly reversed IkBa loss compared to non-targeted treated cells. This result was
consistent with the effect of both IKKa and IKKP siRNA alone and suggests that IKKa is not

substituting for IKKf in the regulation of canonical signalling.
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Figure 4. 13 The effect of IKKo and IKKp siRNA double knockdown upon IL-1B-mediated
p100 phosphorylation and cellular IxBa degradation in U20S cells.
Cells were transfected with non-targeting (NT) siRNA 100 nM, IKKa and IKK siRNA (50 nM) for

72 h before stimulation with IL-1p (IL,10 ng/mL) for 30 min. In panel A, whole-cell extracts were
assessed for p-p100 (100 kDa), p52 (52 kDa), IKKa (84 kDa), IKKf (86 kDa), IkBa (39 kDa), and
GAPDH (37 kDa), which was used as a loading control. In panel B and C, blots were semi-quantified
by scanning densitometry and the results expressed as fold increase relative to control for p100
phosphorylation and cellular IxkBa loss. Each value represents the mean = SEM of three independent
experiments. Data was analysed using a one-way ANOVA test, ****P <0.0001 vs agonist and
nontargeting control.
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Figure 4. 14 The effect of combined IKKp siRNA and IKKa inhibition upon IL-1p-mediated
cellular IxkBa degradation in U20S cells.
Cells were transfected with non-targeting (NT) siRNA 50 nM, IKKf siRNA (50 nM) for 72 h, then

the cells were pre-treated with IKKa inhibitor SU1261 (10 uM) for 1 h before stimulation with IL-
1B (IL,10 ng/mL) for 30 min. In panel A, whole-cell extracts were assessed for IKKa (84 kDa), IKKf3
(86 kDa), IkBa (39 kDa), and GAPDH (37 kDa), which was used as a loading control. In panel B,
blots were semi-quantified by scanning densitometry and the results expressed as fold increase
relative to control for cellular IkBa loss. Each value represents one experiment.
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4.6 Effect of TAK1 Inhibition on IL-1B-Induced Cellular Signalling in U20S
Cells

4.6.1 Effect of 5Z-7o0xo0zeaenol (5Z-70x0) on IL-1B-induced JNK phosphorylation in U20S cells

A number of studies have demonstrated a role for TAK-1 on cytokine-induced MAP kinase
signalling, in particular, JNK and p38 MAPK (Wang et al., 2022; Wei et al., 2016). Therefore, the
effect of TAKI inhibitor, 5Z-70xo0zeaenol (abbreviated as 5Z-70x0) was examined in this study. As
shown in Figure 4.15, IL-1pB-stimulated phosphorylation of JNK in U20S cells more than 10-fold
(Fold stim for IL-1B= 11.35 + 3.20, P > 0.001). Pre-treatment with 5Z-70xo0 significantly decreased
JNK phosphorylation in the low micromolar range (Fold stim for IL-18 + 10 uM 5Z-7-oxo = 0.81 +
0.14, P > 0.0001, approximate ICso= 0.86 uM). These findings confirmed the role of TAKI in the
regulation of MAPK signalling exemplified by inhibition of JNK activation and phosphorylation.
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Figure 4. 15 Effect of TAK1 inhibitor 5Z-70x0 on IL-1B-induced phosphorylation of JNK in
U20S cells.
Cells were pre-treated with increasing concentrations of 5Z-7o0xo for 1 h before stimulation with IL-

1B (IL,10 ng/mL) for a further 30 min. Whole-cell extracts were assessed for A) JNK phosphorylation
(46,54 kDa), and total JNK which was used as a loading control. In panel B, blots were semi-
quantified by scanning densitometry, and the results expressed as a fold increase relative to the control
for pJNK phosphorylation. Each value represents the mean = SEM of three independent experiments.
Data was analysed using a one-way ANOVA test, ****P <0.0001, ***P <0.001, *P <0.05, vs IL-1
and DMSO (D) as an agonist-stimulated control.
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4.6.2 Effect of 5Z-70x0 on IL- 13- Induced Cellular IxkBa Degradation and p65 Phosphorylation in
U20S Cells

Next, the effect of the TAK1 inhibitor, 5Z-70x0 on canonical NF-kB markers, cellular IkBa loss, and
p65 phosphorylation were examined in U20S cells. The results in Figure 4.16, panel (B) showed
significant IxBa degradation induced by IL-1p (% basal IkBa expression- 9.00 + 0.58 %, P <0.0001).
Pre-treatment of the cells with 5Z-70xo significantly reversed IxBa loss in a low micromolar range
(1-20 uM), in comparison with non-treated cells. IkBa expression returned to near basal values at 10
and 20 uM (% basal IkBa expression- 86.67 + 3.71 %, 89.67+ 3.38 % respectively, P<0.0001, ICso=
2 uM). Furthermore, panel (C) showed that IL-1p also induced an 8-fold increase in p65
phosphorylation compared with non-stimulated cells (Fold stim for IL-18 — 8.107 £ 0.319, P
>(0.0001). This response was significantly inhibited by 5Z-70x0 over a low micromolar range (Fold
stim for IL-1B +10 uM- 1.60 + 0.95, IL-1p +20 uM- 0.54 £ 0.06, P > 0.0001). Collectively, these
findings indicate the role of TAKI1 in the canonical NF-kB pathway in U20S cells.
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Figure 4. 16 Effect of the TAKI inhibitor 5Z-70xo0 on IL- 1B-mediated cellular IxBa
degradation in U20S cells.
Cells were pre-treated with 5Z-70xo for 1 h before stimulation with IL-1f (IL,10 ng/mL) for a further

30 min. Whole-cell extracts were assessed for A) IkBa (39 kDa), p65 phosphorylation (65 kDa), and
GAPDH (37 kDa), which was used as a loading control. Blots were semi-quantified by scanning
densitometry and the results expressed as fold increase relative to control for B) IkBa degradation,
C) p65 phosphorylation. Each value represents the mean + SEM of three independent experiments.
Data was analysed using a one-way ANOVA test, ****P <(0.0001, **P <0.01 vs IL-1p and DMSO
as an agonist-stimulated control.
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4.6.3 Effect of 5Z-70x0 on IL-1B-Induced p100 Phosphorylation in U20S Cells

The next set of experiments assessed the effect of 5Z-70xo on p100 phosphorylation, the non-
canonical NF-kB marker. IL-1B-induced an approximate 12-fold increase in p100 phosphorylation
in U20S cells (Fold stim for IL-1 — 12.18 + 0.70, P >0.001), as shown in Figure 4.17. Pretreatment
of the cells with 5Z-70x0 significantly reduced p100 phosphorylation in a low micromolar range (1-
20 uM), and at 10 and 20uM effectively abolished IL-1f stimulation (Fold stim for IL-1p + 10 uM
5Z-7-0x0- 1.70 = 0.56, P >0.001). Also, there was no effect on p100 processing and p52 formation

in pre-treated cells compared to the control.
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Figure 4. 17 Effect of TAK1 inhibitor 5Z-7-oxo on IL-1f induced phosphorylation of p100 in

U20S cells.
Cells were pre-treated with 5Z-7-oxo for 1 h before stimulation with IL-1p (IL,10 ng/mL) for a

further 30 min. Whole-cell extracts were assessed for A) p100 phosphorylation (100 kDa), p52 (52
kDa), and GAPDH (37 kDa), which was used as a loading control. Blots were semi-quantified by
scanning densitometry, and the results expressed as a fold increase relative to the control for B) pp100.
Each value represents the mean + SEM of three independent experiments. Data was analysed using a
one-way ANOVA test, ****P <0.0001, ***P <0.001 vs IL-1p and DMSO as an agonist-stimulated

control.
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4.6.4 Effect of siRNA-mediated silencing of cellular TAK1 on signalling pathways stimulated by
IL-1B in U20S Cells

4.6.4.1 Knockdown Efficiency of siRNA-mediated Silencing of TAK1 in U20S Cells

Initially, two concentrations of TAK1 siRNA were transfected into U20S cells for 72 h, which was
identified to be sufficient time for silencing in experiments to optimise the knockdown of TAK1 using
siRNA. To rule out any effects that might arise as a result of the transfection procedure, the same
concentration of non-targeting (NT) siRNA was also utilised. Figure 4.18 showed that both
concentrations of siRNA (50 and 100 nM) successfully reduced endogenous TAK1 expression by
almost 90% with no effect on cell survival as assessed by GAPDH expression, whereas the NT
construct had no effect on the target protein (50 nM: % basal TAK1 expression = 18 +2.34; 100 nM:
% basal TAK1 expression = 7.5 £ 1.75, P <0.0001).
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Figure 4. 18 The effect of siRNA TAK1 on TAKI1 expression in U20S cells.
Cells were transfected with siRNA TAK1 or non-targeting (NT) up to a concentration of 100 nM for

72 h. Whole-cell extracts were assessed for A) TAK1 (80 kDa), and GAPDH (37 kDa), which was
used as a loading control, as outlined in Section 2.3.2. Blots were semi-quantified for a percentage of
basal TAKI1 expression by scanning densitometry and results expressed as a relative to untreated
control for B) TAKI expression. Each value represents the percentage knockdown of three
independent experiments, ****P <0.0001 vs non-targeting control.
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4.6.4.2 The effect of TAK1 siRNA silencing on IL-1B-Induced JNK phosphorylation in U20S Cells

The impact of siRNA TAK1 on IL1B-induced JNK phosphorylation in U20S cells was investigated
after the knockdown conditions were optimised. Figure 4.19 showed IL1B-induced an approximately
17-fold increase in JNK phosphorylation at 30 min (Fold stim. =17.74 + 2.07, P <0.0001). This
response was significantly reduced by about 80% following siRNA TAKI1 rundown compared to
control, with no general effect on the cells when assessed with the GAPDH expression (50 nM TAK1
siRNA Fold increase = 4.08 £ 0.12, P <0.0001). This result confirmed the role of TAKI1 in the
regulation of the MAP kinase signalling pathway, exemplified by JNK.
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Figure 4. 19 The effect of TAK1 siRNA upon IL-13-mediated phosphorylation of JNK in
U20S cells.
Cells were transfected with non-targeting (NT) siRNA 50 nM, TAKI1 siRNA for 72 h before

stimulation with IL-1B (IL,10 ng/mL) for 30 min. Whole cell extracts were assessed for A) p-JNK
(54,46 kDa), total INK (54,46 kDa), TAK1 (80 kDa), and GAPDH (37 kDa), which was used as a
loading control. Blots were semi-quantified by scanning densitometry, and the results expressed as
fold increase relative to the control for B) INK phosphorylation. Each value represents the mean +
SEM of three independent experiments. Data was analysed using a one-way ANOVA test, ****P
<0.0001 vs non-targeting control.
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4.6.4.3 The effect of TAK1 siRNA silencing on IL-1B-Induced p38 phosphorylation in U20S Cells

As we identified previously, the effect of siRNA TAKI1 on IL1B-induced JNK phosphorylation in
U20S cells, the effect of TAK1 knockdown on p38 phosphorylation was also investigated. Figure
4.20 also shows that IL1B-induced more than 13-fold increase in p38 phosphorylation at 30 min (Fold
stim =13.66 + 1.83, P <0.001). Following transfection of the cells with siRNA TAK1 which reduced
expression by over 90%, IL-1 stimulation was essentially abolished (50 nM TAKI1 siRNA Fold
increase = 0.35 + 0.24, P <0.001). This result confirmed the role of TAK1 in the regulation of the
MAP kinase signalling pathway through its major components, JNK and p38.
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Figure 4. 20 The effect of TAK1 siRNA upon IL-1p-mediated phosphorylation of p38 in U20S
cells.

Cells were transfected with non-targeting (NT) siRNA 50 nM, TAKI1 siRNA for 72 h before
stimulation with IL-1p (IL,10 ng/mL) for 30 min. Whole cell extracts were assessed for A) pp38 (38
kDa), total p38 (38 kDa), TAK1 (80 kDa), and GAPDH (37 kDa), which was used as a loading
control. Blots were semi-quantified by scanning densitometry, and the results expressed as fold
increases relative to the control for B) p38 phosphorylation. Each value represents the mean + SEM
of three independent experiments. Data was analysed using a one-way ANOVA test, ***P <0.001 vs
non-targeting control.
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4.6.4.4 The effect of TAK1 siRNA Silencing on IL-1B-Induced cellular IkB-a Degradation and p65
Phosphorylation in U20S Cells

The effect of siRNA TAKI1 on cellular [kB-a loss induced by IL-1p was assessed. Figure 4.21 shows
IL1B-induced complete cellular IkB-a loss (% basal IxkBa expression- 2.25 + 1.25 %, P <0.0001) and
more than 6-fold increase in p65 phosphorylation at 30 min compared to basal (Fold stims =6.46 +
0.89, P <0.001). Following siRNA TAKI transfection (50 nM), which significantly deleted TAK-1
compared to GAPDH, cellular IkB-a degradation was not significantly changed compared to IL-1p3-
stimulated cells, although there was a change in the migration of residual IkBa. Similarly, IL-1p-
stimulated p65 phosphorylation was not significantly affected (50 nM TAK1 siRNA; fold increase
=3.78 + 0.34). In contrast to effects on MAP kinase signalling, these results do not suggest a role for
TAKI in the regulation of IxkB-a loss and phosphorylation of p65 in U20S cells, which are the main

markers for the canonical NF-kB signalling pathway.
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Figure 4. 21 The effect of TAK1 siRNA upon IL-1B-mediated cellular IxB-a loss and p65

phosphorylation in U20S cells.
Cells were transfected with non-targeting (NT) siRNA 50 nM, TAKI1 siRNA for 72 h before

stimulation with IL-1f (IL,10 ng/mL) for 30 min. Whole cell extracts were assessed for A) IkB-a loss
(39 kDa), TAK1 (80 kDa), pp65 (65 kDa), total p65 (65 kDa), and GAPDH (37 kDa), which was
used as a loading control. Blots were semi-quantified by scanning densitometry and the results
expressed as fold increase relative to the control for B) IkB-a loss and p65 phosphorylation. Each
value represents the mean + SEM of three independent experiments, ns non-significant vs IL-1f and
NT as an agonist-stimulated control. Data was analysed using a one-way ANOVA test.
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4.6.4.5 The effect of TAK1 siRNA Silencing on IL-1B-Induced p100 phosphorylation in U20S

cells

As in previous experiments, the effect of sSiRNA TAKI1 on IL1B-induced p100 phosphorylation in
U20S cells was investigated. Figure 4.22 showed IL-1B-induced a more than 13-fold increase in p100
phosphorylation at 30 min (Fold stims=13.38 + 2.63, P <0.0001). This response was significantly
inhibited following siRNA TAK-1, reducing the signal by over 50% (50 nM TAKI siRNA Fold
increase = 5.91 £ 0.84, P <0.01), with no effect on cell survival when assessed by GAPDH expression.
In contrast, the p100 processing to pS2 in either control or IL-1f stimulated cells was not affected by

TAKI1 siRNA. These results suggest a role of TAK1 in the regulation of p100 mediated by IKKa.
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Figure 4. 22 The effect of TAK1 siRNA upon IL1p -mediated phosphorylation of p100 in
U20S cells.
Cells were transfected with non-targeting (NT) siRNA 50 nM, and TAK1 siRNA (50 nM) for 72 h

before stimulation with IL1B (IL,10 ng/mL) for 30 min. Whole cell extracts were assessed for A) p-
p100 (100 kDa), TAK1 (80 kDa), and GAPDH (37 kDa), which was used as a loading control. Blots
were semi-quantified by scanning densitometry, and the results expressed as fold increases relative
to the control for B) pl100 phosphorylation. Each value represents the mean + SEM of three
independent experiments. Data was analysed using a one-way ANOVA test, **P <0.01 vs. non-
targeting control.
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4.6.4.6 The effect of TAK1 siRNA silencing on IL-1B-induced phosphorylation of IKKa/p in U20S
cells

The results obtained from previous experiments showed the role of TAK1 on IKKa signalling through
inhibition of IL1B-induced p100 phosphorylation in U20S cells, with no significant effect on IKKf
signalling. However, in order to confirm this effect, the effect of siRNA TAK1 on phosphorylation
of the IKKo/p complex stimulated by IL1 was examined. Figure 4.23 shows that IL1f induced a 15-
fold increase in phosphorylation of the complex at 30 min (Fold stims=15.32 + 1.24, P<0.0001). This
response was significantly inhibited, both IKKa and IKK phosphorylation was inhibited following
siRNA TAKI1(50 nM TAKI1 siRNA Fold increase =5.10 = 1.73, P<0.001). This result was consistent
with the previous experiments identifying a role for TAK1 in the regulation of the IKK alpha pathway
induced by cytokines.
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Figure 4. 23 The effect of TAK1 siRNA upon IL-1p-mediated phosphorylation of IKKa/p in
U20S cells.
Cells were transfected with non-targeting (NT) siRNA 50 nM, and TAK1 siRNA (50 nM) for 72 h

before stimulation with IL1J (IL,10 ng/mL) for 30 min. Whole cell extracts were assessed for A)
pIKK/B phosphorylation (84,86 kDa), TAK1 (80 kDa), total IKKa (84 kDa), and GAPDH (37 kDa),
which were used as a loading control. Blots were semi-quantified by scanning densitometry and the
results expressed as fold increase relative to control for B) pIKKa/pB phosphorylation. Each value
represents the mean £ SEM of three independent experiments. Data was analysed using a one-way
ANOVA test, ***P <0.001 vs IL-1P plus NT as an agonist-stimulated control.
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4.7 Effect of Mitogen-Activated Protein Kinase Kinase Kinase 3 (MEKK3)
inhibition on IL-1B-induced cellular signalling in U20S cells

Studies have shown an interaction between TAK1 and MEKK3 signalling cascades in the activation
of NF-xB downstream signalling in response to cytokines and other factors such as H-pylori
(Sokolova et al., 2014; Zhang et al., 2019). Therefore, the effect of MEKK3 deletion or inhibition in

U20S cells was examined using both molecular and pharmacological approaches.

4.7.1 Effect of siRNA-mediated silencing of cellular MEKK3 expression on IL-1f -stimulated
signalling Pathways in U20S cells

4.7.1.1 Knockdown efficiency of siRNA-mediated silencing of MEKK3 in U20S cells

Using the same approach as for TAKI siRNA, two concentrations of MEKK3 siRNA were
transfected into U20S cells for 96 h, which was discovered to be the appropriate time for silencing.
To exclude any effects that might arise as a result of the transfection procedure, the same
concentration of non-targeting (NT) siRNA were also applied. Figure 4.24 showed that
concentrations of siRNA (50 and 100 nM) successfully reduced endogenous MEKK3 expression by
more than 90% in both stimulated and non-stimulated cells compared to non-transfected cells,
whereas the NT construct had no effect (50 nM: % basal MEKK3 expression = 6 + 2.78; 100 nM:
% basal MEKK3 expression =4 + 2.08, P <0.0001). Furthermore, knockdown showed no effect on

cell survival as assessed by GAPDH expression.

143



Mohammed Sinjar

MEKK3

GAPDH

% Basal MEKK3 expression

_\
o O
)
1

100

............ ol ... |SiRNA MEKK3 (50nM)
............ + siRNA MEKK3 (100nM) 504
...... i O ...|siRNA NT (100nM) rex
............ IL-1B (10ng/ml) *kokk
0-
e & & Y v & ¢
&(\ L {_’J\ N ,b(‘
Y@ & & &

Figure 4. 24 The effect of siRNA MEKK3 on MEKK3 expression in U20S cells.
Cells were transfected with siRNA MEKK3 or non-targeting (NT) at 50 nM and 100 nM for 96 h.

Whole-cell extracts were assessed for A) MEKK3 (78 kDa), and GAPDH (37 kDa), which was used
as a loading control, as outlined in Section 2.3.2. Blots were semi-quantified for a percentage of basal
MEKK3 expression by scanning densitometry, and the results expressed as a relative to untreated
control for B) MEKK3. Each value represents the mean + SEM of three independent experiments.
Data was analysed using a one-way ANOVA test, ****P < (0.0001 vs IL-1p and NT as an agonist-
stimulated control.
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4.7.1.2 The effect of MEKK3 siRNA Silencing on IL-1B-Induced JNK Phosphorylation in U20S
Cells

The impact of sSiRNA MEKK3 on IL1B-induced JNK phosphorylation in U20S cells was investigated
after the knockdown conditions were optimised. Figure 4.25 showed IL1B-induced a more than 13-
fold increase in JNK phosphorylation at 30 min (Fold stims=13.55 + 1.91, P <0.0001). Interestingly,
this response was slightly increased following siRNA MEKK3 (50 and 100 nM) compared to the NT
control. This result did not support a role for MEKK3 in the regulation of the JNK signalling cascade.
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Figure 4. 25 The effect of MEKK3 siRNA upon IL-1B-mediated phosphorylation of JNK in
U20S cells.

Cells were transfected with non-targeting (NT) siRNA 100 nM, MEKK3 siRNA (50-100 nM) for 96
h before stimulation with IL-1B for 30 min. Whole cell extracts were assessed for A) pJNK
phosphorylation (54,46 kDa), total INK (54,46 kDa), MEKK3 (78 kDa), and GAPDH (37 kDa),
which was used as a loading control. Blots were semi-quantified by scanning densitometry and the
results expressed as fold increase relative to control for B) pJNK phosphorylation. Each value
represents the mean + SEM of three independent experiments. Data was analysed using a one-way
ANOVA test, ns non-significant vs IL-13 and NT as an agonist-stimulated control.
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4.7.1.3 The effect of MEKK3 siRNA Silencing on IL-1B-Induced Phosphorylation of p100 and
Cellular IxkB-a Degradation in U20S Cells

The effect of siRNA MEKK3 on p100 phosphorylation and cellular IkB-a loss induced by IL-1f was
assessed as markers of both IKKa and IKKf activity. Figure 4.26 showed IL1B-induced more than
14-fold increase in p100 phosphorylation (Fold stims= 14.50 + 1.40, P <0.0001), with complete
cellular IkB-a loss (% basal IkBa expression- 13.33 + 6.58 %, P <0.0001) at 30 minutes. Following
siRNA MEKK3 (50 and 100 nM), which reduced MEKK3 expression by over 80%, these IL-1p-
induced responses were not significantly altered when compared to IL-1 plus NT stimulation.
Furthermore, there was no effect on the expression of p100/p52. Taken together, these results do not
suggest a role for MEKK3 in the regulation of either IKKa— or IKKB-dependent NF-kB signalling

in response to IL-1.
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Figure 4. 26 The effect of MEKK3 siRNA upon IL-1B-mediated p100 phosphorylation and
cellular IkB-a loss in U20S cells.
Cells were transfected with non-targeting (NT) siRNA 100 nM, MEKK3 siRNA (50 and 100 nM)

for 96 h before stimulation with IL-1f (IL, 10 ng/mL) for 30 min. Whole cell extracts were assessed
for A) p-p100 (100 kDa), cellular IxB-a loss (39 kDa), MEKK3 (80 kDa), and GAPDH (37 kDa)
which was used as a loading control. Blots were semi-quantified by scanning densitometry and the
results expressed as fold increase relative to control for B) ppl00 phosphorylation, C) IkB-a
degradation. Each value represents the mean = SEM of three independent experiments. Data was
analysed using a one-way ANOVA test, ns, non-significant vs IL-1 and NT as an agonist-stimulated
control.
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4.8 Effect of Combined TAK-1/MEKK3 siRNA Silencing upon IL-1p-Inducing
Signalling Pathways in U20S Cells

As described previously, a synergistic effect between both TAK1 and MEKK3 was reported,
particularly with respect to NF-«kB signalling (Sokolova et al., 2014). Therefore, the effect of
combined siRNA TAK1 and MEKK3 in this study was examined.

4.8.1 Effect of combined TAK-1 and MEKK3 siRNA silencing on IL-1B-induced MAPK signalling

Following stimulation of U20S cells, Figure 4.27 shows that IL1B-induced more than a 13-fold
increase in JNK phosphorylation at 30 min (Fold stims=13.29 + 1.27, P <0.0001). This response was
significantly reduced following siRNA TAK-1 by about 70% (50 nM) (Fold stims= 4.62 + 0.88)
whilst total JNK was not affected. Alone, MEKK3 siNRA was without effect on phosphorylation
levels. The combined knockdown of siRNA TAK-1 and MEKK3 gave a decrease in JNK, which was
essentially the same as siRNA TAK-1 alone (Fold stims= 5.12 + 1.42, P <0.01). siRNA MEKK3
treatment did not result in any amplification of the inhibition. These findings do not suggest a

synergistic effect of MEKK3 with TAK1 in the regulation of the JNK signalling cascade.
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Figure 4. 27 The effect of combined TAK1 and MEKK3 siRNA upon IL-1B-mediated
phosphorylation of JNK in U20S cells.
Cells were transfected with non-targeting (NT) siRNA 100 nM, TAK-1 siRNA (T), MEKK3 siRNA

(K3) (50 nM) for 96 h before stimulation with IL-1p (IL,10 ng/mL) for 30 min. Whole cell extracts
were assessed for A) pJNK phosphorylation (54,46 kDa), total JNK (54,46 kDa), TAK-1 (80 kDa),
MEKKS3 (78 kDa), and GAPDH (37 kDa), which was used as a loading control. Blots were semi-
quantified by scanning densitometry, and the results expressed as fold increase relative to the control
for B) pJNK 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-1p and NT as an
agonist-stimulated control.
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4.8.2 The effect of combined TAK1 and MEKK3 siRNA silencing on IL-1-induced cellular IxkB-a
degradation in U20S Cells

Within the same experimental setup, the effect of the combined siRNA knockdown on cellular IkB-
a loss induced by IL-1p was also assessed. Figure 4.28 shows IL-1B-induced cellular IkB-a loss by
approximately 87% (% basal IxB-a expression =13.25 +4.15, P <0.0001) at 30 min. Following single
siRNA treatments with TAK-1 or MEKK3 siRNA, there was no reversal of the IL-1p response,
although for TAK-1 siRNA, there was a reversal of the shift in the residual band, indicative of an
inhibition of phosphorylation. Furthermore, the combined siRNA TAK-1 and MEKK3 (50 nM), did
not show a reversal of the loss in IkBa mediated by IL-1p. These results suggest no additional impact
of the combined TAK-1 and MEKK3 knockdown in the regulation of the canonical NF-kB signalling
pathway.
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Figure 4. 28 The effect of combined TAK1 and MEKK3 siRNA upon IL-1B-mediated cellular
IxBa loss in U20S cells.

Cells were transfected with non-targeting (NT) siRNA 100 nM, TAK-1 siRNA (T, 50 nM), MEKK3
siRNA (K3, 50 nM) for 96 h before stimulation with IL-1f (IL,10 ng/mL) for 30 min. Whole cell
extracts were assessed for A) cellular [kBa loss (39 kDa), TAK-1 (80 kDa), MEKK3 (78 kDa), and
GAPDH (37 kDa), which was used as a loading control. Blots were semi-quantified by scanning
densitometry, and the 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.
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4.8.3 The effect of combined TAK-1 and MEKK3 SiRNA silencing on IL-1B-induced p100 and
IKKo/B phosphorylation in U20S cells

As in previous experiments, the effect of both siRNA TAK1 and MEKK3 knockdown on IL1p-
induced p100 phosphorylation in U20S cells was investigated following individual or combined
siRNA TAK1 and MEKK3 knockdown. Figure 4.29 shows that IL1B-induced a more than 40-fold
increase in p100 phosphorylation at 30 min (Fold stims=45.43 + 6.92, P<0.0001). Once again, when
TAK-1 siRNA was used along, there was a significant inhibition of p100 phosphorylation; however,

in response to MEKK3 rundown, there was no effect on the IL-1p signal.

Whilst the combined knockdown was inhibited this response markedly compared to NT control as
shown in panel (B) (Fold increase=27.39 + 6.86, P<0.05) the TAK-1 siRNA alone strongly inhibited
p100 phosphorylation (50 nM TAK1 siRNA Fold increase= 19.77 = 2.76, P<0.01), while the MEKK3
knockdown did not significantly affect the stimulation. Moreover, the p100 processing to p52 was

not affected by TAK1 and MEKK3 knockdown alone or together.

The same experiment was conducted to measure IKKa/B phosphorylation induced by IL1f3. IL1
stimulated an approximately 8-fold increase in pIKKo/p phosphorylation at 30 min, as shown in
Figure 4.29 (Fold stims=7.96 + 0.89, P<0.0001), the combined knockdown inhibited this response
markedly compared to NT control, as shown in panel (C) (Fold increase=5.10 + 0.63, P<0.01).
However, the TAK-1 siRNA alone strongly inhibited IKK o/ phosphorylation (50 nM TAK1 siRNA
Fold increase= 4.31 + 1.71, P<0.001) while the MEKK3 knockdown did not significantly alter the
stimulation. These results suggest the involvement of TAK1 in the regulation of the IKK alpha

signalling pathway, with no role of MEKK3.
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Figure 4. 29 The effect of combined TAK-1 and MEKK3 siRNA upon IL-13-mediated
phosphorylation of p100 and IKKa/p in U20S cells.

Cells were transfected with non-targeting (NT) siRNA 100 nM, TAK-1 siRNA (T, 50 nM), MEKK3
siRNA (K3, 50 nM) for 96 h before stimulation with IL-1 (IL,10 ng/mL) for 30 min. Whole cell
extracts were assessed for A) p-p100 (100 kDa), p52 (52 kDa), p-IKKa/B (84,86 kDa), TAK-1 (80
kDa), MEKK3 (78 kDa), and GAPDH (37 kDa), which was used as a loading control. Blots were
semi-quantified by scanning densitometry, and the results expressed as fold increase relative to the
control for B) p100 phosphorylation, C) IKKa/B phosphorylation. Each value represents the mean +
SEM of three independent experiments. Data was analysed using a one-way ANOVA test, ***P<
0.001, **P<0.01, *P< 0.05 vs IL-1B and NT as an agonist-stimulated control.
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4.9 Identification of the signalling pathway (s) involved in IL-1f-induced
CXCL12 activity in U20S-CXCL12 cells

4.9.1 Effect of MAP Kinase Inhibition upon Cellular Signalling Stimulated by IL-1§ in U20S
Cells

4.9.1.1 Effect of INK inhibition upon ppJNK induced by IL-1f in U20S cells

The effect of the INK inhibitor SP600125 was examined in the following experiment. Figure 4.30
showed that IL-1P stimulated pJNK phosphorylation significantly compared to unstimulated cells
(Fold stims for IL-1+DMSO =46.94 + 0.86, P <0.001). In panel B, this stimulation was significantly
inhibited via SP600125 at 10 and 20 uM (Fold stims for IL-1p+SP600125 at 10 uM=17.63 + 1.06, P
<0.05).

The same experiment was repeated for p-cJun as shown in panel C, and IL-1f significantly stimulated
the phosphorylation compared to unstimulated cells (Fold stims for IL-13+DMSO =8.64 £ 1.38, P <
0.01). This stimulation was also inhibited significantly via SP600125 at 10 and 20 uM (Fold stims
for IL-1B+SP600125 at 10 pM=4.93 + 0.89, P < 0.05).
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Figure 4. 30 Effect of SP600125 on IL-1pB-induced phosphorylation of JNK in U20S cells.
U20S cells were pre-treated with SP600125 for 1 h before stimulation with IL-1p (IL,10 ng/mL) for

30 min. Whole-cell extracts were assessed for A) JNK phosphorylation (46,54 kDa), pc-Jun
phosphorylation (48 kDa), and total INK (46,54 kDa), which was used as a loading control. Blots
were semi-quantified by scanning densitometry and the result expressed as a fold increase relative to
control for B) pJNK, and C) pc-Jun. Each value represents the mean + SEM of three independent
experiments. Data were analysed using a one-way ANOVA test, ** P <0.01, *P <0.05 vs IL-18 +
DMSO.

4.9.1.2 Effect of MAPK inhibitors on IL-1B-induced CXCL12 luciferase activity in U20S-CXCL12
Cells

Having established the role of IL-1B in MAPK signalling regulation, particularly p38 and JNK, as
well as the impact of pharmacological inhibition of these pathways, such as JNK inhibitor SP600125,
on IL-1B-induced signalling was also demonstrated in U20S cells. Therefore, the role of IL-1 on

CXCL12 induction was examined in this chapter.

155



Mohammed Sinjar

Initially, the effect of MAP Kinase inhibitors (JNK, p38, and ERK) on IL-1B-induced CXCL12
activity was tested in U20S cells. After 1 h treatment with 10 and 20 uM concentrations of the
inhibitors, cells were stimulated with IL-18 for a further 6 h. As shown in Figure 4.31, IL-1B
significantly induced CXCL12 activity in U20S cells to levels at approximately 3-4-fold of basal
values. Following treatment with JNK inhibitor SP600125 panel (A), there was no significant effect
on IL-1B-induced reporter. In contrast, following treatment with the MEK/ERK inhibitor PD98059
panel (B), IL-1p reporter activity showed a trend towards an increase, but this was not significant.
Finally, the effect of p38 inhibitor SB203580 panel (C), caused a small but significant decrease (20-

25%) in CXCLI12 activity across a number of experiments.
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Figure 4. 31 Effect of MAPK inhibitors upon IL-1p-mediated CXCL12 activity in U20S cells.
U20S cells were pre-treated with JNK inhibitor (SP600125) (A), MEK/ERK inhibitor (PD98059)

(B), and p38 inhibitor (SB 203580) (C) for 1 h before stimulation with IL-1B (10 ng/mL) for a further
6 h. Cell lysates were assayed for luciferase activity as previously described in Section 2.5.1. The
data shown was expressed as fold induction, and each value represents the mean = SEM of three
independent experiments, ns, non-significant, *P < 0.05 vs IL-1p + DMSO.

4.9.1.3 Effect of NF-kB inhibitors on IL-1p-induced CXCL12 induction in U20S cells

Having established the relative effects of pharmacological inhibition of both IKKa and IKKf-
dependent NFxB signalling in U20S cells, the effect upon CXCL12 induction was examined.
Therefore, the IKKa inhibitor SU1261(IKKa Ki = 10 nM, Ki = 680 nM) (Anthony et al., 2017) and
the canonical IKK-beta inhibitor, IKK2 X1, were tested in U20S-CXCLI12 cells using the luciferase

reporter activity.
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As shown in Figure 4.32, the results revealed that IL-1f induced a normal, 3-fold increase in CXCL12
activity at 10 ng/mL (Fold induction = 2.96 + 0.29, P< 0.001). This induction was significantly
inhibited at low micromolar molar concentration, 3 and 10 uM of SU1261, as shown in panel A (Fold
induction at 10 uM 1.13 £ 0.07, P< 0.001). In contrast, the IKK2 X1 inhibitor alone caused a

significant increase in reporter activity but showed little effect on the IL-1p response, as shown in

panel B.
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Figure 4. 32 The effect of NF-kB inhibitors upon IL-1p-mediated CXCL12 activity in U20S
cells.

U20S cells were pre-treated with the selective IKK-a inhibitor, SU1261 (panel A), and IKK-B
inhibitor, IKK2 X1 (Panel B) for 1 h before stimulation with IL-1 (IL, 10 ng/mL) for a further 6 h.
Cell lysates were then measured for luciferase activity as previously described in Section 2.5.1. Data
shown was expressed as fold induction and each value represents the mean = SEM of three
independent experiments. ***P < 0.001 vs agonist stimulated control.
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4.9.2 Characterisation of the role of IKKa and IKKp in the regulation of IL-1B-induced
CXCL12 activity in U20S-CXCL12 cells

Figure 4.33 shows that transfecting cells with 50 nM NT, siRNA IKKa, and IKKf alone led to an
increase in CXCL12 compared to the non-transfected cells. Following stimulation with IL-1p for 6
h, there was a noticeable increase in CXCL12 activity (3-4 fold), this was potentiated by NT siRNA
(Fold induction= 6.32 + 0.30), and also siRNA IKKa and IKKf (Fold induction for IKKa and IKK =
6.50 = 1.08, 7.53 £ 1.02 respectively). This suggests that neither IKKa nor IKKf has a role in IL-1-
stimulated CXCL12 activity, and the IKKa inhibitor, SU1261, examined in Figure 4.12, has an off-
target effect.
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Figure 4. 33 The effect of siRNA IKKa and IKKp on IL-1B-induced CXCL12 activity in
U20S CXCL12 cells.
Cells were transfected with 50 nM of non-targeting (NT), IKKa siRNA (50 nM), and IKK[} siRNA

(50 nM), for 72 h before stimulation with IL-1p (IL,10 ng/mL) for a further 6 h. Whole-cell extracts
were then measured for luciferase activity as previously described in Section 2.5.1. Data shown
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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The next experiment tested the effect of combining siRNA IKKa and IKKf on CXCL12 induction.
Figure 4.34 showed that the NT and IKKa and IKKp siRNA double knockdown alone induced a
marked increase in CXCL12 reporter activity. Whilst IL-1B-stimulated the usual 4-fold increase in
activity, this was increased slightly following NT transfection or siRNA IKKa or IKKf alone (Fold
induction for IKKa and IKKB= 6.39 + 1.05, 7.42 £ 1.25, respectively). Double knockdown had no
significant effect on IL-1 stimulation (Fold induction= 6.09 + 1.07). This again indicates that IKKa
and IKKf does not influence CXCL12 induction and no evidence for co-operation between these

kinases was indicated.
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Figure 4. 34 The effect of siRNA IKKa and IKKp double knockdown on IL-1B-induced
CXCL12 activity in U20S CXCL12 cells.
Cells were transfected with 100 nM of non-targeting (NT), IKKa siRNA, and IKKf siRNA (50 nM),

for 72 h before stimulation with IL-1f (IL,10 ng/mL) for a further 6 h. Whole-cell extracts were then
measured for luciferase activity as previously described in Section 2.5.1. Data shown 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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4.9.2.1 The effect of IKKa and IKKf3 siRNA in combination with SU1261 in the Regulation of IL-
1B-induced CXCL12 induction in U20S-CXCL12 cells

Having established a lack of effect of IKKa and IKKf3 siRNA on CXCL12 induction in response to
IL-1B, the effect of combined IKKa inhibitor SU1261 with IKKo/IKKf siRNA in U20S cells was
examined to identify the selectivity of the inhibitor on CXCL12 induction. Figure 4.35 shows that
transfecting cells with 50 nM NT, siRNA IKKa and IKKf alone led to an increase in CXCL12
compared to the non-transfected cells. Additionally, the CXCL12 activity was increased by more than
3-fold after stimulation with IL-1P for 6 h. Again, both siRNA IKKa and IKKf increased the activity
compared to NT control (Fold induction for IKKa and IKKB=3.95 +0.41, 4.32 £ 0.30, respectively).
Moreover, the cells were also treated with 10 uM IKKa inhibitor, SU1261 and the data showed that
the inhibitor significantly inhibited the activity following stimulation with IL-1f compared with the
agonist-stimulated control (Fold induction= 1.06 + 0.48, **P<0.01). This response did not change
when cells were treated in combination with siRNA IKKf and interestingly, when cells treated with
both siRNA IKKa and SU1261 (Fold induction= 1.38 + 0.41). These findings suggest an off-target
effect of SU1261 not related to its inhibition of IKKa.
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Figure 4. 35 The effect of combined SU1261 with siRNA IKKa and IKKp on IL-1p-induced
CXCL12 activity in U20S CXCL12 cells.

Cells were transfected with 50 nM of non-targeting (NT), IKKa siRNA (sia, 50 nM) and IKKf3 siRNA
(sif, 50 nM), for 72 h before being treated with 10 uM SU1261(SU) for 1h and stimulated with IL-
1B (IL,10 ng/mL) for a further 6 h. Whole-cell extracts were then measured for luciferase activity as
previously described in Section 2.5.1. Data shown 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 vs agonist and nontargeting control.

Having established that neither IKKa nor IKK is likely to regulate CXCL12, other pathways were
investigated. Possible regulatory targets include NEMO-like kinase (NLK), TAK-1 and MEKK3,
known to be activated in response to IL-1B (Jurida et al., 2015; Weber et al., 2010; Yao et al., 2007).
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4.9.3 The effect of combined p38/NLK inhibition on IL-1B-induced cellular signalling and
CXCL12 induction in U20S Cells

4.9.3.1 The effect of combined p38/NLK inhibition on IL-1B-induced cellular IkBa degradation and
p65 phosphorylation in U20S Cells

The effect of the combined p38/NLK inhibitor, AMG548 on the canonical NF-kB pathway was
examined through assessing the cellular IkBa loss and p65 phosphorylation. Figure 4.36 showed that
IL-1B significantly induced cellular IkBa loss at 30 min compared to basal by around 95%. Following
the pre-treatment of the cells with p38/NLK inhibitor in the micromolar range, the cellular IkB-a
degradation was not influenced compared to non-stimulated cells and the compound alone.
Furthermore, AMG548 showed no significant effect on the phosphorylation of p65 after a 7-fold
increase by IL-1p. Suggesting no inhibitory effect for the canonical NF-kB pathway by AMG548.
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Figure 4. 36 Effect of AMG548 on IL-1p-induced cellular IxkBa loss and p65 phosphorylation
in U20S cells.
Cells were pre-treated with AMG for 1 h before stimulation with IL-18 (IL,10 ng/mL) for 30 min.

Whole-cell extracts were assessed for A) IkBa loss (39 kDa), p65 phosphorylation (65 kDa), and
GAPDH (37 kDa), which was used as a loading control. Blots were semi-quantified by scanning
densitometry and the result expressed as a fold increase relative to control for B) IkBa and p65
phosphorylation. Each value represents one experiment.
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4.9.3.2 The effect of Combined p38/NLK Inhibition on IL-1B-induced p100 phosphorylation in
U20S Cells

The same experiment was done for the non-canonical NF-kB pathway to assess the effect of the
combined p38/NLK inhibitor, AMG548, on p100 phosphorylation, which is the main component of
the pathway. Figure 4.37 showed that IL-1B induced a more than 5-fold increase in p100
phosphorylation at 30 min compared to non-stimulated cells. Following the pretreatment of the cells
with AMG548 in the micromolar range (1-20 pM), the phosphorylation of p100 was not affected
compared to non-stimulated cells and the compound alone. Also, there was no effect on p100
processing and p52 formation in pre-treated cells compared to the compound alone. These results

suggest no inhibitory effect of AMG548 on the non-canonical NF-kB pathway.
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Figure 4. 37 Effect of AMG548 on IL-1B-induced phosphorylation of p100 in U20S cells.
Cells were pre-treated with AMG for 1 h before stimulation with IL-1p (IL,10 ng/mL) for 30 min.

Whole-cell extracts were assessed for A) pl00 phosphorylation (100 kDa), p52 (52 kDa), and
GAPDH (37 kDa), which was used as a loading control. Blots were semi-quantified by scanning
densitometry, and the result expressed as a fold increase relative to the control for B) phosphorylation
of p100. Each value represents one experiment.

4.9.3.3 The effect of combined p38/NLK inhibition on IL-1B-induced JNK phosphorylation in
U20S Cells

An additional test examined the effect of AMG548 on IL-1B-induced JNK phosphorylation in U20S
cells. Following more than a 20-fold increase in IL-1B-induced JNK phosphorylation, the results in
Figure 4.38 showed that pretreatment of the cells with AMG548 did not reduce JNK phosphorylation
in a low micromolar range (1-20 uM), compared to non-stimulated cells and AMG548 alone. This

result indicates no role of AMG548 on the IL-1-induced JNK pathway.
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Figure 4. 38 Effect of AMGS548 on IL-1p-induced phosphorylation of pJNK in U20S cells.
Cells were pre-treated with AMG for 1 h before stimulation with IL-1p (IL,10 ng/mL) for 30 min.

Whole-cell extracts were assessed for A) pJNK (46,52 kDa) and total JNK (46,52 kDa), which was
used as a loading control. Blots were semi-quantified by scanning densitometry and the result
expressed as a fold increase relative to control for B) pJNK phosphorylation. Each value represents
one experiment.

4.9.3.4 Effect of combined MAPK p38/NLK inhibiton on IL-1p-induced CXCL12 reporter activity
in U208 Cells

The previous results in Figure 4.31 showed a marginal inhibitory effect of SB203580 on IL-18-
induced CXCL12 reporter activity. Recent findings have suggested that SB203580 can have off-target
activity at another MAP kinase, Nemo-like kinase (NLK). Therefore, the dual NLK/p38 inhibitor
AMG548 was examined (Verkaar et al., 2011; Wilkes et al., 2020). The results in Figure 4.39A
showed that IL-1P stimulated a 3-fold increase in activity. Pre-treatment with AMGS548 caused a

concentration-dependent inhibition of the IL-1p response in the low to mild micromolar range
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(Fold stim for IL-1p +10 uM AMGS548- 1.50 £+ 0.06, P <0.0001). Figure 4.39 (B) shows that the
concentration of AMG548 at which 50 % of CXCL12 activity was inhibited (ICso) was 4.40 uM.

During these experiments with AMG548, a compromise of cell integrity was observed; therefore, the
MTT assay was carried out as shown in Figure 4.40 (A) and (B). The results showed that AMG548
caused a concentration-dependent decrease in cell viability at both 7 and 24-h incubation periods (cell
viability at 20 uM, at 7 h and 24 h =72 %, and 64 % respectively). This finding did not support a clear
role for NLK in CXCL12 induction with the possibility of cell compromise.
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Figure 4. 39 The effect of AMG548 upon IL-1p stimulated CXCL12 induction in U20S cells.
U20S cells were pre-treated with increasing concentrations of AMGS548 for 1 h before stimulation

with IL-1B (IL,10 ng/mL) for a further 6 h. Cell lysates were then measured for luciferase activity as
previously described in Section 2.5.1. The data shown was expressed as fold induction and each value
represents the mean + SEM of three independent experiments for (A). Each value expressed as a
percent of maximum stimulation for (B), ****P < (0.0001, ***P < 0.001 vs IL-1 + DMSO.
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Figure 4. 40 Effect of AMGS548 on U20S cell viability using MTT Assay.
U20S cells were grown in 96-well plates as previously described in Section 2.6 using increasing

concentrations of AMG548 for 7 h (A) and 24 h (B). U20S cells treated with DMSO provided a
negative control, and H>O, (400 uM) acted as a positive control. Triplicates were averaged for each
experiment. Data shown expressed the viability of U20S cells in three independent experiments at 7
h, with one for 24 h treatment.

4.9.4 Effect of TAK1 Inhibitors on IL-1B-induced CXCL12 Activity in U20S Cells

Having established the effectiveness of pharmacological TAK-1 inhibition on II-1f stimulated
signalling parameters, the role of TAK1 on CXCL12 luciferase activity was examined, using the
TAKI1 inhibitor 5Z-70xozeaenol (abbreviated as 5Z-7-ox0) (Sokolova et al., 2014; Wei et al., 2016)
and also Takinib (Totzke et al., 2017). The results shown in Figure 4.41 demonstrate that IL-1
significantly induced more than a 3-fold increase in CXCL12 activity at 10 ng/mL (Fold stimulation
for IL-1 =3.63 = 0.17, P> 0.0001). This induction was significantly inhibited by 5Z-70xo over the
10-30 uM concentration range, where IL-1f stimulation was reduced between 3-10 uM (Fold stim
for IL-1B + 10 uM 5Z-7-0x0 - 1.35 + 0.49, ICs0 5.03 uM, P >0.001). A complete inhibition of the IL-
1P response was achieved at 20uM (Fold stim for IL-1p + 20 uM 5Z-7-oxo0 - 0.53 £ 0.19, P >0.0001).
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5Z-7-oxo has been shown to have negative effects on cell survival and viability (Shi et al., 2021).
Therefore, the effect of 5Z-7-oxo was tested on cell viability over a similar concentration range at
both 7 h and 24 h using an MTT assay. The results in Figure 4.42 showed a noticeable effect of 5Z-
70xo0 on cell survival and viability of around 30% with 7 h treatment, as shown in panel (A), and more
than 50% with 24 h treatment, as shown in panel (B) at 10 uM concentration. The high drop in cell
viability with longer treatment was similar to another study that tested the anticancer effect of 52-7-
oxo for a longer time in the B-NHL cell line (Wu et al., 2013). This longer treatment does not allow

the role of TAK1 to be clearly established.

Therefore, the effect of another TAK-1 inhibitor, Takinib on CXCL12 induction was examined, and
the results are shown in Figure 4.43. IL-1f stimulated a 3-fold increase in CXCL12 activity. Takinib
caused a concentration-dependent inhibition of the IL-1f response between 10-30 uM (Fold stims for
IL-1B +10 uM- 1.72 £ 0.14, ICso 3.35 uM, P < 0.001). The inhibition was achieved over a larger
concentration range than for 7-oxo. However, there are clear issues with Takinib with respect to cell

viability.
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Figure 4. 41 The effect of TAK1 inhibitor, 5Z-70x0 upon IL-1B-induced CXCL12 activity in

U20S cells.
Cells were pre-treated with increasing concentrations of 5Z-70xo (A) for 1 h before stimulation with

IL-1B (IL,10 ng/mL) for a further 6 h, and the percentage increase in response of CXCL12 activity
(B). Cell lysates were then measured for luciferase activity as previously described in Section 2.5.1.
Data shown expressed fold induction and U20S cell viability. Each value represents the mean + SEM
of three independent experiments for 5Z-70xo upon CXCL12 activity. ****P <(0.0001, ***P <0.001
vs agonist stimulated control.
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Figure 4. 42 Effect of TAK1 inhibitor, 5Z-70x0 on U20S cell viability.
Cells were grown in 96-well plates as previously described in Section 2.6 using various

concentrations of 5Z-7oxo for 7 h (A) and 24 h (B). U20S cells treated with DMSO provided a
negative control and H>O> (400 uM) acted as a positive control. Triplicates were used for each
experiment. Data shown expressed as U20S cell viability in three independent experiments.

170



Mohammed Sinjar

%k %k %k %k

* ok 3k  —

Fold induction of CXCL12
N
|

(o
S ® S P S S S S S
s IR N I L
B
100 —
|C50= 3.35 MM
[¢b}
(72]
[
o
o
3
o 50—
>
(40}
=
=
0 1 1 1 1 1
-6.5 -6.0 -5.5 -5.0 -4.5 -4.0

Log Takinib [M]

Figure 4. 43 The effect of TAK1 inhibitor, Takinib, upon IL-1B-induced CXCL12 activity in
U20S cells.
Cells were pre-treated with increasing concentrations of Takinib for 1 h before stimulation with IL-

1B (IL,10 ng/mL) for a further 6 h (A), and the percentage increase in response of CXCL12 activity
(B). Cell lysates were then measured for luciferase activity as previously described in Section 2.5.1.
Data shown expressed as fold induction and each value represents the mean £ SEM of three
independent experiments for Takinib. **** P <(0.0001, *** P <0.001, vs agonist stimulated control.
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4.9.4.1 The effect of TAK-1 siRNA on IL-1pB- induced CXCL12 activity in U20S-CXCL12 cells

Having established the effect of TAK-1 siRNA on IL-1 stimulated MAP kinase and NF-kappa B
signalling pathways, the next step was to assess the effect of TAK-1 run down on CXCL12 induction

using reporter assay.

Figure 4.44 shows that IL-1p induced a 3-fold increase in CXCL12 activity compared to control (Fold
induction =3.06 = 0.16, P <0.0001). Transfecting cells with siRNA TAKI, which consistently
reduced TAK-1 expression by over 80% as shown in panel (A), led to a small significant reduction
by about 20 % in IL-1p -stimulated CXCL12 reporter activity compared to the non-target (NT)
control, as shown in panel (A) (TAK1 siRNA 50 nM: Fold induction 2.53 + 0.04, P <0.01), with no
cell damage as assessed by GAPDH expression. The results suggest that TAK1 plays a minor role in
regulating IL-1B-stimulated CXCL12 activity and that the effect of TAK-1 inhibitors may include an

off-target element.
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Figure 4. 44 The effect of siRNA TAKI1 on IL-1p-induced CXCL12 activity in U20S CXCL12
cells.
Cells were transfected with 50 nM of non-targeting (NT), TAK1 siRNA (50 nM), panel (A) for 72 h

before stimulation with IL-1f (IL,10 ng/mL) for a further 6 h. Whole-cell extracts were then measured
for luciferase activity, panel (B) as previously described in Section 2.5.1. Data shown was expressed
as fold induction. Each value represents the mean + SEM of three independent experiments. Data was
analysed using a one-way ANOVA test, **P <0.01 vs IL-1 and NT as an agonist-stimulated control.
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4.10 Regulation of CXCL12 production by ELISA

Due to the findings obtained from the reporter experiments that showed the role of CXCL12 induction
and signalling pathways, including TAK-1 and MEKK3 in U20S cells stimulated by IL-1p,

additional experiments were performed to confirm those effects using an ELISA assay.

4.10.1 Detection of CXCL12 Protein Expression in U20OS Cells using ELISA Assay

Having examined the effect of TAK-1 on CXCLI12 activity induced by IL-1p, it is essential to
determine the effect of TAKI1 in the regulation of CXCL12 expression using ELISA. At the
beginning, Figure 4.45 shows a time course up to 24 h for IL-1B (10 ng/mL) for the induction of
CXCLI12 expression in U20S cells. IL-1p stimulation induced the strongest CXCLI12 response
expression by approximately a 4-fold increase in expression level between 4-8 h in comparison to
non-stimulated cells; the maximum level of approximately 6-fold was achieved at 24 h of stimulation.
This finding demonstrated that IL-1 strongly up-regulates CXCL12 expression in U20S cells, as

previously examined by our group, thus confirming the luciferase reporter data.
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Figure 4. 45 Time course of IL-1p induction of CXCL12 in U20S cells.

Cells were seeded in 6-well plates and then stimulated with IL-1p (10 ng/mL) for the indicated time
points. Supernatants were collected, and the CXCL12 protein levels were assessed using an ELISA
assay, as described in Section 2.7. The experiment was performed in duplicate.
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4.10.1.1 Effect of TAK-1 siRNA on IL-1p induced CXCL12 Protein Expression using ELISA in
U208 Cells

Next, the role of TAK1 in the regulation of CXCL12 induction was examined using an ELISA assay.
As shown in Figure 4.46, 1L-1P produced a marked 9-fold increase in CXCL12 protein expression in
comparison to non-stimulated cells (Fold expression = 9.80 + 1.83, P <0.0001). Interestingly, TAK1
knockdown had no significant effect on IL-1B-induced CXCL12 expression compared to a 20%
inhibition of CXCL12 reporter activity. This result again suggests no essential role for TAK1 in the
regulation of CXCL12 expression induced by IL-1.
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Figure 4. 46 The effect of TAK-1 siRNA upon CXCL12 protein levels in U20S cells.

Cells were seeded in 6-well plates and transfected with 50 nM of non-targeting (NT), TAK-1 siRNA
(50 nM), panel (A) for 72 h before stimulation with IL-1f (IL,10 ng/mL) for a further 6 h.
Supernatants were collected and CXCL12 protein levels were assessed by ELISA assay, panel (B) as
outlined in Section 2.7. Three independent experiments were performed in duplicate, and the results
expressed as means = SEM. Data was analysed using a one-way ANOVA test.
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4.10.2 Detection of CXCLS (IL-8) Protein Expression in U20S Cells using ELISA Assay

Studies have shown upregulation of not only CXCL12, but also CXCLS8 (IL-8) within the tumour
microenvironment (TME) (Baker et al., 2019; Han et al., 2021; Michelini et al., 2018). Therefore,
the expression of IL-8 was used as a comparator to assess the involvement of specific signalling

pathways. Initially, a time course was established for IL-8 production in IL-1B-stimulated U20S cells.

Figure 4.47 showed that IL-1p induced more than a 5-fold increase in IL-8 expression level at 4 h
(Fold expression level=5.56 + 0.53, P <0.01), compared to non-stimulated cells, and more than a 4-
fold increase at 8 h (Fold expression= 4.87 + 0.56, P < 0.05). High expression level of IL-8 was
observed at 24 h by approximately 9-fold increase compared to non-stimulated cells (Fold
expression=9.67 + 1.00, P <0.001). This result demonstrated that IL-1f upregulates IL-8 expression
in U20S cells.
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Figure 4. 47 Time course of IL-1p induction of IL-8 in U20S cells.

Cells were seeded in 6-well plates and then stimulated with IL-1p (10 ng/mL) for the indicated time
points. Supernatants were collected, and the IL-8 protein levels were assessed using an ELISA assay,
as described in Section 2.7. Three independent experiments were performed in duplicate, and the
results expressed as means + SEM. Data was analysed using a one-way ANOVA test, *P < 0.05, **P
<0.01, ***P < 0.001 vs non-stimulated control.

176



Mohammed Sinjar

4.10.2.1 Effect of TAK-1 siRNA silencing on IL-1p induced IL-8 protein expression in U20S-cells

Figure 4.48 showed that IL-1f induced approximately 17-fold increase in IL8 protein expression in
comparison to non-stimulated cells (Fold expression= 16.97 + 0.46, P< 0.0001). TAK-1 siRNA
knockdown significantly reduced IL-8 protein expression compared to NT control by about 50%
(Fold expression = 9.34 + 1.30, P<0.001). This result confirmed the role of TAK-1 in IL-8 regulation
induced by IL-1p in U20S cells.
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Figure 4. 48 The effect of TAK-1 siRNA upon IL-8 protein levels in U20S cells.

Cells were seeded in 6-well plates and transfected with 50 nM of non-targeting (NT), TAK-1 siRNA
(50 nM) for 72 h before stimulation with IL-1B (IL,10 ng/mL) for a further 24 h. Supernatants were
collected, and IL-8 protein levels were assessed using an ELISA assay, as outlined in Section 2.7.
Three independent experiments were performed in duplicate, and the results expressed as means =+
SEM. Data was analysed using a one-way ANOVA test, ***P<0.001 vs IL-1p and NT as an agonist-
stimulated control.
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4.10.3 The role of MEKKS in the regulation of IL-1B- stimulated CXCL12 induction in U20S
cells

Although MEKK3 knockdown did not affect IL-1B-induced NFkB and MAP kinase signalling the
same strategy was employed to assess CXCL12 production. Figure 4.49 showed that IL-1B-induced
an increase in CXCL12 activity approximately 5-fold compared to control (Fold induction - 5.11 +
0.48, P <0.0001). Transfecting cells with siRNA MEKK3, as shown in panel (A) led to good run
down of the target protein in the relevant cell samples. This resulted in a reduction in basal activity
but also a significant reduction by about 70 % in IL-1p-stimulated CXCL12 activity compared to the
non-target (NT) control, as shown in panel (B) (MEKK3 siRNA 50 nM and 100 nM: Fold induction
1.97 £0.47, 2.19 + 0.4, P <0.0001 respectively). The results suggest that MEKK3 mediates IL-1-
stimulated CXCL12 activity. Furthermore, because siRNA MEKK3 showed a reduction in reporter
activity compared to basal, the effect of siRNA MEKK3 was tested on cell viability at both
concentrations (50 nM and 100 nM) using an MTT assay. The results in Figure 4.49, panel (C),
showed that siRNA MEKK3 had no significant impact on cell viability at 50 nM, there was around a
10 % decrease at 100 nM after 96 h incubation.
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Figure 4. 49 The effect of siRNA MEKK3 on IL-1pB-induced CXCL12 activity in U20S-
CXCL12 cells.

Cells were transfected with 100 nM of non-targeting (NT), MEKK3 siRNA (50,100 nM), panel (A)
for 96 h before stimulation with IL-1 (IL,10 ng/mL) for a further 6 h. Whole-cell extracts were then
measured for luciferase activity, panel (B) as previously described in Section 2.5. Effect of siRNA
MEKKS3 on U20S cell viability panel (C). Cells were grown in 96-well plates as previously described
in Section 2.6 using two concentrations (50 and 100 nM) for 96 h. U20S cells treated with H2O» (400
uM) acted as a positive control. Triplicates were used for each in three independent experiments. Data
shown was 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< (0.0001 vs IL-
1B and NT as an agonist-stimulated control.
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Since surprisingly, a role for MEKK3 in CXCL12 induction has been observed, other strategies were
employed. It has been reported that Ponatinib, a multi-kinase inhibitor in different cancer types, is
able to inhibit MEKK3 signalling in vivo and in vitro models (Choi et al., 2018; Gozgit et al., 2012;
Kaewlert et al., 2024). Therefore, the effect of Ponatinib on IL-1p-induced CXCL12 activity was
examined. Figure 4.50 (A) showed that IL-1p significantly induced more than a 3-fold increase in
CXCLI12 activity at 10 ng/mL compared to control (Fold induction= 3.32 + 0.36, P <0.0001). This
response was slightly reduced at 0.3 pM of Ponatinib and inhibited significantly over the 1-10 uM
concentration range (Fold stim for IL-13 + 3 uM- 1.21 + 0.12, IL-1B + 10 uM Ponatinib - 0.60 +
0.04, P >0.001, P > 0.0001 respectively).

Additionally, Ponatinib at high concentrations reduced basal CXCL12 induction. Therefore, the effect
of Ponatinib was tested on cell viability between 0.3-10 uM using the MTT assay. The results in
Figure 4.50, panel (B), showed a minor effect of Ponatinib on cell survival and a reduction in viability

of around 19 % with 7 h of treatment at 10 uM concentration.
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Figure 4. 50 The effect of MEKK3 inhibitor, Ponatinib upon IL-1p-mediated CXCL12 activity
in U20S cells.

Cells were pre-treated with increasing concentrations of Ponatinib (A) for 1 h before stimulation with
IL-1B (IL,10 ng/mL) for a further 6 h. Cell lysates were then measured for luciferase activity as
previously described in Section 2.5.1. Effect of MEKK3 inhibitor, Ponatinib on U20S cell viability
(B). Cells were grown in 96-well plates as previously described in Section 2.6 using various
concentrations of Ponatinib for 7 h. U20S cells treated with DMSO provided a negative control, and
H>0, (400 uM) acted as a positive control. Triplicates were used for each in three independent
experiments. Data shown was expressed as fold induction and U20S cell viability. Each value
represents the mean = SEM of four independent experiments for Ponatinib upon CXCL12 activity,
*ExEP<0.0001, ***P<0.001, *P< 0.05 vs agonist stimulated control.
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4.10.4 The role of MEKKS3 in the regulation of IL-1B-induced CXCL12 protein expression
using ELISA in U20S cells

Next, the role of MEKK3 in CXCL12 regulation was examined using an ELISA assay. Figure 4.51
shows that IL-1B-induced more than a 40-fold increase in CXCL12 protein expression in comparison
to non-stimulated cells after 6 h of stimulation (Fold expression =43.46 +4.91, P <0.0001). MEKK3
siRNA knockdown resulted in significantly reduced CXCL12 protein compared to NT control, levels
were reduced by about 70% (Fold expression = 16.13 £4.17, P <0.0001) with no effect on the cells
as assessed by GAPDH expression. This result confirmed a role for MEKK3 in CXCL12 induction
stimulated by IL-1P in U20S cells.
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Figure 4. 51 The effect of MEKK3 siRNA upon CXCL12 protein levels in U20S cells.

Cells were seeded in 6-well plates and transfected with 50 nM of non-targeting (NT), MEKK3 siRNA
(50 nM), panel (A) for 96 h before stimulation with IL-1f (IL,10 ng/mL) for a further 6 h.
Supernatants were collected and CXCL12 protein levels were assessed using an ELISA assay, panel
(B) as outlined in Section 2.7. Three independent experiments were performed in duplicate, and the
results expressed as means = SEM. Data was analysed using a one-way ANOVA test, ****P <(.0001
vs IL-1P and NT as an agonist-stimulated control.
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4.10.5 Effect of MEKK3 SiRNA Silencing on IL-1p induced IL-8 Protein Expression in
U20S-Cells

Having established that MEKK3 was involved in the regulation of CXCLI12 production, it was
essential to determine if the effect was general for all cytokines or specific for CXCL12. Thus, the
impact of MEKK3 siRNA knockdown on IL-1B-induced IL-8 protein expression was examined using
ELISA. Following 24 h stimulation, Figure 4.52 shows that IL-1p induced an approximate 13-fold
increase in IL-8 protein expression in comparison to non-stimulated cells (Fold expression= 12.94 +
1.41, P <0.0001). MEKK3 siRNA knockdown had no effect on IL-8 protein expression compared to
the NT control. This result confirmed the specific role of MEKK3 in CXCL12 regulation in IL-18-
stimulated U20S cells.
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Figure 4. 52 The effect of MEKK3 siRNA upon IL-8 protein levels in U20S cells.
Cells were seeded in 6-well plates and transfected with 50 nM of non-targeting (NT), MEKK3 siRNA

(50 nM) for 96 h before stimulation with IL-1 (IL,10 ng/mL) for a further 24 h. Supernatants were
collected, and IL-8 protein levels were assessed using an ELISA assay as outlined in Section 2.7.
Three independent experiments were performed in duplicate, and the results expressed as means =+
SEM. Data was analysed using a one-way ANOVA test vs IL-1B and NT as agonist-stimulated

control.
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4.11 Discussion

This chapter is divided into two parts. The first section deals with characterising signalling pathways
in response to IL-1B in U20S cells, the second part then provides evidence for the role of each

pathway in the regulation of CXCL12 induction.

Previous studies with U373 cells have demonstrated that there are six putative binding motifs that are
located on 1010 base pairs upstream from the transcriptional start site within the region containing
Sp1 binding sites. It was shown that these motifs are responsible for inducing CXCL12 expression
upon stimulation with IL-1p (Garcia-Moruja et al., 2005). Initial studies showed that IL-1p3 treatment
resulted in a 4-fold increase of CXCL12 expression at 6-8 h. Therefore, this cell line was ideal for

studying cell signalling parameters with respect to CXCL12 induction.

Initial signalling experiments sought to focus on the MAP kinase pathway. The CXCL12 promoter is
known to have a ¢/EBP site on the promoter region (Calonge et al., 2010). Studies have shown that
¢/EBPp phosphorylation is essential for activation (Calonge et al., 2010; Kim et al., 2007) and that
that this is controlled principally by ERK through phosphorylation on threonine 235 or 188 residues
(Hungness et al., 2002; Park et al., 2004; Raymond et al., 2006). The initial findings in this chapter
did not support the idea of ERK activation as a significant pathway for CXCL12 induction in this cell
type; ERK activity was negligible relative to other cell studies where the relationship between ERK
and c/EBPPB has been studied. Indeed, additional experiments showed some increased
phosphorylation of ¢/EBPJ, but that was outwith the time span for CXCL12 induction (Figure 4.2).
It is interesting to note that this is different to other studies in osteosarcoma cells, in which IL-1f was
effective in activating ERK (Huang et al., 2009). The results in this chapter do show that IL-18, as
expected, was able to activate JNK, its downstream target C-Jun and p38 MAP kinase, well-

recognised signalling cassettes downstream of IL-1 receptor induction.

Having questioned the role of ERK and ¢/EBPp in the regulation of CXCL12 by virtue of a lack of
ERK activity, an examination of the NF«B pathway was indicated. Whilst no putative NF«B sites are
featured in the CXCL12 promotion, is it possible that the pathway plays an indirect role as yet
uncharacterised. It was found that, as expected, IL-1B strongly stimulated the canonical NF«xB

pathway as assessed by examining the loss of [kBa and phosphorylation of p65. However, identifying
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arole for IKK3 remained difficult. Whilst IKK 3 run down using siRNA was successful, the effect on
IxBa loss was negligible, whilst high concentration of the IKK[ inhibitor drug was only partially
effective. This contrasts with previous studies that showed the significant inhibition of IxBa loss
(Baxter et al., 2004; Kishore et al., 2003), including some from our laboratory, which showed reversal
of IkBa loss, albeit at high concentrations of inhibitor (McIntosh et al., 2023). Effective reversal of
IxBa loss was found most clearly using DN IKKf adenovirus (Craig et al., 2025).

A number of studies have suggested that IKKa is able to function as a substitute for IKKf in the
regulation of the canonical NFkB pathway in various cells (Adli et al., 2010; Prescott et al., 2022),
and it is possible that a similar co-regulatory pathway is a feature of U20S cells. However,
preliminary experiments showed very little reversal of IkBa loss following siRNA IKKf in
combination with SU1261 (Figure 4.14). It is more possible that the inhibitor failed to fully inhibit

IKK, and the degree of amplification requires only a small amount of IKKf to remain active.

Studies have shown that TAK-1 operates as a regulatory kinase upstream of IKKp in the canonical
cascade. Indeed, preincubation with the TAK-1 inhibitor, 5Z-70x0, was able to fully reverse the loss
in IkBa in response to IL-1B. This agrees with a number of studies in immune and cancer models,
which show that many stimuli, such as IL-1p and TNF, activate and phosphorylate TAK-1, resulting
in IKK complex phosphorylation, particularly IKKf (Mukhopadhyay & Lee, 2020; Sakurai, 2012).
This effect was abolished using TAK-1 inhibitor,5Z-70xo, which completely blocks IL-1B-induced
signalling activation in cervical cancer and glioblastoma cells (Campolo et al., 2020; Guan et al.,
2017). However, it should be noted that again, the TAK-1 siRNA run down was unable to cause
reversals in IL-1B-induced IkBa loss. However, the degree of inhibition of IKK[ phosphorylation
was limited to 66%. Therefore, it is again possible that residual IKK beta activity is sufficient to cause

activation of the canonical pathway.

A second and striking aspect of IL-1p-induced signalling is related to “non-canonical” signalling. As
has been found previously in the laboratory, results in this chapter showed that IL-1p mediated a
strong increase in the phosphorylation of p100 NF«kB2. This was consistent with previous findings
in endothelial cells (Craig et al., 2025), and in U20S and DU145 cell lines (MclIntosh et al., 2023);
phosphorylation was transient and not associated with the formation of p52, a phenomenon usually

associated with non-canonical NFkB signalling, driven by agonists such as LIGHT, Lymphotoxin
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(LT), CD40L and others (Cildir et al., 2016; Sun, 2011, 2017). In a previous study in U20S cells,
CRISPR-induced deletion of IKKa, resulted in significantly reduced pl100 phosphorylation
(MclIntosh et al., 2023). Results from this chapter confirmed these findings, pre-incubation with IKKa
siRNA or pre-treatment with SU1261, a selective IKK alpha inhibitor, were also effective in reducing
p100 phosphorylation. In contrast, IKKp siRNA was without on IL-1B-induced p100
phosphorylation effect, suggesting that this mode of phosphorylation is indeed IKKa-dependent.

These findings are significant as they question the accepted model of regulation of pl100
phosphorylation. For the non-canonical NF«B pathways, it has been shown that the upstream MAP3K
NIK has a predominant role. Studies show that following activation of NIK by TNF family members
(CD40L, BAFF) and others, NIK directly phosphorylates human IKKa at specific residues
(Ser176/180) in biochemical experiments, activating its kinase activity as reported in an in vitro
kinase assay (Ling et al., 1998). Similarly, Xiao and coworkers demonstrated the importance of NIK
in non-canonical NFkB pathway activation through p100 phosphorylation; they showed that wild-
type NIK expression in NIK-deficient cells restored the activation of IKKa and p100 phosphorylation
with p52 formation (Xiao et al., 2004; Xiao et al., 2001). Other papers from the laboratory showed
that whilst pharmacological inhibition of NIK using CW15337 (Haselager et al., 2021) was able to
inhibit LT or LIGHT-induced p100 phosphorylation in either U20S cells or HUVECs, the compound
did not affect the IL-1P response. This suggests that NIK is not required to bring IKK into proximity
with p100 as has been suggested by previous studies (Craig et al., 2025; Mclntosh et al., 2023).

Activation of the non-canonical NFxB pathway is dependent on agonist-induced stabilisation of NIK
(Sun, 2017); this seems unlikely to have occurred in such a short time frame as identified for IL-13
stimulation; the lack of p100 degradation provides further evidence for the lack of NIK involvement
in the IL-1PB response; NIK is well recognised to be essential for the degradation of p100 and the
formation of p52 through binding of p100 to beta-transducin repeats-containing proteins (3-TrCP) E3
ubiquitin ligase (Xiao et al., 2004; Xiao et al., 2001), resulting in nuclear translocation and regulating
target genes through p52/RelB dimers (Sun, 2017). Studies have shown that NIK knockout in B cells,
fibroblasts, or Human embryonic kidney (HEK293T) cells blocked p100 phosphorylation and p52
generation by preventing IKKa phosphorylation (Sun, 2017; Xiao et al., 2001).
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Further experiments in this chapter sought to identify the regulatory mechanisms involved in IL-18-
induced pl00 phosphorylation. Experiments identified TAK-1 as being essential for pl100
phosphorylation. Pre-treatment of cells with the TAK-1 inhibitor, 5Z-70x0 (Ninomiya-Tsuji et al.,
2003; Wu et al., 2013) causes a concentration-dependent inhibition of p100 phosphorylation, whilst
treatment with TAK-1 siRNA caused a significant albeit partial inhibition (Figures 4.22 and 4.23).
Additional experiments showed that under these treatment conditions, IL-1 induction of pIKKa was
also reduced by TAK-1 inhibition. Taken together, this would suggest that TAK-1-mediated
phosphorylation of p100 in turn mediates the phosphorylation of p100.

A number of studies have identified TAK-1 as upstream in the IL-1B-induced signalling pathway.
TAK-1 has been shown to regulate IL-1p signalling in innate immune cells and in disease-relevant
cells such as human chondrocytes through TRAF6 ubiquitination, which recruits TAB2/3 subunits,
resulting in TAK-1 autophosphorylation and activation via TAK-TAB complex; this was enhanced
through IL-1R-mediated IRAK, TRAF6, and MyD88 recruitments in response to IL-13 (Ajibade et
al., 2013; Xu & Lei, 2021). TAK-1 inhibition has been shown to regulate MAP kinase signalling,
and the canonical NF«xB pathway (Marine et al., 2022; Wang et al., 2022).

Experiments in this thesis showed similar findings, although there was some variation in the relative
concentration sensitivity for each pathway, with JNK and p38 phosphorylation being highly sensitive
to TAK-1 knockdown (Figures 4.19 and 4.20). However, despite several studies demonstrating
multiple functions for TAK-1, there is no evidence to support the idea that TAK-1 may be directly
involved in regulating p100, for example, by bringing IKKa into contact with p100 to allow
phosphorylation to take place. If time allowed, TAK-1 immunoprecipitation experiments may have

revealed binding of TAK-1 to p100, functioning as a substitute for NIK.

Further preliminary experiments were conducted to assess any additional aspects of co-regulation of
the pathway. One MAP3 kinase studied was MEKK3. MEKK3 has been shown to work in concert
with TAK-1 in regulating NFkB signalling in response to IL-1p and infection (Di et al., 2008;
Sokolova et al., 2014; Zhang et al., 2019). However, siRNA strategies that significantly reduced
MEKK3 protein expression were without effect either alone or in combination with TAK-1

knockdown (Figures 4.26 and 4.29).
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MEKK3 has been shown to act as a central signalling site activated by upstream receptors or stressors
such as TNF-a. Instead, it acts primarily by phosphorylation and activation of kinases downstream
signalling, such as IKKs, triggering various signalling cascades, implicated in inflammation,
including NF-xB pathway (Sokolova et al., 2014; Zhang et al., 2019), cell growth and death through
the Hippo/Y AP/TAZ pathway, and angiogenesis (Lu et al., 2021). When this kinase is dysregulated,
especially over-expressed and driving NF-xB, it leads to pathologies such as cancer (Zhang et al.,

2019).

Having established the signalling that is stimulated in response to IL-1f in U20S cells, such as
activation of JNK and p38 signalling (Chen et al., 2019) and NF-«B activation (Craig et al., 2025)
(MclIntosh et al., 2023; Vertegaal et al., 2000), the role of each cascade was examined. Initial
experiments excluded the MAP kinase cascade. Pre-treatment of cells with selective inhibitors at
various concentrations were found to be largely ineffective at inhibiting CXCL12 activity. For
SP600125 (Bennett et al., 2001), inhibition of JNK phosphorylation was observed using Western
blotting (Figure 4.30), confirming that the pre-treatment of the cells with compounds was effective.
Whilst the effect of PD98059 and SB203580 on pERK and p38 MAP kinase were not studied in this
thesis, there is ample evidence in the literature that these compounds are effective at these
concentrations, such as SP600125 (Assi et al., 2006; Bennett et al., 2001), PD98059 and SB203580
(Kohno & Pouyssegur, 2003; Reiners Jr et al., 1998).

The findings in this thesis clearly indicated little involvement of MAP kinase pathways in the
regulation of CXCL12 induction. However, there was a caveat, treatment with SB203580 was found
to inhibit reporter activity by approximately 30% (Figure 4.31). Recent studies have shown that
SB203580 inhibits Nemo-like kinase (NLK) (Ohnishi et al., 2010). Nemo-like kinase is a
Serine/threonine MAP kinase (Coulombe & Meloche, 2007). NLK regulates several cellular

functions in a cell-context-dependent manner via the Wnt signalling cascade (Ishitani et al., 2003).

More recent studies have expanded NLK’s role in regulating migration, proliferation, and apoptosis
through downstream signalling cascades including SMADs, AP-1, and T-cell factor/Lymphoid
enhancer-binding factor (TCF/LEF) (Daams & Massoumi, 2020; Huang et al., 2015). Previous
studies have illustrated crosstalk between NLK with MAPK (Ohnishi et al., 2010) and NF-xB

signalling (Li et al., 2014), a preliminary additional experiment in this thesis using pharmacological
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inhibition showed that NLK had no effect on MAPK and NF-kB signalling induced by IL-1p. A study
by Zhang and coworkers demonstrated the crosstalk of NLK with TAK-1-C/EBPf activation induced
via IL-1B, involving ATFS5 (Activated transcription factor-5) stabilisation; however, this finding was
not replicated in our study as TAK-1 siRNA did not affect CXCL12 induction (Zhang et al., 2015).
If time allowed, studies using NLK siRNA may have been useful to determine if this kinase played a

role in CXCL12 induction.

Other experiments focused on the role of IKKa in the regulation of CXCL12 induction. Initially,
pharmacological evidence pointed to a role for IKKa in regulating CXC12 reporter activity, as the
IL-1p response was sensitive to the selective IKKa inhibitor SU1261. SU1261 has been shown to be
selective with respect to stimulation of the non-canonical NFkB pathway (Anthony et al., 2017) and
IL-1PB stimulation in HUVES (Craig et al., 2025). However, no studies have looked at the effect of
SU1261 on longer-term functions, and there is the possibility of off-target effects. This idea was
supported by the finding that silKKa was without effect on either reporter activity or protein/synthesis
and release as assessed by ELISA. Indeed, a combination of siRNA/SU1261 strongly supported the
notion of an off-target effect; SU1261 was effective in IKKa knockdown cells (Figure 4.35).

Certainly, more studies are needed to determine the off-target effects of SU1261 and other related
compounds. Studies in drug development have shown cased off-target effects of most drugs examined
using in vivo and in vitro models, which could actually work on both pharmacologically effective or
provide side effects (Sadri, 2023). This effect was noted in SB203580, which inhibited
phosphoinositide-dependent protein kinase 1 (PDK1) activity in IL-2 stimulated T cells through a
p38-independent pathway (Lali et al., 2000), and Imatinib drug (Glevic), which inhibits c-Kit and
PDGF receptor tyrosine kinases in addition to AB1 tyrosine kinase selectivity in chronic myeloid

leukemia (Cismowski, 2007).

A similar problematic issue was indicated when assessing the role of TAK-1. Initially, there was
strong pharmacological evidence in support of a role for TAK-1 in the regulation of CXCL12
induction; however, siRNA did not show any inhibition. One issue is the nature of the inhibition of
TAK-1 by 7-oxo. Studies show that there is a kinetic action of 7-oxo; under different times of pre-
treatment the potency of the drug is increased. Studies suggest that the concentration of 7-oxo to

inhibit CXC12 reporter activity is too high. Treatment of the B-NHL cell line with various
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concentrations of 7-oxo over 2-16 h, resulted in a significant concentration and time-dependent
reduction in cell viability. Furthermore, N-RAS mutant cancer cells exhibited concentration-
dependent sensitivity to TAK-1 inhibition, showing variable responses across the same range of
concentrations (Wu et al., 2013). Given that TAK-1 inhibition induces apoptosis in cells, it

complicates the comparison of effects on CXCL12 induction and overall cell viability.

The role of IKKa in the regulation of gene induction has been studied in different models. IKKa
regulates proinflammatory genes in a context-dependent manner. It activates TNF-o, IL-6 and
CXCL2 in mouse lung epithelial cells (Yang et al., 2008) conversely, in macrophages and LPS-
induced activation, IKKa inhibits TNF-a, IL-6, and IL-1B expression (Lawrence et al., 2005).
Additionally, IKKa regulates Bcl2, Al, and chemokines depending on specific cellular contexts
(Hécker & Karin, 2006; Karin & Lin, 2002). Furthermore, LTBR activation by LIGHT or LT ligands
caused the recruitment of IKKa to specific promoters, where IKKa phosphorylates histone H3 to
facilitate NF-kB-dependent transcription, including the induction of adhesion molecules ICAM-1 and
VCAM-1 (Anest et al., 2003; Madge et al., 2008; M. J. Wolf et al., 2010). Studies have shown that
IKKa knockdown blocked LIGHT or LT-mediated p52 formation in endothelial cells (Kucharzewska
et al., 2019; Madge et al., 2008).

In contrast, TAK-1 regulation of IL-8 through NF-«xB activation has been previously demonstrated
(Harada et al., 1994; Russo et al., 2014; Waugh & Wilson, 2008). In addition, IL-8 has AP-1 binding
sites on the promoter, so this is likely to be regulated through TAK-1 via JNK and p38 MAP kinase
pathways rather than IKKa (Russo et al., 2014; Waugh & Wilson, 2008). If time allowed, IKKa
siRNA may have been used to clarify this finding further, but it was unlikely to be involved.

Finally, and intriguingly, experiments showed for the first time the potential for MEKK3 to regulate
the induction of CXCL12. Transfection with siRNA inhibited both CXCL12 reporter activity and
CXCLI12 protein as assessed by ELISA (Figures 4.48 and 4.50). Equivalent studies assessing 1L-8
formation showed no effect, suggesting that the effect was not a general effect on all inflammatory
genes. This is the first identification of a role for MEKK3 in CXCL12 induction. In addition, the
inhibitor Ponatinib (Choi et al., 2018) also showed strong inhibition of CXCL12 at low micromolar
concentrations (Figure 4.49). It is of coursed recognised that there are considerable limitations of

using such an inhibitor, which is recognised to be a multi-kinase inhibitor for Abelson tyrosine-
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protein kinase 1 (ABL), FGFR, Non-Receptor and Receptor Tyrosine Kinase, PDGFR, VEGFR2,
and RET, with significant toxicity as demonstrated in vitro and in vivo models (Choi et al., 2018;

Gozgit et al., 2012).

The role of MEKK3 in the regulation of inflammatory gene induction is challenging to fit it into a
model explaining the effect on CXCL12 induction. As we discussed above, MEKK3 significantly
inhibited CXCL12 induction. However, a comprehensive examination of NF-kB and MAPK
signalling induced by IL-1P showed no effect of MEKK3 on both NF-kB and MAPK (particularly
JNK) pathways, alone (Figures 4.25 and 4.26) or in combination with siRNA TAK-1 (Figures
4.27,4.28, and 4.29). These findings are clear contrast to earlier research that showed MEKK3
involvement in IL-1B-induced NF-kB and JNK activation in fibroblasts and cancer cells (Qin et al.,
2006; Yao et al., 2007; Zhang et al., 2019). Similarly, a study by Sokolova and coworkers
demonstrated a crucial MEKK3 involvement in NF-xB activation during H. pylori infection
(Sokolova et al., 2014). Nevertheless, some additional studies are warranted to determine the validity

of the observations.
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Chapter Five

Characterisation of KM Compounds
on IL-1pB-stimulated CXCL12

induction in U20S bone Cancer Cells
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5.1 Introduction

Building on earlier findings, it can be stated that IL-1p potently induces CXCL12 expression in
U20S osteosarcoma cells, as evidenced by increased both reporter activity and protein levels
expression. These findings investigated the underlying signalling pathways and revealed a complex
regulatory network involving multiple kinases and transcription factors. IL-1p activated several
central signalling cascades, including MAP kinases and NF-kB pathways. However, these
pathways did not play a significant role in IL-1B-induced CXCL12 upregulation in osteosarcoma
cells. Surprisingly, MEKK3 was implicated as a specific regulator of CXCL12 expression induced

via IL-1B, activated independently of classical inflammatory pathways.

In this chapter, a number of inhibitors of CXCL12 induction, previously identified, were screened
by luciferase reporter assay in U20S-CXCL12 cells. Several hits were synthesised and identified,
as described in Chapter Three. These compounds, abbreviated as KM compounds, have not been
extensively explored with respect to CXCL12 expression induced by proinflammatory cytokines.
As this research aims to target CXCL12 induction rather than CXCR4/7 receptor activation, this
chapter examines the impact of these KM compounds on IL-1B-induced signalling cascades and

CXCLI12 expression.
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5.2 The effect of novel KM compounds on IL-1p-induced CXCL12 luciferase
activity in U20S cells

Following the synthesis of KM compounds, a number were tested on IL-1B-induced CXCL12
expression in the osteosarcoma cell line using a luciferase reporter assay. After 1 h treatment with

the KM compounds at a micromolar concentration range, cells were stimulated with IL-1p for a

further 6 h.

As shown in Figure 5.1, IL-1B significantly induced a more than 3-fold increase in CXCL12
activity in U20S cells compared to control. Following treatment with selected KM compounds,
KM3, KM9, and KM10, there was no effect on IL-1B-induced reporter activity. Additionally,
preliminary results for compounds KM4 and KM7 were tested with high concentrations, and no
effect on the reporter activity was observed. Furthermore, as shown in Figure 5.2, other tested
compounds, KM2, KM5, and KM6, significantly inhibited CXCL12 activity after stimulation with
IL-1B. However, there was a noticeable effect on cell integrity and viability compared to untreated

cells, as shown in Figure 5.3.
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Figure 5.1 The effect of KM compounds upon IL-1B-induced CXCL12 activity in U20S-
CXCL12 cells.

Cells were pre-treated with increasing concentrations of KM3, KM4, KM7, KM9, and KM10 for 1
h before stimulation with IL-1 (IL,10 ng/mL) for a further 6 h. Cell lysates were then measured for
luciferase activity, as previously described in Section 2.5.1. Data shown 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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Figure 5. 2 The effect of KM compounds upon IL-1B-induced CXCL12 activity in U20S cells.
Cells were pre-treated with increasing concentrations of KM2, KMS5, and KM6 for 1 h before

stimulation with IL-1f (IL,10 ng/mL) for a further 6 h. Cell lysates were then measured for
luciferase activity, as previously described in Section 2.5.1. Data shown 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<(0.0001, ***P<0.001, **P<0.01 vs IL-18 and DMSO as an
agonist-stimulated control.
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Figure 5. 3 Effect of KM compounds KM2, KMS, and KM6 on U20S cell viability.

Cells were grown in 96-well plates and examined with MTT assay as previously described in
Section 2.6, using various concentrations of KM compounds, KM2 (A), KM5 (B), and KM6 (C)
for 7 h. U20S cells treated with DMSO provided a negative control, and H>O> (400 uM) acted as
a positive control. Triplicates were used for each experiment. Data shown expressed as U20S cell
viability in three independent experiments. The results were normalised to treated control and
plotted on a log scale as a percentage of the control relative to absorbance.
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In conducting the previous experiments, two promising compounds that showed a significant
effect on IL-1B-induced CXCL12 activity in U20S cells were KM8 and KM11. Figure 5.4 shows
the inhibitory effect of KM8 on IL-1B-induced CXCL12 activity. IL-1p significantly increased
CXCLI12 reporter activity by more than 3-fold (Fold stims= 3.37 £+ 0.46, P<0.05). Following
treatment with KM8 over the 0.3-20 pM concentration range, there was a significant
concentration-dependent reduction in the reporter activity (Fold stim at 10 uM- 1.39 £ 0.52, ICso=
5.21 uM, P<0.05).

Similarly, Figure 5.5 shows IL-1B-induced more than 3-fold in CXCL12 activity (Fold stims =
3.43 + 0.48, P<0.01). However, in cells treated with KM11 over the same micromolar range,
CXCLI12 reporter activity was significantly inhibited between 5-20 pM (Fold stims at 10 uM- 1.26
+0.23, IC50=2.45 pM, P<0.01).
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Figure 5. 4 The effect of KM8 upon IL-1B-induced CXCL12 activity in U20S cells.
Cells were pre-treated with increasing concentrations of KM8 for 1h before stimulation with IL-13

(IL,10 ng/mL) for a further 6 h. Cell lysates were then measured for luciferase activity as previously
described in Section 2.5.1. Data shown 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<0.05 vs. IL-1B, and DMSO as an agonist-stimulated control.
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Figure 5. 5 The effect of KM11 upon IL-1f-induced CXCL12 activity in U20S cells.
Cells were pre-treated with increasing concentrations of KM11 for 1h before stimulation with IL-

1B (IL,10 ng/mL) for a further 6 h. Cell lysates were then measured for luciferase activity as
previously described in Section 2.5.1. Data shown 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<0.05 vs. IL-1p, and DMSO as an agonist-stimulated control.
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5.3 Effect of novel KM compounds on luciferase enzyme activity

To exclude the direct effect of KM compounds KM8 and KM11 on luciferase enzyme activity,
the compounds were assessed post-stimulation. Following 6 hours of stimulation, KM8 and KM 11
were added to IL-1B-stimulated lysates 7 min before reading the absorbance. Figure 5.6 (A) shows
a non-significant effect of KMS8 at a concentration range between 5-20 uM, with little impact on
luciferase enzyme activity at 40 uM concentration. Additionally, Figure 5.6 (B) showed no
significant reduction in luciferase enzyme activity over a concentration range of KM11. These

results suggest bona fide effects of both compounds on IL-1B-induced CXCL12 activity.
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Figure 5. 6 The effect of KM compounds on luciferase enzyme activity in U20S Cells.
Cells were stimulated with IL-1f (IL,10 ng/mL) for 6 h. Stimulated cell lysates were treated with

KM compounds for 7 min, then the luciferase activity was measured as previously described in
Section 2.5.3. Data shown expressed as luciferase fold induction for A) KM8 and B) KM11, and
each value represents the mean + SEM of three independent experiments. Data was analysed using
a one-way ANOVA test, *P<0.05 vs IL-1p as an agonist-stimulated control.
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5.4 Effect of novel CXCL12 inhibitors on U20S cell viability using MTT assay

The effects of the KM8 and KM 11 compounds on U20S cell integrity and viability were assessed
using an MTT assay. Cells were treated with increasing concentrations of the compounds and
incubated for different periods, as shown in Figures 5.7 (KMS8) and 5.8 (KM11). The results
illustrated the effect of both KM compounds on U20S cell viability at 20 uM, reducing control
levels by approximately 9 % for KMS8 and 14 % for KM11 (% cell viability = 91 %, 86 %,

respectively), with no effect over the lower micromolar range (1-10 pM).
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Figure 5. 7 Effect of KM8 on U20S cell viability.

Cells were grown in 96-well plates and examined with the MTT assay as previously described in
Section 2.6, using various concentrations of KM8 (1-20 uM) for 7 h (A) and (3-20 uM) for 24 h (B).
U20S cells treated with DMSO provided a negative control, and H>O> (400 uM) acted as a positive
control. Triplicates were used for each experiment. Data shown expressed as U20S cell viability of
three independent experiments. The results were normalised to treated control and plotted on a log
scale as a percentage of the control relative to absorbance.
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Figure 5. 8 Effect of KM11 on U20S cell viability.
Cells were grown in 96-well plates and examined with the MTT assay as previously described in

Section 2.6, using various concentrations of KM11 (1-20 uM) for 7 h (A) and (3-20 uM) for 24 h
(B). U20S cells treated with DMSO provided a negative control, and H,O; (400 uM) acted as a
positive control. Triplicates were used for each experiment. Data shown expressed as U20S cell
viability of three independent experiments. The results were normalised to treated control and
plotted on a log scale as a percentage of the control relative to absorbance.
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5.5 Effect of novel CXCL12 inhibitors on IL-1B-induced CXCL12 protein
expression in U20S cells

The luciferase reporter activity data suggested differences in CXCL12 activity in response to IL-
1B used in this study and the impact of two novel compounds, KM8 and KM11, in regulating this
expression. Therefore, the effect of KM8 and KM11 in CXCL12 regulation was verified using an
ELISA assay.

5.5.1 Effect of KM8 on IL-1B-Induced CXCL12 Protein Expression using ELISA in U20S cells.

The effect of KMS in regulating CXCL12 induction was examined. Following 6 h stimulation, IL-
1B produced a more than 45-fold increase in CXCL12 protein expression at 10 ng/mL (Fold
expression = 46.58 = 4.27, P< 0.0001). As shown in Figure 5.9, this response was significantly
inhibited by KMS, IL-1p stimulation was reduced markedly between 10-20 uM (Fold expression
for IL-1B + 10 uM KMS8 - 14.50 + 2.80, IL-1p + 20 puM- 5.25 + 1.82, P> 0.0001). This result
strongly confirms the inhibitory effect of KM8 on CXCL12 expression induced by IL-1p.
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Figure 5. 9 The effect of KM8 upon CXCL12 protein levels in U20S cells.

Cells were seeded in 6-well plates and pre-treated with increasing concentrations of KMS8 for 1 h
before stimulation with IL-1p (IL,10 ng/mL) for a further 6 h. Supernatants were collected, and the
CXCLI12 protein levels were assessed by ELISA assay, as outlined in Section 2.7. Three
independent experiments were performed in duplicate, and the results expressed as means + SEM.
Data was analysed using a one-way ANOVA test. ****P<(.0001 vs agonist-stimulated control.
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5.5.2 Effect of KM 11 Compound on IL-1B-Induced CXCL12 Protein Expression using ELISA in
U20S cells.

Following 6 h stimulation, IL-1B produced a more than 45-fold increase in CXCLI12 protein
expression at 10 ng/mL (Fold expression = 46.58 + 4.27, P< 0.0001). This response was
significantly inhibited by KM11, as shown in Figure 5.10, where IL-1 stimulation reduced at 10
uM (Fold expression for IL-1B + 10 uM- 26.33 £ 4.16, P< 0.05), with strongest inhibition at 20
uM (Fold expression for IL-1B + 20 uM- 20.03 + 4.13, P< 0.001). This result strongly confirms
the inhibitory effect of KM 11 on CXCL12 expression induced by IL-1.
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Figure 5. 10 The effect of KM11 upon CXCL12 protein levels in U20S cells.

Cells were seeded in 6-well plates and pre-treated with increasing concentrations of KM11 for 1 h
before stimulation with IL-1p (IL,10 ng/mL) for a further 6 h. Supernatants were collected, and
the CXCL12 protein levels were assessed by ELISA assay, as outlined in Section 2.7. Three
independent experiments were performed in duplicate, and the results expressed as means + SEM.
Data was analysed using a one-way ANOVA test. ***P<0.001, *P< 0.05 vs agonist stimulated
control.
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5.5.3 Effect of Novel CXCL12 Inhibitors on IL-1B-Induced IL8 Protein Expression in U20S
Cells

In order to confirm and extend the results obtained from the luciferase reporter assay and the

CXCL12 ELISA assay on the impact of KM compounds, KM8 and KM11, the effect of both

compounds on IL-8 protein expression induced by IL-1 was examined.

5.5.3.1 Effect of KM8 on IL-1B-induced IL8 protein expression in U20S Cells

Following 24 h stimulation, IL-1B produced an approximately 30-fold increase in IL-8 protein
expression at 10 ng/mL (Fold expression = 30.02 + 3.79, P< 0.05). Figure 5.11 shows that KM8
had no significant effect on IL-8 and slightly increased IL-8 expression with increasing
concentration compared to IL-1B-stimulated cells. This result robustly confirmed the targeting

effect of KM8 against CXCL12 expression induced by IL-1f in U20S cells.
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Figure 5. 11 The effect of KMS8 upon IL-8 protein levels in U20S cells.

Cells were seeded in 6-well plates and pre-treated with increasing concentrations of KM8 for 1 h
before stimulation with IL-1f (IL,10 ng/mL) for a further 24 h. Supernatants were collected, and
the IL-8 protein levels were assessed by ELISA assay as outlined in Section 2.7. Three independent
experiments were performed in duplicate, and the results expressed as means + SEM. Data was
analysed using a one-way ANOVA test, ns, non-significant vs agonist-stimulated control.
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5.5.3.2 Effect of KM11 Compound on IL-1B-Induced IL8 Protein Expression in U20S Cells

The effect of KM11 on IL-8 induction was examined using 10 and 20 puM concentrations of the
compound. Following 24 h stimulation, IL-1B produced an approximately 25-fold increase in IL-8
protein expression at 10 ng/mL (Fold expression = 25.35 + 3.37, P< 0.01). Figure 5.12 showed no
effect of KM11 on IL8 expression at 10 pM concentration, with a slight increase in protein

expression at 20 pM concentration compared to the IL-13-stimulated control.

40—

Fold expression of IL-8

Figure 5. 12 The effect of KM11 upon IL-8 protein levels in U20S cells.
Cells were seeded in 6-well plates and pre-treated with increasing concentrations of KM11 for 1 h

before stimulation with IL-1f (IL,10 ng/mL) for a further 24 h. Supernatants were collected, and
the IL-8 protein levels were assessed by ELISA assay, as outlined in Section 2.7. Three independent
experiments were performed in duplicate, and the results expressed as means + SEM. Data was
analysed using a one-way ANOVA test.
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5.6 Effect of Novel CXCL12 Inhibitors (KM Compounds) on IL-1f-induced
MAPK Signalling in U20S Cells

5.6.1 Effect of KM8 Compound on IL-1B-Induced JNK Phosphorylation in U20S Cells

The previous results in this study showed that a significant effect of KM8 and KM11 on CXCL12
activity highlighted further experiments to demonstrate their impact on the signalling pathways.
Both KM compounds were tested on IL-1B-induced cellular signalling, starting with the MAPK
pathway, mainly JNK, a downstream signalling component. As shown in Figure 5.13, IL-1
induced more than a 20-fold increase in JNK phosphorylation in U20S cells (Fold stims = 25.97
+1.62, P<0.0001) compared to non-stimulated cells. Pre-treatment of the cells in a concentration-

dependent manner for KMS8 (1-20 uM) did not alter this response.
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Figure 5. 13 Effect of KMS8 on IL-1p-induced phosphorylation of JNK in U20S cells.

Cells were pre-treated with increasing concentrations of KMS for 1 h before stimulation with IL-
1B (IL,10 ng/mL) for a further 30 min. Whole-cell extracts were assessed for A) pJNK
phosphorylation (46,54 kDa) and total JNK (54,46 kDa), which was used as a loading control. Blots
were semi-quantified by scanning densitometry, and the result was expressed as a fold increase
relative to control for B) pJNK. Each value represents the mean + SEM of three independent
experiments. Data was analysed using a one-way ANOVA test.

5.6.2 Effect of novel CXCL12 inhibitors upon IL-13-Induced Canonical NF-kB Signalling
in U20S Cells

5.6.2.1 Effect of KM8 Compound on IL-1B-Induced Cellular IkB-a loss and Phosphorylation of
p65 in U20S Cells.

The effect of the KM8 compound was then tested on the two main components of the canonical
NF-kB pathway, cellular IxBa loss and phosphorylation of p65, in response to IKK[ activation.
Figure 5.14 showed that IL-1f induced significant IkBa degradation by about 94% (% basal IkBa
expression = 6, P< 0.0001) compared to the basal. Pre-treatment of the cells in a concentration-

dependent manner for KM8 (1-20 uM) did not abolish the cellular IxBa loss in stimulated cells.
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Furthermore, following a 40-fold increase in p65 phosphorylation induced by IL-1f at 30 min
(Fold stims =41.17, P<0.0001), KM8 had no inhibitory effect on p65 phosphorylation.
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Figure 5. 14 Effect of KMS8 on IL-1f-induced cellular IxBa loss and phosphorylation of p65
in U20S cells.

Cells were pre-treated with increasing concentrations of KMS for 1 h before stimulation with IL-
1B (IL,10 ng/mL) for a further 30 min. Whole-cell extracts were assessed for A) IkBa loss (39
kDa), p65 phosphorylation (65 kDa), and total p65 (65 kDa), which was used as a loading control.
Blots were semi-quantified by scanning densitometry, and the result expressed as a fold increase
relative to control for B) IkBa and p-p65. Each value represents two experiments.
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5.6.3 Effect of Novel CXCL12 Inhibitors on IL-1B-Induced Non-Canonical NF-kB
Signalling in U20S Cells.

5.6.3.1 Effect of KM8 Compound on IL-1B-Induced p100 Phosphorylation and p52 Formation in
U20S Cells

The same experiment was done for the non-canonical NF-kB pathway to assess the effect of both
KM compounds on p100 phosphorylation. Figure 5.15 showed that IL-1 induced a more than 3-
fold increase in p100 phosphorylation at 30 min compared to non-stimulated cells (Fold stims=
3.39 £0.83, P<0.001). Following pretreatment with the KM8 compound in the micromolar range
(1-20 uM), the phosphorylation of p100 was increased gradually at concentrations of 1-5 pM, with
a non-significant reduction at 10-20 pM compared to the stimulated control. Moreover, compared

to the control, KMS8 did not affect p100/p52 levels in pretreated cells.
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Figure 5. 15 Effect of KMS8 on IL-1p-induced phosphorylation of p100 in U20OS cells.

Cells were pre-treated with KMS for 1 h before stimulation with IL-1f (IL,10 ng/mL) for a further
30 min. Whole-cell extracts were assessed for A) p100 phosphorylation (100 kDa), p52 (52 kDa),
and GAPDH (37 kDa), which was used as a loading control. Blots were semi-quantified by
scanning densitometry, and the results expressed as a 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.
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5.7 Effect of KM11 on IL-1p-Induced signalling pathways in U20S cells

5.7.1 Effect of KM11 on IL-1B-induced JNK phosphorylation in U20S cells

The same experiment was carried out for KM11. Figure 5.16 showed that IL-1B-induced more
than a 20-fold increase in JNK phosphorylation in U20S cells (Fold stims= 21.44, P< 0.0001)
compared to control. Pre-treatment of the cells with KM11 (1-20 uM) had no inhibitory effect on
this response. The results revealed that both KM compounds have no effect on IL-1B-induced JNK

phosphorylation-mediated MAPK pathway in U20S cells.
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Figure 5. 16 Effect of KM11 on IL-1p-induced phosphorylation of JNK in U20S cells.

Cells were pre-treated with increasing concentrations of KM11 for 1 h before stimulation with IL-
1B (IL,10 ng/mL) for a further 30 min. Whole-cell extracts were assessed for A) JNK
phosphorylation (46,54 kDa) and total JNK (46,54 kDa), which was used as a loading control. Blots
were semi-quantified by scanning densitometry, and the results expressed as a fold increase relative
to control for B) pJNK. Each value represents two independent experiments.
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5.7.2 Effect of KM11 on IL-1B-induced NF«B pathway in U20S Cells

The effect of the KM11 compound was also tested on the canonical IKKp-dependent pathway.
Figure 5.17 showed that IL-1B-induced significant IkBa degradation by approximately 93% (%
basal IkBa expression = 7, P< 0.0001) compared to the basal. Pre-treatment of the cells in a
concentration-dependent manner with KM11 (1-20 pM) did not reverse the cellular IkBa loss in

stimulated cells. Furthermore, KM 11 alone did not significantly affect basal expression of [kBa.

Furthermore, whilst IL-1B-induced a 3-fold increase in p65 phosphorylation at 30 min (Fold stims
=3.17 £ 0.68, P< 0.001), KM11 had no impact on p65 phosphorylation. These results reveal that
KMS8 and KM11 compounds have no inhibitory effect on the IKKp-dependent NF-kB pathway in
U20S cells.
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Figure 5. 17 Effect of KM11 on IL-1p-induced cellular IkBa loss and phosphorylation of
p65 in U20S cells.

Cells were pre-treated with increasing concentrations of KM11 for 1 h before stimulation with IL-
1B (IL,10 ng/mL) for a further 30 min. Whole-cell extracts were assessed for A) IkBa loss (39
kDa), p65 phosphorylation (65 kDa), and total p65 (65 kDa), which was used as a loading control.
Blots were semi-quantified by scanning densitometry, and the results expressed as a fold increase
relative to control for B) IkBa and p-p65. Each value represents two independent experiments.
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5.7.3 Effect of KM11 on IL-1B-Induced p100 phosphorylation and p52 Formation in U20S cells

Next, the effect of KM11 was examined on IKKa signalling. Figure 5.18 showed that IL-183-
induced a more than 3-fold increase in pl00 phosphorylation at 30 min compared to non-
stimulated cells (Fold stims= 3.54 + 1.03, P< 0.001). Pre-treatment with the KM11 compound
across micromolar range (1-20 uM), do not affect the agonist response. Moreover, there was no
alteration in p100/p52 levels in pre-treated cells compared to the control. These findings show that
KMS8 and KM11 compounds have no inhibitory effect on IKKa within the non-canonical NF-«xB
pathway in U20S cells stimulated by IL-1.
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Figure 5. 18 Effect of KM11 on IL-1p-induced phosphorylation of p100 in U20S cells.

Cells were pre-treated with KM11 for 1 h before stimulation with IL-1 (IL,10 ng/mL) for 30 min.
Whole-cell extracts were assessed for A) pl100 phosphorylation (100 kDa), p52 (52 kDa), and
GAPDH (37 kDa), which was used as a loading control. Blots were semi-quantified by scanning
densitometry, and the results expressed as a fold increase relative to control for B) p-p100. Data
shown expressed as fold increase, and each value represents the mean + SEM of three independent
experiments. Data was analysed using a one-way ANOVA test.
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5.8 Discussion

This chapter explored the effects of novel compounds and their ability to inhibit IL-1B-induced
signalling and CXCL12 induction. This was based on the identification of a number of hits from a
preliminary screening of 5000 commercial compounds on CXL12 reporter activity carried out by
BioAscent, ESC. The screening results showed the potential to target CXCL12 induction in addition
to the use of CXCR4 antagonists in chemotherapeutic treatment, for example, Plerixafor
(AMD3100), approved by the FDA, and MSX-122 (Bao et al., 2023; Ghasemi & Ghasemi, 2022).
As discussed in Chapter One, these antagonists are used in cancer treatment and have shown
limitations in clinical trials.

A promising strategy for treating cancer is the development of targeted medicines against the
CXCL12 expression. Various studies have shown that many advanced therapies have been
developed against the effect of CXCL12, which work with radiation and chemotherapy (Bobbin
& Rossi, 2016; Giordano et al., 2024). The optimisation of CXCL12 inhibition strategies remains
the central area of the current study. To date, no effective strategy for inhibiting CXCL12 induction
has been developed despite the fact that CXCL12 release in the TME is significant.

The initial evaluation of KM compounds using the reporter assay found that most KM compounds
had no significant effect on IL-1B-induced CXCL12 activity. However, some compounds
inhibited CXCL12 activity only at high concentrations up to 50 pM, which obviously affected cell
integrity and viability (Figure 5.3). While such compound limitations can be discouraging in the
context of therapy, it is informative for compound optimisation using a future structure-activity
relationship. Previous findings from an experimental study of CXCR4 antagonists suggested that
at higher concentrations, these antagonists exhibited inhibition, coupled with cytotoxicity, a
common obstacle to drug development (Sun et al., 2003). Nevertheless, more potent, less toxic

drugs were subsequently developed from this starting point.

Notably, interesting results were obtained for the first time using KM8 and KM11, which were
considered the most active compounds in this examination study. KM8 showed effective inhibition
of CXCL12 induction across the 10-20 uM range (Figure 5.4), while KM11 was slightly more

potent (Figure 5.5). Both compounds were effective at concentrations well below the cytotoxic
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level observed these and for other KM compounds. The values are higher than those of other

reported CXCR4 antagonists (Mercurio et al., 2016; Zabel et al., 2009).

While the reporter assay showed significant reduction in CXCL12 activity, the luciferase enzyme
activity validated the selectivity of these effects and confirmed reduced CXCL12 level with close
to no impact on the enzyme itself, especially for KM 11, confirming that the downregulation of the
supernatant protein is a selective modulation of CXCL12 expression and not targeted towards the
enzyme (Figure 5.6). Both compounds had a favourable cytotoxicity profile as a distinguishing
feature, the adverse effect on cell viability using an MTT study at concentrations up to 20 uM, was
found to be very minor (Figures 5.7 and 5.8). This highlights the favourable drug-like properties

of both compounds.

The ELISA data provided critical confirmation of the findings in the reporter assay for the tested
KM compounds and also pointed towards selective inhibition. KM8 and KMI11 effectively
inhibited IL-1B-induced CXCL12 protein expression at micromolar concentrations (Figures 5.9
and 5.10), but did not significantly affect IL-1p-mediated production of IL-8, with a slight increase
in its expression (Figures 5.11 and 5.12), further emphasising a unique activity of the compounds

specific to CXCL12 expression.

These findings link to the understanding of signalling pathways driving CXCL12 induction,
examined in this thesis, and IL-8 production. KMS8 and KM11 were ineffective against IL-183-
induced MAP kinase and NFkB pathways, supporting the notion that a different signalling
pathway is involved for CXCL12 induction, one which KM8 and KM11 have the potential to
inhibit, for example, NLK or MEKK3. If time had allowed, kinase profiling of the KM compounds,
or individual kinase assays might have revealed the effect of these compounds on MEKK3, NLK

or other kinases.

In contrast, IL-8 induction has been shown to be controlled by both MAP (p38, ERK1/2) and
NF«B kinases in various cells, including cancer cells (He et al., 2013; Hwang et al., 2004;
Matsumoto et al., 1998; Mukaida, 2003). Given that both KM compounds were not effective
against these pathways in U20S cells, the finding that they do not inhibit IL-8 fits with these
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results. The fact that these compounds are ineffective again indicates a degree of selectivity but

also a lack of off-target effects.

Based on the obtained data in this chapter, KM8 and KM11 are novel CXCL12 inhibitors in U20S
cells with undiscovered, independent of classic regulatory mechanisms (IKKa and IKK) of IL-
1B-induced CXCL12 expression. These findings are consistent with prior data establishing that
inhibition of CXCLI12, in general, principally blocks multiple signalling cascades in various

cancer cells (Chinni et al., 2006; X. Liu et al., 2014; Yin et al., 2019).
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Chapter Six

General Discussion and Conclusion
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6.1 General Discussion and Future Work

The chemokine, CXCL12 (SDF-1), is highly expressed by bone marrow stromal cells and CAFs
(Nagasawa, Hirota, et al., 1996; Orimo et al., 2005). It plays a role in controlling immune cell
trafficking (Bernardini et al., 2008), and organ vascular development (Ara et al., 2005), through
CXCR4 signalling. It also profoundly affects cancer progression due to its effects on cells within
the tumour microenvironment. Osteosarcoma is a common type of bone cancer, mainly affecting
adolescents and accounts for approximately 40% of primary malignant bone cancer (Ziyu Ji et al.,
2023). The pathogenesis of OS includes many genetic mutations that identify the conversion of
normal cells to cancerous ones, such as mesenchymal stem/stromal cells (MSCs) or osteoblast
precursor lineages (Czarnecka et al., 2020). Significantly, chemokines and their receptor, CXCR4
are now recognised as critical mediators influencing tumour growth and metastasis in various
cancers, including osteosarcoma. Experimental studies evidenced this role through a consistent
increase in specific CXC chemokines, which was observed in pediatric OS patients (Li et al.,
2011). A dysregulated pattern of chemokine receptor expression was examined in OS tumours,
suggesting signalling cascades that enhance malignancy (Von Luettichau et al.,, 2008).
CXCR4/CXCLI12 signalling is examined as a key pathway and functionally involved in OS
hallmarks through inducing proliferation, survival, and homing (Perissinotto et al., 2005).
Preliminary treatment strategies have concentrated on directly targeting this pathway. A number
of inhibitors for the CXCL12 receptor, CXCR4, have been developed for the treatment of certain
cancers (Zhou et al., 2019). For example, research employing AMD3100 (Plerixafor), a particular
CXCR4 antagonist, has demonstrated promising results in reducing tumour burden and metastasis
in a number of cancer models (Y. X. Liao et al., 2015; Scala, 2015). However, these drugs showed
limited clinical success with an unknown safety profile (Bao et al., 2023; Ghasemi & Ghasemi,

2022).

Todays, all the researchers worldwide are competing to discover a new way to find a drug that treats
cancer with minimal side effects. Crystallographic and computational studies using structural
insights have enabled rational drug design models for improving inhibitor specificity and

pharmacokinetics (Kumar et al., 2018). The use of computational chemistry techniques, such as
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molecular docking, has provided detailed data on the inhibitor binding mode (Prieto-Martinez et
al., 2019). The 3D structure of CXCL12 has been recently examined (R. Janssens et al., 2018).
Thus, the potential of CXCL12 in the drug design field was demonstrated to be viable.

In addition, novel inhibitors of CXCL12 induction have been synthesised, which can target
CXCLI12 induction rather than the CXCR4 receptor, thereby maximising the activity and reducing
the off-target effect. Recently, the University of Dundee reported that a number of compounds
were of interest, having been identified through screening commercial compounds against the
CXCLI12 gene expression induced by IL-1B. For these reasons, our study aimed to identify
chemical structures that can effectively inhibit CXCL12 signalling by abolishing its expression.
Some reported compounds (KM6, KM 10, and KM 11) demonstrated in Table 3.1 were successfully
synthesised in the Jamieson lab using various approaches. Their temperature stability were also
examined as described in Chapter Three. If time had allowed, a further QSAR study for these
compounds would have been conducted to determine the pharmacophore essential in chemical
stability and molecular activity to compare them with the lead compounds during pharmacological

testing.

Next, the role of these KM compounds in CXCL12 induction and IL-1B-mediated signalling
pathways activation was examined after the investigation and characterisation of IL-1B-induced

signalling cascades. This concept will be demonstrated in detail shortly.

As mentioned previously, studies have shown that various cellular factors, including
proinflammatory cytokines, hypoxia, and growth factors, induced CXCL12 expression (Kryczek
et al., 2005; Liu et al., 2020; Yu et al., 2017). Regulation of this expression within the tumour
microenvironment is associated with the development of tumour hallmarks in various cancer cells
(Scotton et al., 2002; Yang et al., 2023). These increased levels of CXCL12 were due to activation
of various signalling cascades, such as MAPK and NF-xB pathways, in response to
proinflammatory cytokines, as reported in some experimental studies using cancer cell lines

(Madge et al., 2008; Yu et al., 2018).
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Specifically, studies focused on IL-1B-induced CXCL12 expression in U373 glioma cells through
specific binding motifs located on the CXCL12 promoter region (Garcia-Moruja et al., 2005).This
finding highlights the need to evaluate the promoter region in osteosarcoma U20S cells, which

revealed its active usage in a cell cycle-dependent manner in our work.

Initially, in five independent experiments using a luciferase reporter assay described in Chapter
four, it was shown that IL-1p treatment resulted in a 4-fold increase of CXCL12 expression at 6-8
h. Therefore, this cell line is ideal for studying cell signalling parameters with respect to CXCL12
induction. Then, the signalling experiments sought to focus on the MAP kinase pathway, where
the CXCL12 promoter is known to have a ¢/EBPf site within the promoter region (Calonge et al.,
2010). Studies have shown that c/EBP phosphorylation is essential for action as a transcription
factor that increases CXCL12 activity upon treatment with IL-1B or cellular confluence (Calonge
et al., 2010; Kim et al., 2007). Studies show that this is controlled principally by ERK through
phosphorylation on threonine 235 or 188 residues (Hungness et al., 2002; Park et al., 2004;
Raymond et al., 2006). The initial finding did not support the idea of ERK activation as a significant
pathway for CXCL12 induction in this cell type; ERK activity was negligible relative to other cell
studies where the relationship between ERK and ¢/EBPP has been studied. Indeed, additional
experiments showed some increased phosphorylation of ¢/EBPJ, but that was well out with the
time span for CXCL12 induction. Interesting to note that, unlike some studies in osteosarcoma
cells, in which IL-1p was effective in activating ERK (Huang et al., 2009), this differential pattern
of activation in the two pathways proposed engagement of the selective MAPK pathway, as earlier

proposed by (Pyrillou et al., 2020).

The results in this study showed that IL-1p was able to activate INK, a well-recognised signalling
cassette downstream of IL-1 receptor activation. This pathway needs investigation in other cancer
cell types, such as breast or pancreatic cancer cells, to confirm its role related to CXCL12
induction. The role of ERK/cEBP in the regulation of CXCL12 by virtue of a lack of ERK activity,
having questioned, and an examination of the NFxB pathway was indicated. Whilst no putative
NF«kB sites are featured in the CXCL12 promotion, is it possible that the pathway plays an indirect

role, as yes uncharacterised.
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Previous studies showed the significant inhibition of IL-1B-induced IxBa loss (Baxter et al., 2004;
Kishore et al., 2003), including some from our laboratory, which showed reversal of IxBa loss,
albeit at high concentrations of inhibitor (Mclntosh et al., 2023). Effective reversal of IxBa loss
was found most convincingly using DN IKKf adenovirus (Craig et al., 2025). Our results showed
that IL-1p strongly stimulated the canonical NFkB pathway, as assessed by examining the loss of
IxBa and phosphorylation of p65. However, identifying a role for IKK remained difficult. While
IKKP rundown using siRNA was successful, the effect on IxkBa loss was negligible, and a high

concentration of the IKKf inhibitor used was only partially effective.

While some studies suggest IKKa can function as a substitute for IKKf in the canonical NFxB
pathway in various cells (Adli et al., 2010; Prescott et al., 2022). This may not occur in U20S cells.
Preliminary experiments showed minimal IxBa reversal following siRNA IKKf in combination
with SU1261. This result indicates either incomplete IKKf3 inhibition by the compound or that only

minimal active IKKp is needed for amplification.

Studies have shown that TAK-1 operates as a regulatory kinase upstream of IKKJ in the canonical
cascade. Indeed, preincubation with the TAK-1 inhibitor, 5Z-70xo0, was able to fully reverse the
loss in IkBa in response to IL-1PB. This aligns with a number of studies in immune and cancer
models, which show that many stimuli, such as IL-1p and TNF, activate and phosphorylate TAK-
1, resulting in IKK complex phosphorylation, particularly IKKp, which directly phosphorylates
IxBa and enhances its proteasomal degradation (Mukhopadhyay & Lee, 2020; Sakurai, 2012).
However, TAK-1 siRNA knockdown could not cause reversals in IL-1B-induced IxkBa loss, and
the degree of inhibition of IKK[P phosphorylation was limited to 66%. Therefore, it is again
possible that residual IKK beta activity is sufficient to cause activation of the canonical NF«xB

pathway.

A second and striking aspect of IL-1B-induced signalling is related to “non-canonical” NF«xB
signalling. Previous findings in endothelial cells (Craig et al., 2025), and in U20S and DU145 cell
lines (MclIntosh et al., 2023); demonstrated that IL-1B-induced p100 phosphorylation was transient
and not associated with the formation of p52, a phenomenon usually associated with non-canonical

NF«B signalling, driven by agonists such as LIGHT, LT, CD40L and others (Cildir et al., 2016;
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Sun, 2011, 2017). Our findings in Chapter four showed that IL-1p mediated a strong increase in
the phosphorylation of p100 NF«xB2. In the previous study in U20S cells, CRISPR induced the
deletion of IKKa, which significantly reduced p100 phosphorylation (McIntosh et al., 2023). Our
results also confirmed that pre-incubation with IKKa siRNA or pre-treatment with SU1261, a
selective IKK alpha inhibitor, effectively reduced p100 phosphorylation. In contrast, IKK[ siRNA
had no effect on IL-1B-induced pl00 phosphorylation, suggesting that this mode of
phosphorylation is indeed IKKa-dependent.

Regarding the non-canonical NFkB pathway, it has been shown that the upstream MAP3K NIK
has a predominant role. Studies show that following activation of NIK by TNF family members
(CD40L, BAFF) and others, NIK directly phosphorylates human IKKa at specific residues
(Ser176/180) in biochemical experiments, activating its kinase activity as reported in an in vitro
kinase assay (Ling et al., 1998). Similarly, Xiao and coworkers demonstrated the importance of
NIK in the non-canonical NF«xB pathway activation through p100 phosphorylation; they showed
that wild-type NIK expression in NIK-deficient cells restored the activation of IKKa and p100
phosphorylation with p52 formation (Xiao et al., 2004; Xiao et al., 2001). Another experimental
study showed that whilst pharmacological inhibition of NIK using CW15337 compound could
inhibit LT or LIGHT-induced p100 phosphorylation in either U20S cells or HUVECs, the
compound did not affect the IL-1p response. This suggests that NIK is not required to bring IKKa
into proximity with p100 as has been suggested by previous studies (Craig et al., 2025; McIntosh
et al., 2023).

As we discussed in Chapter Four, NIK is well recognised to be essential for the degradation of
pl00 and the formation of p52 (Xiao et al., 2004; Xiao et al., 2001), resulting in nuclear
translocation and regulating target genes through p52/RelB dimers (Sun, 2017). Huge studies have
evidenced that NIK knockout in B cells, fibroblasts, or Human embryonic kidney cells blocked
p100 phosphorylation and p52 generation by preventing IKKa phosphorylation (Sun, 2017; Xiao
et al., 2001). Experiments identified TAK-1 as being essential for pl100 phosphorylation. Pre-
treatment of cells with the TAK-1 inhibitor, 5Z-70x0, results in a concentration-dependent

inhibition of p100 phosphorylation, whereas treatment with TAK-1 siRNA causes a significant,
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albeit partial, inhibition. Additional experiments showed that IL-1f induction of pIKKa was also
reduced by TAK-1 inhibition. Taken together, this would suggest that TAK-I-mediated
phosphorylation of p100 in turn mediates the phosphorylation of IKKa.

TAK-1 inhibition has been shown to regulate MAP kinase signalling, and the canonical NFxB
pathway (Marine et al., 2022; Wang et al., 2022). Our results in this thesis showed similar findings,
with JNK and p38 phosphorylation being highly sensitive to TAK-1 knockdown. However, despite
the data from several studies demonstrating multiple functions for TAK-1, there is no evidence to
support the idea that TAK-1 may be directly involved in regulating p100, for example, by bringing
IKKa into contact with pl00 to facilitate phosphorylation. If time allowed, TAK-1
immunoprecipitation experiments may have revealed binding of TAK-1 to p100, functioning as a

substitute for NIK.

Further preliminary experiments were conducted to assess any additional aspects of co-regulation
of the pathway. One MAP3 kinase studied was MEKK3. MEKK3 has been shown to work in
concert with TAK-1 in regulating NF«B signalling in response to IL-1p and infection (Di et al.,
2008; Sokolova et al., 2014; Zhang et al., 2019). However, siRNA strategies that significantly
reduced MEKK3 protein expression were ineffective either alone or in combination with TAK-1

knockdown.

As mentioned previously, MEKK3 has been shown to act as a central signalling site activated by
upstream receptors or stressors such as TNF-a. Instead, it acts primarily by phosphorylation and
activation of kinases downstream signalling, such as IKKs or MAP4Ks, triggering various
signalling cascades, implications for inflammation, including the NF-kB pathway (Sokolova et
al., 2014; Zhang et al., 2019). However, MEKK3 did not substitute MAPK signalling-mediated
IL-1B-induced JNK and p38 activation, nor did NF-kB signalling mediate IKKoa and p100
phosphorylation in U20S cells. Further experiments, including CRISPR or genetic studies, are

required to investigate the downstream signalling cascades mediated by MEKK3 activation.

Having established the signalling that is stimulated in response to IL-1f in U20S cells, such as
activation of JNK and p38 signalling (Chen et al., 2019) and NF-«B activation (Craig et al., 2025)

(Mclntosh et al., 2023; Vertegaal et al., 2000), the role of each cascade was examined.
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Our result from treatment with SB203580 indicates that it inhibits CXCL12 reporter activity by
approximately 30%. This was a caveat in our experimental findings. Recent studies have shown
that SB203580 inhibits Nemo-like kinase (NLK) (Coulombe & Meloche, 2007). Later studies
expand NLK’s role in regulating cellular processes through downstream signalling cascades
described in Chapter Four. However, depending on previous studies that illustrated the crosstalk
of NLK with MAPK (Ohnishi et al., 2010) and NF-«B signalling (Li et al., 2014), a preliminary
additional experiment using pharmacological inhibition showed that NLK had no effect on MAPK
and NF-kB signalling induced by IL-1B. A study by Zhang and coworkers demonstrated the
crosstalk of NLK with TAK-1-c/EBPf activation induced via IL-1p, involving ATFS5 stabilisation;
however, this finding was not replicated in our study (Zhang et al., 2015). If time allowed, studies
using NLK siRNA may have been useful to determine if this kinase played a role in CXCL12

induction.

Other experiments focused on the role of IKKa in regulating CXCLI2 induction. Initially,
pharmacological evidence pointed to a role for IKKa in the regulation of CXC12 reporter activity,
as the IL-1pB response was sensitive to the selective IKKa inhibitor SU1261. SU1261 has been
shown to be selective with respect to inhibition of agonist stimulation of the non-canonical NF-xB
pathway (Anthony et al., 2017) and IL-1f stimulation in HUVES (Craig et al., 2025). However,
no studies have examined the long-term effect of SU1261, and there is the possibility of off-target
effects. This idea was supported by the finding that silKKa did not affect reporter activity or protein
synthesis and release as assessed by ELISA. Indeed, a combination of siRNA and SU1261 strongly
supported the notion of an off-target effect; SU1261 was effective in IKKa knockdown cells.
Furthermore, pre-treating cells with TAK-1 siRNA showed a moderate effect on CXCL12 at the
level of reporter activity and ELISA.

As we mentioned in Chapter Four, the off-target effects of SU1261 and other tested compounds
remain to be fully characterised., Given that such effects are a well-documented source of efficacy
and toxicity, as reported in Imatinib and SB203580, future studies must address this effect
(Cismowski, 2007; Lali et al., 2000; Sadri, 2023).
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The assessment of TAK-1’s role is complicated by pharmacological limitations. The inhibitor 7-
oxo showed time-dependent potency and a high concentration was required for efficacy, which can
induce apoptosis and complicate the interpretation of specific pathway inhibition, as demonstrated
previously in hematological cancer models (Wu et al., 2013). This difference is highlighted by the
contrast between strong initial pharmacological evidence for the role of TAK-1 in CXCLI12

induction and the lack of inhibition observed by siRNA.

The kinase IKKa is a regulator of inflammation, demonstrating cell and stimulus-specific
functions. It can act as either an activator or a repressor of classic proinflammatory cytokines, as
mentioned previously (Lawrence et al., 2005; Yang et al., 2008). Furthermore, IKKa plays a
nuclear role in the non-canonical NF-kB pathway, where it is recruited to promoters by ligands
such as LIGHT to drive the expression of genes including ICAM-1 and VCAM-1 in endothelial
cells (Madge et al., 2008; M. J. Wolf et al., 2010). This functional flexibility highlights the
importance of defining the specific context when determining the contribution of IKKa to a

biological process.

Initial data as explained in Chapter Four, using USOS cells, revealed a distinct inflammatory effect
in response to IL-1p, characterised by a lack of VCAM-1 and ICAM-1 induction but evidence of
TAK-1 and NF-kB-dependent IL-8 production (Roccaro et al., 2014; Waugh & Wilson, 2008).
Given that IL-8 expression is strongly associated with AP-1 and MAPK signalling rather than
IKKa, this result may explain the absence of adhesion molecule upregulation (Russo et al., 2014;
Waugh & Wilson, 2008). Ultimately, the use of IKKa siRNA would be required to definitively

confirm that its role in this pathway is negligible.

Finally, and interestingly, our findings showed for the first time the potential for MEKK3 to
regulate the induction of CXCL12. Both CXCL12 reporter activity and CXCL12 protein level were
inhibited via siRNA knockdown as assessed by reporter and ELISA assays. Equivalent studies
assessing IL-8 level showed no effect, suggesting that the selective impact is toward the CXCL12
gene and not a general inflammatory response. Additionally, the inhibitor Ponatinib demonstrated

potent inhibition of CXCL12 at low micromolar concentrations, which is recognised to be a multi-
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kinase inhibitor, including MEKK3 inhibition, as shown in vitro and in vivo models with kinase

assay (Choi et al., 2018; Gozgit et al., 2012).

As discussed above, MEKKS3 significantly inhibited CXCLI12 induction. However, a
comprehensive investigation of NF-kB and MAPK signalling induced by IL-1p revealed no effect
of MEKK3 on either NF-kxB or MAPK, or in combination with siRNA TAK-1, suggesting a
MEKK3-independent pathway, which stands in clear contrast to earlier research that exhibited
involvement of MEKK3 in IL-1B-induced NF-xB and JNK activation in fibroblasts and cancer
cells (Qin et al., 2006; Yao et al., 2007; Zhang et al., 2019). A similar study confirmed the role of
MEKK3 in NF-«B activation during H. pylori infection (Sokolova et al., 2014). If time allowed,
MEKS/ERKS signalling may have been used to investigate it further as downstream signalling for
MEKK3 (Drew et al., 2012; Wang & Tournier, 2006).

As mentioned in Chapter Three, preliminary studies reported the assay of 5,000 compounds in
U20S cells transfected with the CXCL12 promoter to assess their effect on promoter activity using
a reporter assay. The screening results showed that some of these compounds significantly affect
the IL-B-induced CXCL12 expression, and these findings highlighted the importance of discovering
and investigating the novel targets that could replace the existing pathway for CXCR4 antagonists
in chemotherapeutic treatment. As discussed in Chapter One, these antagonists are used in cancer
treatment and have shown drawbacks in clinical trials. The synthesis and temperature stability
analysis of the KM compounds were successfully evaluated. KM 10 and KM 11 compounds showed
good chemical stability under various storage conditions for up to 7 days, particularly at 25 °C and

37 °C.

At 50 °C, slight fluctuations in the readings were observed, but they remained within acceptable
limits, indicating its relative tolerance to high temperatures in the short term. In contrast, the KM6
compound exhibited reduced stability with mild degradation in its chemical composition. An

analytical evaluation suggests that further experimental replication and investigation are required.

Our study focused on inhibiting CXCL12 expression induced via IL-1p to create more potent

targeted therapies using the osteosarcoma U20S cell line model.
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In this study, different experimental approaches were utilised to elucidate the mechanism of action
of a new class of CXCL12 inhibitors (KM) compounds and their ability to modulate CXCL12
expression. To date, no published studies have investigated and characterised these compounds’

effect on CXCL12 induction mediated via proinflammatory cytokines, including IL-1p or TNF-a.

The initial evaluation of KM compounds using the reporter assay found that most KM compounds
had no significant effect on IL-1B-induced CXCL12 activity, indicating that these compounds do
not interfere with CXCL12 expression pathways. However, some compounds inhibited CXCL12
activity only at high concentrations up to 50 uM, which obviously affected cell integrity and
viability. While such compound inaction can be disheartening in the context of therapy, it is

informative for compound optimisation using a future structure-activity relationship.

Notably, an interesting result was obtained from the novel examination of KM8 and KM11
compounds, which were considered the most active compounds in this study. These compounds
demonstrated effective inhibition across the low micromolar range in IL-1B-induced CXCL12
activity, well below the cytotoxic threshold observed for other KM compounds. The observed
values showed higher efficacy than those of other reported CXCR4 antagonists (Mercurio et al.,
2016; Zabel et al., 2009). Its novel mechanism of inhibiting CXCL12 expression represents a

significant deviation from established approaches.

Our data revealed two critical findings: first, the suppression of CXCL12 is a result of selective
expression modulation rather than direct enzyme inhibition; second, the novel compounds,
particularly KM11, exhibited a highly favourable cytotoxicity profile with minimal impact on cell
viability as determined by an MTT study at concentrations up to 20 uM. This effect clarifies a
beneficial distinction from earlier generations of CXCL12/CXCR4 antagonists, which often
showed considerable cytotoxicity at clinically relevant concentrations in cancer patients (Ghasemi

& Ghasemi, 2022).

The ELISA data provided critical confirmation of the findings in the reporter assay for the tested
KM compounds. As previously discussed, IL-1p significantly induced CXCL12 protein levels.
KMS8 and KM11 effectively inhibited IL-1B-induced CXCL12 protein expression at a moderate
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micromolar range. These findings are strongly compatible with the reporter results in reduced

CXCLI12 activity.

Furthermore, KM8 and KM11 did not significantly affect IL-1B-mediated production of IL-8
protein levels, with a slight increase in its expression, further emphasising a unique activity
specific to CXCL12 expression. Such selectivity is striking given that previous studies had shown
many chemokine inhibitors to be pan-active (Cambier et al., 2023; Matsuo et al., 2009). These
findings suggest, for the first time, that KM8 and KM11 are novel compounds that selectively
inhibit CXCL12 expression induced by proinflammatory cytokines, IL-1f.

In the current investigation on the signalling pathways induced via IL-1p, and to determine if both
KM8 and KM11 impact these signalling, at the same time, MAPK and NF-«B (canonical and non-
canonical) activation have been established in Chapter Four. The mechanistic analysis revealed
that neither KM8 nor KM11 impacted IL-1p-stimulated JNK phosphorylation, suggesting their
mechanism of action is independent of MAPK signalling. This result strongly aligns with the
previously discussed data for the involvement of MAPK signalling in CXCL12 regulation. Also,
neither compound significantly affected canonical (IkBa degradation, p65 phosphorylation) or
non-canonical (p100 phosphorylation) NF-«B signalling pathways induced via IL-1p. This finding
also aligns with the results from chapter four that IL-1B-induced CXCL12 upregulation is IKKa
and IKKp independent, and MEKK3 signalling is a new regulated pathway involved in U20S
cells. The mechanistic data for KM compounds support what we get from the previous signalling
study for IL-1p stimulation pathways. A schematic diagram in Figure 6.1 summarises our findings
in respect to signalling pathways mediated by IL-1B-induced CXCL12 expression and the impact
of KM compounds on CXCLI12 induction. If time had allowed, kinase screening for KM
compounds, siRNA NLK, and MEKK3 immunoblotting experiments might have revealed the
effect of these compounds on MEKK3 or another kinase such as NLK.

Our results identify KM8 and KM 11 as novel inhibitors of IL-1B-induced CXCL12 expression in
U20S osteosarcoma cells. Their mechanism of action is independent of classic IKKa and IKKf
regulatory pathways. This finding aligns with prior evidence establishing that inhibition of

CXCL12 generally involves blocking multiple signalling cascades in cancer cells (Chinni et al.,
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2006). Moreover, their novel biological activities and favourable toxicity profiles make KM8 and
KMI11 attractive candidates for further development, particularly in investigating their exact

molecular target(s) for potential therapeutic applications.

Future studies might focus on understanding the precise mechanism by which MEKK3 regulates
CXCLI12 expression, and whether ¢/EBP still has a role in this regulation pattern or not and
whether NLK is involved in CXCL12 induction using siRNA NLK, exploring the therapeutic
potential of targeting this pathway in cancer and inflammatory diseases. Furthermore, other cancer
cells, such as those from breast and prostate cancers, may be examined to investigate the signalling
pathways induced by IL-1B in comparison to those from bone cancer cells. Regarding KM
compounds, QSAR studies for KM8 and KM 11 are necessary to investigate the importance of their
pharmacophore in biological activity. Further LC-MS and NMR investigation studies are required

for KM6 to determine the exact degradation mechanism.
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Figure 6. 1 A schematic diagram shows the effect of IL-1p-induced CXCL12 expression via
the MAPK, NF-kB, and MEKK3 pathways—role of KM compounds in inhibiting CXCL12
activity in U20S cells.

6.2 Conclusion

The targeted compounds KM6, KM10, and KM11 were synthesised successfully, and the HPLC
stability analysis showed their resistance to degradation at elevated temperatures, except KM6. IL-
1B is a potent inducer of CXCL12 expression in U20S osteosarcoma cells, increasing reporter
activity and protein expression. IL-1B activated several signalling cascades, including MAP
kinases, and both canonical and non-canonical NF-kB pathways. MEKK3 was identified as a
specific and novel regulator of CXCLI12 expression, independent of classical inflammatory
signalling pathways. KM8 and KM11 are novel inhibitors for IL-1B-induced CXCL12 expression
in U20S cells through upstream MEKK3 signalling. These findings open a new way for

therapeutic intervention in conditions where CXCL12 plays a pathological role.
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7.1 NMR and IR data for KM6

ETET
ﬂmm.ﬁW
.mvm,._

98e'T—

E6'E
e .Y_/.
[&Tad
08¢ .wWK
L6

ST
1L
L

SebL
LEv'L
SSbL
EbSL
SbeL
vost)
807'8—
'8 —

=50

S =60

=0T

EITe

=207

0.0 -0.5

0.5

90 85 80 725 70 65 60 55 50 45 40 35 30 25 20 15 1.0
f1 (ppm)

9.5

10.5

7.1.1 'THNMR for KM6

273



Mohammed Sinjar

T9S¥FI~
€60'9T"

OTp'ee—

£v'09—

992201
L6111
66511
T8I,
mqmi“
BHE 0TI
L
687421
£58°971
0v9'9ET~
8TYTHT
LYE PP~

8¥5'E9T—
SEF'89T—

Me

T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70
1 (ppm)

T
210

7.1.2 3C NMR for KM6

=
A
A oF

PU8EL D
LsL L~
5868

s —— 1LGE0)
— BY0.01
el

— Uil

— pg626 | S
(]

8
6706,
At e

= — EV'G6G |
llllwlmvmmm:

—— 470817
—0072T

— el 5
— 636 3
—0E0gz F N

— 09Z6T |

—A0kiEe L

MCH-637

4000

75

7.1.3 IR for KM6

274



Mohammed Sinjar

7.2 NMR and IR data for KM10
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7.2.7 HPLC for KM10
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7.3 NMR and IR data for KM11
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7.4 NMR and IR data for AMG-548
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