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Abstract  
IKK, a serine threonine kinase, has been consistently implicated in a range of 

inflammation-driven diseases and cancers. In the non-canonical NF-B signalling 

pathway, IKK homodimers function in a NIK-dependent manner, activated by specific 
members of the TNF superfamily, including lymphotoxin and LIGHT ligands. This 
activation led to phosphorylation of p100 and the subsequent nuclear translocation of 

the NF-B heterodimer RelB:p52. In contrast, the canonical NF-B pathway was 

activated by various pro-inflammatory stimuli, including IL-1 and TNF, and relies on 

TAK1 and the IKK complex, which is composed of IKK, IKK, and IKK. Within this 

complex, IKK plays the dominant role in initiating downstream signalling, resulting in 

phosphorylation and degradation of IB and the nuclear translocation of NF-B 
dimers, most commonly p50:p65. Previously, a novel signalling mechanism was 

described in which IL-1 induced early p100 phosphorylation in an IKK-dependent 
manner in human endothelial cells and in the human osteosarcoma cell line U2OS. In 
this study, potential downstream functions of p100 phosphorylation in this context were 

investigated, and IL-1-mediated IKK-dependent genes were explored.  

This study validated that IL-1-induced p100 phosphorylation is IKK-dependent in 

U2OS cells and demonstrated the selectivity of two novel first-in-class IKK inhibitors, 
SU1261 and SU1349, and their ability to inhibit this signalling mechanism. 
Furthermore, the TAK1 inhibitor 5Z-7-oxozeaenol was used to show that both p100 

and IKK phosphorylation was inhibited by TAK1 inhibition, and that this occurred at 

lower inhibitor concentrations than those required to suppress IKK-dependent 

responses following IL-1 stimulation. Additionally, downstream p52 and p65 nuclear 

translocation were inhibited at concentrations similar to those affecting IKK-

dependent responses rather than IKK-dependent responses, indicating that p52 was 

not downstream of IKK-mediated p100 phosphorylation in this model. Therefore, 

Illumina RNA sequencing was subsequently employed to identify potential IKK-

dependent genes using IKK CRISPR-Cas9 knockdown in this signalling system. 
These included the gene encoding the osteoclast-associated receptor, OSCAR, which 

was upregulated in the transcriptomic analysis of IKK CRISPR-Cas9 knockdown 

cells but downregulated at the mRNA level following IKK siRNA knockdown 

independently of IL-1 stimulation. The gene encoding DHCR7, a key enzyme in the 

final stages of cholesterol biosynthesis, was found to be downregulated in IKK 
CRISPR-Cas9 knockdown U2OS cells in the transcriptomic data, which was also IL-

1-independent. This was subsequently validated by RT-qPCR, where similar findings 
were observed in both CRISPR-Cas9 and siRNA knockdown models. Red Amplex 
cholesterol assays also demonstrated significantly lower cholesterol production in 

IKK CRISPR-Cas9 knockdown U2OS cells compared with wild-type cells. A smaller, 

yet significant, reduction in cholesterol production was also observed in IKK siRNA-
transfected cells compared with non-targeting siRNA controls. Finally, this study 

examined IL-1-mediated expression of CXCL5, a gene associated with 
osteosarcoma progression and osteogenesis that contributed to tumour development. 

CXCL5 mRNA expression was shown to be IKK-dependent using both IKK 
CRISPR-Cas9 and siRNA knockdown methods, as well as through treatment with the 

novel IKK inhibitors (SU1261 and SU1349). IL-1-mediated CXCL8 expression was 

also investigated as a comparator, as it is a well-established as an IKK-dependent 
gene. Like CXCL5, CXCL8 binds to CXCR2 to promote osteogenesis and 

osteosarcoma progression. This study demonstrated that IKK inhibition increased IL-
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1-induced CXCL8 mRNA expression, whereas treatment with a dual IKK/IKK 
inhibitor, SU1266, decreased both CXCL5 and CXCL8 expression.  
Collectively, this study provided the first evidence that CXCL5 is a bona fide 

downstream IKK-dependent target and provides an insight into several other 

functional roles which IKK may play in osteosarcoma cells. 
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IKK in cancer. Open Biol. 2025. 15240375] under CCBY 4.0. 
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1.1 The cellular basis of cancer 
Cancer is a complex and multifactorial disease characterised by the uncontrolled 

growth and spread of abnormal cells (1). There are various environmental, genetic and 

lifestyle factors which contribute to cancer initiation. These include exposure to 

tobacco smoke, ultraviolet radiation, obesity, diet, chronic inflammation and infection. 

Between 80-90% of malignant tumours are suspected to be mediated by carcinogens, 

exemplifying the significant effects of external environmental factors on cancer 

incidence (2). These factors promote the accumulation of genetic mutations and 

epigenetic alterations which drive carcinogenesis, a multistep process initiated by 

these molecular alterations resulting in oncogene activation and or tumour 

suppression gene deactivation (3, 4). For example, carriers of the BRCA2 or TP53 

gene mutations are more likely to develop specific types of cancer including 

osteosarcoma (OS), leukaemia and soft tissue sarcoma (5). These genetic and 

epigenetic processes disrupt normal regulatory events which maintain tissue 

homeostasis. This is followed by uncontrolled cell division and or inhibition of cell cycle 

arrest and programmed cell death (6). This disruption first manifests as increased cell 

number, known as hyperplasia. This can develop into dysplasia, characterised by 

abnormal cell morphology, including increased nucleus/cytoplasm ratio, decreased 

cell polarity and increased mitotic activity (7). Dysplasia represents a pre-malignant 

state, where cellular changes become apparent, but abnormal cells have not yet 

invaded surrounding tissue. In cases of untreated pre-malignant states, dysplastic 

lesions can result in early stages of cancer, including carcinoma in situ (8). 

Consequently, the malignant tumour can grow, and migrate into lymph nodes and local 

organs and eventually to distant organs resulting in systemic metastasis, which is 

responsible for approximately 90% of cancer-related deaths (9). This progression 

highlights the clinical need for detection and intervention methods during pre-

malignancy to prevent subsequent development and tumour metastasis.  

 

1.2 The increasing global burden of cancer 
The International Agency for Research on Cancer collated data from 185 countries 

and estimated that approximately 19.3 million new cancer cases and around 10 million 

cancer deaths took place in 2020 alone, and this expected to increase by 47% to 28.4 
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million cases by 2040 (10). This increasing trend in cancer diagnoses has been noted 

the past few decades, with a 0.8% annual increase on average in both men and 

women from 1994 to 2018 (11). There are various factors which make cancer an 

important research focus, particularly in the present and future. As the aging 

population continues to rise, cancer incidence will naturally increase as age is a major 

cancer risk factor (12). Therefore, some of the projected increases in cancer 

diagnoses can be attributed to the aging population. Additionally, it is expected that 

socioeconomic factors will contribute to cancer progression and mortality in the future, 

as it is predicted that countries with low or medium socioeconomic development will 

experience higher incidence of various cancers (13). Despite extensive efforts to 

conduct research into cancer aetiology, including the production of expansive data and 

relevant signalling networks of genes and proteins (14), cancer remains the leading 

cause of death in 57 countries (15). Therefore, cancer has an undeniable burden on 

health globally. Additionally, cancer has the highest economic burden globally out of 

the 15 highest causes of mortality (16). To overcome the detrimental effect which 

cancer places on the economy and health, more research and treatment options are 

required. 

 

1.3 The histological characteristics of cancer 
The tissue origin plays a key role in the classification and biological behaviour of 

cancers. Therefore, cancers are broadly categorised into different histological 

subtypes depending on the specific tissues and cells which they arise from (17). This 

classification is important in diagnosis but also gives insights into the potential 

associated prognosis and treatment options. The major histological types include 

carcinomas, sarcomas, lymphomas, leukaemias, myelomas and a combination of 

these categories can result in a mixed histological type (18). Carcinomas arise from 

epithelial cells, while sarcomas develop in mesenchymal tissues including bone, and 

soft tissue, which account for approximately 20% and 80% of sarcoma cases, 

respectively (19, 20). Lymphomas and leukaemias originate from immune cells and 

cells within blood, respectively (21, 22). Myelomas develop from antibody-producing 

plasma cells in the bone marrow (23). Neuroendocrine tumours are another type of 

tumour with its own characteristics, which develop from neuroendocrine cells, have 

nerve cell and hormone-producing traits and originate from tissue of diverse origin 
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(24). However, neuroendocrine tumours have not been recognised as a distinct 

histological tumour subtype separate from other tumour types. An outline of the 

histological subtype classification and origin of these cancers is shown in Figure 1.1. 

 

 

Figure 1.1. The histological types of cancer. 

This schematic illustrates the primary histological classifications of cancer based on 
tissue of origin, including carcinoma, sarcoma, lymphoma, leukemia and myeloma. 
Figure created on BioRender.com. 

 

1.4 The hallmarks of cancer 
There are several hallmarks which initiate the complex and multifaceted processes 

involved in cancer development. Initially, the “hallmarks of cancer” was coined by 

Douglas Hanahan and Robert Weinberg in 2000 (25). This term was used to describe 

six essential capabilities which cancer cells utilise to promote cancer development: 

sustaining proliferative signalling, evading growth suppressors, resisting cell death, 
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enabling replicative immortality, inducing angiogenesis, and activating invasion and 

metastasis (25). In 2022, Hanahan proposed an additional two hallmarks of cancer 

and two enabling characteristics of cancer: reprogramming cellular metabolism and 

avoiding immune destruction, and genome instability and mutation and tumour-

promoting inflammation, respectively (26). The eight characterised hallmarks of cancer 

are displayed in Figure 1.2. 

 

 

 

Figure 1.2. The hallmarks of cancer.  

This schematic displays the currently recognised eight hallmarks of cancer, 
representing key biological capabilities acquired during tumour development. Figure 
created using Biorender.com, adapted from an original publication (27). 

 

The eight hallmarks alongside the two enabling characteristics of cancer set a 

foundational framework to understand factors which rather than acting in isolation, 

operate collectively to shape cancer cell behaviour. In turn, these hallmarks contribute 

to the dynamic structure and function of the tumour microenvironment (TME). 
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1.5 An insight into the tumour microenvironment 
Cancer cells cannot thrive in isolation; they exist within an intricate network of stromal, 

immune and extracellular‐matrix components known collectively as the TME, which is 

essential for their survival, growth and progression (28). The TME plays a crucial role 

in cancer development. Within the TME, cancer cells recruit additional tumour-

dependent stromal cells from surrounding tissue including endothelial cells, cancer-

associated fibroblasts (CAFs), adipocytes and stellate cells (29). Blood vessels also 

contribute to the TME, as chronic hypoxia results in induction of VEGF and 

chemokines such as CXCL12, which directly promote tumour angiogenesis (30). 

Angiogenesis, the formation of new blood vessels, plays a continuous and vital role in 

physiological processes including bone remodelling, development, reproduction and 

wound healing (31). However, tumour cells develop a proangiogenic phenotype 

enabling them to promote dysregulated blood vessel formation (32). Due to tumour 

angiogenesis being a major driver in cancer development and metastasis, research 

efforts have explored the potential for utilising therapeutic drugs to downregulate 

tumour angiogenesis. Recently, anlotinib, a multi-tyrosine kinase inhibitor, was 

administered in combination with PD-L1/anti-PD-1 antibody immunotherapy 

treatments and shown to downregulate tumour angiogenesis in patients with high-

grade serous ovarian cancer (33). The extracellular matrix (ECM) within the TME loses 

its normal physiological architecture in cancer contexts, as CAFs promote collagen 

and fibronectin deposition, which increases ECM stiffness (34). These modifications 

to the ECM enhance tumour cell proliferation, survival and invasion (34). Moreover, 

tumour-associated macrophages (TAMs) represent one of the most abundant immune 

cell types within the TME, which generally adopt M2-like characteristics, and release 

pro-tumourigenic mediators including IL-10, VEGF and TGF-, which promote 

metastasis, immune evasion and angiogenesis (35). Collectively, several cell types 

including TAMs, endothelial cells and CAFs, shape the TME network by releasing 

chemokines and cytokines to promote an immunosuppressive environment where 

tumour growth can be maintained (36). 
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1.6 Chemokines in the tumour microenvironment 
Chemoattractant cells produce a crucial subtype of small soluble secretory cytokines 

known as chemokines (8-12 kDa) which promote migration of several immune cells to 

the TME, which subsequently promote or inhibit tumour angiogenesis and metastasis 

(37, 38). The roles of chemokines are distinct, as different chemokines promote 

different immune cell types which can either support the immune response or elicit 

immunosuppressive functions. In the chemokine network, there are 50 chemokine 

ligands, 20 G-protein coupled receptor (GPCR) family members and four atypical 

chemokine receptors (ACKRs) (38-40). Conventional chemokine receptors couple to 

intracellular G-proteins and are typically found on immune cells, whereas ACKRs 

preferentially engage -arrestin and are expressed on a broader range of cells, most 

notably endothelial cells (41). Consequently, ACKRs do not induce classical G-protein 

signalling but instead regulate chemokine levels through endocytosis, transcytosis, or 

degradation of their ligands (41). 

Through binding to their cognate GPCRs, chemokines promote pro- or anti-

tumorigenic effects by regulating immune cell trafficking and activity (38). Within the 

TME, dysregulated chemokine expression drives the infiltration of immunosuppressive 

cells such as regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), 

tumour-associated neutrophils (TANs), and tumour-associated macrophages (TAMs), 

which therefore supports tumour progression (38).  

Chemokine ligands are classified into four subfamilies; C, CC, CXC and CX3C, which 

are distinctively identified by the sequence of conserved cysteine residues (42). The 

CXC chemokine subfamily has been particularly well studied in cancer, due to its 

central role in angiogenesis, immune cell recruitment and metastasis (43, 44). An 

outline of CXC chemokines, their respective receptors and the main purposes of the 

ligand-receptor signalling is depicted in (Table 1.1). 
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Table 1.1. A description of the CXC chemokine family, their specific receptors 

and the immune cell types which promote their production. 

CXC 
Receptor 

Main 
receptor 
purpose 

Ligands Immune cells which express 
CXC receptor 

References 

CXCR1 Neutrophil 
recruitment 

CXCL6, 
CXCL8 

Neutrophils, fibroblasts, vascular 
endothelial cells 

(45-47) 

CXCR2 Neutrophil 
recruitment 

CXCL1, 
CXCL2, 
CXCL3, 
CXCL5, 
CXCL6, 
CXCL7, 
CXCL8 

Neutrophils, fibroblasts, vascular 
endothelial cells, monocytes, 
natural killer cells, mast cells, 
endothelial cells 

(45-47) 

CXCR3 T cell 
migration 

CXCL9 
(Mig), 

CXCL10 
(IP-10), 
CXCL11 

Monocytes/macrophages, 
CD4+ T cells (mainly T helper type 
1), CD8+ T cells, Treg cells, B 
cells, natural killer cells 

(48-53) 

CXCR4 
(CD184) 

Haematopoi
esis 

CXCL12, 
CXCL14 

Dendritic cells, neutrophils, B 
cells, monocytes, CD4+ T cells 
(mainly T helper type 2), 
eosinophils 

(54-59) 

CXCR5 T cells/B 
cells 

CXCL13 Treg cells, Th17 cells, B cells,  
follicular B helper T cells, 
macrophages, endothelial cells 

(60-62) 

CXCR6 T cells CXCL16 Naïve CD8+ T cells (but does not 
appear to be important for CD8+ T 
cell priming/function), Memory 
CD4+ T cells, natural killer cells, 
natural killer T cells 

(63-65) 

CXCR7 
(ACKR3) 

T cells CXCL11, 
CXCL12 

CD4+ T cells, monocytes (49, 54, 55, 
66-68) 

CXCR8 
(GPR 35) 

Monocytes CXCL17 Monocytes (69) 
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1.7 Bone Development and Remodelling 
To understand how tumours arise or spread within the skeletal system, it is crucial to 

understand the unique and dynamic processes involved in healthy bone development 

and remodelling. Bone remodelling is a continuous and essential process to maintain 

optimal bone health. Bone remodelling is a tightly regulated process, influenced by 

genetic, environmental and hormonal factors (70). This process includes bone 

formation by osteoblasts, specialised mesenchymal cells which are situated within the 

bone marrow stroma and at periosteal surfaces (71). Bone remodelling also requires 

the degradation of old bone, which is mediated by osteoclasts predominantly derived 

from macrophages in the bone marrow (72). Crosstalk between osteoblasts and 

osteoclasts by direct cell-to-cell contact or indirect production of proteins aids bone 

homeostasis (73). However, dysregulated activation of osteoclasts can contribute 

inflammatory bone processes, including rheumatoid arthritis (74). Osteoclasts and 

osteoblasts have very distinct functions and characteristics, as osteoclasts originate 

from a haematopoietic stem cell lineage, whereas osteoblast differentiation is a multi-

step process originating from mesenchymal stem cells. A description of cell 

differentiation leading to osteoclast and osteoblast cell types is highlighted in Figure 

1.3.  
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Figure 1.3. An outline of cell differentiation events leading to osteoclastogenesis 

and osteoblastogenesis.  

Bone resorption cells, osteoclasts, originate from haematopoietic stem cells. 
Mesenchymal precursors can differentiate into eventual mature osteoblasts, which 
promote bone generation. Original figure created on BioRender.com with inspiration 
from (73). 

 

1.8 Characterisation of osteosarcoma 
When bone homeostatic processes become dysregulated, this can give rise to bone 

cancers. Bone cancers are rare but often are associated with having a poor prognosis 

and imposing detrimental effects on quality of life. OS is the most prevalent primary 

malignant bone tumour and is diagnosed in one to three individuals per million people 

every year worldwide  (71, 75, 76). OS tumours are made up of osteoblast cells, 

promoting immature bone generation, resulting in disruption of bone homeostasis (71). 

Similarly, links have been demonstrated between OS and decreased 

osteoclastogenesis, where reduced osteoclastogenesis is more prominent in 
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chemoresistant OS patient samples (77). While most other cancers typically arise from 

a multi-step process including hyperplasia, dysplasia, carcinoma in situ and 

subsequent cancer invasion of tissues, primary OS does not have clearly defined 

premalignant lesions. Indeed, approximately 95% of OS cases arise as high-grade 

tumours with no known precursor lesions (78).  

The bones frequently impacted by OS are long bones, including the humerus, femur 

and tibia (79, 80) as depicted in Figure 1.4. OS is marginally more common in males, 

and age-related incidence of OS is bimodal: the first peak is observed in 14-19 year-

olds during puberty-related growth spurts with the majority of OS cases arising in 

individuals under the age of 25, and the second peak is detected in adults over the 

age of 65 (81, 82). There is a lack of research surrounding the bimodal nature of OS, 

and it is not well understood why these two age groups are predominantly affected by 

OS. However, an observation that can be made from these affected individuals is that 

OS preferentially affects those that are rapidly growing, while simultaneously targeting 

an age group where bone resorption is observed, associated with aging. 
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Figure 1.4. The commonly affected bones and specific sites in OS.   

The proximal humerus, distal femur and proximal tibia as the most common sites of 
OS onset. Statistics used in this figure were obtained from (79). Figure created in 
BioRender.com. 

 

The aetiology of OS is also not fully understood, but numerous research studies have 

been conducted to identify common factors which lead to poor prognosis. A meta-

analysis study was conducted in 2020 collated information from 40 studies from the 

previous 10 years, including a total of 18126 patients which highlighted general 

themes affecting OS prognosis. Overall, this study identified several factors associated 

with poor prognosis including males, older in age, greater tumour size, tumour location 

being outwith extremities, proximal tumours, lack of response to chemotherapy, 

amputation surgery, and no surgical intervention (83). Additionally, in a study which 

utilised data from the Surveillance, Epidemiology, and End Results data base from 

2008-2016, the 1-, 3- and 5-year survival rates following initial OS diagnosis were 

87.3%, 67.2% and 58.0%, respectively (84). However, in another study which utilised 

data from Chinese patients under the age of 30 obtained between December 2012 

and May 2019, the 5-year survival rates for nonmetastatic and metastatic OS patients 

were 52.1% and 2.6%, respectively (85). Additionally, OS is often a high-grade 

malignancy which is detected following lung metastases, which is observed in 74% 
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OS patients with metastases (86, 87). This demonstrates the poor prognosis for 

individuals with OS, particularly those with metastatic OS. OS is usually treated with 

surgical resection of the affected area and multi-drug chemotherapy which is 

successful in over 50% of patients (88). However, the result of surgical resection, and 

often amputation, can leave long-lasting negative effects on quality of life for 

adolescent patients, and improvement to the lack of treatment options and prognosis 

related to OS in the last 30 years have been marginal (89). The lack of targeted 

therapies and continued reliance on non-specific treatments like chemotherapy 

combined with the poor prognosis associated with OS demonstrates a clinical need 

for the discovery of novel therapeutic drug targets at a molecular level. This would 

further reduce the need for surgical resection, which can stunt growth and damage 

bones, a clear risk for OS patients, who are predominantly adolescents.  

 

1.9 The TME in osteosarcoma 
OS originates in bone and often arises during adolescent growth spurts, and therefore, 

certain features of its TME are uniquely shaped by these developmental and tissue-

specific factors. The ECM is unique in bone cancers like OS, due to the mineralised 

bone tissue where OS arises. The increased stiffness of the ECM in OS promotes 

YAP/TAZ-dependent signalling, which is linked to OS development and metastasis 

(90). OS cells secrete increased matrix metalloproteinases including MMP-2 and 

MMP-9, which contribute to ECM remodelling, enabling metastasis, particularly to the 

lungs (91). Several components of the ECM in OS including increased collagen, 

fibronectin, laminin, and proteoglycans, promote OS development, metastasis and 

chemoresistance (92). Due to these factors, higher levels of collagens (collagen triple 

helix repeat containing 1 and collagen type I alpha 1 chain) are also correlated with an 

increase in mortality rate in OS (93). This makes signalling pathways involved in the 

ECM favourable pharmacological targets in OS.  

 

The ECM acts as a reservoir to store chemokines, and tumour cells and stromal cells 

secrete chemokines to recruit immunosuppressive cells and promote metastasis. 

There are several chemokines which have been linked to OS progression, particularly 

CXCR1 and CXCR2 ligands. The first chemokine discovered was CXCL8 (IL-8), a 
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CXCR2 ligand. Since, CXCL3 and CXCL5 have been identified as the most and least 

potent CXCR2 ligands, respectively. Regardless, all CXCR2 ligands bind at low 

concentrations, considering the relatively high concentrations which would occur 

under pathophysiological responses observed in cancer. The CXCR2 axis is of 

particular interest in OS, as studies have demonstrated that CXCL5 expression is 

significantly increased in OS cell lines including U2OS cells, compared to non-

cancerous osteoblast hFoB1.19 cells (94). Further, the study revealed that CXCL5 

gene knockdown by siRNA in U2OS cells reduced U2OS cell infiltration and 

interestingly, overexpression of CXCL5 in hFoB1.19 cells resulted in increased U2OS 

cell infiltration (94). High CXCL5 mRNA expression and low CXCL5 mRNA expression 

in OS patients was linked to a difference in prognosis, with approximately 30% and 

60% survival rate, respectively. This was further supported by a CXCL5-mediated 

effect on distant metastasis onset, which was reported in 10/18 (56%) OS patients 

with high CXCL5 expression and 4/20 (20%) OS patients with low CXCL5 expression.  

 

CXCR1 and CXCR2 ligands also play a crucial role in lung metastasis in OS (95). 

Additionally, CXCL8 was found to upregulate OS progression in an OS cell line, MG-

63, by increasing invasion and decreasing late-stage apoptotic activity (96). The 

CXCR2 axis in particular results in neutrophil recruitment, in particular tumourigenic 

N2 neutrophils and to date, several studies have demonstrated the key role of 

neutrophil extracellular traps (NETs) in enhancing metastasis in several cancers (97, 

98). In the context of OS, a recent study identified 97 differentially expressed NETs-

related genes between non-metastatic and metastatic OS patient tissue, therefore 

underpinning the importance of the CXCR2 axis in OS (99). The CXCR4 axis is also 

pivotal in the OS TME. Within the TME, cancer associated fibroblasts (CAFs) produce 

CXCL12 which preferentially binds to its highly conserved receptor, CXCR4, the most 

universally expressed G-protein coupled receptor (GPCR), or alternatively by binding 

to CXCR7, both of which are highly expressed on the surface of cancer cells and 

promote metastasis in several cancers (100-102). Additionally, previous meta-analysis 

studies have demonstrated a link between CXCR4 expression and poor prognosis in 

OS (103). Collectively, chemokines play a crucial role in the TME and ultimately 

enhance cancer development and metastasis. 
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1.10 Gene mutations in osteosarcoma 
Like other cancers, OS is influenced by the hallmarks of cancer. However, different 

cancers are linked to distinct gene mutations, and some mutations can be either 

oncogenic or anti-oncogenic, depending on the cancer type and its location. OS is 

typically not associated with inherited genes, but instead, associated with epigenetic 

mutations due to radiation therapy or rapid cell proliferation (89, 104, 105). There are 

several studies which have highlighted where changes in gene expression, and gene 

mutations have been linked to OS onset and progression. For instance, mutations in 

the gene encoding tumour protein 53 (p53), typically a tumour suppressor, is the most 

mutated gene in OS. Mutations in other tumour suppressing genes have also been 

associated with promoting OS, including PTEN and retinoblastoma 1 (RB1) genes. 

Many of the defined epigenetic mutations and gene expression changes which have 

been linked to OS are summarised in Table 1.2.
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Table 1.2. Gene expression changes and mutations in osteosarcoma. 

Protein Function Prevalence 

Tumour protein 53 
(p53) 

A tumour suppressor, p53 in its unaltered state is a negative modulator 
of osteoblastogenesis by downregulating Cbaf1, Osterix and Runx 
transcription factors (106). P53 is the most mutated gene in OS (107). 
However, studies have demonstrated lower numbers of secondary 
mutations when p53 is mutated in OS (108).  

Gain of function mutations in p53 are 
observed in over 50% of OS cases 
(109). 

Retinoblastoma 1 
(RB1) 

RB1 is a tumour suppressor gene which is altered in OS (108, 110).  RB1 mutations occur in 30-75% OS 
patients (111). 

ATRX Recurrent ATRX mutations have been associated with OS (112). 
Additionally, decreased ATRX expression is correlated with increased 

tumour growth, metastasis and NF-B signalling in OS (113). 

ATRX mutations which lead to a 
decrease in ATRX nuclear expression 
are found in 20-30% (114). 

DLG2 DLG2 is an OS tumour suppressor, but DLG2 mutations enhance OS 
(112, 115). 

DLG2 mutations have been found in 
53% OS patients (116). 

PTEN PTEN acts as a tumour suppressor normally via negatively modulating 
the PI3K/AKT/mTOR signalling pathway, but decreased expression or 
gene mutations of PTEN result in amplified OS (112, 117). 

PTEN is lost in 6-13% OS patients (118).  

COPS3 COPS3 gene is upregulated in high-grade OS, and COPS3 mutations 
are also observed (112, 119). 

An increase in COPS3 expression is 
observed in 31% OS cases (119). 

PMP22 PMP22 mutations and increased PMP22 expression is associated with 
enhanced OS oncogenesis (112, 120). 

Amplification of region 17p11.2∼p12 
containing PMP22 has been observed in 
13-29% OS patients (121). 

MAPK7 MAPK7 mutations were repeatedly identified in paediatric OS (112). MAPK7 is within a region amplified 
(17p11.2~p12) in 13-29% OS patients 
(121). 

NCOR1 NCOR1 is generally classified as a tumour suppressor but its mutations 
are associated with OS (122).  

NCOR1 mutations were detected in 
9/208 (4%) OS samples tested in the 
COSMIC catalogue (112, 122). 

UBB UBB mutations are associated with OS (112). UBB is within the region alongside 
MAPK7, COPS3, PMP22, NCOR1 
which is increased in OS patients (116). 
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The incidence of UBB mutations is not 
widely reported, however amplification 
of this region is increased in 13-29% OS 
patients as outlined above. 

LSAMP-AS3 LSAMP-AS3 mutations are associated with OS (112). LSAMP gene expression has been 
shown to be reduced in approximately 
60% of OS samples (123). 

CCNE1 CCNE1 mutations have been observed in OS patients at varying 
incidences across studies (112, 124). 

One study reported incidence of CCNE1 
mutations in OS, while another study 
utilising 63 samples from 54 OS patients 
demonstrated that 33% patients 
displayed amplified CCNE1 expression 
(112, 124). In another study, 10.64% OS 
patients possessed CCNE1 mutations 
(125). 

RECQL1 Mutations in the RECQL1 have been identified in OS (126).  Mutations in the RECQL1 was observed 
in 32% OS patients in a cohort study 
(126). 

GNAS There appears to be a low incidence of GNAS mutations observed in 
OS patients, particularly those with low-grade OS (127)(128). 

Sequencing from a pool of 9 parosteal 
OS patients showed GNAS activating 
mutations in 5 patients, 4 of which were 
R201C mutations (where arginine is 
substituted with a cysteine at position 
201) and 1 which was an R201H 
mutation (where arginine is replaced 
with a histidine at position 201) (127). 
This mutation does not appear to be 
particularly prominent in OS as another 
study showed no GNAS mutations in 
parosteal and low-grade OS (128). 
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1.11 Challenges in therapeutic drug treatment development in 
osteosarcoma 
Given the rarity of OS and bone cancers in general, there is limited research directed 

to identifying new therapies for OS treatment. Additionally, due to the limited 

knowledge in the fundamental causes of OS development, insufficient progress has 

been made in the development of effective diagnostic methods, and late diagnosis is 

in fact common, thus developing a viable therapeutic drug remains challenging. There 

are additional challenges, including sample sizes in most studies, significant 

heterogeneity and inconsistencies across clinicals, all of which make it very difficult to 

apply research findings in clinical practice (129). Furthermore, the therapeutic 

inhibitors and monoclonal antibodies which have progressed to clinical testing have 

shown limited efficacy in OS patients (130-132). 

1.12 Metastases to the bone (Secondary bone cancer) 
Metastases to the bone are generally characterised as the third most common 

secondary cancers (133). Bone is the most common site of metastasis in late-stage 

breast cancer patients, as observed in 75% of late-stage breast cancer patients (134). 

Bone metastases are complex, exhibiting osteoclastic or osteoblastic characteristics 

depending on radiographic appearance of lesions: osteoblastic and osteoclastic 

secondary tumours appear as dense lesions and lesions showing localised bone 

resorption, respectively (135). This demonstrates the multifaceted characteristics of 

secondary OS. Therefore, more research is required at a molecular level to 

understand the mechanisms by which signalling pathways promote both primary OS, 

and metastasis to the bone.  

1.13 Cytokine-mediated cell signalling in osteosarcoma 
To understand OS within a molecular context basis, understanding the cytokines which 

promote an imbalance in bone homeostasis is crucial. Additionally, it is important to 

understand the cellular signalling pathways which are promoted by specific cytokines, 

and how these effects within the bone are involved in OS development. Therefore, the 

immune cells which release distinct cytokines and their roles in osteoblast function, 

osteoclast function and OS development are summarised in Table 1.3.  
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Table 1.3. A table depicting the role of cytokines in osteoblast function, osteoclast function, and in OS.  

Cytokine Immune cells 
which release 

cytokine 

Impact on osteoblast 
function 

Impact on osteoclast function Impact on OS 

IL-1 Macrophages, 
dendritic cells (136)  

The c-Jun N-terminal Kinase (JNK) 

and p38 MAPK pathways mediate IL-

1-induced apoptosis and inhibit 

osteoblast differentiation (137). 

IL-1 alone cannot induce osteoclastogenesis due to 
limited IL-1R on bone marrow-derived macrophages, 
but overexpression of IL-1R, allows IL-1 to activate 
NF-B, JNK, p38, and ERK signalling pathways, 
promoting osteoclastogenesis (138). IL-
1 upregulates cathepsin K, M-CSF and PGE2 and 
downregulates OPD expression on osteoblasts, 
promoting osteoclast formation (139-141).a 

IL-1 promotes several cancers but has not 
been linked to OS directly (142-144).  

IL-1 Monocytes, 
macrophages and 
dendritic cells (145). 

IL-1 stimulates mesenchymal stem 
cell differentiation into osteoblasts 
and reduces osteoblast infiltration 
(146, 147). 

Bone is the most sensitive tissue to IL-1 (148). IL-1 
promotes osteoclast precursor proliferation, 
osteoclast recruitment, differentiation and activation, 
and is required for TNF--induced bone degradation 
(148-150). 

IL-1 produced by M2 macrophages enhances 
OS metastasis by NF-B/miR-181a-
5p/RASSF1A/Wnt signalling (151, 152). In 
breast cancer, bone marrow IL-1 promotes 
tumour growth by activating NF-B and CREB 
pathways, resulting in Wnt signalling (153). IL-
1 and its receptor, IL-1R1 are upregulated in 
bone-metastatic breast cancer cells in mice 
(154). IL-1 has been linked to OS drug 
resistance (155). IL-1 gene polymorphisms are 
associated with OS risk, with lower frequencies 
of -31 CC and IL-1Β-511 TT genotypes and the 
-31C allele detected in OS patients (156).  

TNF- Mainly 
macrophages, but 
several other cell 
types including 
vascular endothelial 
cells and T cells 
(157-159). 

TNF- reduces osteoblast 

differentiation by inducing Receptor 

Activator of NF-B Ligand (RANKL) 

and suppressing Runt-related 

transcription factor 2 (RUNX2) and 

IGF-1 expression. However, TNF- 

may also enhance 

osteoblastogenesis by canonical NF-

B signalling, increasing Bone 

TNF- enhances RANKL and Receptor Activator of 
NF-B (RANK) expression and therefore, increases 
osteoclast differentiation and activation (161).  

TNF- has been shown to enhance OS by 
promoting ERK signalling, resulting in OS 
staying in an undifferentiated state (162). 
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Morphogenetic Protein 2, RUNX2 and 

Osterix expression (160).  

IL-2 T lymphocytes 
mainly (163) 

IL-2 has not been shown to influence 
osteoblast function. 

Low doses of IL-2 have been shown to induce NF-B 
phosphorylation resulting in decreased RANK via the 
JNK pathway to suppress osteoclastogenesis in a 
collagen-induced mice model (164). 

IL-2 has been shown to increase natural killer 
cell therapy to patients with OS lung metastasis 
without inducing toxic adverse effects (165, 
166). 

IL-3 T lymphocytes, 
macrophages and 
stromal cells (167, 
168) 

IL-3 increases osteoblast-specific 
gene expression including 
osteocalcin, osteopontin, alkaline 
phosphatase, collagen type I, Runx-2 
and osterix. IL-3 increases osteoblast 
differentiation via the JAK/STAT 
signalling pathway (169).  

IL-3 inhibits osteoclast differentiation in monocytes 
from osteoporosis patients (170). IL-3 inhibits RANKL-
dependent osteoclast differentiation by suppression of 
IB phosphorylation and degradation, preventing NF-
B nuclear translocation (167). IL-3 also prevents 
TNF--induced osteoclast differentiation by 
downregulating TNF receptor 1 and TNF receptor 2 
expression (171, 172). However, IL-3 likely enhances 
osteoclast activity in myeloma (173).  

No specific link between IL-3 and OS has been 
described, which is surprising due to primary OS 
being driven by osteoblasts. 

IL-6 Osteoblasts, bone 
marrow stromal 
cells (BMSCs), T 
cells, macrophages 
and fibroblasts 
(174-176) 

IL-6 signalling has been shown in 
osteoblasts to promote bone 
formation in mice models throughout 
aerobic exercise (177). IL-6 is also 
produced by osteoblasts to induce 
osteoclastogenesis (178). 

IL-6 activates osteoclasts in a RANK-independent 
manner but can also indirectly induce RANK-mediated 
osteoclastogenesis by enhancing RANKL production 
by osteoblasts and stromal cells (179-181). However, 
contradictory findings have also suggested IL-6 
downregulates osteoclast differentiation (182).  

A study revealed high IL-6 expression in 73% 
(11/15) of paediatric and 66.7% (12/18) of non-
paediatric OS patients (183). 

IL-7 BMSCs (184) IL-7 release by osteoblasts is crucial 
for B cell development within bone 
marrow (185).  

IL-7 mediates osteoclastogenesis which appears to be 
STAT5-dependent and RANKL-independent (186). 

IL-7 and CXCR5 receptor being co-expressed 
has been demonstrated to enhance CAR-T cell 
therapy for OS treatment (187).  

IL-8 
(CXCL8) 

Macrophages, 
epithelial cells, 
endothelial cells 
and airway smooth 
muscle cells (188) 

TGF-1 produced by osteoblasts 
enhances IL-8 production by AP-1 
and NF-B-dependent mechanisms 
(189).  

IL-8 enhances differentiation of osteoclast progenitor 
cells into osteoclasts (190).  
  

IL-8 enhances OS advancement by increasing 
OS cell proliferation and enhancing immune cell 
recruitment and activation (191). This includes 
innate immune cells such as basophils, 
eosinophils and neutrophils. Adaptive immune 
cells such as B cells and T cells are also 
recruited.  

IL-10 T cells,  B cells, NK 
cells, mast cells, 
neutrophils and 
eosinophils (192) 
 
 

Murine model studies have identified 
a role for IL-10 in osteoblast 
differentiation by regulation of 
microRNA-7025-5p (193). 

IL-10 suppresses the differentiation of osteoclast 
progenitors into preosteoclast-like cells in a rat bone 
marrow cell culture study (194). 

Studies have demonstrated that utilising an anti-
IL-10 antibody enhances efficacy of 
mitamurtide, an immunostimulant, resulting in 
increased OS cancer cell death and reduced 
metastasis in an in vivo mouse model (195). 
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IL-11 Osteoblasts, 
chondrocytes, 
BMSCs and 
fibroblasts in the 
bone (196, 197) 

Stimulation of primary osteoblasts 
with IL-11 results in increased RANKL 
expression, demonstrating its role in 
osteoclastogenesis (198).  

IL-11 enhances osteoclast-driven bone resorption 
(199). 

IL-11Ra is upregulated in human OS (200, 201). 

IL-12 Monocytes/macrop
hages, dendritic 
cells and B cells 
(202) 

IL-12 has been shown to be 
expressed in human osteoblast-like 
cells (203). 

IL-12 suppresses RANKL-dependent and 
Lipopolysaccharide (LPS)-dependent 
osteoclastogenesis in mice (204, 205). IL-12 appears 
to inhibit TNF--induced osteoclastogenesis in a T-cell 
independent manner (206). 

IL-12 downregulates OS tumour development in 
human LM7 OS cells (207). 

IL-13 T cells, B 
cells, mast cells and 
basophils (208) 

IL-13 inhibits cyclooxygenase-2-
mediated prostaglandin production in 
osteoblasts (209) 

IL-13 suppression of cyclooxygenase-2-dependent 
prostaglandin production in osteoblasts results in 
decreases osteoclastogenesis (209). 

The IL-13 receptor, IL-13R2, enhances 
chemotherapeutic resistance to doxorubicin in 
human OS cell lines (210).  

IL-15 Monocytes/macrop
hages and dendritic 
cells (211) 

IL-15 enhances apoptosis of 
osteoblasts by activating NK cells 
(212, 213).  

IL-15 promotes osteoclast cell death by NK cell 
activation (213). 

IL-15 has been shown to be produced in human 
OS studies (214). However, administering 
inhaled recombinant IL-15 to dogs with OS, 
which is known to be similar to human OS, has 
shown promising results (215). 

IL-17 T helper 17 cells,  
T cells and natural 
killer T (NKT) cells 
(216) 

IL-17 enhances mesenchymal stem 
cell proliferation and osteoblast 
differentiation, proliferation, motility 
and chemotaxis (217). This has 
similarly been shown in mice calvarial 
cells (218). 

IL-17 induces osteoclastogenesis (217, 219). The IL-17/IL17RA axis is crucial for OS 
development in mice (220). 

IL-18 Macrophages, 
dendritic cells (221). 

Osteoblasts produce IL-18 which act 
through granulocyte-macrophage 
colony-stimulating factor to 
downregulate osteoclast formation 
(222). 

IL-18 suppresses osteoclast formation by granulocyte-
macrophage colony-stimulating factor-dependent 
mechanisms (223). 

IL-18 is linked to enhancing pain in bone cancer 
but has been shown to inhibit metastasis in a 
highly metastatic mouse OS cell line (LM8 cells) 
(224, 225). 

IL-19 Monocytes/Macrop
hages and dendritic 
cells (226) 

IL-19 does not have a well 
characterised role related to 
osteoblast function. 

IL-19 suppresses osteoprotegerin expression in 
BMSCs to enhance bone degradation in an LPS-
mediated bone resorption mouse model (227). 
However, IL-19 has also been shown to decrease 
RANKL-dependent NF-B-mediated osteoclast 
differentiation (228). 

IL-19 is produced by osteoclasts which bind to 
IL-20RB, resulting in activation of the 
JAK1/STAT3 cellular signalling pathway and 
subsequent increased bone tumour cell 
proliferation (229). 

IL-20 Monocytes/macrop
hages, dendritic 
cells and epithelial 
cells (230) 

IL-20 suppresses osteoblastogenesis 
by increasing sclerostin and 
decreasing osterix, RUNX2 and 
osteoprotegerin expression in vitro 
(231). 

IL-20 promotes osteoclastogenesis by enhancing 
RANK expression resulting in NF-B, STAT3, NFATc1 
and c-FOS induction in osteoclast precursor cells 
(231). Anti-IL-20 monoclonal antibodies have also 
been shown to suppress osteoclastogenesis (231).  

An IL-20 receptor subunit, IL-20RB has been 
shown to be expressed on OS cells and is linked 
to bone metastasis of lung cancer (229). 
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IL-33 Macrophages, mast 

cells, dendritic cells 
and epithelial cells 
(232). 

IL-33 expression has been identified 
in human osteoblast cells, but is not 
linked to normal bone remodelling 
(233). 

IL-33 is expressed in osteoclasts and appears to 
enhance osteoclast apoptosis (234). 

IL-33 expression is increased in human OS cell 
lines, including U2OS cells, and plays a role in 
maintaining OS cell viability (235). 
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1.14 IL-1 in osteosarcoma 
Undoubtedly, many cytokines contribute to cancer development. However, IL-1 

sparks a particular interest due to its diverse, and central roles in cellular signalling 

pathways and OS. As observed in other malignancies, IL-1 plays a key role in 

oncogenesis in OS, particularly via its complex roles in mediating both 

osteoblastogenesis and osteoclastogenesis (148, 236-239). IL-1 and IL-1 were the 

first characterised members of the IL-1 family, which now has 11 family members 

(240). IL-1 was initially identified as an endogenous pyrogen in rabbits with fever in 

1955 (241). Seven decades later, IL-1 is known to be a pleiotropic pro-inflammatory 

cytokine, mainly expressed on innate immune cells with a well-characterised role in 

inflammatory-based diseases and oncogenesis (242). In solid malignancies, in vivo 

studies have demonstrated that secretion of IL-1 within the TME induces an 

accumulation of MDSCs  (243). Interestingly, MDSCs are regulated by nuclear factor 

kappa B (NF-B) signalling in tumour development, as studies have demonstrated that 

NF-B (p65) knockout mice decreases MDSCs in syngeneic glioblastoma (244). 

Therefore, IL-1-induced NF-B signalling has a prominent role in linking inflammation 

to cancer. The area of IL-1-mediated NF-B signalling in the context of OS is of 

particular interest as IL-1 mRNA expression is higher in the bone marrow compared 

to any other organ in the body and its association with drug resistance in OS (245). 

Ultimately, this demonstrates the relevance of IL-1 in inflammatory and cancer-

related processes within bone. 
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1.15 Discovery of the nuclear factor kappa light chain enhancer of 
activated B cells (NF-B) transcription factor family 
NF-B was initially discovered by Ranjan Sen in the Nobel Prize laureate, David 

Baltimore’s laboratory by usage of Oct factors obtained from mobility shift assays to 

confirm its interaction with an 11-base pair sequence (GGGACTTTCC) within the light-

chain enhancer () of human B cells (246). Despite NF-B not being the transcription 

factor family which they planned to find; this discovery has shaped today’s researchers 

understanding of normal physiological, and inflammatory processes. Indeed, following 

their discovery of NF-B, they later discovered that LPS can stimulate NF-B in pre-B 

cells (247), which was believed to be an exclusive phenomena in B cells. However, 

researchers have since highlighted NF-B induction in a variety of cell types, including 

endothelial progenitor cells and CAFs, both of which are important in initiation and 

development of several cancers and metastasis, including in OS (248, 249). NF-B 

transcription family members influence disease onset and prognosis by promoting the 

expression of various genes involved in inflammatory and immune responses, often 

contributing to inflammatory-based diseases and cancer (250). Due to the role of NF-

B in regulating pro-inflammatory genes, and the detection of an NF-B family 

member, p65 in endothelial cells, macrophages, smooth muscle cells and T cells within 

atherosclerotic plaques, NF-B is a potential drug target of interest for cardiovascular 

disease treatments (251, 252). Furthermore, through its inflammatory role, NF-B 

signalling systems are also linked to the development and progression of rheumatoid 

arthritis, systemic lupus erythematosus and inflammatory bowel disease (253-256).   

The NF-B transcription factor family is now known to be composed of five inducible 

structurally analogous proteins, including NF-B1 (p105/p50), NF-B2 (p100/p52), 

RelA (p65), RelB and c-Rel. All five family members share a conserved 300 amino-

acid long N-terminal Rel homology domain (RHD) (257). The RHD is required for site-

specific DNA binding, inhibition of NF-B protein binding, and enabling dimer formation 

between NF-B family members (258). However, there are some notable structural 

differences between transcription factor family members including that p65, RelB and 

c-Rel share a transactivation domain (TAD) enabling them to bring about transcription, 

while this domain is absent in p50 and p52 (Figure 1.5). Therefore, p65, RelB, and c-

Rel are more dominant NF-B family members involved in gene induction, and p50 
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and p52 require a co-activator for transcriptional activity. NF-B subunits form homo 

or heterodimers to bind to conserved B sites in gene promoters to carry out their 

cellular functions in physiological processes (259, 260).  

 
 

 

Figure 1.5. Structural representation of similarities and differences between the 

NF-B transcription family members.  

The conserved RHD is a structural similarity across all NF-B transcription factors, 

TAD is shared across p65, RelB and c-Rel. NF-B family isoforms, p100 and p105 
additionally share a GRR, ARD and DD and are highly analogous to one another. P100 
processing into p52 and p105 processing into p50 is displayed. TAD; transactivation 
domain, RHD; Rel homology domain, LZ; leucine zipper, GRR; glycine rich repeat, 
ARD; ankyrin repeat domain. Figure made with BioRender.com. 
 

Despite there being five family members, early research largely focused on one 

specific transcriptional activity of one NF-B heterodimer, which also exists as a 

heterotetramer, comprised of p50 and p65 subunits (261). These are inactive NF-B 

complexes in the cytoplasm bound to inhibitory kappa B proteins, known as IBs (262). 

However, a variety of stimuli have the potential to induce nuclear translocation of these 

heterodimers, inducing their transcriptional activity. Since the discovery of p50, its 
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synthesis has been shown to be dependent on proteasomal processing of its high 

molecular weight cytoplasmic precursor, p105 (263). This precursor protein is retained 

in the cytoplasm by its c-terminus, and is cleaved at the proteasome, resulting in p50 

synthesis (263). David Baltimore’s research laboratory have dominated this research 

area, by highlighting that the p105 c-terminus inhibits p50 transcriptional activity by its 

IB properties, by preventing binding of p50-p50 homodimers to a B motif on DNA, 

thereby limiting the ability of these dimers in gene induction (264).  

 

The historic research focus on p50-p65 heterodimers has now drifted and expanded, 

as there are now 15 known possible NF-B dimers, and a minimum of 12 of these can 

possess transcriptional activity and bind DNA (265). One NF-B heterodimer which 

has become particularly interesting is p52-RelB. p52 preferentially binds RelB and 

p65, but not c-Rel or p50, whereas RelB only forms heterodimers with p105/p65 and 

p100/p52 NF-B subunits (266). Similarly to p50, p52 is synthesised by proteasomal 

processing and c-terminal cleavage of a high molecular weight precursor protein, 

p100. P100 has IB structural characteristics, and forms a heterodimer with RelB, 

which keeps RelB inactive in the cytoplasm. However, the inhibitory characteristics of 

p100 are not limited to p52:RelB responses, but can also prevent p65 nuclear 

translocation, and therefore inhibit transcriptional activity of p65 (267). The inhibitory 

mechanisms of p100 have been demonstrated by its ability to inhibit NF-B binding to 

the IL-6 gene promoter, resulting in reduced IL-6 induction (268). IL-6 is known to be 

induced by p65, but also upstream mediators of p100 degradation, including NF-B-

inducing kinase (NIK) (269, 270). The proteasomal cleavage of p100 results in free 

p52:RelB transcriptionally active heterodimers. Therefore, p100 can act as an inhibitor 

of both p65 and p52:RelB-dependent gene induction. Additionally, early studies 

demonstrated that p100 knockout mice display gastric hyperplasia, leading to early 

postnatal death (271). This demonstrates that p100 is not only an important IB protein 

but also has an important role in maintaining physiological function and survival. The 

dynamic and central role of p100 in regulating NF-B subunits, collectively referred to 

as the NFkappaBsome, makes it an intriguing protein to study, particularly in disease 

contexts. The functional roles of p52 are also interesting, but p52 possesses opposing 

effects to p100, as p52 homodimers directly bind IB-related oncoprotein, Bcl-3, 
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enabling construction of a ternary complex with DNA, which subsequently promotes 

oncogenesis (272).   

 

To study the NF-B paradigm is complex, and knockout of specific intermediate 

proteins, including p100 is not a feasible option due to physiological toxicity. 

Additionally, there are over 50 proteins involved in the tightly intertwined NF-B 

signalling system with various protein complexes, which makes it a complicated 

system to fully study in a cellular environment. Therefore, alternative approaches out-

with laboratory experiments have been developed to further understand the NF-B 

system. Mathematical models have been constructed and introduced to aid the study 

of NF-B dynamics and function in a cost-effective and efficient manner, which has 

been predominantly led by Alexander Hoffmann and Soumen Basak (273). These 

computational models have been revolutionary in NF-B research, particularly for 

increasing understanding of the IB family members and their differences in peak 

activation times. For example, IB mediates early NF-B responses, whereas IB 

and IB are associated with longer, sustained NF-B-driven responses (274). This 

demonstrates that great progress has been made by utilising these models, and they 

may have great future potential in NF-B-related research.  
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1.16 The IKKs 
There are various kinases involved in NF-B signalling, including the Inhibitor of 

Nuclear Factor Kappa-B Kinases (IKKs). In canonical NF-B signalling, a trimeric IKK 

complex consisting of IKK, IKK and IKK are indispensable (275). IKK is generally 

accepted as the main driver of canonical NF-B signalling, but some studies have 

suggested that IKK has a more prominent role in cell- and disease-specific contexts, 

including in colorectal cancer (276). Non-canonical NF-B signalling is dependent on 

an IKK homodimer, and is IKK- and IKK-independent (275). IKK, IKK and IKK 

make up the classical IKKs, while there are IKK-related members of the family, such 

as IKK and TBK1, which have a prominent role in antiviral signalling and interferon 

3/7 activation (277, 278). The structure, homology and molecular weights of IKK and 

IKK are similar at 85 kDa and 87 kDa, respectively, and both IKK and IKK contain 

an N-terminal kinase domain which aids their catalytic activity, a scaffold dimerization 

domain, and a C-terminal NEMO-binding domain, which facilitates their binding to IKK 

(279, 280). IKK possesses an additional ubiquitin-like-domain (280). However, their 

cellular functions differ greatly as IKK is thought to be primarily cytosolic, but IKK 

has a nuclear localisation signal (NLS) which enables it to traverse between the 

cytoplasm and nucleus (281). In addition to this, IKK has a relatively newly 

discovered endosomal generated truncated form, p45-IKK, which has primarily been 

identified and explored in DNA-damage and chemoresistance studies in colorectal 

cancer cell lines. Therefore, IKK presents as an increasingly interesting and complex 

drug target in cancer, given its varied roles and differential subcellular localisation. The 

structural composition of the classical IKKs and p45-IKK are outlined in Figure 1.6.  
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Figure 1.6. Diagrammatical representation of the structure of the IKK family 

members.  

A) The structure of IKK containing an N-terminal kinase domain with two 
phosphorylation sites within its activation loop, Ser176 and Ser180, a scaffold 

dimerization domain and a C-terminal NEMO-binding domain, which enables IKK-

IKK binding. B) The structure of a truncated endosomal-generated and nuclear active 

IKK isoform, known as p45-IKK. C) The structure of IKK containing an N-terminal 
kinase domain with two phosphorylation sites, Ser177 and Ser181, a ubiquitin-like 
domain, a scaffold dimerization domain and a C-terminal NEMO-binding domain. D) 

The structure of IKK is comprised of an N-terminal coiled coil 1 IKK/IKK-binding 
domain, a Tax/v-Flip domain, and a LPS/cytokine domain made up of coiled coil 2, 
ubiquitin binding domain, leucine zipper, linker 2, and zinc finger, an additional 
ubiquitin binding domain. Figure created in BioRender.com, adapted from an original 
publication (27).  
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1.17 Canonical NF-B signalling 
The canonical NF-B signalling pathway is rapidly activated by a plethora of pro-

inflammatory ligands such as pathogen associated molecular patterns (PAMPs) and 

damage-associated molecular patterns (DAMPs) as well as pro-inflammatory 

cytokines including TNF- and IL-1 (259, 282-284) (Figure 1.7). Specific binding of 

these pro-inflammatory ligands such as IL-1 to their relevant receptors (IL-1R1) 

induces rapid activation of the canonical NF-B signalling cascade triggering 

downstream recruitment of adaptor protein complexes to the cytoplasmic receptor 

domains. This subsequently results in activation of Transforming growth factor--

activated kinase 1 (TAK1) within 1-2 minutes and peak activation within 3-5 minutes 

after stimulation (285). TAK1 phosphorylates IKK, within the trimeric IKK complex 

resulting in phosphorylation, ubiquitination and proteasomal degradation of IB and 

in turn, nuclear translocation of p50 and p65 heterodimers. This NF-B heterodimer 

binds to DNA encoding for anti-apoptotic and pro-inflammatory genes and 

subsequently results in generation of pro-inflammatory and anti-apoptotic proteins. 

Despite canonical NF-B signalling-related studies predominantly focusing on IKK 

activation, IKK similarly contributes to enhancing TNF--induced NF-B1 (p65) 

activity, as measured by p65 phosphorylation, but IKK appears to play a greater role 

in IB degradation and processing (286).  

 

1.18 Non-canonical NF-B signalling 
The non-canonical NF-B arm is activated more slowly than the canonical NF-B axis 

by specific TNF- superfamily members (Figure 1.7). These ligands include RANKL, 

lymphotoxin, tumour necrosis factor superfamily member 14 also known as LIGHT, 

and CD40. By binding to their respective receptors, these ligands induce recruitment 

of adaptor protein TRAF3 which is bound to TRAF2 and cIAP1/2, to the receptor’s 

cytoplasmic domain. In a basal state, cIAP1/2 ubiquitinates NF-B-inducing kinase 

(NIK, also known as MAP3K14) at K48 within its TRAF3 binding domain which targets 

NIK to the proteasome resulting its degradation. However, when the non-canonical 

NF-B arm is activated by ligand-receptor binding, this results in upregulated 

intracellular NIK levels, enabling liberated NIK to phosphorylate IKK at Ser176 and 
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Ser180 within its activation loop, promoting activation of its kinase activity. The 

dependence on NIK protein synthesis and accumulation in non-canonical NF-B 

signalling results in a notably slower signalling pathway than observed in the canonical 

NF-B arm (287). NIK recruits IKK to a large IB p100 at conserved serine residues 

Ser866 and Ser870, facilitating p100 phosphorylation and post-translational 

processing (288, 289). In turn, this results in recruitment of the SCFβ-trcp ubiquitin 

ligase complex, which subsequently induces ubiquitination at Lys856, the ubiquitin 

acceptor site on p100, leading to p100 degradation at the proteasome leading to p52 

production. As a result, p52 can form an active heterodimer with RelB, which 

translocate to the nucleus to regulate specific anti-apoptotic and pro-inflammatory 

genes. The central role of NIK in the non-canonical pathway should not be overlooked. 

The non-canonical NF-B cascade has crucial roles in physiological processes, which 

were originally thought to be limited to roles in B cell maturation, and germinal centre 

formation which contributes to lymphoid organ development (290). Indeed, 

researchers have shown that lymphotoxin-mediated non-canonical NF-B signalling 

within stromal cells results in generation of CXCL13 and CCL2 chemokines, which 

play a key role in germinal centre development and maintenance and enhances 

proliferation of high affinity B cells to the B cell receptor (291). Another TNF-

superfamily member which activates non-canonical NF-B signalling, B cell activating 

factor (BAFF), is crucial for B cell activation, maturation, and autoimmunity (292, 293). 

Since these initial findings, there is now well-established evidence which demonstrates 

that non-canonical NF-B signalling can induce development of inflammatory-based 

diseases. Additionally, there has been increasing evidence which suggests that DNA 

and RNA viruses can evade host immunity by upregulation of non-canonical NF-B 

signalling. For example, microarray analysis studies have highlighted that NIK and 

TRAF2 expression are increased throughout initial stages of hepatitis B virus infection 

(294). Additionally, in chronic hepatitis B (CHB) patients, BAFF levels in serum are 

constitutively high, and therefore dysregulate the adaptive immune response by 

upregulation of B cell activation (292).  Therefore, the non-canonical NF-B signalling 

pathway plays a complex but important role in pathogenesis of inflammatory-based 

diseases. In relation to OS, NF-B-inducing kinase (NIK), and therefore non-canonical 

NF-B signalling has been implicated in enhancing bone formation (295). 

Furthermore, this identifies the non-canonical NIK- and IKK-dependent NF-B axis 
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another attractive target for inhibition of osteoblastogenesis, and therefore, a potential 

future signalling axis to target in OS. 

 

1.19 Novel IL-1-mediated non-canonical NF-B (p100) signalling 
Previously, IL-1 was exemplified to activate the canonical NF-B pathway but had 

never been known to influence the non-canonical NF-B arm. Recently, IL-1 and 

TNF- was highlighted to induce phosphorylation of p100 in an OS cell line, U2OS 

cells, which is maximal by 15-30 minutes (296) (Figure 1.7). Interestingly, 

preincubation with 3 M or 10 M concentrations of the NIK-selective inhibitor, 

CW15337 did not inhibit IL-1 mediated p100 phosphorylation. Additionally, 

CRISPR/Cas9 IKK deletion was used as a strategy to unravel the unknowns of IKK-

signalling, which demonstrated an IKK-dependent mechanism for IL-1-mediated 

non-canonical signalling. This indicates a novel NIK-independent mechanistic route 

of non-canonical NF-B signalling. Due to the pivotal role of IKK and downstream 

p100/p52 in inflammation and cancer, protein-protein interactions involved in IL-1-

mediated IKK-dependent signalling would potentially uncover new drug targets 

(296). 
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Figure 1.7. A diagrammatical representation of the current understanding of the 

NF-B pathways.  

Canonical NF-B signalling (left) and non-canonical NF-B signalling (right) are 

shown. The canonical NF-B pathway is activated by a variety of pro-inflammatory 
stimuli, resulting in TAK1 activation, and subsequent activation of the IKK complex 

resulting in IKK-mediated IB phosphorylation and proteasomal degradation, 

resulting in p50/p65 heterodimers translocating to the nucleus. However, IL-1-

mediated and TNF--mediated canonical NF-B signalling-dependent results in IKK 
phosphorylation and further p100 phosphorylation, and no known subsequent p100 

degradation leading to unknown p100 functions. Non-canonical NF-B signalling is 

activated by TNF-superfamily members, leading to NIK accumulation, and IKK 
homodimer phosphorylation followed by p100 phosphorylation and degradation into 
p52, which enables RelB and p52 heterodimers translocate to the nucleus. Both 

canonical, and non-canonical NF-B signalling pathways result in activation of specific 
immune response-related genes. Figure created on BioRender.com, adapted from an 
original article (27). 
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1.20 NF-B in osteosarcoma 
Previous studies have highlighted that NF-B activation, specifically the NF-B p65 

subunit is increased in metastatic human OS compared to primary human OS tissues 

(297). Other studies have identified increased NF-B mRNA expression in OS tissue 

compared to adjacent tissues (298). Another research group has utilised single cell 

and bulk RNA-sequencing techniques to look at enrichment of genes which relate to 

signalling pathways within OS cells, which identified increased TNF--mediated NF-

B signalling compared to non-cancerous cells, as well as PI3K/AKT/mTOR and 

mTORC1 signalling pathways (299). Another study utilising a single cell RNA-

sequencing dataset (Gene Expression Omnibus ID: GSE162454)  which focused on 

eight identified cell types in OS utilised KEGG enrichment analysis to demonstrate 

heterogeneity in an NF-B signalling pathway gene cluster in all eight cell types: B 

cells, CAFs, endothelial cells, myeloid cells, NK/T cells, osteoblastic OS cells, 

osteoclasts and plasmocytes (300). Additional studies have aimed to identify the 

relationship between NF-B and other OS mediators, including GSK-3 which has a 

complex oncogenic or tumour suppressor role depending on disease context. The 

findings of this study included that OS patients who had high NF-B and GSK-3 

expression had a poorer prognosis (49.2 months) in comparison to OS patient tumours 

with low NF-B and GSK-3 expression (109.2 months) (301). Further, the study 

identified that GSK-3 subsequently inhibits NF-B signalling, therefore demonstrating 

the potential for future NF-B-targeting therapeutic drugs in OS treatment.  

 

1.21 IKK in cancer 
The gene which encodes IKK, CHUK, has demonstrated to be expressed across 

many organs and cell types within the human body, with particularly high expression 

of CHUK RNA demonstrated in the kidney and bone marrow merit investigation into 

the role of IKK in cancers which originate in these organs (302).  Unsurprisingly, due 

to wide CHUK RNA expression, it has been demonstrated that IKK has various roles 

in inducing cancer, cancer development and systemic metastasis (303). Notably, 

unlike IKK which is predominantly cytoplasmic, IKK can traverse between the 

cytoplasm and nucleus and acts as an acetylase and chromatin kinase to modify 
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histones and therefore regulate chromatin structure and in turn, transcription of 

inflammatory genes and DNA repair (304-306).  Some studies have attempted to 

uncover the complex roles of IKK but have yet to demonstrate the nuclear transporter 

responsible for the shuttling of IKK from the cytoplasm to the nucleus. However, the 

role of IKK in regulation of oncogene expression is being increasingly studied. 

Researchers have employed western blotting and immunofluorescence techniques to 

an OS cell line, 143B cells, which identified that IKK nuclear gene expression results 

in low expression of a highly conserved tumour suppressor gene, Mammary Serine 

Protease Inhibitor gene (maspin) (305). However, more research is required at a 

molecular level to fully explain how IKK gene expression leads to cancer progression 

(305). 

 

Researchers have also attempted to understand the role of IKK in oncogenesis by 

studying the role of a truncated nuclear active form of IKK, IKK(p45). Studies have 

demonstrated that BRAF, TAK1 and p38-MAPK can mediate IKK(p45) 

phosphorylation triggering its nuclear translocation as a consequence of DNA damage 

(303), which enhances tumour growth and possesses chemo-resistant properties 

(307). IKK has been implicated in thyroid cancer, where mediator of RNA polymerase 

II transcription unit 27 (CRSP8), a highly expressed enzyme in anaplastic thyroid 

cancer cells, binds to the IKK promoter region (residues 257 to 143) to downregulate 

its transcription (308).  Additionally, IKK knockdown has been demonstrated to 

decrease oral squamous cell carcinoma cell migration and invasion (309). However, 

CRSP8 knockdown was highlighted to prevent thyroid cancer by increasing IKK 

transcription and signalling in a mouse model with human ATC (308). Additionally, NF-

B subunit p52 and its precursor p100 possess opposing effects as p100 

downregulation and excessive p52 expression result in incidence of inflammatory 

diseases and breast cancer (271, 310). This exemplifies the complexity of non-

canonical signalling components in disease states.  

 

Due to the presence of IKK in the IKK complex in canonical NF-B signalling, the 

role of IKK as a mediator of canonical NF-B signalling in some cancers has been 

studied. Interestingly, it has been demonstrated that IKK has a dominant role in 
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canonical signalling in an epithelial colorectal cell line, Human Colorectal Carcinoma 

116 (HCT116) cells, as TNF-- and IL-1- induced phosphorylation of p65 at S468 

and p65 nuclear translocation was extensively downregulated in IKK KO HCT116 

clones, but unaffected by IKK KO HCT116 clones (276). The authors suggest that 

the roles of the classical IKKs in canonical signalling are cell- and region-specific, as 

well as dependent on level of development (276). However, these effects could be 

artefactual due to complex disruption. Therefore, this justifies additional research into 

IKK involvement in the canonical NF-B cascade in cancer settings.  

 

IKK has various NF-B-independent functions in cancer. An early example of this 

was demonstrated in mice keratinocytes, which highlighted that IKK deletion results 

in skin squamous cell carcinoma (303). Specifically, IKK expression is enhanced by 

its binding to chromatin at the 14-3-3 theta locus which downregulates CDC25, a 

phosphatase which regulates G2/M stages of the cell cycle and is involved in the 

transfer of accurate DNA information to daughter cells. In turn, insufficient CDC25 

activity results in excessive cell proliferation and damaged or inaccurate DNA being 

transferred to daughter cells, which can enable induction and progression of skin 

squamous cell carcinoma. IKK has also been demonstrated to be instrumental in 

ultraviolet B (UVB)-induced apoptotic responses in human keratinocytes and mouse 

embryonic fibroblasts (MEFs) in a p53/PERP dependent and NF-B-independent 

manner. As UVB has a prominent role in UV skin damage due to its longer wavelength 

than UVA and UVC, IKK may offer drug target validity in the future for skin cancer 

treatment (311). Findings from other research groups have highlighted that 

accumulation of nuclear IKK displays a key NF-B-independent role in prostate 

cancer progression by suppression of Maspin gene transcription (312). Cyclin D1, a 

key cell regulator predominantly located in the nucleus when inactive, is 

phosphorylated at residue T286 by IKK leading to cyclin D1 dysregulation and wide 

subcellular distribution, which drives progression of lung and breast tumours (313-

316). Due to the more prevalent overexpression of cyclin D1 compared to other D-

type cyclins in human cancers, future research may focus on development of selective 

cyclin D1 antagonists for patients with specific types of cancer (317). Some of the 

mechanisms which IKK has been shown to promote the hallmarks of cancer are 

summarised in Figure 1.8. 
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Figure 1.8. A schematic highlighting some oncogenic roles of IKK in promoting 

several cancer hallmarks.  

IKK promotes dysregulated replicative potential, invasion and metastasis, 
angiogenesis induction, increases insensitivity to anti-growth signals, evasion of 
growth suppressor signals and evasion of apoptosis. Figure was created on 
BioRender.com, and adapted from an original publication (27).  
 

1.22 The benefit of IKK inhibition in a cancer setting 
Initially, IKK dominated the IKK research field, given its prominent role in canonical 

NF-B signalling. Therefore, there were several efforts to develop selective ATP-

competitive inhibitors. Despite great efforts and substantial funding to develop and trial 
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selective IKK antagonists, including PS-1145, these inhibitors consistently promoted 

systemic toxicities. To date, there are still no FDA-approved IKK antagonists used for 

therapeutic purposes. Due to the lapse in success in developing therapeutic drugs 

targeting IKK which could successfully tip the balance in favour of benefit compared 

to risk, the global research focus within the IKK field somewhat shifted to the role of 

IKK in inflammatory processes and cancer. This has since enabled several 

breakthroughs, and a greater understanding of the roles of IKK in promoting cancer, 

many of which are IKK- and NF-B-independent.  

The world’s first-in-class selective IKK inhibitor, SU1261, was developed by Ka Ho 

and others, and was studied for its effects on human umbilical vein endothelial cells 

(HUVECs) (318). This study was carried out as an alternative to IKK inhibition due to 

the previously reported toxic pro-apoptotic effects of IKK on the endothelium. SU1261 

downregulated downstream non-canonical p100 phosphorylation in a concentration-

dependent manner (0.3-3 M), with no effects on IKK when tested up to 30 M. 

Therefore, SU1261 possesses high IKK selectivity. There are various other IKK 

inhibitors available including ACHP and BMS-345541, but these inhibitors lack 

selectivity and act off target on IKK due to the structural similarity between the IKKs. 

Additionally, given the known systemic toxicity of IKK inhibition in disease settings, 

this highlights the need for inhibitors with higher selectivity towards IKK (9). However, 

an inhibitor, BAY 32-5915, which has been claimed to be highly selective for IKK, has 

recently been demonstrated to block LPS-induced pulmonary metastasis (9). Despite 

claims that this inhibitor is IKK-selective, there is little evidence to demonstrate this 

inhibitor does not have off-target effects on IKK or other kinases and given the 

similarity between IKK and IKK, this information is required to determine the 

selectivity of BAY 32-5915. 

 

1.23 Osteogenesis signalling pathways 
Osteoblast differentiation is a vital physiological process to retain bone health. 

However, as primary OS relies on excessive uncontrolled osteoblast differentiation, it 

is important to identify the cellular signalling events which result in osteoblast 

differentiation. Both the CXCL/CXCR2 axis and GAS7 directly binding to transcription 
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factor Runx2 are important events which ultimately result in increased alkaline 

phosphatase, osteocalcin and osteopontin production, and subsequently, an increase 

in osteoblast differentiation. A proposed mechanism by which these signalling events 

occur is highlighted below (Figure 1.9). 
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Figure 1.9. An illustration of cellular signalling pathways which result in 

osteoclast differentiation.  

CXCR2 agonists, including chemokines such as CXCL1, CXCL2, CXCL3, CXCL5, 
CXCL6, CXCL7, CXCL8 all promote CXCR2-dependent signalling. CXCR2 signalling 
in bone marrow-derived mesenchymal stem cells results in activation of Runx2, 
resulting in Runx2-dependent osteoblast differentiation via increased expression of 
alkaline phosphatase, osteocalcin and osteopontin. GAS7 can also directly increase 
Runx2 expression resulting in Runx2 -dependent osteoblast differentiation. Figure was 
created using BioRender.com. 

 

Understanding the molecular mechanisms which underpin osteogenesis presents an 

exciting and unique opportunity to uncover the pro-inflammatory signalling pathways 

responsible for secretion of CXCL chemokines, particularly to suppress recruitment of 

TANs and the osteogenesis process. A deeper understanding of these signalling 
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pathways would enable identification of potential upstream drug targets for novel OS 

treatments. 

1.24 Osteoclastogenesis signalling pathways 
Several signalling pathways tightly regulate osteoclast bone resorption, and osteoblast 

bone generation including RANKL-induced NF-B signalling (highlighted in non-

canonical NF-B signalling in Figure 1.7) and canonical Wnt signalling (319, 320). 

Indeed, it has been exemplified that inhibition of RANKL-induced NF-B signalling, 

and RANKL/RANK deletion prevents osteoclastic bone resorption. There are two main 

receptors which are crucial in osteoclast differentiation, RANK and Osteoclast-

associated receptor (OSCAR). While RANK results in the enhancement of 

downstream signalling pathways, including canonical and non-canonical NF-B 

signalling, and osteoclastogenesis, OSCAR plays an instrumental auxiliary role to 

promote RANK-mediated osteoclastogenesis. OSCAR is an immunoglobulin-like 

receptor activated mainly by collagen types I-III. This subsequently results in 

downstream phosphorylation of Fc receptor common  chain (FcR), an ITAM-

containing adaptor protein by Syk, and thereby, Syk auto-phosphorylates itself leading 

to PLC phosphorylation. Phosphorylated PLC increases inositol trisphosphate (IP3) 

production leading to increased release of calcium from the endoplasmic reticulum 

which indirectly results in increased NFATc1 expression, and NFATc1 directly binding 

to several genes in the nucleus to promote osteoclastogenesis (Figure 1.10). 
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Figure 1.10. An illustration of cellular signalling pathways which result in 

osteoclast differentiation.  

Osteoclast-associated receptor is activated by collagen I, II, III, SP-D, and OBL ligand, 
resulting in a Syk-dependent signalling pathway, resulting in subsequent, PCLg 
phosphorylation, resulting in IP3-mediated increased Ca2+ expression, and 
downstream NFATc1 expression. This, in turn, results in osteoclast differentiation and 
therefore, bone degradation. Figure was created using BioRender.com. 

 

1.25 Cholesterol biosynthesis in osteosarcoma 
A considerable amount of evidence has demonstrated the importance of cholesterol 

production in OS development and prognosis. Lipid droplets, which serve as reservoirs 

for cholesterol esters were first discovered in an ultrastructural study of human OS in 

1981 (321). Additionally, Synvinolin (MK-733), a selective antagonist of HMG-CoA 

reductase, the rate-limiting enzyme in cholesterol biosynthesis, was shown to reduce 
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metastatic potential in BN472 rat tumour cells, a model of chemically-induced OS in 

1989 (322). However, the significance of lipids including sterols in OS was overlooked 

for several decades. In recent years, studies have highlighted an intriguing, but 

complex relationship between lipids and OS. A study which has utilised OS patient 

data (88 samples) from The Cancer Genome Atlas highlighted that by eight years, OS 

patients with high glycolysis and cholesterol synthesis-related gene signature 

(GCSRG) and low GCSRG have a survival probability of approximately 0.25 and 0.8, 

respectively (323). Additionally, high GCSRG may correlate to OS tumour growth, as 

patients with high GCSRG had significantly higher tumour purity and lower immune 

score than low GCSRG patients, indicative of a higher ratio of cancerous cells to non-

cancerous cells in tumours. Further studies have identified an increase in cholesterol 

biosynthesis-related genes in OS cells compared to healthy cells (299). Despite the 

cholesterol biosynthetic pathway not being fully characterised in the context of OS, 

treatment with simvastatin, and atorvastatin reduced these properties, and reduced 

KLF4 expression in a dose-dependent manner. Interestingly, KLF4 increased spheroid 

formation, which was reversed by statin administration, indicating statins may target 

KLF4 (324). Future studies into OS therapeutic drug targets may reveal ways in which 

the cholesterol biosynthesis pathway can be downregulated by targeting upstream 

mediators, including specific cellular signalling pathways. 

 

Several studies have previously demonstrated that cholesterol and mediators of 

cholesterol biosynthesis play an integral role in long bone growth and growth plate 

disorganisation and disruption. Indeed, expression of endoplasmic reticulum localised 

genes which mediate cholesterol biosynthesis, SREBP cleavage-activating protein, 

and HMGCR, are significantly downregulated in the hypertrophic zone (HZ) compared 

to proliferative zone (PZ) in E16.5 embryo distal femur chondrocytes (325). 

Additionally, hedgehog signalling promotes genes involved in the cholesterol 

biosynthetic pathway, and mutually, intracellular cholesterol also regulates hedgehog 

signalling (325, 326). In a cancer setting, hedgehog signalling has been linked to 

osteoblast regulation in OS by overexpression of the YAP-1 gene and long-coding 

RNA, H19 (327). Several antagonists including ATO, vismodegib and GANT61 which 

target the hedgehog/GLI2 signalling pathway have shown promising therapeutic 

potential in OS, by downregulating invasion and metastasis of OS cells (328). 
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Therefore, this implicates a role for genes which enhance cholesterol biosynthesis in 

OS development and migration. In support of this, a recent study utilised open access 

datasets to identify four distinct groups of OS patients based on their median gene 

expression into a glycolysis, cholesterol, quiescent and mixed subgroup. This study 

identified that the cholesterol and mixed OS patient subtypes displayed the worst 

prognosis in relation to patient survival (329). In addition, other studies have 

highlighted some cholesterol biosynthetic enzymatic genes including SQLE and 

TM7SF2 in a prognostic OS gene model (330).  

 

1.26 The use of transcriptomics in cellular signalling and 
osteosarcoma 
Without a fundamental understanding of the downstream consequences of cellular 

signalling pathways on gene expression, it is of little clinical relevance to study these 

cellular signalling pathways. Therefore, it is essential to study the genes which are 

increasingly induced because of IL-1-mediated, IKK-dependent signalling to identify 

the extent of the role which IKK partakes in inflammatory processes. One way which 

this can be achieved in an unbiased, selective, and large-scale manner is to conduct 

a transcriptomics study, otherwise known as RNA-sequencing. Genomics has become 

a particularly intriguing subject over the past few decades. The genomics world was 

revolutionised following the completion of the Human Genome Project, an ambitious 

and collaborative effort which spanned 13 years, from 1990 to 2003, which resulted in 

sequencing approximately 92% of the human genome (331-333). The human genome 

project utilised Sanger sequencing, which was the first DNA sequencing method reliant 

on sequencing one DNA fragment at a time (334). The novelty, and large quantity of 

data which this project unveiled has revolutionised the field of genomics and wider, 

and ultimately, increased knowledge of human genetics, and the fundamental role of 

gene mutations in disease onset (335, 336). Following the human genome project, 

several attempts have been made to design methods which can measure the 

expression of all genes in samples to prevent the need for measuring expression of 

singular genes by laboratory techniques such as real time quantitative polymerase 

chain reaction (RT-qPCR). Next generation sequencing (NGS) was developed to 

overcome these challenges. Illumina sequencing, a short-read method (~50-300 base 
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pairs per read) has since become the most utilised short-read RNA sequencing 

platform, and has several advantages over other NGS methods, including the highest 

accuracy and affordability. Illumina RNA sequencing represents a powerful and high-

throughput approach for comprehensive transcriptome analysis, enabling the 

identification of genes that are differentially expressed in response to specific 

signalling pathways. Therefore, this methodology enables a deeper understanding of 

the molecular mechanisms regulated by these pathways and offers insights into the 

functional significance of key pathway kinases, supporting future studies to identify 

their validity as potential therapeutic targets. 

To study OS specifically, transcriptomics provides unique opportunities for studying 

distinct cellular signalling pathways which are integral to oncogenesis. The ability to 

screen for every human gene simultaneously would benefit OS researchers greatly, 

as it is a poorly funded and researched area. Transcriptomics also provides an 

unbiased experimental approach, by preventing the need to study genes individually 

which may be important to cell processes in OS cells. Therefore, transcriptomics could 

provide a starting point for future gene studies related to OS at a molecular level, and 

depending on experimental set up, may provide a variety of important genes involved 

in OS onset and progression.  

 

1.27 U2OS cell line as a model for osteosarcoma 
Due to the rarity of OS, and therefore the ongoing challenge to obtain human OS tissue 

samples, as well as the focus on the molecular mechanisms which underpin OS, it is 

favourable to study OS in human cell lines. The U2OS cell line was one of the first 

cancer-derived cell lines, initially obtained from the tibia of a 15-year-old white female 

OS patient in 1964. Due to their genetic stability, responsiveness to extracellular 

stimuli and ease to maintain in cell culture, these cells remain a widely utilised model 

not just for OS research but also for cell signalling responses. U2OS cells have 

epithelial-like homology, and display upregulated RUNX2 gene expression compared 

to healthy osteoblasts (300). This demonstrates the ability of U2OS cells to not only 

elicit osteoblastic responses, but also to upregulate osteoblast differentiation, which 

would be expected in primary OS.  
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1.28 Summary of rationale and aims 
Cancer research to date has rarely examined the molecular pathways disrupted in OS, 

and therefore, more studies are required at a molecular level to identify new 

therapeutic targets for OS patients. Previous research has highlighted that IKK is 

instrumental in cancer development and metastasis in NF-B-dependent and NF-B-

independent manners. However, in the context of OS, IKK has been continuously 

overlooked, and its role on downstream gene expression has yet to be identified. 

Therefore, to further understand the role of IKK in regulation of oncogenes, bulk 

RNA-sequencing studies are a sensitive, and reliable method to identify IKK-

dependent genes. Additionally, as IL-1-mediated non-canonical NF-B signalling has 

recently been identified to be IKK-dependent, it is important to understand the 

upstream kinase which regulates IKK in this novel signalling arm, and also the 

downstream binding partners of p100, which will give an indication into potential 

pathways which may be regulated by the IL-1/IKK/p100 axis specifically.  

 

The key aims of this investigation are outlined below: 

1. To carry out short-read RNA-sequencing on OS cell line samples with and 

without IKK CRISPR-Cas9 knockdown, and to validate these findings with 

laboratory techniques. 

2. To characterise the use of novel selective IKK inhibitors in IKK-dependent 

signalling. 

3. To identify the MAP3 kinase responsible for IL-1-induced, IKK-dependent 

signalling in U2OS cells. 

 

The main hypotheses of this thesis are highlighted below: 

Given the established pro-oncogenic role of IKKa in other cancer types, it is hypothesised 

that IKKa regulates the expression of multiple genes that promote oncogenesis in OS. 

Additionally, it is hypothesised that IL-1b-induced IKKa-dependent signalling occurs in a 

TAK1-dependent manner.  
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Chapter 2 

Materials and Methods 
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2.1 Materials 

2.1.1 Key laboratory reagents 

All materials and reagents were obtained from Sigma-Aldrich Chemical Company Ltd. 

(Poole, Dorset, UK), unless otherwise specified.  

Supplier Reagent(s) 

Barnford Laboratories Ethanol 

Boehringer Mannheim 

Ltd (East Sussex, UK) 

Dithiothreitol (DTT) 

Bio-Rad Laboratories 

(Hertfordshire, UK) 

SDS-PAGE molecular weight markers 

Carl Roth GmbH + Co. 

KG (Karlsruhe, Germany) 

Acrylamide Rotiphorese Gel 30. 

Corning B.V 

(Buckinghamshire, UK) 

Cell culture flasks, plates, and pasteur pipettes 

Insight Biotechnology Ltd 

(Middlesex, UK) 

Recombinant human IL-1β and LIGHT agonists 

MRC PPU Reagents and 

Services (Dundee, UK) 

plasmid DNA (HA-p100 construct) 

Sarsredt AG & Co. Ltd 

(Leicester, UK) 

5 mL and 10 mL serological pipettes 

Thermo Fisher Scientific 

UK Ltd (Leicestershire, 

UK) 

Bovine Serum Albumin (BSA, L-Glutamine (GibcoTM), 

Penicillin-Streptomycin, Dithiothreitol (DTT), Trypsin, Fetal 

Bovine Serum (GibcoTM), McCoy’s 5A Medium, 2-

mercaptoethanol and 4’6-diamidino-2-phenylindole (DAPI). 

Whatmann (Kent, UK): Nitrocellulose Membrane, Whattman blotting paper. 
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2.2 Methods 

2.2.1 U2OS cell line 

Human OS epithelial cells (U2OS cell line) cells were used throughout this study 

(passages 3-20) and were initially obtained from American Type Culture Collection 

(ATCC). Most experimental work was carried out in U2OS cells, except for tissue work 

and Electrophoretic Mobility Shift Assay (EMSA) experiments. All cell culture work 

throughout this study was conducted under aseptic conditions in a class II cell culture 

hood (Haraeus Instruments).  

 

2.2.2 IKK CRISPR/Cas9 knockout cells 

CRISPR/Cas9 targeting CHUK (IKK) was designed using in silico sgRNA selection 

tools to identify high-efficiency target sites within the CHUK coding sequence. Three 

independent 20-bp sgRNAs targeting distinct regions of CHUK were selected based 

on predicted on-target efficiency and minimal off-target effects and obtained as 

validated lentiviral constructs from Addgene. Cas9 was expressed using lentiCas9-

Blast or lentiCas9n (D10A)-Blast vectors, enabling stable expression following 

lentiviral transduction. The three sgRNAs which were designed to target IKK, were 

as follows: CHUK gRNA (BRDN0001149372) (Plasmid #77033), CHUK gRNA 

(BRDN0001149269) (Plasmid #77034), CHUK gRNA (BRDN0001148194) (Plasmid 

#77035). These gRNAs were pooled together to promote maximal efficiency of IKK 

knockout. 

 

2.2.2 Maintaining Cell culture 

U2OS wildtype and U2OS IKK CRISPR/Cas9 knockout cells were seeded and 

maintained in T-75cm2 flasks in 10 mL McCoy’s 5A media with 10% v(v) foetal bovine 

serum, 1% penicillin streptomycin and 1% (v/v) L-glutamine. This media was replaced 

every other day. Cells were routinely stored in incubators at 37 °C, with 5% CO2. 

Selection and IKK gene knockout were maintained in McCoys 5A medium, with the 

addition of 5 g/mL blasticidin and 0.4 g/mL puromycin every 2-3 cell passages. 
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2.2.3 Passaging cells 

Cells were enabled to proliferate until flasks were approximately 90% confluent, and 

then media was aspirated from the flask. Cells were washed with 1.5 mL 0.5% trypsin 

solution, and then 3 mL 0.5% trypsin solution was added to the flask for approximately 

3 minutes. Trypsin solution was aspirated off and then 10 mL pre-incubated McCoy’s 

5A media was added to the flask. The flask was tapped on the bench 4-5 times whilst 

being kept upright throughout. Cells were resuspended in the media by use of a 10 

mL stripette. Cells were generally split 1:5 from this, where 4:5 media containing cells 

were placed in tissue culture plates to be used for experiments or discarded. 

 

2.2.4 Quiescing cells 

Prior to carrying out experiments, cells which were seeded into appropriate tissue 

culture plates were enabled to grow to 90-95% confluency. Following this, the media 

containing 10% FBS, 1% penicillin streptomycin and 1% L-glutamine was aspirated 

and replaced with McCoy’s medium which was not supplemented with FBS. The cells 

were routinely maintained in this serum free media for 24 h prior to stimulations with 

agonists and or collecting the cell samples for experimental procedures. 

 

2.2.5 Cell stimulation 

Quiescent U2OS Cells were stimulated throughout with recombinant IL-1 

recombinant protein (10 ng/mL) and LIGHT ligand (50 ng/mL) throughout this study.  

 

2.2.6 Cell sample collection for RNA-sequencing and RT-qPCR 

Firstly, wildtype and IKK CRISPR/Cas9 knockout U2OS cells were counted by 

application a haemocytometer. Approximately 100,000 cells per 6 cm dish were added 

and enabled to adhere and proliferate until confluent. For each passage of both IKK 

CRISPR-Cas9 knockout and wildtype U2OS cells, three dishes were prepared. This 

was carried out for three different passages for each cell type, resulting in three 

independent stimulations and a total of 18 dishes: 9 dishes per cell type. Once 

confluent, cells were incubated in serum free media, to induce quiescence. This was 
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carried out for 8 h prior to the first stimulation being added, with one of the three dishes 

per passage being treated with IL-1 (10 ng/mL) 24 h prior to cell lysis. Following this, 

another dish per passage for each cell type was treated with IL-1 (10 ng/mL) 8 h 

before cell lysis. The final dish per group of dishes was unstimulated, which acted as 

a negative control for each sample set. Following the timed stimulations, all three 

dishes containing cells were placed on ice to maximise RNA stability and directly lysed 

by application of 350 L RLT containing 10 L -mercaptoethanol per 1 mL of RLT 

buffer prepared and stored at -80 °C. This preparatory process is illustrated in Figure 

2.1. 

 

 

Figure 2.1. A schematic diagram highlighting the process of cell preparation for 

RNA extraction.  

U2OS wildtype or IKK CRISPR/Cas9 knockout U2OS cells were counted and plated 
into a dish. The cells were enabled to differentiate until confluent and then incubated 

in quiescent media. Cells were then untreated or treated with IL-1 (10 ng/mL) for 8 h 
or 24 h, and then directly lysed. These cells were stored at -80 °C prior to RNA 
extraction. Figure was created by using BioRender.com. 

 

2.2.7 RNA extraction 

To carry out RNA extraction (RNeasy mini kit by Qiagen), the cell lysates were 

retrieved, and the surroundings were sprayed with RNAseZap (Invitrogen by Thermo 
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Fisher Scientific). The prepared cell lysates were defrosted fully on ice. Cells were 

resuspended with a syringe. Then, all the sample (350 L) was taken up by the syringe 

and placed into a 1.5 mL Eppendorf tube. 350 L ethanol was added to the tube, and 

the contents were mixed with pipetting. The contents of the tube were then added to 

a fresh tube containing a detachable spin column containing a filter and centrifuged 

for 15 seconds (10000 RPM). The flow through was discarded and the spin column 

was placed back into the tube. The RNA was washed by addition of 350 L RWI buffer 

and centrifuged for 15 seconds at 10000 RPM. The flow through was then discarded. 

A DNase I and Buffer RDD mixture was created consisting of 10 L and 70 L, 

respectively per sample and added to the spin columns. This was left to incubate at 

room temperature on the bench for 15 min. Following this, 500 L Buffer RPE, a wash 

buffer with ethanol was then added and then the tube was centrifuged for 15 seconds 

at 10000 RPM. Flow through was discarded again. The RPE wash was repeated as 

before, but centrifugation was carried out for 2 min at 10000 RPM, and flow through 

was discarded. Finally, 30 L RNAse-free water was added to the tube via the filter 

and centrifuged for 1 min at 10000 RPM to elute the RNA. A diagrammatical 

representation of the RNA extraction method used can be seen in Figure 2.2. 
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Figure 2.2. Workflow overview of RNA extraction from U2OS cells using the 

RNeasy Mini Kit.  

The schematic illustrates the step-by-step procedure for isolating total RNA from 
cultured U2OS cells. Briefly, adherent cells were first lysed directly in the culture dish 

using RLT buffer containing -mercaptoethanol to ensure complete disruption and 
inactivation of RNases. The lysate was then homogenised and transferred to a silica-
membrane spin column, allowing selective binding of RNA. Following several wash 
steps to remove contaminants such as proteins and genomic DNA, high-purity RNA 
was eluted in RNase-free water. Figure created on BioRender.com. 

 

2.2.8 RNA quantification 

Following RNA extraction, 2 L was immediately removed from the tube and added to 

another Eppendorf for quantification. RNA yield and purity (A260/A280, A260/A230) 

were determined using a NanoDrop spectrophotometer (Thermo Fisher Scientific). 

The remaining RNA was stored at -80 °C for future reverse transcription and RT-qPCR 

or sent to Genewiz at Azenta Life Sciences on dry ice for Illumina RNA-sequencing.   
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2.2.9 Reverse transcription 

Prior to carrying out RT-qPCR experiments, complementary DNA (cDNA) was 

synthesised from total RNA using the Applied Biosystems High-Capacity cDNA 

Reverse Transcription Kit (Thermo Fisher Scientific UK Ltd, Leicestershire, UK), 

following the manufacturer's instructions. For each reaction, 1 g of total RNA was 

used. The required volume of RNA was calculated, and sterile, nuclease-free water 

was added to make the volume up to 10 L. 

To reach a total reaction volume of 20 L, 10 L of reverse transcription master mix 

was prepared and added to each sample. The composition of the master mix is 

detailed in Table 2.1.  

 

Table 2.1. Composition of the reverse transcription master mix used in each 

20 L reaction. 

Reagent Volume per reaction 

10× RT Buffer 2 L 

25× dNTP Mix (100 mM) 0.8 L 

10× RT Random Primers 2 L 

MultiScribeTM Reverse Transcriptase 1 L 

Nuclease-free Water 4.2 L 

 

Thermal cycling was carried out under the following conditions: 25 °C for 10 min, 37 

°C for 120 min, 85 °C for 5 min, followed by a hold at 4 °C until samples were collected. 

The complementary DNA synthesised was stored at -20 °C. 

 

2.2.10 RT-qPCR  

RT-qPCR was routinely applied to measure gene expression under different 

stimulations (IL-1) at different time points, with different conditions including siRNA-

mediated knockdown and or treatment with specific inhibitors. 
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2.2.10.1 RT-qPCR primers 

Primers for RT-qPCR were either designed de novo using the target FASTA sequences 

inserted into the NCBI Primer-BLAST tool or selected based on previously published 

sequences. In the latter case, the primers were validated using NCBI BLAST to confirm 

specificity and ensure they were not off target. The primer sequences utilised for 

targets of interest in this study are outlined in Table 2.2, with HPRT1 being used as a 

reference gene for all RT-qPCR experiments. 

 

Table 2.2. Primer sequences utilised for RT-qPCR. 

Target of 

interest 

Forward Primer Reverse Primer 

CXCL5 5’-CAG ACC ACG CAA GGA 

GTT CAT C-3’ 

5’-TTC CTT CCC GTT CTT 

CAG GGA G-3’ 

CXCL8 5’-ATG ACT TCC AAG CTG 

GCC GTG GCT-3’ 

5’-TCT CAG CCC TCT TCA 

AAA ACT TCT-3’ 

CXCL12 5’-CTC CGC TGT CAC CTT 

CCC-3’ 

5’-TGT GCC CTT CAG ATT 

GTA GCC-3’ 

DHCR7 5’-TCC ACA GCC TGA CCA 

ATG C-3’ 

5’-CGA AGT GGT CAT GGC 

AGA TGT C-3’ 

DHCR24 5’-CTC CTG CCG CTC TCG 

CTT ATC-3’ 

5’-GTC TTG CTA CCC TGC 

TCC TTC C-3’ 

GAS7 5’-CTC TCA GAA CTC GGC 

TTC AC-3’ 

5’-GTT CTC ACG GAA GTT 

CAT CAG GG-3’ 

HPRT1 5’-CAT TAT GCT GAG GAT 

TTG GAA AGG-3’ 

5’-CTT GAG CAC ACA GAG 

GGC TAC A-3’ 

IKK 5-TCT GGA ACA GCG TGC 

CAT TGA TCT-3’ 

5’-ATT ACT GAG GGC CAC 

TTC CAC CTT-3’ 

IKK 5’-CGC CCA ATG ACC TGC 

CCC TG-3’ 

5’-GGC ACC TTC CCG CAG 

ACC AC-3’ 

OSCAR 5’-ACA TCA CTC CGT CTG 

TGG C-3’ 

5’-GTC CAA ATC TCC AAG 

CGG GT-3’ 
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2.2.10.2 RT-qPCR preparation 

Prior to running RT-qPCR, the 20 L containing 1 g of cDNA was thawed on ice. The 

master mix used for reverse transcription was diluted 1:10 by adding 180 L of 

nuclease-free water to each sample. SybR Green was also thawed on ice. 

A volume of 5 L of the diluted DNA was added to the appropriate wells of a 96-well 

plate (Applied Biosystems). Each sample was assayed in triplicate for each target to 

ensure accuracy and reliability. A mastermix was prepared for each target gene of 

interest, with enough volume to add 15 L per well. The composition of the RT-qPCR 

mastermix is outlined in Table 2.3. 

 

Table 2.3. The composition of the RT-qPCR mastermix for each reaction. 

Reagent Volume 

SybR green 10 L 

Forward primer 0.9 L 

Reverse primer 0.9 L 

Nuclease-free water 3.2 L 

 

2.2.10.3 RT-qPCR instrumentation and cycling parameters 

A QuantStudio5 PCR machine (Thermo Fisher Scientific, UK) was used, with the 

following settings: holding stage at 95 °C for 15 seconds, followed by a PCR stage of 

40 amplification cycles consisting of three steps: 95 °C for 15 seconds, 58 °C for 30 

seconds, and 72 °C for 15 seconds. A melt curve was conducted during initial primer 

validation to assess amplification specificity.  

2.2.10.4 RT-qPCR data normalisation and analysis 

All RT-qPCR data were analysed relative to the target gene of interest and the 

housekeeping gene HPRT1, which was used for normalisation throughout. Mean 

threshold cycle (Ct) values were obtained for each sample, and delta Ct values were 

calculated using the following equation:  

∆𝐶𝑡 = 𝐶𝑡𝑡𝑎𝑟𝑔𝑒𝑡 − 𝐶𝑡𝐻𝑃𝑅𝑇1 
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Relative changes in gene expression were determined using the delta delta Ct 

method, calculated as: 

∆∆𝐶𝑡 =  ∆𝐶𝑡𝑡𝑟𝑒𝑎𝑡𝑒𝑑 − ∆𝐶𝑡𝑐𝑜𝑛𝑡𝑟𝑜𝑙 

Fold change in gene expression was calculated as: 

𝐹𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 =  2−∆∆𝐶𝑡 

For genes with very low basal expression levels that were robustly induced by IL-1 

stimulation, fold-change values were disproportionately large and not biologically 

informative. Therefore, for these genes, expression levels were additionally 

normalised to the maximal observed response and expressed as percentage of 

maximum response (% max). In this approach, the highest IL-1-induced fold change 

value for each gene was set to 100%, and all other values were expressed relative to 

this maximum. 

 

2.2.11. RNA quality for RNA sequencing analysis 

To determine whether RNA was of adequate quantity from obtained total RNA 

extracted from cellular samples, RNA concentration was measured initially by 

utilisation of a ThermoFisher Scientific Nanodrop. To rule out sample quantification 

overestimation which can be influenced by contaminants when using the Nanodrop, 

Sample RNA was quantified again more sensitively by use of RNA Qubit assay 

techniques following shipment of samples to Genewiz at Azenta Life Sciences  (Essex, 

UK). 

 

2.2.12. Illumina RNA-sequencing 

The sample RNA was initially quantified, and quality controls were carried out using a 

NanoDrop spectrophotometer (ThermoFisher Scientific). The RNA concentrations and 

260/280 ratios were measured and within the range of 1.9-2.1 prior to sample 

transportation. RT-qPCR, library preparation, bridge amplification, library sequencing 

and read alignment to the human genome was carried out by Genewiz at Azenta Life 

Sciences.  The workflow of the RNA-sequencing carried out is illustrated in Figure 2.3.  
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Figure 2.3. Overview of the RNA sequencing workflow used in this study.  

Sample preparation and handling, RNA extraction, quantification and quality control 

were conducted in-house, before shipment of samples to Genewiz where RT-PCR, 

library preparation and subsequent steps were conducted. Figure 2.3 was created on 

BioRender.com. 

 

Each sample was independently repeated three times and grouped dependent on 

treatment conditions. This is outlined in Table 2.4. 

 

Table 2.4. A demonstration of combination of the SampleIDs grouped for 

differential gene analysis. 

Group name Samples 

WT Unstimulated WT control 1, WT control 2, WT control 3 

WT 8 hours WT 8hr 1, WT 8 hr 2, WT 8 hr 3 

WT 24 hours WT 24hr 1, WT 24hr 2, WT 24hr 3 
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ND33 Unstimulated ND33 control 1, ND33 control 2, ND33, control 3 

ND33 8 hours ND33 8hr 1, ND33 8hr 2, ND33 8hr 3 

ND33 24 hours ND33 24hr 1, ND33 24hr2, ND33 24hr3 

 

To carry out the differential gene analysis required to determine differences between 

genes expressed in different treatment conditions, group comparisons were selected 

to be compared. This is highlighted in Table 2.5. 
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Table 2.5. A description of sample groups compared in differential gene 

analysis. 

First group for comparison Second group for comparison 

WT Unstimulated WT 8 hours 

WT Unstimulated WT 24 hours 

WT 8 hours WT 24 hours 

ND33 Unstimulated ND33 8 hours 

ND33 Unstimulated ND33 24 hours 

ND33 8 hours ND33 24 hours 

WT Unstimulated ND33 Unstimulated 

WT 8 hours ND33 8 hours 

WT 24 hours ND33 24 hours 

 

2.2.13 Indirect Immunofluorescence 

Cells were fixed in 3.6% PFA, washed in PBS and then incubated in 0.25% triton 

solution in PBS for 10 min. Cells were washed and incubated in 1% BSA in PBS for 

30 min. Cells were then washed, and appropriate primary antibodies (1:100) were 

applied overnight in a humidity chamber at room temperature. Cells were washed 3 

times and then incubated in 1:100 Alexa-488 Rabbit (Insert where from) or 1:100 

Alexa-555 Mouse (Insert where from) secondary antibodies in 1% BSA in PBS for 1 h 

without exposure to light. The cells on coverslips were washed 3 times again and 

incubated in DAPI nuclear stain (1 M) for 10 min. Coverslips were mounted onto 

microscope slides by use of Mowiol mounting media. Immunofluorescence was 

detected by use of a Leica SP8 confocal microscope.  
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2.2.14 EMSA 

2.2.14.1 Origin of Mouse Embryonic Fibroblasts 

WT and gene-deficient C57BL/6 mice were utilised and aligned with the National 

Institute of Immunology, Delhi, India Institutional Animal Ethics Committee (approval 

no. #258/11). Mouse Embryonic Fibroblasts (MEFs) derived from E13.5 embryos were 

immortalised as detailed previously (337). The gene-deficient MEFs utilised in this 

study include IKK-/- and NIK-/- knockout MEFs. These cells were primarily utilised in 

this study for EMSA experiments. 

2.2.14.2 Cell culture 3T3 cells 

3T3 cells were cultured in DMEM (Gibco) containing 10% FBS, 1% L-glutamine and 

1% penicillin streptomycin. Cells were passaged by trypsinisation as described in 

Section 2.2.3. Cells were seeded into 6 cm2 culture dishes for EMSA. 

2.2.14.3 Nuclear protein sample preparation 

3T3 cells in 6 cm2 culture dishes were washed with 1 mL PBS (1x). Then, 1 mL ice 

cold PBS + EDTA (1 mM) was added, and cells were scraped using a sterile cell 

scraper. Cells were centrifuged (13000 RPM for 10 min) and then supernatant was 

discarded. Cells were resuspended in 100 L cytoplasmic extract buffer. Cells were 

vortexed for 2 min and then placed on ice for 3 min. This was repeated for a total of 3 

times. Samples were centrifuged (13000 RPM for 10 min) at 4 °C then cytoplasmic 

extract buffer was discarded. The pellet was then resuspended gently in 20 L nuclear 

extract buffer. Samples were then placed in dry ice for 90 seconds, heated in a 30 °C 

water bath for 30 seconds, vortexed for 3 min and then placed on ice for 3 min for a 

total of 3 times. The samples were centrifuged (13000 RPM 10 min) at 4 °C. 

Supernatant was collected in separate microcentrifuge tube and the pellet was 

discarded. The samples were stored at -80 °C. Before using the samples, the protein 

concentration of all samples was quantified by application of the detergent-compatible 

protein assay. This technique requires DC protein assay Reagent S (BioRad) and DC 

protein assay Reagent A (BioRad) to be made up to a 1:50 working solution. 25 L 

working solution and 2.5 L nuclear extract sample were incubated in an Eppendorf 

tube together at room temperature for 5 min. Following this, 200 L DC protein assay 

Reagent B (BioRad) was added to the Eppendorf tube and stored in the dark for 15 

min to promote a colorimetric reaction due to alkaline conditions which enable 



78 
 

formation of a protein-copper (II) ion complex. Protein concentrations were read by a 

BioPhotometer Plus (Eppendorf). Sets of samples were subsequently normalised in 

nuclear extract buffer by use of the following formula: 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑁𝐸 𝑏𝑢𝑓𝑓𝑒𝑟 𝑎𝑑𝑑𝑒𝑑 = (
𝑂𝐷 𝑠𝑎𝑚𝑝𝑙𝑒

𝑂𝐷 𝑙𝑜𝑤𝑒𝑠𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 
− 1)  𝑥 17.5 

 

2.2.14.4 EMSA gel preparation 

EMSA gel was prepared in a 100 mL beaker using the components and quantities 

listed in Table 2.6. 

Table 2.6. Composition of EMSA gel preparation. 

Reagent Volume 

Tris-Glycine-EDTA 36.7 mL 

Acrylamide 8.35 mL 

50% Glycerol 5 mL 

10% Ammonium Persulphate 500 L 

N,N,N',N'-Tetramethylethylenediamine 25 L 

 

EMSA gel was then cast into a glass plate and a well comb was placed into the top of 

the gel. The gel was enabled to set for 1 h. The comb was removed, and wells were 

cleaned with distilled water. Wells were drawn on with a permanent marker on the 

outside of the glass, and the EMSA gel plate was placed into a tank filled with Tris-

Glycine-EDTA in the middle section to fill the wells. 

 

2.2.14.5 Probe labelling for EMSA 

To prepare the probe for electrophoretic mobility shift assay (EMSA), 2.5 L of nuclear 

extract was combined with 3 L of binding buffer and 0.5 L of 32P-labelled probe in a 

microcentrifuge tube. The double-stranded oligonucleotide probe contained two 

consensus NF-B binding sites with the following sequences: (Forward: 5′-

GCTACAAGGGACTTTCCGCTGGGGACTTTCCAGGGAGG-3′; Reverse: 5′-
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CCTCCCTGGAAAGTCCCCAGCGGAAAGTCCCTTGTAGC-3′). A free 

oligonucleotide control was prepared by mixing 5.5 L of binding buffer with 0.5 L of 

32P-labelled probe, to serve as a reference for unbound radioactivity. All mixtures were 

incubated for 20 min at room temperature before further analysis. 

 

2.2.14.6 Gel running, transfer and imaging 

While the samples incubated in the radioactive probe, the gel was pre-run for 20 min 

at 200 V. Following this, the gel running was paused, and the sample mixtures (6 L) 

were added to the wells. The gel was run for 2 h at 200 V. The gel was removed from 

the running tank and placed on thick white paper. The gel was covered with clingfilm 

and then placed into a model 583 gel dryer (BioRad) set at 80 °C for 2 h. The gel was 

placed in a cassette and transferred onto a membrane for 16 h. The gel was removed, 

and the membrane was scanned on a Typhoon scanner. 

 

2.2.15 pcDNA transfection 

A mixture of 5 L polyethyleneimine, 1 g HA-p100 (Figure 2.4) and 100 L McCoys 

5A media were added to an Eppendorf tube for each well in a 12-well plate being 

transfected. This was upscaled for multiple wells, and the mixture was incubated at 

room temperature for 15 min. Fresh media was applied to each well containing 60-

70% confluent U2OS cells and the pcDNA solution was applied to the U2OS cells in 

sterile conditions. The media was replaced after 24 h, and cells were used for SDS-

Polyacrylamide Gel Electrophoresis (SDS-PAGE) samples, or for immunofluorescent 

samples.   
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Figure 2.4. Map of the HA-p100 expression construct used for transfection of 

U2OS cells.  

Schematic representation of the mammalian expression vector encoding the HA-
tagged p100 protein.   

 

 

2.2.16 Gene silencing with siRNA transfection 

Small interfering RNA (siRNA) oligonucleotides were purchased from ThermoFisher 

Scientific (Dharmacon product line). Transfection was carried out using Lipofectamine 

RNAiMAX reagent following the manufacturer’s guidelines, with minor modifications 

tailored for either 12-well or 6-well plate formats. For each transfection, the siRNA-lipid 

complexes were prepared fresh and scaled according to the number of wells used. The 

siRNA target genes and sequences are displayed in Table 2.7. 
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Table 2.7. siRNA Target genes, sequences and source information. 

Target gene Target sequence Catalogue details 

IKK (CHUK) GCGUGAAACUGGAAUAAU Human CHUK 

  Cat.no: J-003473-09 

IKK (IKBKB) GAGCUGUACAGGAGAUAA 

 

Human IKBKB 

Cat.no: J-003503-13 

Non-target UGGUUUACAUGUCGACUAA Non-target 

Cat.no: D-001810-01-20 

 

2.2.16.1 Complex Formation 

Tube A (siRNA Solution): For each well of a 12-well plate, 5 L of siRNA stock was 

diluted in 95 L of Opti-MEM I Reduced Serum Medium (ThermoFisher). For each well 

of a 6-well plate, 7.5 L of siRNA was diluted in 142.5 L of Opti-MEM. This tube was 

gently flicked to mix and incubated at room temperature for 5 min. 

Tube B (Lipofectamine Solution): For each well of a 12-well plate, 2 L of Lipofectamine 

RNAiMAX reagent was diluted in 98 L of Opti-MEM. For each well of a 6-well plate, 3 

L of Lipofectamine RNAiMAX was diluted in 147 L of Opti-MEM. This tube was also 

gently mixed and incubated at room temperature for 5 min. The contents of Tube A 

(siRNA solution) were then gently added to Tube B (Lipofectamine solution) and gently 

mixed. The combined mixture was incubated at room temperature for 20 min to allow 

lipid–siRNA complexes to form. For experiments involving multiple wells, the volumes 

listed were scaled accordingly to create a transfection mastermix, minimizing pipetting 

variability between wells. 

 

2.2.16.2 Cell Preparation and Transfection 

While the siRNA-lipid complexes were incubating, adherent cells plated in 12- or 6-well 

plates were prepared for transfection. The culture media were aspirated, and the wells 

were washed once with 1X Opti-MEM. Then, 800 L of Opti-MEM was added to each 

well in a 12-well plate, and 1.7 mL to each well in a 6-well plate. Following incubation, 

the siRNA-lipid complexes were added directly to the wells: 200 L of the siRNA-
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Lipofectamine complex mixture was added to each 12-well plate well (final volume: 1 

mL per well) or 300 L was added to each 6-well plate well (final volume: 2 mL per well). 

The plates were gently rocked side to side to evenly distribute the complexes. 

 

2.2.16.3 Incubation and Post-Transfection Culture 

The cells were incubated with the siRNA-containing media for 18-20 h at 37°C in a CO₂ 

incubator. After incubation, the media were carefully aspirated and replaced with fresh 

complete McCoy’s 5A growth medium. Cells remained in culture for 72 h post-

transfection before being harvested for downstream assays (e.g., RNA extraction, lipid 

extraction or protein semi-quantification by SDS-PAGE and western blot analysis). 

 

2.2.16.4 Preparation of cell samples for SDS-PAGE and western blot analysis 

Cells were split into a 12-well plate. When ~95% confluent, the media was replaced 

with serum-free quiescent media to prevent excessive cell division for 24 h. Cells were 

then pre-treated and/or stimulated where applicable. 12-well plates were placed on 

ice, washed twice in ice cold PBS and cells were lysed in sample buffer (63 mM Tris-

HCL, 2 mM Na4P2O7, 5 mM EDTA, 10% (v/v) Glycerol, 2% (w/v) SDS, 0.007% 

Bromophenol Blue, 50 mM DTT).  Individual wells were scraped, and samples 

collected using a syringe and placed into Eppendorf tubes. Sample tubes were then 

placed in a sterile boiling water bath for 5 min and then frozen at -20 °C until time of 

use. 

2.2.17 Subcellular fractionation 

WT U2OS cells and IKK CRISPR-Cas9 knockout U2OS cells were grown in 100 mm2 

dishes and grown until 90% confluency and subsequently quiesced in serum-free 

medium for 24 h. Each sample required 6 x 100 mm2 dishes. Cells were washed 3 

times with ice-cold HES buffer (20 mM HEPES, 1 mM EDTA, 250 mM sucrose, pH 

7.4). Cells were scraped in 4 mL HES/Inhibitor Buffer (HES buffer with 1 phosphatase 

and 1 protease inhibitor per 10 mL added on the day of the experiment). All cells were 

transferred into a 15 mL falcon tube and centrifuged at 200 x g for 5 min. The 

supernatant was removed, and the pellet was resuspended in 1 mL HES/Inhibitor 

Buffer and transferred into a 1.5 mL Eppendorf and homogenised with a syringe. The 

lysate was transferred into a 5 mL ultracentrifuge tube and centrifuged at 8000 RPM 

in a TLA 100.4 rotor for 20 min. The supernatant was transferred into a fresh 5 mL 
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ultracentrifuge tube (which contains high-density membrane and low-density 

membrane cell organelles) and stored on ice. The pellet was resuspended in 1 mL 

HES buffer and layered on top of 1 mL HES/Sucrose Buffer (HES buffer with 1.12 mM 

sucrose instead of 250 mM sucrose) in a 2 mL ultracentrifuge tube. The 2 mL tubes 

were centrifuged at 25000 RPM in TLS 55 rotor for 60 min. The white layer above the 

sucrose cushion was collected using a syringe (containing the plasma membrane) and 

transferred into a fresh 5 mL ultracentrifuge tube and diluted 1:5 with HE Buffer (HES 

Buffer without sucrose) and stored on ice. The pellet at the bottom of this 2 mL tube, 

containing mitochondria and nuclei, was suspended in 200 L HES buffer and stored 

on ice. The supernatant from earlier containing high-density and low-density 

membrane organelles was centrifuged at 16000 RPM in TLA 100.4 rotor for 20 min. 

The supernatant (low-density membrane organelles) was transferred into a fresh 5 mL 

tube and resuspended in 150 L HES Buffer. The pellet containing high density 

membrane organelles was transferred into a 1.5 mL Eppendorf tube.  The plasma 

membrane and low-density membrane fractions were centrifuged at 60000 RPM in 

TLA 100.4 rotor for 60 min. For the plasma membrane fraction, the supernatant was 

discarded, and the pellet was resuspended in 150 L HES Buffer and transferred into 

a 1.5 mL Eppendorf, giving the final plasma membrane. For the low-density membrane 

fraction, the supernatant containing soluble protein was collected and transferred into 

a 1.5 mL Eppendorf, giving the final low-density membrane. All fractions were mixed 

with the appropriate volume of 4x sample buffer and boiled for 3 min. The samples 

were subsequently stored at -20 °C for future SDS-PAGE and western blotting 

experiments. 

 

2.2.18 Nuclear extraction 

Cells in a 6-well plate were washed twice in 200 L ice cold PBS, then scraped into 1 

mL of ice-cold PBS. Cells were recovered by centrifugation at 13000 x g for 1 min. The 

supernatant was aspirated, and cells were resuspended in 200 L low salt buffer 

(Buffer 1, pH 7.9) to swell the cells and incubated on ice for 15 min. 25 L of 10% (w/v) 

NP-40 was added, and vortexed at full speed for 10 seconds. Centrifugation was 

carried out at 13000 x g for 2 min, and the supernatant was aspirated. 50 L Buffer 2 

(pH 7.9) was added, vortexed briefly to loosen the pellet, and placed on a shaker for 
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20 min at 4 °C.  Eppendorf tubes were sonicated in a bath sonicator in ice for 30 

seconds, twice. Samples were centrifuged at 13000 x g for 15 min, and the 

supernatants containing nucleus were transferred to a sterile tube. Sample buffer (63 

mM Tris-HCL, 2 mM Na4P2O7, 5 mM EDTA, 10% (v/v) Glycerol, 2% (w/v) SDS, 0.007% 

Bromophenol Blue, 50mM DTT) was applied to prepare nuclear lysates for SDS-

PAGE. Samples were boiled for 3 min in a boiling bath. Nuclear samples were 

subsequently stored at -20 °C until required for SDS-PAGE.  

 

2.2.19 Immunoprecipitation  

Immunoprecipitation was carried out for endogenous protein expression throughout 

this study. Initially, the U2OS cells were subcultured into 100 mm2 dishes and grown 

until 95% confluent, and subsequently quiesced for 24 h.  

2.2.19.1 Cell lysate collection and preparation for Immunoprecipitation 

Cell lysis was conducted by the following steps: Cells were washed twice in PBS (2 

mL each wash), then scraped in lysis buffer (50 mM Tris-HCL pH 7.4, 1% Triton X-100 

plus 1 Roche Mini Protease Inhibitor cocktail tablet per 10 mL of lysis buffer added on 

the day of the experiment. 500 L of lysis buffer was added per 100 mm2 dish 

containing cells on ice. Cell lysates were syringed and transferred into 1.5 mL 

microfuge tubes on ice. The tube lids were secured and covered in parafilm to keep 

them shut and tubes were end-on-end rotated for 1 h at 4 °C in the cold room. 30 L 

of cell lysate was obtained after rotation and frozen at -20 °C prior to centrifugation. 

Sample tubes with the remaining lysate were centrifuged at 10000 RPM at 4 °C for 10 

min, and 30 L of cell lysate was collected and frozen. The supernatant was collected 

and transferred to a fresh tube on ice.  

 

2.2.19.2 Pre-clearing cell lysates 

Pre-clearing of lysates was performed to remove non-specific protein binding to the 

beads. Briefly, 20 L of Calbiochem Protein G Plus/Protein A Agarose suspension 

(Merck Millipore) was washed twice with 300 L of fresh lysis buffer by centrifugation 

at 3000 RPM for 3 min at 4 °C. A 300 L aliquot of cell lysate supernatant was then 

added to the washed beads and rotated end-over-end at 4 °C for 60 min. Samples 
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were centrifuged again (3000 RPM, 3 min, 4 °C), and the resulting supernatants were 

transferred to new tubes without disturbing the agarose pellet. 

2.2.19.3 Incubation with primary antibody 

The pre-cleared lysate was incubated with 2 L anti-HA tag antibody and rotated at 4 

°C overnight. As before, 30 L sample was collected at this stage and frozen for later 

troubleshooting if required. 

 

2.2.19.4 Bead binding 

Following antibody incubation, Protein A/G agarose beads were prepared as before, 

by washing and centrifuged twice with lysis buffer. 25 L of bead slurry was added to 

each antibody-bound lysate sample and rotated for 2 h at 4 °C. The samples were 

centrifuged at 3000 RPM for 3 min at 4 °C, and beads were washed 3 times in lysis 

buffer. 

 

2.2.19.5 Sample Elution 

Samples were mixed with 2x sample buffer containing DTT (50 mM) and boiled at 95 

°C for 3 min for use in SDS-PAGE and western blot analysis.  

 

2.2.20 SDS-PAGE and Western blot analysis 

Thick 1.5 mm SDS-PAGE gels were prepared at acrylamide concentrations ranging 

from 8-10%, depending on the molecular weight of the proteins under analysis. The 

resolving gel formulation was adapted accordingly to optimise protein resolution. The 

composition of the gels utilised for SDS-PAGE are presented in Table 2.8. 
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Table 2.8. Composition of SDS-PAGE acrylamide resolving gels used in this 

study.  

Recipes are sufficient to prepare either 4 medium (1.0 mm) gels or 3 thick (1.5 mm) 
gels using standard gel casting apparatus.  

Reagent 8% gel 9% gel 10% gel 

Autoclaved purified 

water 

11.6 mL 10.8 mL 10 mL 

Buffer 1 (90.75 g 

Tris base, 2 g SDS, 

400 mL dH20, pH 

8.8) 

6 mL 6 mL 6 mL 

Acrylamide 6.4 mL 7.2 mL 8 mL 

APS (10%) 200 µL 200 µL 200 µL 

TEMED 20 µL 20 µL 20 µL 

 

80L 0.1% SDS was added following resolving gel to enable the gel to uniformly set. 

The gels were enabled to set for 30 min, and the SDS was poured out of the top of the 

gel. Stacking gel was prepared. The composition of the stacking gel is presented in 

Table 2.9. 
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Table 2.9. Composition of SDS-PAGE acrylamide stacking gels used in this 

study.  

Recipes are sufficient to prepare 6 thick (1.5 mm) stacking gels using standard gel 
casting apparatus. 

Reagent Volume 

Autoclaved purified water 9.75 mL 

Buffer 2 (30.25 g Tris base, 2 

g SDS, 400 mL dH20, pH 

6.8) 

3.75 mL 

Acrylamide 1.5 mL 

APS (10%) 250 L 

TEMED 40 L 

  

Stacking gel and combs were added for 25 min until stacking gels set. 30 L cell 

lysates were loaded into the wells of the gel and gels were run for electrophoresis at 

125 V constant voltage for approximately 1 h and 45 min at room temperature. When 

the cell lysates have successfully ran off from the bottom of the gel, proteins were 

transferred onto a nitrocellulose membrane for 2 h and 30 min at room temperature at 

a constant current of 300 mA. To prevent non-specific protein bands forming, 

membranes were blocked in 15 mL 1% BSA in NATT buffer (4 L dH2O, 35 g NaCl, 9.6 

g Tris base and 1200 L Tween 20) for 2 h. Primary antibody was applied to 3 mL 

0.2% BSA in NATT buffer in a falcon tube and placed in the cold room on the shaker 

overnight. The details of utilised primary antibodies for western blotting are outlined in 

Table 2.10. 
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Table 2.10. Primary antibodies utilised for western blot analysis. 

Protein of Interest Antibody Source Species Dilution used 

Phospho-NF-B2 

(p100) 

Cell Signalling 

Technology (4810S) 

Rabbit 

polyclonal 

1:3000 

IKK Millipore Limited 

(14A231) 

 

Mouse 

monoclonal 

1:6000 

pIKK Cell Signalling 

Technology (2697S) 

Rabbit 

polyclonal 

1:3000 

JNK Santa Cruz 

Biotechnology (Sc 571) 

Rabbit 

polyclonal 

1:6000 

Phospho-JNK Cell Signalling 

Technology (9251S) 

Rabbit 

polyclonal 

1:3000 

NF-B2 (p100/p52) Millipore Limited  

(32538) 

 

Mouse 

monoclonal 

1:10000 

HA Invitrogen 

(26183) 

 

Mouse 

monoclonal 

1:10000 

OSCAR Invitrogen  

(PA5-144371) 

Rabbit 

polyclonal 

1:5000 

GAPDH Cell Signalling  

Technology (14C10) 

Rabbit 

monoclonal 

1:6000 

Phospho-NF-B1 

(p65) 

Cell Signalling 

Technology (3031S) 

Rabbit 

polyclonal 

1:3000 

 

Membranes were washed with NATT buffer 3 times for 20 min per wash and were 

placed on a shaker at 35-40 RPM. 2 L of appropriate species of secondary antibody 

(rabbit or mouse) was applied to 14 mL 0.2% BSA in NATT buffer and placed on the 

shaker at 35 RPM for 1 h 30 min. Membranes were washed again as before. Excess 

liquid was removed from containers with membranes, and membranes were applied 
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to 5 mL ECL-1 and 5 mL ECL-2 for 2 min to allow chemiluminescence. Photosensitive 

films were exposed to membranes by use of exposure cassettes in a dark room and 

then developed in a JP-33 automatic film processor. For removal of primary antibodies, 

membranes were stripped by use of 15 mL stripping buffer with 105 L -

mercaptoethanol added and incubated at 60 °C at 50 RPM. 

 

2.2.21 ELISA 

The Human ENA-78/CXCL5 ELISA Kit (Invitrogen obtained through Thermo Fisher 

Scientific) was utilised for ELISA experiments within this study. 

 

2.2.21.1 Sample preparation for ELISA 

U2OS cells were grown to 90-95% confluency, serum-starved for 24 h, then treated 

with IL-1 (10 ng/mL) or left unstimulated for 8 or 24 h. Conditioned media were 

centrifuged (300 x g, 5 min, 4 °C) to remove debris and supernatants used for ELISA. 

 

2.2.21.2 ELISA procedure 

All contents of the ELISA kit were thawed on ice prior to beginning the experiments. 

The media was either undiluted or diluted 1:10 for initial experiments to validate the 

protein concentration of CXCL5 in the media using the standard curve, and 1:10 was 

used in subsequent experiments. The 96-well plate coated with Human CXCL5 

antibody was obtained from the freezer, and 100 L of samples or 100 L of standards 

were added in duplicate to the appropriate wells (0-18000 pg/mL). The wells were 

covered, and the plate was incubated for 2.5 h at room temperature with gentle 

shaking. The solution in the wells was discarded, and wells were washed 4 times with 

300 L of 1x wash buffer using a multi-channel Pipette. The liquid was removed after 

every wash by inversion of the plate and vigorous tapping on clean blue roll. Following 

the last wash, any remaining wash buffer was aspirated carefully.  Then, 100 L of 

biotin conjugate was added to each well (stock biotin conjugate concentrate was 

diluted 80-fold with 1X Assay Diluent B prior to use) and incubated for 1 h at room 

temperature with gentle shaking. The solution was discarded, and the wash steps 

were repeated as previously described. Next, 100 L of streptavidin-HRP solution was 



90 
 

added to each well (stock streptavidin-HRP solution was diluted 500-fold with 1X 

Assay Diluent B prior to use) and incubated for 45 min at room temperature with gentle 

shaking. The solution was discarded, and the wash steps were repeated as before. 

100 L of TMB substrate was added to each well and incubated for 30 min at room 

temperature in the dark with gentle shaking. Following the colour change (from blue 

to yellow), 50 L of Stop Solution was added to each well to terminate the reaction. 

The sides of the plate were tapped to mix the contents before reading. The plate was 

read with absorbance at 450 nm on the Molecular Devices FlexStation3 multi-mode 

plate reader immediately after adding the stop solution and a standard curve was 

generated. The standard curve was used to determine the protein concentration of 

CXCL5 in conditioned medium using SoftMax Pro 7.1.2 software. 

2.2.22 Intracellular cholesterol quantification 

2.2.22.1 Sample preparation and lysate collection 

Cells were seeded into a 6-well plate and grown until approximately 50% confluent 

and siRNA was performed (as previously described). Cells were quiesced for 24 h 

prior to cell collection. Cells were washed twice with 500 L ice cold PBS. Cells were 

lysed with 350 L Buffer A (10 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EGTA, 0.1 

mM MgCl2, 0.5% Triton X-100, plus one Roche Mini Protease Inhibitor cocktail tablet 

per 10 mL added on the day of experiment). A cell scraper was used, and lysates were 

transferred into Eppendorfs (1.5 mL) and centrifuged for 30 min at 4 °C.  

 

2.2.22.2 Protein normalisation by BCA Assay 

Protein concentration in lysates was normalised by performing a BCA utilising a Pierce 

BCA Protein Assay Kit (Thermo Scientific, 23225). A standard curve was prepared 

using bovine serum albumin (BSA) at concentrations ranging from 0 to 2000 µg/mL in 

Buffer A. 5 L of each standard or sample made up in Buffer A was added to individual 

wells in duplicate of a 96-well plate. Working BCA reagent was freshly prepared by 

mixing Reagent B with Reagent A at a 1:50 ratio was added to each well. Buffer A 

alone was used as a blank control.  

The 96-well plate was covered in aluminium foil and incubated at 37 °C for 30 min in 

a humidified cell culture incubator with 5% CO2. Absorbance was measured at 562 nm 

using the Molecular Devices FlexStation3 multi-mode plate reader. A standard curve 
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was generated using SoftMax Pro 7.1.2 software, and sample concentrations were 

interpolated from the curve following blank subtraction. 

2.2.22.3 Lipid extraction 

To extract lipid from the lysates, a modification of the Folch method was applied (338). 

225 L chloroform and 75 L methanol (3:1 ratio) was added with 150 L lysate. The 

organic phase (bottom phase) was extracted and transferred into a new tube and left 

overnight at room temperature in a safety cabinet to allow solvent evaporation.  

 

2.2.22.4 Red Amplex Cholesterol Assay 

Samples were resuspended in 110 L 1 x Reaction Buffer from the Amplex Red 

Cholesterol Assay kit (Invitrogen/Thermofisher). A 20 mM Amplex Red Reagent stock 

solution was made by thawing one vial of Amplex Red reagent and DMSO. 

Immediately prior to the experiment, the Amplex Red reagent (1 mg) vial was dissolved 

in 200 L DMSO. The stock solution was protected from light and stored at -20 °C until 

use. To prepare a working solution of 300 mM Amplex Red reagent for samples, 75 L 

of Amplex Red reagent stock solution was prepared with 2 U/mL HRP (50 L), 2 U/mL 

cholesterol oxidase (50 L), 0.2 U/mL (5 L) cholesterol esterase and 4.82 mL of 1X 

Reaction buffer to make a total volume of 5 mL. This was scaled down depending on 

the number of samples being used. Another Amplex Red reagent stock was prepared 

without the cholesterol esterase for standards. 50 L of samples or standards (0 to 20 

mM) was put into the wells in duplicate, with 1x reaction buffer being used as a 

negative control, and H2O2 (10 mM) was used as a positive control. 50 L of the 

appropriate Amplex Red reagent stock was applied to the wells to make a total volume 

of 100 L per well. The plates were incubated for 30 min at 37 °C. The fluorescence 

was measured using the Molecular Devices FlexStation3 multi-mode plate reader 

using the excitation of 560 nm and emission detection at 590 nm. A standard curve 

was produced by SoftMax Pro 7.1.2 software and the concentration of cholesterol 

within samples was determined by using the equation of the line produced, where y 

was the measured fluorescence intensity, m was the gradient of the line, x was the 

concentration of cholesterol within the sample and c was where the line intercepts the 

y axis: 

𝑦 = 𝑚𝑥 + 𝑐 
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2.2.23 Animal subjects and ethical compliance 

Adult male Sprague Dawley rats, 8-12 weeks of age, weighing 250-300 g were 

purchased from the Biological Procedures Unit (BPU) at the Strathclyde Institute of 

Pharmacy and Biomedical Sciences, University of Strathclyde, Glasgow. The animals 

were housed in cages of up to 4 rats, within the Home Office Code of Practice Stocking 

Density, on a cycle of 12 h light/12 h dark, with access to a standard chow diet and 

purified water. All animals were handled in strict accordance with good animal practice 

approved by The Animals in Science Regulation Unit. Each procedure was performed 

under sterile conditions and adapted by the Guide for the Care and Use of Laboratory 

Animals published by the US National Institutes of Health (NIH Publication No. 85-23. 

revised 1996) and Directive 2010/63/EU of the European Parliament. Euthanasia was 

performed by administration of general anaesthesia overdose (pentobarbital).  

 

2.2.24 Bone tissue preparation 

In this study, the rat bones were washed twice with PBS, fixed in 3.7% PFA for 48 h, 

and then maintained in 10% EDTA solution in PBS (pH 7.8), and EDTA solution was 

changed every 48-72 h for approximately 8 weeks and until bones would bend without 

resistance. This decalcification process was crucial, as the bones needed to soften to 

section them properly. Following decalcification, the bone tissue was dehydrated with 

an increasing ethanol concentration cycle, followed by clearing with Histoclear which 

makes the tissue more compatible with paraffin, and further dipped in paraffin wax 

before collecting the bones to embed them in paraffin. 

 

2.2.25 AlphaFold 

Protein structure predictions were performed using ColabFold v1.5.2, which 

implements AlphaFold2. Amino acid sequences were retrieved from UniProt, saved in 

a text file and renamed with the .fasta extension. Sequences were formatted in 

standard FASTA format, as shown in an example in Table 2.11. 
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Table 2.11. The FASTA format of IKK utilised for AlphaFold2 predictions. 

 

The FASTA file containing the relevant amino acid sequence data was uploaded onto 

COSMIC2. Following this, ColabFold 1.5.2 was selected from the toolkit to predict the 

protein structures from the amino acid sequence text file. The FASTA file of interest 

was selected, and appropriate parameters were selected, as highlighted in Table 2.12. 

 

Table 2.12. The parameters selected for AlphaFold2 predictions. 

Parameter Selection 

Number of models 5 

Number of recycles 10 

pLDDT 90 

 

>IKKa 

MESCYNPGLDGIIEYDDFKLNSSIVEPKEPAPETADGPYLVIVEQPKQRGFRFRYGCEGPSH

GGLPGASSEKGRKTYPTVKICNYEGPAKIEVDLVTHSDPPRAHAHSLVGKQCSELGICAVSV

GPKDMTAQFNNLGVLHVTKKNMMGTMIQKLQRQRLRSRPQGLTEAEQRELEQEAKELKKVMD

LSIVRLRFSAFLRASDGSFSLPLKPVISQPIHDSKSPGASNLKISRMDKTAGSVRGGDEVYL

LCDKVQKDDIEVRFYEDDENGWQAFGDFSPTDVHKQYAIVFRTPPYHKMKIERPVTVFLQLK

RKRGGDVSDSKQFTYYPLVEDKEEVQRKRRKALPTFSQPFGGGSHMGGGSGGAAGGYGGAGG

GGSLGFFPSSLAYSPYQSGAGPMGCYPGGGGGAQMAATVPSRDSGEEAAEPSAPSRTPQCEP

QAPEMLQRAREYNARLFGLAQRSARALLDYGVTADARALLAGQRHLLTAQDENGDTPLHLAI

IHGQTSVIEQIVYVIHHAQDLGVVNLTNHLHQTPLHLAVITGQTSVVSFLLRVGADPALLDR

HGDSAMHLALRAGAGAPELLRALLQSGAPAVPQLLHMPDFEGLYPVHLAVRARSPECLDLLV

DSGAEVEATERQGGRTALHLATEMEELGLVTHLVTKLRANVNARTFAGNTPLHLAAGLGYPT

LTRLLLKAGADIHAENEEPLCPLPSPPTSDSDSDSEGPEKDTRSSFRGHTPLDLTCSTKVKT

LLLNAAQNTMEPPLTPPSPAGPGLSLGDTALQNLEQLLDGPEAQGSWAELAERLGLRSLVDT

YRQTTSPSGSLLRSYELAGGDLAGLLEALSDMGLEEGVRLLRGPETRDKLPSTAEVKEDSAY

GSQSVEQEAEKLGPPPEPPGGLCHGHPQPQVH 
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Advanced parameters were also selected, as amber relaxation was applied.  Following 

selection of parameters, the settings were saved and ran externally on a 

supercomputer via Cosmic2. Once the task was completed and the output data were 

available, the full output file was downloaded and extracted via 7-zip on Windows. The 

new file which was generated from the first extraction was then itself extracted to 

access the five structural model predictions for the proteins in separate .pdb files in a 

ranked order of highest pLDDT to lowest pLDDT. The predicted aligned error (PAE) 

.json files were then also available for the corresponding prediction files. These files 

were uploaded to PAE viewer, an open-source tool designed to evaluate the quality 

for monomeric and multimeric predictions by calculating mean pLDDT, pTM and in 

multimeric predictions only, ipTM. After gathering this information, the .pdb file 

containing the highest ranked predicted structure was uploaded to Molstar, another 

readily available tool. The space filled settings were applied to identify any potential 

residues between proteins that may interact. Once identifying visually residues which 

may interact with one another, the distance setting between the residues of interest 

was applied. Based on review of the available literature, 0-8.5 angstrom was applied 

as the range where interaction between amino acid residues from two different 

proteins was possible and could merit laboratory investigation. 
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2.2.26 Data analysis 
Data analysis was performed where at least three independent repeated experiments 

were performed. For all wet laboratory experiments excluding RNA-sequencing, data 

analysis was carried out following normality assessment by application of the Shapiro-

Wilk test. After confirmation of normalisation, One-Way ANOVA was utilised. All data 

analysis for wet laboratory experiments was carried out by using GraphPad Prism 

8.0.2. 

2.2.26.1 Densitometry for western blot analysis 

Western blots were scanned using an Epson Perfection 1640SU scanner and cropped 

using Adobe Photoshop version 5.0.2. Densitometry was measured with the Scion 

Image Programme by drawing a rectangular box around the bands to obtain a 

quantitative value ranging from zero, representing white, to 256, representing black. A 

background value was taken from another area within the same sample lane and 

subtracted from the band intensity for the target protein. The same procedure was 

followed to measure the loading control protein. 

For each sample, the value for the target protein was divided by the value for the 

loading control. The result from the control sample was then divided by itself to 

standardise it equalling one-fold, and the values from all other samples were divided 

by the control value to calculate the fold change. 

2.2.26.2 RNA-sequencing analysis 

Genewiz at Azenta Life Sciences conducted the analysis for the RNA-sequencing to 

identify significant differentially expressed genes between sample groups. This 

involved FASTQC to carry out quality control of the reads. Reads were trimmed 

utilising Trimmomatic where quality scores for base pairs were less than 30 (less than 

99.9% accuracy), particularly at the end of the reads. STAR was utilised to align the 

reads with the reference Homo sapien genome. FeatureCounts was utilised to 

calculate the gene count hit. Subsequently, DeSeq2 was applied to carry out 

differential gene analysis with the aim to identify genes with statistically significant 

expression changes between comparable groups. Original figures were then created 

to visualise the RNA-sequencing data on R. Code is presented in Appendix 1.  
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2.26.3 Software applications 

Table 2.13. Software applied throughout this project. 

Software Applications 

BioRender Construction of illustrations 

EndNote 20 Reference measurement 

GraphPad prism 8 Graph construction 

Statistical analysis 

Hill equation 

ImageJ Confocal image composition 

Corrected total cell fluorescence measurement 

Microsoft Excel Used for data management 

Microsoft PowerPoint Used for figure composition 

R Generation of scripts 

Visualisation of RNA-sequencing data 

ScionImage Western blot quantification 
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Chapter 3 

IKK-dependent regulation of non-canonical NF-B 
signalling in IL-1 stimulated U2OS cells 
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3.1. Chapter Introduction 
While IKK-dependent signalling in non-canonical NF-B signalling has been covered 

extensively (339), its role in canonical NF-B signalling has been less characterised. 

IKK is predominantly known for its central role in non-canonical NF-B signalling, 

activated by TNF superfamily members and dependent on NIK accumulation, as 

covered in chapter 1. NIK phosphorylates IKK and recruits IKK to p100 to aid IKK-

dependent p100 phosphorylation, resulting in the degradation of p100, liberation of 

p52 and subsequent nuclear translocation of p52:RelB heterodimers. Traditionally, 

IKK is thought to have a minor or redundant role in canonical NF-B signalling, 

despite its presence within the IKK, IKK and IKK trimeric IKK complex which 

facilitates downstream canonical NF-B signalling. As stated in chapter 1, canonical 

NF-B signalling is TAK1-dependent, mostly driven by IKK in the IKK complex, and 

results in IB phosphorylation, ubiquitination and proteasomal degradation, and 

subsequent nuclear translocation of p65-p50 heterodimers. Recent attempts have 

begun to challenge this paradigm and unravel the role of IKK in canonical NF-B 

signalling, with a particular focus on IL-1-mediated signalling (296, 340). Recent 

literature is increasingly recognising that IB can also be phosphorylated by IKK 

and therefore promote downstream canonical NF-B signalling (341).  Additionally, 

studies have now highlighted a role for IKK in IL-1-mediated NIK-independent p100 

phosphorylation (296). Therefore, this chapter further validates this paradigm, by 

utilising various interventions, including CRISPR/Cas9 and several novel selective 

IKK inhibitors. Subsequent experiments were conducted to investigate signalling 

events upstream of IKK in the IL-1-mediated IKK/p100, with particular focus on 

identifying the upstream MAP3K responsible for regulating these events. to evaluate 

the upstream MAP3K which regulates these events. Additionally, experiments were 

performed to explore whether the IL-1-mediated IKK/p100 axis results in 

downstream NF-B isoform regulation.  

This chapter focuses on further depicting this pathway and validating it in U2OS cells, 

by the application of TAK1 inhibitor, 5Z-7-oxozaenol. Additionally, in this chapter, the 

effect of IKK CRISPR/Cas9 knockout, and novel selective IKK inhibitors on IL-1-

mediated non-canonical NF-B signalling are explored on downstream p100 

phosphorylation. Furthermore, overexpression of p100 by pcDNA transfection is 
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utilised to assess the effects of IL-1 stimulation on HA-p100 expression. This 

investigates a time point where p100 is shown to be phosphorylated in this chapter as 

well as well as a time point where p100 phosphorylation is back to basal levels 

following stimulation to understand whether p100 is degraded following 

phosphorylation in this pathway like in normal non-canonical NF-B signalling, or 

alternatively, if it is likely to have a downstream effect which differs from non-canonical 

NF-B signalling events. 

One way in which IKK-dependent effects has been commonly investigated is using 

mouse embryonic fibroblasts (MEFs) derived from IKK⁻/⁻ embryos (286, 342). 

Although IKK knockout mice exhibit perinatal lethality due to severe developmental 

defects, including skin and skeletal abnormalities (343), MEFs isolated from these 

embryos can be maintained in culture and provide a valuable system for dissecting 

downstream signalling mechanisms. In this chapter, wildtype, NIK-/- and IKK⁻/⁻ MEFs 

were used to perform preliminary electrophoretic mobility shift assays (EMSAs) to 

assess the temporal dynamics of NF-B-DNA binding activity following IL-1 

stimulation.  

In summary, this chapter aimed to: 

1. Measure IKK with indirect immunofluorescent techniques in rat tibia tissue and 

U2OS cells to ensure prominent IKK expression is relevant to bone function.  

2. Utilise IKK CRISPR/Cas9 knockout and novel IKK inhibitors to confirm an 

IKK dependent phosphorylation of p100. 

3. Evaluate the effects of a TAK1 inhibitor on IL-1-induced IKK-dependent p100 

phosphorylation and compare this to the effects of TAK1 inhibition on canonical 

NF-B and JNK signalling. 

4. Utilise a computational approach, known as ColabFold, to predict IKK 

structure and binding to another MAP3K of interest, and validate findings with 

immunoprecipitation experiments. 

5. Assess potential downstream effects of IL-1-induced IKK-dependent 

signalling in U2OS cells, and measure NF-B-DNA-binding activity in response 

to IL-1 in MEFs. 
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3.2 IKK expression in rat bone tissue and U2OS cells 

3.2.1. IKK localisation in rat tibias 

Whilst U2OS cells are a stable bone cancer cell line, they have significant limitations 

with respect to bone pathophysiology. Therefore, healthy rat bone tissue, which was 

available within the department, was utilised to determine the expression of IKK in a 

healthy bone environment. While IKK has been studied in various bone-related 

diseases, such as osteoarthritis and rheumatoid arthritis, there are no known reports 

of its protein levels being measured in bone using indirect immunofluorescence. This 

gap is particularly significant, as research on the role of IKK in bone cancer remains 

limited. Establishing its detectability in healthy bone is essential for accurately 

interpreting its involvement in pathological conditions. After sectioning the tissue, 

attempts were made utilising a pressure cooker. Following optimisation of methods, 

where heating and rehydration of bone tissue led to tissue detachment from slides,  

methods with an antigen retrieval step and without an antigen retrieval step were 

assessed. Then indirect immunofluorescence was carried out for IKK. Interestingly, 

but not surprisingly, the no antigen retrieval method was unsuccessful at unmasking 

the PFA and therefore, minimal antibody-binding was observed (Figure 3.1). 
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Figure 3.1. Lack of detection of IKK in healthy rat tibia tissue using indirect 

immunofluorescence with no antigen retrieval.  

To assess IKK expression in healthy bone, rat bones were fixed in 3.7% PFA, 
decalcified in 10% EDTA for ~8 weeks until sufficiently softened, and embedded in 
paraffin. Sections were prepared and subjected to no antigen retrieval. Indirect 

immunofluorescence was performed to detect IKK. Images were captured on a Leica 
SP8 confocal microscope, n=1. 

 

However, the antigen retrieval method led to clear results, which showed a cytosolic 

localisation of IKK (Figure 3.2).  

 

Secondary  

Ab only 

IKK 

IKK                       Dapi                  Merge 
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Figure 3.2. Detection of IKK in healthy rat tibia tissue using indirect 

immunofluorescence with antigen retrieval.  

Rat bones were fixed in 3.7% PFA, decalcified in 10% EDTA for ~8 weeks until 
sufficiently softened, and embedded in paraffin. Sections were prepared and subjected 
to EDTA-based retrieval using microwave heating (4.5 min on low heat, followed by 5 
min at room temperature).  Indirect immunofluorescence was performed to detect 

IKK, by use of IKK primary antibody (1:100) and Alexa-555 fluor anti-mouse 
secondary antibody (1:100). Images were captured on a Leica SP8 confocal 
microscope, n=3. 

 

3.2.2 The expression and localisation of IKK expression in U2OS cells 

Using a standard preparation approach (see methods) the expression of IKK in 

U2OS was examined.  IKK structure in U2OS cells similarly appears to be cytosolic. 

However, in some images (Figure 3.3), it is possible to detect nuclear IKK in U2OS 

cells. This demonstrates that like in rat bone, IKK protein expression can be detected 

in a human OS cell line.  
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Figure 3.3. Expression and localisation of IKK in U2OS cells.  

U2OS cells were fixed in 3.7% PFA and blocked with 1% BSA in PBS. Cells were 

incubated with IKK primary antibody (1:100) overnight at 4 degrees Celsius in a 
humidity chamber, followed by three washes with PBS. Alexa Fluor 555-conjugated 
secondary antibody was applied for 1.5 hours, followed by three additional washes. 
Nuclei were stained with DAPI for 10 minutes, and cells were mounted on slides using 

Mowiol. The zoomed in region highlights the nuclear and cytosolic localisation of IKK, 
n=3. 

 

3.3. IL-1 and LIGHT-induced phosphorylation of p100  
Firstly, SDS-PAGE and western blotting analysis was utilised to semi-quantitatively 

measure p100 phosphorylation in response to canonical NF-B ligand, IL-1, and non-

canonical NF-B ligand, LIGHT across various time points (Figure 3.4). In response to 

LIGHT, maximal p100 phosphorylation (13.8-fold ± SEM) was observed after 2-4 hours 

stimulation. This aligns with several reviews and studies (265, 290, 344). In 

comparison, following IL-1 stimulation, earlier p100 phosphorylation was observed, 

and maximal p100 phosphorylation occurred after 30-60 minutes, measured at 

approximately 10.8- and 12.1-fold ± SEM, respectively. Additionally, p100 

phosphorylation at 90 and 120 minutes of IL-1 stimulation was significantly lower than 

at 60 minutes, while remaining at approximately 3-fold and 2.6-fold compared with the 

control, respectively. Notably, while not quantified, there does not appear to be any 

total p100 degradation at any time point measured following IL-1 or LIGHT 

stimulation. 
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Figure 3.4. IL-1 and LIGHT ligands promote p100 phosphorylation in U2OS 

cells.  

U2OS cells were either untreated or treated with IL-1 (10 ng/mL) or LIGHT (20 ng/mL) 
for the timepoints indicated. A. Phospho-p100 levels were measured in whole cell 
lysates by application of SDS-PAGE and western blot analysis using phospho-p100, 
p100 and GAPDH primary antibodies. B. Pixel density was quantified using 

ScionImage. A One-way ANOVA was performed to compare IL-1-treated samples to 

the appropriate control, and IL-1 samples stimulated for 60 min were compared with 
all other samples in the relevant group (magenta). Additionally, the relevant control 
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was compared to each of the samples stimulated with LIGHT (blue). One-way ANOVA 
was conducted using GraphPad Prism 8, *p<0.05, ***p<0.001, ****p<0.0001 (n=5).  

3.4. IL-1- and IKK-dependent p100 phosphorylation 
Due to the early p100 phosphorylation induced by IL-1, the following experiments 

focused on determining whether p100 phosphorylation is IKK-dependent, similar to 

non-canonical NF-B signalling mediated by TNF-superfamily members. This was 

explored by comparing p100 phosphorylation in wildtype U2OS and IKK CRISPR-

Cas9 knockout U2OS cells (Figure 3.5). The results in Figure 3.5 demonstrate p100 

phosphorylation being effectively diminished in the absence of IKK at time points 

between 15- and 120-min stimulation with IL-1. Notably, the maximal p100 

phosphorylation in wildtype U2OS cells within Figure 3.5 was approximately 9.6- and 

9.8-fold ± SEM at 30 and 60 min, respectively. These data demonstrate similar results 

to those observed in Figure 3.4, demonstrating consistency with sample preparation. 

In all stimulated conditions (15, 30, 60, 90 and 120 min), IL-1-induced p100 

phosphorylation is diminished in IKK CRISPR/Cas9 knockout U2OS cells. 

Additionally, p100 phosphorylation in IKK knockout whole cell lysate samples were 

not significantly increased at any time point following IL-1 stimulation compared to 

the control. This exemplifies the IKK-dependent nature of IL-1-induced p100 

phosphorylation. Additionally, IL-1-mediated p100 phosphorylation does not appear 

to result in any p100 processing into p52 over the 120-minute time-period assessed. 
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Figure 3.5. IL-1-induced p100 phosphorylation is IKK-dependent in U2OS 

cells.  

A. Phosphorylation of p100 was measured in WT and IKK CRISPR/Cas9 knockout 
U2OS cells by SDS-PAGE and western blot analysis techniques. P100 and GAPDH 
primary antibodies were used as total protein controls. B. Pixel density was quantified 
using ScionImage. One-way ANOVA analysis was carried out using GraphPad Prism 
8, ***p<0.001, ****p<0.0001 (n=5). 
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3.5. The characterisation of the effect of novel IKK inhibitors on IL-
1-mediated p100 phosphorylation 
After establishing that phosphorylation of p100 is IKK dependent using CRISPR-

Cas9 in the U2OS cell system, novel IKK inhibitors were applied to validate their 

effectiveness of inhibiting IKK-mediated p100 phosphorylation. Firstly, SU1349, a 

novel and selective IKK inhibitor was utilised.  All concentrations tested in a low 

micromolar range (0.3 M - 20 M) of SU1349 resulted in a significant decrease in IL-

1-mediated phospho-p100 expression, and in a concentration-dependent manner 

(Figure 3.6).  
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Figure 3.6. The effect of SU1349 on IL-1-mediated p100 phosphorylation in 

U2OS cells.  

Cells were seeded to 90-95% confluency before being maintained in serum-free media 

for 24 hours. Cells were untreated or pre-treated with SU1349 (0.3, 1, 3, 10 or 20 M) 

prior to being unstimulated or stimulated with IL-1 (10 ng/mL) for 30 minutes. A. Cells 
were lysed and SDS-PAGE was carried out followed by western blot analysis. B. 
Statistical analysis was conducted by utilising one-way ANOVA on GraphPad Prism 8. 
Data represents mean p100 phosphorylation fold change compared to control ± SEM, 
n=7, *p<0.05, ****p<0.0001.   
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Another selective IKK inhibitor, SU1261, was utilised to characterise its effect on IL-

1-induced non-canonical NF-B signalling. SU1261 was applied at 1 M, 3 M, 10 

M and 20 M. IL-1 and DMSO treatment resulted in a 11.6-fold increase in phospho-

p100 expression, which was significantly decreased (*p<0.05) to approximately 7.3-

fold, a 37 % reduction, with 1 M SU1261 pre-treatment (Figure 3.7).  
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Figure 3.7. The effect of SU1261 on IL-1-mediated p100 phosphorylation.  

U2OS cells were seeded to 90-95% confluency before being maintained in serum-free 
media for 24 hours. Cells were untreated or pre-treated with SU1261 (1, 3, 10 or 20 

M) prior to being unstimulated or stimulated with IL-1 (10 ng/mL) for 30 minutes. A. 
Cells were lysed and SDS-PAGE was carried out followed by western blot analysis. B. 
Statistical analysis was conducted by utilising one-way ANOVA on GraphPad Prism 8. 
Data represents mean p100 phosphorylation fold change compared to control ± SEM, 
n=4, *p<0.05, ***p<0.001, ****p<0.0001.  
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A final novel IKK inhibitor, SU1266 (318) which is a dual IKK/IKK inhibitor but more 

potent towards IKK, was tested for its effectiveness in suppressing IL-1-mediated 

p100 phosphorylation (Figure 3.8). SU1266 appeared to be the most potent of the 

three novel IKK inhibitors tested, reducing IL-1-induced p100 phosphorylation from 

a 12.8-fold increase in IL-1 and DMSO-treated cells to 2.1-fold with 0.3 M SU1266 

pretreatment (****p<0.0001), and to 1.3-fold with 1 M SU1266 (****p<0.0001). 
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Figure 3.8. The effect of SU1266 on IL-1-mediated p100 phosphorylation. 

U2OS cells were seeded to 90-95% confluency before being maintained in serum-free 
media for 24 hours. Cells were untreated or pre-treated with SU1266 (0.3, 1, 3, 10 or 

20 M) prior to being unstimulated or stimulated with IL-1 (10 ng/mL) for 30 minutes. 
A. Cells were lysed and SDS-PAGE was carried out followed by western blot analysis. 
B. Statistical analysis was conducted by utilising one-way ANOVA on GraphPad Prism 
8. Data represents mean p100 phosphorylation fold change compared to control ± 
SEM, n=4, *p<0.05, ****p<0.0001. 
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3.6. The characterisation of the effect of novel IKK inhibitors on IL-
1-induced IB loss 
To confirm selectivity for IKK-mediated IL-1-dependent signalling events, the 

inhibitors were also utilised to assess their effects on IKK-dependent IB 

expression. Initially, SU1261 was applied at various concentrations (1- 20 M), where 

IL-1-induced IB loss was not reversed at any of the tested concentrations (Figure 

3.9). This implies SU1261 is not acting off target on IKK at the concentrations tested. 
This experiment was not extensively repeated as the main aim of this study was to 

look at IKK-dependent responses, so this was simply applied as a proof-of-concept 
experiment. 

 

SU1349 was also utilised at various concentrations (1- 20 M), where IL-1-mediated 

IB loss was not reversed at any of the concentrations applied (Figure 3.10). 

 

 



114 
 

 

Figure 3.9. SU1261 has no effect on IL-1-mediated IB loss.  

U2OS cells were seeded to 90-95% confluency before being maintained in serum-free 
media for 24 hours. Cells were untreated or pre-treated with SU1261 (1, 3, 10 or 20 

M) prior to being unstimulated or stimulated with IL-1 (10 ng/mL) for 15 minutes. A. 
Cells were lysed and SDS-PAGE was carried out followed by western blot analysis 

with IB primary antibody. B. Data represents mean IB fold change compared to 
control, n=1. 



115 
 

 

Figure 3.10. SU1349 has no effect on IL-1-mediated IB loss.  

U2OS cells were seeded to 90-95% confluency before being maintained in serum-free 
media for 24 hours. Cells were untreated or pre-treated with SU1349 (1, 3, 10 or 20 

M) prior to being unstimulated or stimulated with IL-1 (10 ng/mL) for 15 minutes. A. 
Cells were lysed and SDS-PAGE was carried out followed by western blot analysis 

with IB primary antibody. B. Data represents mean IB fold change compared to 
control ± SEM, n=2. 
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Finally, SU1266 was utilised at varying concentrations (1-20 M), which highlighted 

that SU1266 can successfully reverse IL-1-mediated IB degradation (Figure 3.11). 

This demonstrates that while the known selective IKK inhibitors do not have any 

effects on IL-1-mediated IB loss, SU1266 can reverse this by its dual role on IKK 

and IKK at the concentrations tested. 

 

Figure 3.11. SU1266 reverses IL-1-mediated IB loss.  

U2OS cells were seeded to 90-95% confluency before being maintained in serum-free 
media for 24 hours. Cells were untreated or pre-treated with SU1266 (1, 3, 10 or 20 

M) prior to being unstimulated or stimulated with IL-1 (10 ng/mL) for 15 minutes. A. 
Cells were lysed and SDS-PAGE was carried out followed by western blot analysis 

with IB primary antibody. B. Data represents mean IB fold change compared to 
control ± SEM, n=2.  
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3.7. Investigation of HA-p100 expression levels following IL-1 
stimulation 
After determining IKK-dependency of p100 phosphorylation and subsequently 

characterising novel IKK inhibitors, another scientific question which should be 

addressed is understanding whether IL-1-mediated p100 phosphorylation results in 

p100 proteasomal processing and degradation. Since there are no available 

antibodies which can detect endogenous p100 without also targeting p52, an HA-

tagged p100 pcDNA construct was generated (University of Dundee) and utilised to 

effectively detect p100 specifically. Initially, three concentrations of HA-p100 were 

utilised to determine the optimal quantity of HA-p100 to use for further experimental 

validation. The three concentrations: 1 g, 1.5 g and 2 g HA-p100 were all 

detectable by SDS-PAGE and Western blot analysis (Figure 3.12). Therefore, 1 g 

was utilised going forward in further experiments.  
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Figure 3.12. Representative of HA-p100 transfection optimisation.  

Cells were incubated in media only or transfected with PEI alone (5 mL, 7.5 mL or 10 

mL) or 1 g, 1.5 g or 2 g with 5 L PEI/g pcDNA for 48 hours prior to cell lysis. 
Transfection was evaluated by SDS/PAGE and western blot techniques (n=3). 

 

After optimisation of HA-p100 transfection, this construct was utilised to build on the 

current knowledge of the IL-1-mediated phospho-p100 axis. U2OS cells were 

transfected with 1 g HA-p100 and subsequently left unstimulated or were stimulated 

with IL-1 for 1 or 2 hours. Corrected total cell fluorescence was measured for these 

unstimulated and stimulated conditions, revealing that there is no statistically 

significant difference in HA-p100 across these three conditions (Figure 3.13). 

Therefore, it does not appear that overexpressed p100 is degraded in the presence of 

IL-1 stimulation. However, given the nature of overexpressing any protein and the 

natural variability in expression which can occur, this method cannot provide definitive 

evidence that p100 is not cleaved into the p52 NF-B subunit. 
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Figure 3.13. The effect of IL-1 on HA-p100 expression in U2OS cells.  

A. Representative images taken on a Leica SP8 confocal microscope demonstrating 

HA-p100 expression in the absence and presence of IL-1 stimulation (1 and 2 hours). 

U2OS cells were transfected with HA-p100 (1 g) and 5 L PEI for 48 hours prior to 

stimulation with IL-1. Indirect immunofluorescence was carried out by utilising an HA 
antibody to detect transfected HA-p100. B. Corrected total cell fluorescence for HA-
p100 was determined using ImageJ software. Data represents n=4 ± SEM, p>0.05.  
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3.8. The effect of TAK1 inhibition on the IL-1-mediated IKK-dependent 
signalling axis 

Building on the IKK-dependent nature of p100 phosphorylation, it is important to 

validate the upstream MAP3K which is integral in this process. Given the background 

knowledge of canonical NF-B signalling, this paradigm may be TAK1-dependent. 

Therefore, a selective TAK1 inhibitor, 5Z-7-oxozaeanol, was utilised to assess whether 

TAK1 inhibition can suppress the IL-1-mediated IKK-dependent p100 

phosphorylation (Figure 3.14).  While IL-1 and IL-1 plus DMSO increase p100 

phosphorylation by 11.1- and 9.7-fold, respectively (****p<0.0001), phospho-p100 

protein expression was significantly reduced by 1 M, 5 M, 10 M and 20 M 

(****p<0.0001). 
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Figure 3.14. TAK1 inhibition diminishes IL-1-mediated p100 phosphorylation.  

U2OS WT cells were untreated or pre-treated with 5Z-7-oxo at increasing 

concentrations (1-20 M) or DMSO alone for 1 hour prior to IL-1 stimulation. Cells 

were stimulated with IL-1 for 60 minutes. A. Phosphorylation of p100 was evaluated 
by SDS/PAGE and western blot techniques. B. Pixel density was quantified using 
ScionImage. One-way ANOVA analysis was carried out using GraphPad Prism 8, 
****p<0.0001 (n=4).  
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To evaluate concentration dependent effects on p100 phosphorylation, U2OS cells 

were treated with lower concentrations of 5Z-7-oxozeaenol for 2 hours prior to IL-1 

stimulation; 0.1 M, 0.3 M, 1 M, 3 M and 5 M (Figure 3.15 A). From this, fold 

change in phospho-p100 expression was translated into percent of maximal response, 

and a dose-response curve was constructed to understand the IC50 of 5Z-7-

oxozeaenol on phospho-p100 expression (Figure 3.15 B). The IC50 calculated was 

226.5 nM, and the Hill slope was equal to -3.428, demonstrating a steep inhibitory 

curve.  

  



123 
 

 

Figure 3.15. TAK1 inhibition decreases p100 phosphorylation.  

U2OS wildtype cells were pre-treated and incubated with increasing concentrations of 

5Z-7-oxo (100 nM-5 M) for 2 hours, and IL-1 for a further 1 hour. A. SDS-page and 
western blotting analysis techniques were carried out. B. A concentration-response 
curve displaying the best-fit IC50 value and Hill slope of 5Z-7-oxo with respect to p100 
phosphorylation. Graph was fitted using the Hill equation. Semi-quantification was 
carried out to measure pixel density by application of ScionImage software. IC50 
measurement was carried out using GraphPad prism 8 software (n=3). 
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Following observation of a rapid decrease in p100 phosphorylation with low 

concentrations of 5Z-7-oxozeaenol being utilised for 2-hour pre-treatment, the effects 

of 5Z-7-oxozeaenol were assessed on IKK phosphorylation (Figure 3.16). The IC50 

calculated for phospho-IKK was 252.5 nM, closely aligning with the IC50 calculated 

for phospho-p100 expression. 

 

Figure 3.16. TAK1 inhibition downregulates phosphorylation of IKK.  

U2OS wildtype cells were pre-treated and incubated with increasing concentrations of 

5Z-7-oxo (100 nM-5 M) for 2 hours, and IL-1 for a further 1 hour. A. SDS-page and 

western blotting analysis techniques were carried out. B. A concentration-response 

curve displaying the IC50 value for the effect of 5Z-7-oxo on IKK phosphorylation. 

Graph was fitted using the Hill equation. Semi-quantification was carried out to 

measure pixel density by application of ScionImage software. Pixel density was then 

converted into percentage of the maximal response (n=3).  
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3.9. The effects of TAK1 inhibition on canonical NF-B signalling 

After evaluating the effects of TAK1 inhibition on the IL-1-induced non-canonical NF-

B signalling axis, 5Z-7-oxozeaenol was utilised to examine its effects on canonical 

NF-B signalling. The IC50 for IB loss reversal was 1.56 M, and the Hill slope was 

-1.562 (Figure 3.17). The IC50 for reversal of IB loss is much higher than that of non-

canonical NF-B signalling markers, phospho-IKK and phospho-p100 shown 

previously. Therefore, this implies that TAK1 plays a more prominent or sensitive role 

in IL-1-mediated non-canonical NF-B signalling than canonical NF-B signalling. 
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Figure 3.17. TAK1 inhibition causes reversal of IL-1-mediated IB 

degradation in WT U2OS cells.  

Cells were pre-treated and incubated with increasing concentrations of 5Z-7-oxo (100 

nM-5 M) for 2 hours, and IL-1 for a further 1 hour. A. SDS-page and western blotting 
analysis techniques were carried out. B. A concentration-response curve displaying 

the IC50 value for the effect of 5Z-7-oxo on IB expression. Semi-quantification was 
carried out to measure pixel density by application of ScionImage software. Graph was 
fitted using the Hill equation. Pixel density was then converted into percentage of the 
maximal response (n=3). 
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To further look at the effects of TAK1 inhibition and to validate the effects of TAK1 

inhibition on IB degradation reversal further, the IC50 for 5Z-7-oxozeaenol on 

phosphor-IKK expression was evaluated (Figure 3.18). The IC50 for phospho-IKK 

was 1.01 M and the Hill slope was -2.111, relatively consistent with IB loss reversal, 

and much higher than that seen for phospho-IKK and phospho-p100. Therefore, 

these findings suggest that TAK1 inhibition is more effective at suppressing IL-1-

mediated non-canonical NF-B signalling than canonical signalling, indicating a 

differential sensitivity or dependency on TAK1 activity between the two axes. This may 

reflect pathway-specific thresholds of TAK1 activity or the involvement of additional 

compensatory mechanisms in canonical NF-B activation. 
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Figure 3.18. TAK1 inhibition decreases expression of phospho-IKK in WT 

U2OS cells.  

Cells were pre-treated and incubated with increasing concentrations of 5Z-7-oxo (100 

nM-5 M) for 2 hours, and IL-1 for a further 1 hour. A. SDS-page and western blotting 

analysis techniques were carried out for phospho-IKK. B. A concentration-response 

curve displaying the IC50 value for the effect of 5Z-7-oxo on IKK phosphorylation. 
Graph was fitted using the Hill equation. Semi-quantification was carried out to 
measure pixel density by application of ScionImage software, (n=3). 
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3.10. The effects of TAK1 inhibition on IL-1-mediated JNK signalling 

Finally, to further test other known downstream mediators of TAK1, IL-1-mediated 

phospho-JNK expression was semi-quantified across increasing concentrations of 5Z-

7-oxozeaenol (0.1 M-5 M). Indeed, the IC50 for phospho-JNK was less than the 

lowest concentration of inhibitor tested, and was predicted at 50.3 nM, with a Hill slope 

of -1.37 (Figure 3.19). This demonstrates that the phospho-JNK signalling pathway is 

more sensitive for TAK1 inhibition than canonical or non-canonical NF-B signalling 

pathways in response to IL-1. 
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Figure 3.19. TAK1 inhibition downregulates phosphorylation of JNK.  

U2OS wildtype cells were pre-treated and incubated with increasing concentrations of 

5Z-7-oxo (100 nM-5 M) for 2 hours, and IL-1 for a further 1 hour. A. SDS-page and 

western blotting analysis techniques were carried out. B. A concentration-response 

curve displaying the IC50 value for the effect of 5Z-7-oxo on JNK phosphorylation. 

Graph was fitted using the Hill equation. Semi-quantification was carried out to 

measure pixel density by application of ScionImage software. Pixel density was then 

converted into percentage of the maximal response (n=3). 
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3.11. Prediction of IKK-binding partners with Colabfold 
An additional approach to determine upstream regulation of IKK-dependent 

signalling events would be to use ColabFold, which utilises AlphaFold2. This would 

provide an immediate more sophisticated into potential IKK protein-binding partners. 

Figure 3.20 highlights five predicted representative structures of IKK, all with 

relatively high confidence (81.7247≤pLDDT≤83.1461), as demonstrated in Table 3.1. 

The PAE graph demonstrates low PAE within the predicted structure, supporting the 

high pLDDT confidence measures. Notably, there are visual differences in the 

structural confirmation in relation to the folding where disordered amino acid residues 

are observed. Interestingly, this provides insight into a full model of IKK structure, a 

protein which has not yet been fully solved by X-ray crystallography. This also 

demonstrates that the appearance protein structure is not fully consistent, as proteins 

can be flexible and have several different confirmations including open and closed 

confirmations. Additionally, the functional kinase domain within all five of the predicted 

IKK structures located at the bottom right of the structures appears consistent with 

high levels of confidence. This is promising, as IKK phosphorylation occurs within 

this domain. 

 



132 
 

 

Figure 3.20. Prediction of IKK structure by ColabFold.  

A. ColabFold settings were utilised to obtain five structural predictions of IKK were 
generated using ColabFold, employing 10 recycles and a pLDDT threshold set at 90.  
pLDDT and pTM scores are outlined within the figure. B. The predicted aligned error 
graph for the residues in the most highly ranked pLDDT structural model. 
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Table 3.1. An outline of the predicted confidence levels of IKK structures as 

described in Figure 1. 

 

Ranked IKK 

structure 

Mean Plddt pTM 

1 83.1461 0.77 

2 82.8347 0.76 

3 82.7962 0.78 

4 81.9757 0.76 

5 81.7247 0.76 

 

Following the prediction of IKK alone, ColabFold was utilised to predict a MEKK3-

IKK heterodimer, to determine whether MEKK3 could potentially be a MAP3K of 

interest in IKK signalling, due to MEKK3 being previously shown to have homeostatic 

interactions with TAK1, which influences downstream NF-B signalling. Interestingly, 

ColabFold predicted that MEKK3 Glu571 can bind IKK Ser180, a phosphorylation 

site on IKK (Figure 3.21), due to their close proximity (3.73 angstroms). 
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Figure 3.21. ColabFold prediction of a MEKK3-IKK heterodimer.  

A. A graphical representation of full MEKK3 and IKK protein structures in a complex. 

B. A space fill model of MEKK3-IKK heterodimer. C. A space fill model demonstrating 

IKK Ser180 and MEKK3 Glu571 in proximity, with residues of interest in yellow. D. A 

representation of predicted direct binding between IKK Ser180 and MEKK3 Glu571. 
E. PAE graph demonstrating confidence in amino acid residues within the complex. A-
D were created by use of MolStar, E was adapted from PAE viewer. 
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However, given that IKK has two prominent phosphorylation sites responsible for its 

activation, an IKK-MEKK3-TAK1 trimeric complex was then predicted to establish 

whether MEKK3 and TAK1 could work in parallel or collectively to enable IKK 

activation and phosphorylation. Indeed, MEKK3 was predicted to bind IKK Ser180 

again, even in the presence of TAK1, but this time by a different Glutamine reside, 

Glu207 (Figure 3.22). However, in this prediction, MEKK3 was also predicted to bind 

Ser176 on IKK, the other phosphorylation residue on IKK, by another Glutamine 

residue, Glu210. This provided interesting insights into the way that MEKK3 could 

potentially be a binding partner to IKK, even in the presence of known canonical 

MAP3K, TAK1. 
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Figure 3.22. Prediction of a human MEKK3-TAK1-IKK complex by ColabFold.  

By application of ColabFold, five structural predictions of IKK were produced, 
employing 10 recycles and a pLDDT threshold of 90.  pLDDT and pTM scores are 
highlighted within the figure. A. The most highly ranked representation of MEKK3, 

TAK1 and IKK 3D protein structures in a trimeric complex. B. Illustrative 

representations of protein-protein interactions at Ser176 within IKK and Glu210 

within MEKK3, and Ser180 within IKK and Glu207 within MEKK3. C. A structural 

representation depicting the distance between interacting residues between IKK and 
MEKK3. Interacting residues are displayed in yellow. 
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3.12. Immunoprecipitation of IKK and MEKK3 
To understand whether the ColabFold findings could be validated in the U2OS cell 

line, and whether this potential binding is relevant in IL-1 stimulated conditions, 

MEKK3 and IKK immunoprecipitation experiments were conducted. While 

immunoprecipitation of IKK resulted in the appearance of IKK and an additional 

lower band (Figure 3.23 A), immunoprecipitation of MEKK3 resulted in the visualisation 

of only one molecular weight band (Figure 3.23 B). Therefore, this demonstrates IKK 

is prebound to another protein in both unstimulated and stimulated conditions with IL-

1. However, this protein does not appear to be MEKK3.  

 

 

Figure 3.23. Immunoprecipitation of IKK and MEKK3 in U2OS cells. 

 
U2OS cells were subjected to immunoprecipitation (IP) using either (A) an anti-IKK 
primary antibody or (B) an anti-MEKK3 primary antibody. Protein complexes were 
analysed by SDS-PAGE and Western blotting to assess the interaction and presence 

of IKK and MEKK3 in the respective immunoprecipitates, n=2. 
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3.13. Assessing the effects of pharmacological inhibition of TAK1 and 
IKK on potential downstream NF-B family members 

3.13.1. The effect of TAK1 inhibition on nuclear translocation of p52 and 
p65 NF-B subfamily members 

To determine whether p52 and p65 nuclear translocation in response to IL-1 is TAK1 

dependent, U2OS wildtype cells were pre-treated with 5 M or 10 M 5Z-7-oxozaenol 

(5Z-7-oxo) or DMSO alone for one hour and treated the cells with IL-1 for a further 

60 min where appropriate. Nuclear extraction was carried out from whole cell lysates, 

and p52 and p65 nuclear expression was measured by SDS-PAGE and western 

blotting analysis (Figure 3.24). Both p52 (Figure 3.24 B) and p65 (Figure 3.24 C) 

nuclear translocation were significantly increased following IL-1 & DMSO treatment 

(4.5-fold and 37.8-fold ± SEM, respectively). It is evident from these results that there 

is higher p52 nuclear expression in unstimulated U2OS cells compared to p65 

expression, which may explain the smaller increase in p52 nuclear expression 

following IL-1 stimulation compared to p65 nuclear expression. Interestingly, pre-

treatment with 5 M and 10 M 5Z-7-oxo significantly decreased IL-1-mediated p52 

and p65 nuclear translocation (**p<0.01). 
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Figure 3.24. TAK1 inhibition decreases p52 and p65 nuclear translocation.  

WT U2OS cells were pre-treated and incubated with 5Z-7-oxo (5 M or 10 M) for 1 

hour, and IL-1 for a further 1 hour. Nuclear extraction techniques were applied to 
obtain nuclear lysates. A. SDS-page and western blotting analysis techniques were 
carried out. B. Pixel density measurement of p52 nuclear extract treatment groups. C. 
Pixel density measurement of p65 nuclear extract treatment groups. Semi-
quantification was carried out to measure pixel density by application of ScionImage 
software. Pixel density fold change analysis was carried out by One-way ANOVA 
analysis using GraphPad prism 8, *p<0.05, **p<0.01 (n=3). 
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Following the 1-hour pre-incubation being effective with TAK1 inhibitor, 5Z-7-

oxozeaenol, the pre-incubation time was increased to two hours to ensure maximal 

effect on inhibiting TAK1. Multiple concentrations of 5Z-7-oxozeaenol were utilised to 

determine if there is a concentration-dependent effect of TAK1 inhibition on p52 and 

p65 nuclear translocation (Figure 3.25). While lower concentrations of 5Z-7-

oxozeaenol, including 100 nM, 300 nM and 1 M did not result in a significant decrease 

in p52 or p65 nuclear translocation, IL-1-induced p52 and p65 nuclear translocation 

was significantly reduced by 3 M and 5 M 5Z-7-oxozeaenol pretreatment.  
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Figure 3.25. TAK1 inhibition decreases p52 and p65 nuclear translocation.  

WT U2OS cells were pre-treated and incubated with 5Z-7-oxo (100 nM-5 M) for 2 

hours, and IL-1 for a further 1 hour. Nuclear extraction techniques were carried out. 
A. SDS-page and western blotting analysis techniques were applied. B. Bar graph 
displaying pixel density measurement of p52 nuclear extract treatment groups. C. Bar 
graph displaying pixel density measurement of p65 nuclear extract treatment groups. 
Semi-quantification was carried out to measure pixel density by application of 
ScionImage software. Pixel density fold change analysis was carried out using One-
way ANOVA with GraphPad prism 8 software, **p<0.01, ***p<0.001 (n=4). 
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3.13.2. The effects of IKK inhibition on p52 and p65 nuclear translocation 

Given the concentration-dependent inhibition of p52 and p65 nuclear translocation by 

5Z-7-oxozaenol, it was important to determine whether IKK inhibition could similarly 

affect these processes, with the hope to understand whether inhibition of p100 

phosphorylation would impact p52 nuclear translocation. Firstly, a novel IKK inhibitor, 

SU1261 was applied. Indeed, SU1261 did not inhibit IL-1-dependent p65 or p52 

nuclear translocation (Figure 3.26). This exemplifies that p52 nuclear translocation is 

independent of IKK inhibition, and therefore, independent of p100 phosphorylation 

and activation. 

 

Figure 3.26. SU1261 does not inhibit the IL-1-induced nuclear translocation of 

p52 and p65.  

U2OS cells were pre-treated and incubated with SU1261 (5 M or 10 M) for 45 min, 

and IL-1 for a further 1 hour. Nuclear extraction techniques were carried out. A. SDS-
page and western blotting analysis techniques were applied. B. Bar graph displaying 
pixel density measurement of p52 nuclear extract treatment groups. C. Bar graph 
displaying pixel density measurement of p65 nuclear extract treatment groups. Semi-
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quantification was carried out to measure pixel density by application of ScionImage 
software, n=2. 

 

SU1266 was also utilised to test its effect on IL-1-mediated p52 and p65 nuclear 

translocation. SU1266 appears to reduce both IL-1-induced p52 and p65 nuclear 

translocation (Figure 3.27). However, this is attributed to the effects of SU1266 on 

IKK at these concentrations.   

 

Figure 3.27. SU1266 inhibit the IL-1-induced nuclear translocation of p52 and 

p65.  

U2OS cells were pre-treated and incubated with SU1266 (5 M or 10 M) for 45 min, 

and IL-1 for a further 1 hour. Nuclear extraction techniques were carried out. A. SDS-
page and western blotting analysis techniques were applied. B. Bar graph displaying 
pixel density measurement of p52 nuclear extract treatment groups. C. Bar graph 
displaying pixel density measurement of p65 nuclear extract treatment groups. Semi-
quantification was carried out to measure pixel density by application of ScionImage 
software, n=1. 
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3.14. Investigation of IL-1-mediated NF-B DNA-binding activity by 
EMSA 
To assess the effect of IL-1 on NF-B nuclear activity, EMSA was performed using 

wildtype mouse embryonic fibroblasts (Figure 3.28). Two distinct DNA-binding 

complexes were observed: a higher molecular weight band likely representing p65-

containing dimers and a lower band representing p50 or p52-containing dimers. IL-1 

stimulation significantly increased NF-B DNA-binding activity at 60 minutes 

(*p<0.05), indicating enhanced p65-dependent signalling, though this effect declined 

in subsequent time points (3 and 24 hours). No statistically significant difference was 

observed between 1 hour and 8 hour time points, suggesting a potential second wave 

of NF-B activity. In NIK-/-, an increase in NF-B activity was observed following 3 

hours following IL-1 stimulation, suggesting a lack of NIK accumulation potentially 

delays canonical NF-B signalling (Figure 3.28 B). In IKK-/- fibroblasts, a smaller 

molecular weight complex increased after 8 hours of IL-1 treatment, likely 

corresponding to p50 or p52-containing dimers (Figure 3.28 C). 
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Figure 3.28. EMSA analysis of NF-B DNA-binding activity using a tandem B 

probe in wildtype, NIK-/- and IKK-/- mouse embryonic fibroblasts.  

Wildtype (A), NIK-/- (B) and IKK-/- (C) mouse embryonic fibroblasts were unstimulated 

or stimulated with IL-1 (10 ng/mL) for 1, 3, 8 or 24 hours followed by sample 
collection, nuclear extraction and protein normalisation. Double-stranded 

oligonucleotide probe containing two consensus NF-B binding sites (Forward: 5′-
GCTACAAGGGACTTTCCGCTGGGGACTTTCCAGGGAGG-3′; Reverse: 5′-
CCTCCCTGGAAAGTCCCCAGCGGAAAGTCCCTTGTAGC-3′) was labelled with 32P 
and incubated with nuclear extracts. Samples were resolved on a native 
polyacrylamide gel and visualised by autoradiography. Data represents n=3 (A), n=1 
(B & C). 
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3.15. IB degradation in IL-1 stimulated wildtype and IKK 
CRISPR/Cas9 knockout U2OS cells 
Following the investigation of IKK-dependent effects on non-canonical and canonical 

NF-B components, it was of interest to examine the effects of IKK CRISPR/Cas9 

knockout on IL-1-mediated IB loss. It is well established in the scientific literature 

that IB degradation is IKK-dependent rather than IKK-dependent. Interestingly, 

disruption of the IKK complex via IKK CRISPR/Cas9 knockout slowed the rate of 

IB proteasomal degradation, as evidenced by the higher levels of IB observed in 

IKK knockout U2OS cells compared to wildtype U2OS cells after 15 minutes of IL-1 

stimulation (****p<0.0001). Despite this delay, IB was ultimately degraded, and the 

patterns of IB loss and re-synthesis remain consistent between IKK knockout and 

wildtype U2OS cells following 30, 60, 90 and 120 minutes of IL-1 stimulation. 

Therefore, while disruption of the IKK complex appears to delay the kinetics of 

canonical NF-B signalling, it does not alter the overall downstream outcomes of the 

pathway. 
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Figure 3.29. IL-1-induced IB degradation is delayed but still occurs in IKK 

knockout U2OS cells.  

A. IB expression was measured in WT and IKK CRISPR/Cas9 knockout U2OS 
cells by SDS-PAGE and western blot. B. Pixel density was quantified using 
ScionImage. An unpaired T-test was carried out at each time point to compare the 

wildtype and IKK CRISPR/Cas9 knockout groups using GraphPad Prism 8, 
****p<0.0001 (n=3).  
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3.16. Chapter Discussion 

3.16.1. The subcellular localisation of IKK 

Initially, this chapter assessed whether IKK protein expression could be detected in 

a healthy rat tibia. This allowed both hands-on tissue processing experience, as well 

as the ability to highlight IKK expression in the bone by indirect immunofluorescence 

techniques, which appeared to be cytosolic. This was complimented by subsequently 

showing the cytosolic and nuclear localisation of IKK in the U2OS cell line. This aligns 

closely with the known nuclear and cytosolic functions of IKK (27, 345, 346). 

3.16.2. Exploration of IKK inhibitors on IL-1-mediated signalling in U2OS 
cells 

This chapter also explored the IKK-dependent nature of IL-1-mediated non-

canonical NF-B activation using IKK CRISPR/Cas9 knockout U2OS cells and 

confirmed that IL-1-mediated p100 phosphorylation is IKK-dependent, at much 

earlier timepoints than traditional LIGHT-stimulated non-canonical NF-B signalling. 

This highlights that IL-1-mediated p100 phosphorylation is likely independent of NIK 

accumulation which complements published findings in HUVECs and U2OS cells 

(296, 347). This was further supported by the characterisation of IKK inhibitors (348), 

SU1261 and SU1349 and a dual IKK/IKK inhibitor SU1266, on the IL-1-mediated 

p100 phosphorylation in U2OS cells. To ensure that the inhibitory effects of IKK 

inhibition on p100 are not by mediating off-target effects on IKK, the effects of 

SU1261 and SU1266 on IL-1-induced IKK-dependent IB loss were assessed. 

This highlighted that while selective IKK inhibitor, SU1261 is unable to reverse IB 

degradation, SU1266 can reverse this. This highlights that IKK selective inhibitors do 

not reverse IB loss, while a dual IKK/IKK inhibitor can achieve this. Additionally, 

this further solidifies that the IL-1-mediated p100 phosphorylation axis is 

IKK dependent. 

3.16.3. The effect of TAK1 inhibition on IL-1-mediated signalling 

Additionally, the novel IL-1-mediated IKK-dependent paradigm has been shown to 

be TAK1-mediated in human endothelial cells (340). Therefore, the role of TAK1 was 

validated by utilising a TAK1 inhibitor, with its effects on IL-1-mediated responses 
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assessed through measurements of IKK and p100 phosphorylation.  Additionally, the 

effects of TAK1 inhibition on IKK phosphorylation and subsequent IB degradation 

was also explored, which exhibited higher IC50 values compared to those identified for 

IKK and p100. This highlights that TAK1 potentially has higher selectivity for IKK-

mediated responses compared to IKK-dependent responses. Additionally, this 

suggests that 5Z-7-oxozaeanol could potentially be used as a pharmacological tool to 

differentiate between IKK- and IKK-dependent processes in future studies. 

Furthermore, the effects of TAK1 inhibition were also assessed on JNK 

phosphorylation, to test the MAPK pathway as a comparator. This study identified that 

the IC50 for 5Z-7-oxozaeanol on JNK phosphorylation was less than the lowest 

concentration tested, 100 nM. Therefore, this further exemplifies that TAK1 plays a 

central and highly sensitive role in regulating MAPK signalling cascades in U2OS cells, 

with JNK activation being particularly susceptible to TAK1 inhibition. 

3.16.4 Discrepancy Between Computational and Experimental Evidence 
for MEKK3-IKK Interaction 

Previous studies have demonstrated that phosphorylation of MEKK3 within its 

activation loop (Thr-516 and Ser-520) is crucial in Lysophosphatidic Acid-mediated, 

MEKK3-dependent phosphorylation of IKK (349). Therefore, this raised questions as 

to whether MEKK3 could also be involved in IKK activation. One study which utilised 

in situ proximity ligation assay techniques indicated that IKK and MEKK3 were direct 

protein-protein binding partners (350). This was investigated using ColabFold, an 

AlphaFold2-based computational tool. It was shown that MEKK3 and IKK 

heterodimers were predicted to bind at Ser180 on IKK and MEKK3 Glu571. 

Glutamine possesses an amide side chain, which can accept or transfer hydrogen 

bonds and therefore, this is chemically plausible. Indeed, Ser180 is one of the well-

established phosphorylation sites within the IKK activation loop, alongside Ser176 

(27). To understand whether it could be a TAK1, MEKK3 and IKK trimeric complex 

which is formed, a TAK1-MEKK3-IKK trimer was predicted. Interestingly, this time, 

MEKK3 was found to bind both Ser176 and Ser180 in the presence of TAK1. 

Therefore, IKK and MEKK3 immunoprecipitations were carried out in the presence 

and absence of IL-1 stimulation to try and understand whether this predicted binding 

was possible. IKK immunoprecipitation revealed a lower band in unstimulated and 
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IL-1-mediated conditions, while MEKK3 immunoprecipitation revealed MEKK3 only. 

Therefore, it may be that IKK and MEKK3 can bind, but that this is not applicable in 

IL-1-mediated conditions. Additionally, in some cell types, IKK has different 

functions, for example, it can play a more dominant in canonical NF-B signalling than 

IKK (276). Therefore, it may be that MEKK3 and IKK are protein-protein binding 

partners, but only in specific cell types. Nevertheless, the second band which was 

revealed in IKK immunoprecipitation is approximately the same molecular weight as 

seen in the MEKK3 immunoprecipitation. However, this band is potentially 

representative of TAK1 expression, as both MEKK3 and TAK1 are approximately 70 

kDa (351, 352). However, further immunoprecipitation experiments would be required 

to definitively prove this. Additionally, given recent identification of a newly discovered 

MAP3K and IKK-binding partner, MAP3K13-232aa, further studies would be required 

to assess whether this MAP3K could also potentially have any role in IL-1-induced 

IKK-dependent signalling (353).  

3.16.5. HA-p100 expression levels in U2OS cells with IL-1 stimulation 

However, despite the interesting upstream avenues explored, the IL-1-mediated non-

canonical NF-B pathway remained the key focus throughout this chapter. U2OS cells 

were transfected with a HA-tagged p100 construct to evaluate whether the subcellular 

localisation changes following IL-1 stimulation, and whether there is apparent p100 

processing as a result of IL-1-induced p100 phosphorylation. It was observed that 

the fluorescence intensity of HA-p100 following IL-1 stimulation was unchanged, and 

therefore there was nothing to indicate that p100 is degraded when phosphorylated. 

However, given the nature of pcDNA transfections, there is also the possibility that 

there could be transfection efficiency variability across the samples. 

Therefore, to gain an understanding of possible functional outcomes of IKK-

dependent p100 phosphorylation, the effects of IL-1-dependent NF-B DNA-binding 

activity was evaluated in nuclear extracts from MEFs by EMSA. These experiments 

highlighted a delay in IL-1-induced NF-B DNA-binding activity in NIK-/- MEFs 

observed at 3 hours compared to maximal activity being seen after 1 hour IL-1 

stimulation in wildtype MEFs. While the 1 hour time point in IKK-/- MEFs was not 

evaluated, there was high levels of NF-B DNA-binding activity post 8 hours IL-1 
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stimulation observed under these conditions. This was an interesting find, and so it 

raised questions as to whether IL-1-mediated IKK-dependent signalling could 

potentially have a functional outcome by influencing the nuclear translocation of NF-

B family members. To gain a better understanding of potential downstream signalling 

events dependent on IKK activity and p100 phosphorylation, it would be useful to 

knockout p100 expression to then look at the implications on NF-B nuclear 

translocation expression. However, this is unfavourable, as p100 generally negatively 

regulates and stabilises other NF-B subfamily members, and therefore, p100 

knockout MEFs have demonstrated upregulated nuclear p52 and RelB expression 

(354). Therefore, knocking down p100 would disrupt the NF-B system, subsequently 

creating artefactual effects on other NF-B members. As an alternative, 5Z-7-

oxozaeanol was utilised to understand whether p52 and p65 nuclear translocation is 

TAK1 dependent. P52 and p65 nuclear translocation were reduced in alignment with 

similar concentrations as observed to reduce IKK phosphorylation and reverse IB 

loss, and therefore these events align more closely with IKK signalling than IKK 

signalling. Additionally, SU1261 was utilised to rule out that IL-1-mediated p52 is 

IKK-dependent, and this study highlights that SU1261 has no effect on IL-1-induced 

p52 and p65 nuclear translocation. In contrast, SU1266, which inhibits both IKK and 

IKK, was shown to reduce p52 and p65 nuclear translocation, supporting the theory 

that p52 and p65 nuclear translocation in the IL-1-signalling arm is IKK-

independent.  

3.16.6. Chapter Conclusion 

In summary, this chapter establishes that IL-1-mediated non-canonical NF-κB 

activation is an IKK-dependent process, occurring at earlier timepoints and through 

distinct mechanisms from classical non-canonical NF-B signalling. By demonstrating 

that p100 phosphorylation requires IKK but does not lead to its degradation into p52, 

these findings challenge the prevailing assumption that IL-1 stimulation converges 

fully with non-canonical NF-B processing events. The pharmacological data highlight 

that selective IKK antagonists can effectively inhibit p100 phosphorylation, offering 

new tools to dissect IKK-specific signalling and raising the possibility of targeting 

IKK as a more refined therapeutic strategy compared with traditional, toxic IKK 
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inhibitors. Moreover, the differential sensitivity of IKK and IKK signalling outputs to 

TAK1 inhibition uncovers an additional layer of complexity in IL-1 responses, 

suggesting that TAK1 may regulate these kinases with distinct thresholds or in 

cooperation with other MAP3Ks such as MEKK3. Collectively, these contributions 

expand our understanding of the molecular diversity of NF-B signalling, provide 

mechanistic insights into IL-1-driven inflammatory responses, and open new 

avenues for considering IKK as both a signalling node and potential therapeutic 

target in contexts where canonical and non-canonical pathways intersect. 

Furthermore, IL-1-dependent p100 phosphorylation does not appear to have any 

obvious functional outcome which reveals in nuclear translocation of NF-B family 

members, and therefore, this remains unknown. Therefore, an alternative way to 

assess the downstream effects of p100 phosphorylation in this context would be to 

assess bulk gene expression by transcriptomics.  
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Chapter 4 

IKK-dependent genes in U2OS cells using RNA-
sequencing 
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4.1. Chapter Introduction 
The results in chapter 3 outlined that IKK has clear activity in U2OS cells, however, 

it is not clear what the functions of IKK are beyond promoting the phosphorylation of 

p100. Additionally, given the growing number of studies identifying various IKK-

dependent substrates, including TRAF4, CHK1, p300/CBP, and c-Myc, that promote 

diverse cellular responses, this highlights that IKK can directly act on these targets 

to regulate processes beyond the NF-B signalling pathways (311, 345, 355, 356). 

Given these diverse functions, it is likely that some IKK-dependent genes operate 

independently of NF-B and thus remain unidentified. To date, IKK-dependent genes 

have remained rather undefined, and therefore, it would be beneficial to better 

understand the role of IKK in regulating genes related to bone health, and in bone 

formation and bone degradation processes. Additionally, it would be overall 

advantageous to identify potential downstream roles of IKK in the expression of IL-

1-mediated downstream genes to better understand the extent of the outcome of 

IKK activation in this pathway. To identify such genes, RNA-sequencing provides a 

valuable approach.  

Next-generation sequencing (NGS), including RNA sequencing, enables the 

simultaneous sequencing of millions of fragments in a single run. This technology 

offers a faster, high-throughput, more sensitive, and cost-effective alternative to 

Sanger sequencing for generating large-scale genomic data (357-360).  NGS 

technologies include Illumina sequencing, Ion torrent sequencing, and Oxford 

Nanopore sequencing (361). This chapter utilises Illumina sequencing, which is a 

short-read sequencing technology (362). Illumina is the leading next generation 

technology making up 80% of the global DNA sequencing market, likely due to it 

producing the highest throughput per run while maintaining the lowest per base cost 

(363, 364).  

Given the vast quantity of complete genomic structures which are now known, NGS 

sequencing is an exciting and cost-effective method to identify differential gene 

expression following induction of cellular signalling pathways. In the context of this 

study, Illumina RNA-sequencing is a useful tool to build on the information obtained in 

Chapter 3, and to gain a better understanding of IKK more widely, by highlighting the 

clusters of genes which it regulates in the human genome.  



155 
 

4.2. Chapter Aim  
The primary focuses of this chapter are to:  

1.  Identify IKK-dependent genes in control conditions and following IL-1 cell 

stimulation by utilising Illumina RNA-sequencing techniques.  

2. Determine whether IKK is a key regulator in any genes associated with 

osteoclastogenesis or osteogenesis processes.  

3. Utilise the findings of this study to examine the key effects induced by IKK in 

U2OS cells by the generation of gene clusters from the output data of the study 

to understand the impact of IKK activity on specific physiological and 

pathophysiological cellular processes. 

4. Utilise the IKK inhibitors which were characterised in chapter 3 and measure 

their ability to inhibit IL-1-mediated IKK-dependent downstream gene 

targets. 
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4.3. Results 

4.3.1. Demonstration of sufficient IKK CRISPR Cas/9 knockout in U2OS 
cells 

Parallel to sample preparation for RNA-sequencing, SDS-PAGE was carried out to 

determine that IKK CRISPR/Cas9 knockout was sufficient in knocking down the IKK 

gene, and downstream IKK-dependent p100 phosphorylation was measured to 

demonstrate IL-1-mediated IKK-dependent signalling events were adequately 

knocked down in IKK CRISPR/Cas9 knockdown U2OS cells (Figure 4.1).  

 

 

Figure 4.1. Demonstration of IKK knockout in U2OS cells achieved with 

CRISPR/Cas9.  

SDS-PAGE and western blot analyses were conducted on wildtype and IKK 

CRISPR/Cas9 knockout cells, under basal conditions and after IL-1 (10 ng/mL) 

stimulation at various time intervals (15, 30, and 60 minutes). IKK and phospho-p100 

primary antibodies were applied. Data represents wildtype and IKK CRISPR/Cas9 
knockout cells beside one another for each condition. Membranes were exposed for 
2 minutes, n=3. 

 

4.3.2. RNA quality for RNA sequencing analysis 

To determine whether RNA was of adequate quantity from total RNA extracted from 

cellular samples, RNA concentration was measured initially by utilisation of a 

ThermoFisher Scientific Nanodrop (data not shown). To rule out sample quantification 

overestimation which can commonly be influenced by contaminants when using the 

Nanodrop, Sample RNA was quantified again more sensitively by use of RNA Qubit 

assay techniques (Figure 4.2). 
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Figure 4.2. RNA concentration quantified by use of RNA Qubit assay 

techniques.  

RNA concentration was quantified to determine adequate RNA following shipment of 
RNA samples. Figure created by GraphPad prism 8 software. 

 

From Qubit assay techniques, it is evident that all samples had a sufficient abundance 

of total RNA for RNA-sequencing. To identify the quality of the RNA samples, quality 

control was then carried out by using a Fragment Analyzer (Figure 4.3).  
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Figure 4.3. A summary of quality of samples by utilisation of a Fragment 

Analyzer instrument.  

RNA Quality Number (RQN) was 10.0/10.0 for all 18 samples. Relative Fluorescence 
Units (RFU) differed between samples (y axis), but nucleotide sizes where peaks 
occurred remained similar (x axis). 
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4.3.3. Differentially expressed genes in unstimulated U2OS cells with and 
without IKK CRISPR/Cas9 knockout 

Following the 9 comparisons which were analysed, principal component analysis plots 

were constructed to evaluate similarity between samples in each sample group. The 

principal component analysis plots feature the first principal component (PC1) on the 

x-axis which highlights the largest difference between samples, and the second 

principal component (PC2) on the y-axis, which highlights the second greatest 

difference in samples. The first comparison made was unstimulated IKK 

CRISPR/Cas9 knockout U2OS cells compared to wildtype U2OS cells (Figure 4.4). 

 

 

Figure 4.4. Principal Component Analysis plot for unstimulated WT U2OS cells 

compared to unstimulated IKK CRISPR/Cas9 knockout U2OS cell 

comparisons.  

Data set patterns between samples within sample groups which were utilised for RNA-
sequencing analysis were assessed by construction of principal component analysis 
plot. The first principal component (PC1, x-axis) demonstrates the highest variability 
of differences in data, while the second principal component (PC2, y-axis) highlights 
the second highest variability in data sets. 

 

 

IKK KO 
unstimulated  
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The principal component analysis dot plot for the comparison between unstimulated 

IKK CRISPR/Cas9 knockout and wildtype U2OS cells demonstrate distinct 

differences between the two sample groups. Following principal component analysis 

plot construction, the first sample group comparison was considered to assess IKK-

dependent genes in U2OS cells without stimulation. A volcano plot was constructed to 

demonstrate the top 20 differentially expressed genes between unstimulated IKK 

CRISPR/Cas9 knockout U2OS cells and wildtype U2OS cells. Notably, the majority of 

top differentially expressed genes were significantly higher expressed in 

IKK CRISPR/Cas9 knockout (blue) compared to wildtype (Figure 4.5). 

 

Figure 4.5. A volcano plot highlighting the top 20 differentially expressed 

genes between unstimulated IKK CRISPR/Cas9 knockout and wildtype U2OS 

cells. 

Genes which were upregulated (blue) and downregulated (purple) in the IKK 
CRISPR/Cas9 knockout U2OS cells are displayed.  

 

 



162 
 

4.3.4. Upregulated genes in unstimulated IKK CRISPR/Cas9 knockout 
U2OS cells compared to wildtype U2OS cells 

A Heatmap was created to measure the top 20 upregulated genes in order of 

ascending p-value in IKK CRISPR/Cas9 knockout compared to wildtype U2OS cells 

(Figure 4.6).  

 

Figure 4.6. A heatmap depicting the top 20 differentially expressed genes 

which were significantly higher in unstimulated IKK CRISPR/Cas9 knockout 

U2OS cells compared to wildtype.   

The genes were filtered in order of ascending p-value, and the top 20 genes were 
selected. The smallest and largest p-value of the top 20 differentially genes are 
displayed by lowest to highest p-value, at the top to bottom of the heatmap, 
respectively. The colours shown in the heatmap are indicative of z score, where 
baseline expression = 0, positive integers = above baseline expression, and negative 
integers = below baseline expression. Heatmap was constructed by R, n=3.   

 

As indicated in the heatmap (Figure 4.6), the relative expression of many genes was 

increased in IKK CRISPR/Cas9 knockout U2OS cells compared to wildtype U2OS 

cells. The z score itself does not provide an absolute measure of gene expression and 

provides the relative deviation of that gene. However, only genes which were found to 

be differentially expressed by at least 2-fold, and p<0.05 were utilised in the heatmaps. 
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To further determine the function of the genes which were upregulated in IKK 

CRISPR/Cas9 knockout U2OS cells, a table was constructed (Table 4.1).
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Table 4.1. A table displaying the top 25 upregulated genes in IKK CRISPR/Cas9 knockout U2OS cells. 

Gene name Function 

Transmembrane protein 156 

(TMEM156) 

The role of TMEM156 is not fully characterised, but it has been shown to be upregulated in head and neck 

squamous cell carcinoma (365). 

ESM1 Endothelial cell-specific molecule 1 (Esm1) is a secreted protein which is a target of and a regulator of 

VEGF signalling and thereby is a promoter of vascular permeability (366).  

Osteoclast-associated 

receptor (OSCAR) 

OSCAR is a receptor which promotes osteoclast differentiation and maturation (367).   

Tripartite motif family-like 

2 (TRIML2) 

TRIML2 binds to p53 to promote p53-SUMOylation which subsequently enhances transactivation of 

proapoptotic genes (368).  

Otogelin-like protein (OTOGL) Lack of Otogelin-like protein or Otogelin have an association with hearing loss (369). 

Kinesin-like protein (KIF1A) The function of KIF1A is poorly understood. 

KiSS-1 metastasis 

suppressor (KISS1) 

KISS1 is a metastasis suppressor. A product of KISS1, kisspeptin, activates neurons which release 

gonadotropin-releasing hormone from the hypothalamus (370). 

Membrane-attached signal 

protein 1 (BASP1) 

BASP1 is involved in neuronal signalling which lead to neuronal elongation and plasticity (371). 

Nuclear factor, erythroid 4 

(NFE4) 

The function of NFE4 is poorly understood. 

Chromosome 1 open reading 

frame 94 (C1orf94) 

The function of C1orf94 is poorly understood. 
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IGF2BP3 Oncogenic in colorectal cancer (372) and nasopharyngeal carcinoma (373). 

Cholinergic receptor nicotinic 

beta 1 subunit (CHRNB1) 

The CHRNB1 gene accounts for one out of five subunits of the nicotinic acetylcholine receptor, which is a 

pentameric ion channel generally found at neuromuscular junctions.  

SHISA9 SHISA9 formerly known as CKAMP44, is a type 1 transmembrane protein which is an auxiliary subunit of 

the AMPA-type glutamate receptor. SHISA9 interacts with the C-terminus of the AMPA receptor (374).  

CYP4F11 CYP4F11 is a cytochrome P450 family member and is involved in eicosanoid metabolism.  

Endoglin (ENG) ENG gene encodes endoglin, which is a type III accessory receptor for transforming growth factor-beta 

expressed on endothelial cells to enhance angiogenesis. Interestingly, ENG expression is regulated by bone 

morphogenetic protein 9 (BMP-9) (375). However, BMP9 is not expressed in U2OS cells in this study, 

suggesting these are IKK-dependent effects on ENG expression.  

Colony Stimulating Factor 2 

Receptor Alpha Subunit 

(CSF2RA) 

CSF2RA encodes the granulocyte-macrophage colony-stimulating factor (GM-CSF) alpha subunit. GM-

CSF has an important role in osteoclastogenesis, and is particularly useful in osteoclast differentiation 

following short term GM-CSF exposure (376).  

NLRP5 NLRP5 encodes for a maternal protein, where mutations in NLRP5 have been associated with multilocus 

imprinting disturbance (377), which can result in disruptions in foetal development.  

Lipase H (LIPH) LIPH can be upregulated by HIF-1a and has been associated with immunosuppressive effects in RNA-seq 

studies surrounding pancreatic cancer (378, 379).  

FCER2 FCER2 single nucleotide polymorphisms (SNPs) have been associated with increased IgE expression in 

children with asthma and therefore appear to have a role in allergy responses (380).  

family with sequence similarity 

43 member A (FAM43A) 

FAM43A expression has been used in a prediction model to determine recurrence of triple negative breast 

cancer in Taiwan (381).  
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Within the table outlined above (Table 4.1), there are genes with diverse functions 

which are upregulated by IKK CRISPR/Cas9 knockout. ESM1, ENG and CYP4F11 

are involved in endothelial cell behaviour, vascular permeability and angiogenesis, 

which are often influenced by inflammatory or hypoxic signalling. FCER2, CSF2RA, 

NLRP5 are linked to immune and inflammatory responses, where they participate in 

cytokine signalling, immunoglobulin regulation and inflammasome or immune 

signalling pathways. IGF2BP3, KISS1, LIPH, FAM43A and TMEM156 are a mixture of 

tumour-promoting genes and tumour-suppressing genes. TRIML2 promotes p53-

mediated apoptosis. Two genes which are involved in osteoclastogenesis, OSCAR, 

the osteoclast-associated receptor, and CSF2RA, the GM-CSF alpha subunit gene 

were both within the top 25 significantly increased genes in IKK CRISPR/Cas9 

knockout U2OS cells. Due to its central role in bone degradation, OSCAR was of 

interest, as its expression was notably increased, from an average of 147.9 in wildtype 

U2OS cells to 1881.6 reads in IKK knockout U2OS cells (p= 6.72E-19). However, 

CSF2RA, was also of interest which increased from a mean of 69.7 reads in wildtype 

U2OS cells to 195.8 reads in IKK knockout U2OS cells (p=3.52E-11). However, given 

that the level of reads of CSF2RA were so low overall, OSCAR was a more viable 

target gene to pursue experimentally in the context of osteoclastogenesis. 

Therefore, OSCAR was chosen as the main gene of interest for further validation 

within the laboratory, given its relevance to bone homeostasis and health, and the high 

statistically significant difference between its expression in wildtype compared to IKK 

CRISPR/Cas9 knockout U2OS cells.  

 

Initially Western blotting was applied to measure OSCAR protein expression in 

wildtype and IKK CRISPR/Cas9 knockout U2OS whole cell lysates. However, this 

was repeatedly unsuccessful, due to relative low expression and so microscopy 

experiments were undertaken (Figure  4.7). 
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Figure 4.7. IKK CRISPR/Cas9 knockout increases OSCAR protein expression 

in U2OS cells.  

A. Immunofluorescence staining was utilised to highlight of protein expression of 

OSCAR in the presence and absence of IKK CRISPR/Cas9 knockout. B. The 
corrected total cell fluorescence was measured in every cell in images taken, and each 
point represents the mean corrected total cell fluorescence of all cells across all 
images taken in one n number. Data analysis was conducted by using GraphPad prism 
8 software, **p<0.01, n=3. 
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Notably, there was significantly higher OSCAR expression in unstimulated IKK 

CRISPR/Cas9 knockout U2OS cells (**p<0.01) than wildtype U2OS cells. To further 

validate this, techniques beyond IKK CRISPR/Cas9 were required to further validate 

these findings and eliminate any potential off-target CRISPR/Cas9 knockout effects. 

Therefore, to understand whether the IKK siRNA could replicate the effects of IKK 

CRISPR/Cas9 knockout and to determine if OSCAR expression was specifically 

reliant on IKK expression, U2OS cells were untreated or treated with non-targeted 

siRNA, IKK siRNA, or IKK siRNA (100 nM) and SDS-PAGE and western blotting 

was carried out (Figure 4.8). 

 

 

Figure 4.8. IKK knockdown with siRNA in U2OS cells.  

Cells were untreated or pre-treated with non-targeting siRNA, IKK siRNA or IKK 
siRNA (100 nM) for 72 hours prior to cell lysis. Samples were prepared for SDS-PAGE 
and western blotting analysis, n=4. 

 

Notably, IKK knockdown was sufficient following IKK siRNA treatment, and this did 

not appear to affect cell viability. Simultaneously to the siRNA treatment of samples 

utilised for western blotting, cells seeded on coverslips were also treated with siRNA 

to assess OSCAR mRNA expression. Interestingly, OSCAR mRNA expression was 

significantly decreased following both IKK and IKK siRNA (Figure 4.9). 
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Figure 4.9. OSCAR mRNA expression is significantly reduced by IKK or IKK 

siRNA knockdown.  

U2OS cells were untransfected, or transfected with non-targeting siRNA, IKK siRNA 

or IKK siRNA (100 nM) for 72 hours. Total RNA was extracted from cell samples, and 
reverse transcription and RT-qPCR. Comparative Ct analysis was performed to 
generate fold change values against untreated wildtype cells. ONE-WAY ANOVA was 
conducted by utilising GraphPadPrism 8 software, *p<0.05, **p<0.01, n=4. 

 

In parallel to the cells being transfected with siRNA for RT-qPCR, U2OS cells were 

also transfected to measure OSCAR protein expression by immunofluorescence 

(Figure 4.10). It was highlighted that there was no statistical difference in OSCAR 

expression between WT, non-targeting siRNA (100 nM), IKK siRNA (100 nM) and 

IKK siRNA (100 nM).  
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Figure 4.10. IKK siRNA and IKK siRNA do not alter OSCAR protein 

expression in U2OS cells.  

U2OS cells were untreated, or treated with non-targeting, IKK, or IKK siRNA (100 
nM) for 72 hours.  Immunofluorescence staining was utilised to highlight of protein 

expression of OSCAR in the presence and absence of IKK siRNA or IKK siRNA 
(100nM), n=4. 

 

This highlights that IKK siRNA cannot replicate the increase in OSCAR protein 

expression which is induced by IKK CRISPR/Cas9 knockout. Next, to explore 

whether IKK has a role in subcellular redistribution of OSCAR, subcellular 

fractionation was conducted by utilising a sucrose gradient method and several 

ultracentrifugation steps. Following this, SDS-PAGE and western blotting analysis was 

performed to assess OSCAR expression in various subcellular compartments in 

wildtype and IKK CRISPR/Cas9 knockout U2OS cells (Figure 4.11).  
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Figure 4.11. IKK CRISPR/Cas9 knockout increases expression of OSCAR in 

plasma membrane and high-density subcellular fractions in U2OS cells. 

 Subcellular fractionation was performed as outlined in the methods section, and cell 
lysates were utilised for SDS-PAGE and western blotting using an OSCAR primary 
antibody. Data is indicative of whole cell extract (WCE), plasma membrane (PM), 
soluble proteins (SP) and high-density membrane fractions, consisting of the golgi and 
endoplasmic reticulum (HDM), n=2.   

 

The results of from the subcellular fractionation experiment (Figure 3.11) demonstrate 

a shift in OSCAR expression in the plasma membrane and high-density cellular 

fractions which are composed of the Golgi apparatus and the ER. In the plasma 

membrane fractions, it appears that OSCAR has a higher molecular weight band 

present. Additionally, there are two protein bands which appear for OSCAR protein 

expression in high-density cellular fractions, and therefore, this suggests presence of 

OSCAR with post-translational modifications or alternatively, the two known isoforms 

of OSCAR may be expressed in this fraction. However, this is the first time where 

OSCAR subcellular localisation in high density membrane components of the cell has 

been identified. However, further replicates of the experiment and various markers of 

each subcellular fraction are required to validate this localisation.  

 

Subcellular fractionation was also conducted for IKK. IKK was identified in the 

whole cell extract sample, the plasma membrane fraction, and the high-density 

subcellular fraction (Figure 4.12). Epithelial Cell Adhesion Molecule (EPCAM) was 

utilised as a transmembrane glycoprotein plasma membrane marker throughout these 

experiments. In this experiment, it was identified that there is low, but detectable 

protein levels of IKK in the plasma membrane and high-density fractions, the Golgi 

and or the endoplasmic reticulum.  
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Figure 4.12. IKK is expressed in plasma membrane and high-density 

subcellular fractions within U2OS cells.  

Subcellular fractionation of U2OS cells was performed as outlined in the methods, 
followed by sample preparation, and SDS-PAGE and western blotting analysis using 

IKK and EPCAM primary antibodies. EPCAM was used as a plasma membrane 
marker. Data is indicative of whole cell extract (WCE), plasma membrane (PM), 
soluble proteins (SP) and high-density membrane fractions, consisting of the golgi and 
endoplasmic reticulum (HDM), n=2. 

 

 

4.3.5. OSCAR gene expression is upregulated in IKK CRISPR/Cas9 
knockout U2OS cells compared to wildtype U2OS cells stimulated with IL-
1 for 8 hours 

After validating an increase in OSCAR gene and protein expression in unstimulated 

IKK CRISPR/Cas9 knockout U2OS cells, the effect of IKK CRISPR/Cas-9 knockout 

on IL-1 stimulated genes was assessed. Notably, a significant increase in OSCAR 

expression in IKK CRISPR/Cas9 knockout U2OS cells compared to wildtype U2OS 

cells stimulated cells with IL-1 (8 hours) was observed as one of the top 20 

significantly differentiated genes between the two sample groups (Figure 4.13). 
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Figure 4.13.  A volcano plot highlighting the top 20 differentially expressed 

genes between wildtype and IKK CRISPR/Cas9 knockout U2OS cells 

stimulated with IL-1 for 8 hours.  

Genes which were upregulated (blue) and downregulated (purple) in the IKK 
CRISPR/Cas9 knockout U2OS cells are displayed.  

 

To visualise differential gene expression, a heatmap was created showing the top 20 

upregulated genes in IKK CRISPR/Cas9 knockout samples following 8 hours of IL-

1 stimulation, relative to identically treated wild-type controls (Figure 4.14). 
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Figure 4.14. A heatmap depicting the top 20 differentially expressed genes 

which were significantly higher in IKK CRISPR/Cas9 knockout U2OS cells 

compared to wildtype U2OS cells with IL-1 stimulation for 8 hours.   

The genes were filtered in order of ascending p-value, and the top 20 genes were 
selected. The smallest and largest p-value of the top 20 differentially genes are 
displayed by lowest to highest p-value, at the top to bottom of the heatmap, 
respectively. The colours shown in the heatmap are indicative of z score, where 
baseline expression = 0, positive integers = above baseline expression, and negative 
integers = below baseline expression. Heatmap was constructed by R, n=3.   

 

To assess whether there are any longer-term effects of IL-1 stimulation on increased 

OSCAR expression in IKK CRISPR/Cas9 knockout U2OS cells, a volcano plot was 

created to depict the top 20 genes differentially expressed between wildtype and IKK 

CRISPR/Cas9 knockout U2OS cells stimulated with IL-1 for 24 hours (Figure 4.15). 
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Figure 4.15.  A volcano plot highlighting the top 20 differentially expressed 

genes between wildtype and IKK CRISPR/Cas9 knockout U2OS cells 

stimulated with IL-1 for 24 hours.  

Genes which were upregulated (blue) and downregulated (purple) in the IKK 
CRISPR/Cas9 knockout U2OS cells are displayed.  

 

The upregulation of OSCAR expression in IKK CRISPR/Cas9 knockout U2OS cells 

was apparent compared to wildtype U2OS cells. The generation of this volcano plot 

was particularly useful as there was a total of 650 genes significantly differentially 

expressed between these groups. Indeed, OSCAR was the most significantly 

upregulated gene in IKK CRISPR/Cas9 knockout cells compared to wildtype U2OS 

cells stimulated with IL-1 for 24 hours (Figure 4.16). 
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Figure 4.16. A heatmap depicting the top 20 differentially expressed genes 

which were significantly higher in IKK CRISPR/Cas9 knockout U2OS cells 

compared to wildtype U2OS cells with IL-1 stimulation for 24 hours.   

The genes were filtered in order of ascending p-value, and the top 20 genes were 
selected. The smallest and largest p-value of the top 20 differentially genes are 
displayed by lowest to highest p-value, at the top to bottom of the heatmap, 
respectively. The colours shown in the heatmap are indicative of z score, where 
baseline expression = 0, positive integers = above baseline expression, and negative 
integers = below baseline expression. Heatmap was constructed by R, n=3.   

 

Collectively, these data demonstrate that terminal knockout of IKK with 

CRISPR/Cas9 technology results in an upregulation of OSCAR mRNA expression and 

at a protein level independently of IL-1 stimulation as seen by corrected total cell 

fluorescence. However, transient knockdown methods, such as IKK siRNA, do not 

replicate these findings.   

 

4.3.6. Gene Expression Profiling in wildtype U2OS Cells: Effects of IL-1 
stimulation over 8 hours 

The next comparison which was made between sample sets was between 

unstimulated and stimulated (IL-1 10 ng/mL for 8 hours) wildtype U2OS cells. The 
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upregulated genes as a consequence of IL-1 stimulation were assessed. A volcano 

plot was constructed to highlight the top 20 differentially expressed genes between 

unstimulated and stimulated (IL-1 10 ng/mL for 8 hours) groups (Figure 4.17). 

Figure 4.17. A volcano plot highlighting the top 20 differentially expressed 

genes as a result of IL-1 stimulation for 8 hours in wildtype U2OS cells.  

Genes which were significantly higher (purple) following IL-1 stimulation for 8 hours, 
and significantly higher in unstimulated cells (blue). 

 

A heatmap was then constructed to demonstrate the top 20 genes which were 

expressed significantly higher in wildtype U2OS cells following IL-1 stimulation for 8 

hours (Figure 4.18). 
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Figure 4.18. A heatmap depicting the top 20 upregulated genes in wildtype 

U2OS cells following IL-1 stimulation for 8 hours.  

Genes were filtered in order of ascending p-value, and the top 20 genes were selected. 
The smallest and largest p-value of the top 20 differentially genes are displayed by 
lowest to highest p-value, at the top to bottom of the heatmap, respectively. The 
colours shown in the heatmap are indicative of z score, where baseline expression = 
0, positive integers = above baseline expression, and negative integers = below 
baseline expression. Heatmap was constructed by R, n=3.   

 

Figure 4.18 revealed several interesting genes which were upregulated as a result of 

IL-1 stimulation for 8 hours.  Some of these genes included C3, which initiates the 

complement system in immune responses and LTB, which encodes for lymphotoxin , 

which is an activator of non-canonical IKK-dependent NF-B signalling. Interestingly, 

CXCL3 appeared as one of the top 20 upregulated genes following IL-1 stimulation 

for 8 hours. Given that CXCL3 is a CXCR2 ligand, this indicates that IL-1 stimulation 

can result in an increase in expression of genes involved in the CXCR2 axis which 

ultimately initiates osteogenesis.  
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After assessing genes which were IKK-dependent and IL-1-independent, IKK-

dependent and IL-1 dependent genes were assessed. Gene ontology was performed 

for molecular functions to gain an understanding of the clusters of genes which were 

affected by IKK CRISPR/Cas9 knockout in U2OS cells stimulated with IL-1 for 8 

hours. The top 20 molecular functions revealed links to receptor ligand activity, 

cytokine activity and chemoattractant activity, among others (Figure 4.19). 

 

 

Figure 4.19. Gene ontology plot showing the top 20 molecular function terms 

significantly altered between IKK CRISPR/Cas9 knockout and wild-type U2OS 

cells following IL-1 stimulation for 8 hours.  

Terms are based on differentially expressed genes identified by short-read RNA 
sequencing and evaluated by Fisher’s exact test. Vertical cut off lines represent 
**p<0.01 and ***p<0.001, n=3. 

 

The association with cytokines and chemoattractant activity was compelling, and the 

data was manually sifted through to identify potential targets. One target which was 

particularly interesting but was statistically insignificant as it was only reduced in two 

out of three IKK CRISPR/Cas9 knockout experiments was CXCL5. Given the role of 

CXCL5 in OS progression and metastasis, this was chosen as a target to explore in 

the laboratory.  
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Therefore, RT-qPCR was utilised to measure CXCL5 mRNA expression, where IL-1 

stimulation for 8 h significantly increased CXCL5 mRNA from 0.17% in control to 100% 

maximal in the IL-1 8 h stimulation (****p<0.0001). However, this maximal IL-1-

induced CXCL5 mRNA was significantly reduced to 23.3% maximal mRNA 

(****p<0.0001) in IKK CRISPR/Cas9 knockout cells (Figure 4.20). 
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Figure 4.20. Increased CXCL5 mRNA expression following IL-1 stimulation is 

IKK-dependent.  

U2OS wildtype and IKK CRISPR/Cas9 knockout cells were stimulated with 10 ng/mL 

IL-1 for 8 hours, or left unstimulated, prior to RNA extraction. RT-qPCR was 
performed to measure relative expression of CXCL5 mRNA. HRPT1 was used as an 
internal control. GraphPad Prism 8 software was utilised to carry out Gaussian 
distribution with Shapiro-Wilk test to ensure normality of samples. Unpaired T-test with 

Welch correction was used to compare wildtype to IKK CRISPR/Cas9 knockout 
samples with identical stimulation methods. Paired T-tests were utilised to compare 

wildtype samples or IKKCRISPR/Cas9 knockout samples to their own cell type with 
different stimulation methods.  Data represents n=4,  *p<0.05, ****p<0.0001. 
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Prior to assessing the reproducibility of IKK-dependent effects on CXCL5 mRNA 

expression using an alternative knockdown approach, U2OS cells were transfected 

with IKK siRNA. RT-qPCR was performed to confirm knockdown efficiency by 

measuring IKK mRNA levels in wild-type U2OS cells and those pre-treated with non-

targeting siRNA (100 nM), IKK siRNA (100 nM), or IKK siRNA (100 nM) for 72 hours. 

IKK siRNA significantly reduced IKK mRNA levels, while non-targeting siRNA had 

no effect, confirming the specificity of the knockdown. Notably, IKK siRNA treatment 

led to increased IKK mRNA expression, suggesting a compensatory upregulation 

upon IKK complex disruption (Figure 4.21).  
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Figure 4.21. IKK mRNA is decreased by IKK siRNA knockdown.  

U2OS cells were grown to 50% confluency and then left untransfected, or transfected 

with non-targeting siRNA (NT siRNA), IKK siRNA or IKK siRNA for 72 hours. Cells 
were quiesced in serum-free media after 48 hours of transfection for 24 hours. Cells 
were scraped and collected; RNA extraction was carried out followed by reverse 

transcription. RT-qPCR was carried out using the comparative Ct method for IKK 
mRNA expression (fold change) ± SEM, n=2.   
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Following results demonstrating successful IKK knockdown with siRNA, CXCL5 

mRNA expression was measured in wildtype U2OS cells, and U2OS cells transfected 

with non-targeting siRNA, IKK siRNA and IKK siRNA, all of which were prepared in 

unstimulated conditions and with IL-1 stimulation for 8 hours (Figure 4.22). In wildtype 

U2OS cells, CXCL5 mRNA was significantly increased from 6.9% to 100% of the 

maximal response (****p<0.0001). Similarly, U2OS cells transfected with non-targeting 

siRNA demonstrated an increase in CXCL5 mRNA expression with IL-1 stimulation, 

from 5.4% to 81.9% of the maximal response (****p<0.0001). However, in U2OS cells 

transfected with IKK siRNA, IL-1β stimulation did not significantly increase CXCL5 

mRNA expression, rising from 6.3% to 38.7% (p = 0.0651). Additionally, CXCL5 mRNA 

levels were significantly reduced from 81.9% to 38.7% (**p<0.01) in U2OS cells 

transfected with IKK siRNA and stimulated with IL-1, compared to those transfected 

with non-targeting siRNA and stimulated with IL-1. However, CXCL5 mRNA was not 

significantly reduced in U2OS cells transfected with IKK siRNA and stimulated with 

IL-1 (63.6% maximal response) compared to non-targeting siRNA and IL-1 (81.9%, 

p=0.59). These data indicate that CXCL5 mRNA expression is dependent on IKK 

rather than IKK in the IKK complex. 
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Figure 4.22. IL-1-induced CXCL5 mRNA is IKK-dependent.  

U2OS wildtype cells were grown until approximately 50% confluence, and then either 

maintained untreated, or incubated with non-targeting (100 nM), IKK (100 nM), or 

IKK siRNA (100 nM) for 72 hours. Cells were stimulated with IL-1 (10 ng/mL) for 8 
hours, or left unstimulated, prior to RNA extraction. RT-qPCR was performed to 
measure relative expression of CXCL5 mRNA. HRPT1 was used as an internal 
control. GraphPad Prism 8 software was utilised to carry out Gaussian distribution with 
Shapiro-Wilk test to ensure normality of samples. One-way ANOVA was used to 
compare relevant controls with appropriate stimulated samples, and stimulated 
samples to one another. Data represents mean CXCL5 (% maximum response) ± 
SEM, n=3,  **p<0.01, ***p<0.001, ****p<0.0001. 
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To further investigate and confirm the role of IKK with respect to promoting CXCL5 

expression, the selective ATP-competitive IKK inhibitors utilised in Chapter 3, 

SU1261 and SU1349, were applied. RT-qPCR findings revealed that CXCL5 

expression was significantly reduced to 29.5%, 12.5%, and 9.4% of maximal CXCL5 

expression measured in U2OS cells transfected with IKK siRNA and pre-treated with 

10 M SU1261 or 10 M SU1349, respectively (Figure 4.23). Similarly, the 

concentrations of SU1261 and SU1349 used exhibited complete inhibition of p100 

phosphorylation (see Chapter 3). This demonstrates that not only do the IKK 

inhibitors also reduce CXCL5 mRNA expression, but also that they can reduce CXCL5 

to a greater extent than IKK siRNA, demonstrating their effectiveness in regulating 

CXCL5. 
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Figure 4.23. IL-1-induced CXCL5 mRNA expression is reduced by IKK 

siRNA, SU1261 and SU1349.  

Cells were either not treated or treated with DMSO or SU1261 or SU1349 45 min pre-

stimulation. Cells were then unstimulated or stimulated with with IL-1 (5 ng/mL) for 8 
hours, or left unstimulated, prior to RNA extraction. RT-qPCR was performed to 
measure relative expression of CXCL5 mRNA. HRPT1 was used as an internal 
control. GraphPad Prism 8 software was utilised to carry out Gaussian distribution with 
Shapiro-Wilk test to ensure normality of samples. One-way ANOVA was used to 

compare IL-1 + DMSO or IL-1 + non-targeting siRNA compared to appropriate 
samples. Data represents mean CXCL5 (% maximum response) ± SEM n=3, 
****p<0.0001. 
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Following the observation that IKK inhibitors at relatively high concentrations regulate 

CXCL5 mRNA expression, the concentration-dependent effects of SU1261 on CXCL5 

mRNA were investigated (Figure 4.24). U2OS cells stimulated with IL-1 and treated 

with DMSO were used as positive controls for comparisons in data analysis, as the 

tested compounds were dissolved in DMSO. There was no significant difference in 

CXCL5 mRNA expression between cells treated with IL-1 alone and those treated 

with IL-1 plus DMSO. Treatment with SU1261, however, significantly reduced IL-1 

induced CXCL5 mRNA expression from 81.5 % (IL-1 plus DMSO) to 11.5 % (IL-1 

plus SU1261) (p<0.0001). This effect displayed a clear concentration response 

relationship, confirming that SU1261 effectively decreases CXCL5 mRNA expression 

in a dose dependent manner. 
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Figure 4.24. IL-1-induced CXCL5 mRNA is decreased in a concentration-

dependent manner when treated with SU1261.  

Cells were either not treated or treated with DMSO or SU1261 45 min pre-stimulation. 

Cells were then unstimulated or stimulated with with IL-1 (5 ng/mL) for 8 hours, or 
left unstimulated, prior to RNA extraction. RT-qPCR was performed to measure 
relative expression of CXCL5 mRNA. HRPT1 was used as an internal control. 
GraphPad Prism 8 software was utilised to carry out Gaussian distribution with 
Shapiro-Wilk test to ensure normality of samples. One-way ANOVA was used to 

compare IL-1 + DMSO to appropriate samples. Data represents mean CXCL5 (% 
maximum response) ± SEM n=3, ***p<0.001, ****p<0.0001. 
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Although previous studies have reported that SU1261 selectively targets IKK rather 

than IKK, this was further examined by assessing its effect on CXCL8, a well-

established IKK- and p65-dependent gene (382, 383). RT-qPCR analysis showed 

that at a low concentration of 0.3 M, SU1261 produced a strong increase in CXCL8 

mRNA expression, reaching 93.3 percent of the maximal response. This was 

significantly higher than levels observed with IL-1 alone (19.6%), IL-1 plus DMSO 

(6.3 %), or IL-1 with higher concentrations of SU1261 at 3 M (32.7 %) and 10 M 

(16.5 %) (Figure 4.25). Thus, low concentrations of SU1261 enhance IL-1-induced 

CXCL8 expression, likely due to disruption of the IKK complex. At 10 M SU1261, 

CXCL8 expression were reduced to levels similar to those seen with IL-1 stimulation 

alone. These findings suggest that SU1261 has a complex, concentration-dependent 

effect on CXCL8 regulation and may exert off-target effects on IKK at higher 

concentrations. 
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Figure 4.25. SU1261 causes a concentration potentiation of IL-1-induced 

CXCL8 mRNA in U2OS cells.  

Cells were either not treated or treated with DMSO or SU1261 45 min pre-stimulation. 

Cells were then unstimulated or stimulated with with IL-1 (5 ng/mL) for 8 hours, or 
left unstimulated, prior to RNA extraction. RT-qPCR was performed to measure 
relative expression of CXCL8 mRNA. HRPT1 was used as an internal control. 
GraphPad Prism 8 software was utilised to carry out Gaussian distribution with 
Shapiro-Wilk test to ensure normality of samples. One-way ANOVA was used to 

compare IL-1 + 0.3 M compared to appropriate samples. Data represents mean 
CXCL8 (% maximum response) ± SEM n=3,  **p<0.01, ***p<0.001, ****p<0.0001. 

 

In order to confirm the effects of SU1261 a second IKK inhibitor, SU1349 was utilised 

to assess effects on CXCL5 mRNA expression. Indeed, RT-qPCR findings 

demonstrated that CXCL5 mRNA was reduced to of maximal IL-1-induced CXCL5 

mRNA expression to 18.9% with application of 10 M SU1349 (Figure 4.26). This 

highlights a clear concentration-dependent effect, closely resembling that observed 

with SU1261, and further supports the role of selective IKK inhibition in regulating 

CXCL5 expression. 
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Figure 4.26. IL-1-induced CXCL5 mRNA is decreased with SU1349 in a 

concentration-dependent manner.  

Cells were either not treated or treated with DMSO or SU1349 45 min pre-stimulation. 

Cells were then unstimulated or stimulated with with IL-1 (5 ng/mL) for 8 hours, or 
left unstimulated, prior to RNA extraction. RT-qPCR was performed to measure 
relative expression of CXCL5 mRNA. HRPT1 was used as an internal control. 
GraphPad Prism 8 software was utilised to carry out Gaussian distribution with 
Shapiro-Wilk test to ensure normality of samples. One-way ANOVA was used to 

compare IL-1 + DMSO compared to appropriate samples. Data represents mean 
CXCL5 (% maximum response) ± SEM n=3, *p<0.05,  **p<0.01, ***p<0.001. 

 

Further, the effects of SU1349 on CXCL8 expression were investigated. In this 

instance, CXCL8 mRNA expression was significantly increased by pre-treating the 

U2OS cells with 10 M SU1349 prior to IL-1 stimulation compared to cells pre-treated 

with 0.3 M SU1349 or IL-1 or IL-1 and DMSO (Figure 4.27). The expression of 

CXCL8 was not statistically significant in U2OS pre-treated with 1 M or 3 M SU1349 

prior to IL-1 stimulation compared to pre-treated samples with 10 mM SU1349. This 

demonstrates that SU1349 induces a different concentration-dependent effect on 

CXCL8 mRNA expression to that observed for SU1261.  
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Figure 4.27. IL-1-induced CXCL8 mRNA is increased with SU1349.  

Cells were either not treated or treated with DMSO or SU1349 45 min pre-stimulation. 

Cells were then unstimulated or stimulated with IL-1 (5 ng/mL) for 8 hours, or left 
unstimulated, prior to RNA extraction. RT-qPCR was performed to measure relative 
expression of CXCL8 mRNA. HRPT1 was used as an internal control. GraphPad 
Prism 8 software was utilised to carry out Gaussian distribution with Shapiro-Wilk test 

to ensure normality of samples. One-way ANOVA was used to compare IL-1 + 10 M 
compared to appropriate samples. Data represents mean CXCL8 (% maximum 
response) ± SEM n=3,  **p<0.01, ***p<0.001, ****p<0.0001. 

 

After confirming that CXCL5 mRNA is reduced by interventions that inhibit IKK 

expression or activity, ELISA was used to measure CXCL5 protein secretion. CXCL5 

levels were assessed following IL-1 stimulation for 12 and 24 hours. In a preliminary 

experiment, both IKK siRNA and IKK CRISPR-Cas9 knockout reduced CXCL5 

protein secretion (Figure 4.28). IKK did not appear to have any effect on CXCL5 

production. This indicates that IKK plays a critical role in regulating IL-1-induced 

CXCL5 expression at the protein level. 
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Figure 4.28. IL-1-mediated CXCL5 protein secretion is IKK-dependent.  

U2OS cells were untransfected or transfected with IKK siRNA, IKK siRNA or at 50% 

confluency for 72 hours. Cells were quiesced in serum-free media 24 hours prior to 

treatment. Cells were untreated or treated with SU1261 or SU1349 and stimulated 

with IL-1 for 12 hours (A) or 24 hours (B) where appropriate. Serum-free media was 

collected and utilised for Sandwich ELISA to quantify CXCL5 secretion. Data 

represents n=1.  
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After determining that CXCL5 protein secretion is increased by IL-1 stimulation at 12 

and 24 hours, 12 hours was chosen as the stimulation time for further ELISA 

experiments including the IKK inhibitors. This time was chosen to provide a balance 

to both enhance CXCL5 production following IL-1 stimulation, but to prevent the 

potential of deleterious effects on cell viability in the U2OS cells. Therefore, the effects 

of IKK siRNA, SU1261 and SU1349 on CXCL5 production were explored (Figure 

4.29). The results showed that secreted CXCL5 was markedly reduced from 1023.5 

pg/mL in IL-1 plus non-targeting siRNA samples to 142.7 pg/mL in IL-1 plus IKK 

siRNA samples (****p<0.0001), confirming IKK dependency. Additionally, secreted 

CXCL5, which measured 772.4 pg/mL in IL-1 plus DMSO samples, was reduced to 

50.8 pg/mL (***p<0.001) and 21.1 pg/mL (****p<0.0001) in cells pre-treated with 1 M 

and 10 M SU1261, respectively. Similarly, secreted CXCL5 levels were reduced to 

55.0 pg/mL (***p<0.001) and 56.1 pg/mL (****p<0.0001) in cells pre-treated with 1 M 

and 10 M SU1349 respectively. 
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Figure 4.29. CXCL5 protein secretion from U2OS cells is IKK-dependent.  

U2OS cells were grown to 50% confluency then transfected with non-targeting or IKK 

siRNA for 72 hours. Cells were quiesced in serum-free media 24 hours prior to 

treatment. Cells were untreated or treated with SU1261 or SU1349 45 min prior to 

stimulation. Cells were unstimulated or stimulated with IL-1 for 12 hours where 

appropriate. Serum-free media was collected 12 hours post IL-1 stimulation and 

stored on ice until used. Sandwich ELISA was conducted to measure CXCL5 secretion 

into cell medium. One-way ANOVA was utilised to compare control, IL-1 + non-

targeting siRNA or IL-1 + DMSO to relevant samples. Data represents n=3 ± SEM, 

***p<0.001, ****p<0.0001.  
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Since selective IKK inhibitors reduced CXCL5 mRNA and protein secretion but 

increased CXCL8 mRNA, the effects of SU1266 were examined given its ability to 

inhibit IKK at low concentrations and IKK at higher concentrations. Pretreatment 

with 0.01 M SU1266 significantly reduced IL-1β-mediated CXCL5 mRNA from 94 % 

to 54.1 % maximal response (***p<0.001) (Figure 4.30). The IC50 for SU1266 was 

~130 nM, demonstrating activity at lower concentrations compared with SU1261 and 

SU1349, which were tested at a minimum of 300 nM. 
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Figure 4.30. The effect of SU1266 on IL-1-induced CXCL5 mRNA in U2OS 

cells.  

Cells were either not treated or treated with DMSO or SU1261 45 min pre-stimulation. 

Following pretreatment, cells were unstimulated or stimulated with with IL-1 (5 ng/mL) 

for 8 hours, or left unstimulated, prior to RNA extraction. RT-qPCR was performed to 

measure relative expression of CXCL5 mRNA. RT-qPCR was performed to measure 

relative expression of CXCL5 mRNA. HRPT1 was used as an internal control. 

GraphPad Prism 8 software was utilised to carry out Gaussian distribution with 

Shapiro-Wilk test to ensure normality of samples. One-way ANOVA was used to 

compare IL-1 + DMSO compared to appropriate samples. Data represents mean 

CXCL5 (% maximum response) ± SEM n=4, ***p<0.001, ****p<0.0001. 
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Intriguingly, IL-1-mediated CXCL8 mRNA expression was also decreased by utilising 

SU1266 to 18.6% of maximal response in U2OS cells pre-treated with 0.3 M SU1266 

prior to IL-1 stimulation (****p<0.0001) (Figure 4.31). However, it is apparent that 

while CXCL5 is significantly reduced by SU1266 at 0.01 M, CXCL8 is unaffected. 

This demonstrates that CXCL5 is an IKK target gene, which supports the previous 

results, while IL-1-induced CXCL8 mRNA induction is inhibited with higher 

concentrations of SU1266 consistent with its effects on IKK. Furthermore, this 

highlights that potentially an IKK inhibitor which has some non-selective properties 

to also target IKK may be more favourable for reducing downstream chemokine 

activity in OS. 
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Figure 4.31. The effect of SU1266 on IL-1-mediated CXCL8 mRNA.  

Cells were either not treated or treated with DMSO or SU1261 45 min pre-stimulation. 

Following pretreatment, cells were unstimulated or stimulated with with IL-1 (5 ng/mL) 
for 8 hours, or left unstimulated, prior to RNA extraction. RT-qPCR was performed to 
measure relative expression of CXCL8 mRNA. HRPT1 was used as an internal 
control. GraphPad Prism 8 software was utilised to carry out Gaussian distribution with 
Shapiro-Wilk test to ensure normality of samples. One-way ANOVA was used to 

compare IL-1 + DMSO compared to appropriate samples. Data represents mean 
CXCL8 (% maximum response) ± SEM n=3, *p<0.05, **p<0.01, ****p<0.0001.  
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To explore the novel mechanisms by which IKK regulates CXCL5 gene and protein 

expression, it is essential to understand the pathways it employs. To this end, the 

CXCL5 promoter was analysed for predicted transcription factor binding sites. Using 

the UCSC Genome Browser for Human (GRCh38/hg38), the transcription start site 

(TSS) for CXCL5 was identified as chr4:73998677 on the – strand. Interestingly, 

upstream of the TSS, potential binding sites for NF-B2, Rel, and RelA were identified. 

Notably, the predicted presence of NF-B2 and Rel binding sites was assigned a 

higher confidence than that of RelA at one position, while Rel and RelA were predicted 

at another position with similar confidence levels to one another. This is summarised 

in Table 4.2. 

 

Table 4.2. A summary of NF-B predicted transcription factor binding sites on 

the CXCL5 gene promoter using the UCSC Genome Browser for Human 

(GRCh38/hg38). 

Predicted 

transcription 

factor 

Upstream or 

Downstream of 

transcription 

start site 

Base pair 

position (on 

chromosome 

4) 

Score P-value 

NFkB2 Upstream chr4:73998758-

73998768 

520 P<0.00001 

Rel Upstream chr4:73998759-

73998768 

541 P<0.00001 

RelA Upstream chr4:73998759-

73998768 

343 P<0.001 

Rel Upstream chr4:73998758-

73998767 

469 P<0.0001 

RelA Upstream chr4:73998758-

73998767 

487 P<0.0001 

 

https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=3171975068_E5T1qJT5BZnyMoquMiAG1IZ43d9w&db=hg38&position=chr4%3A73995642-73998677
https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=3171975068_E5T1qJT5BZnyMoquMiAG1IZ43d9w&db=hg38&position=chr4%3A73998758-73998768
https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=3171975068_E5T1qJT5BZnyMoquMiAG1IZ43d9w&db=hg38&position=chr4%3A73998758-73998768
https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=3171975068_E5T1qJT5BZnyMoquMiAG1IZ43d9w&db=hg38&position=chr4%3A73998759-73998768
https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=3171975068_E5T1qJT5BZnyMoquMiAG1IZ43d9w&db=hg38&position=chr4%3A73998759-73998768
https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=3171975068_E5T1qJT5BZnyMoquMiAG1IZ43d9w&db=hg38&position=chr4%3A73998759-73998768
https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=3171975068_E5T1qJT5BZnyMoquMiAG1IZ43d9w&db=hg38&position=chr4%3A73998759-73998768
https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=3171975068_E5T1qJT5BZnyMoquMiAG1IZ43d9w&db=hg38&position=chr4%3A73998758-73998767
https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=3171975068_E5T1qJT5BZnyMoquMiAG1IZ43d9w&db=hg38&position=chr4%3A73998758-73998767
https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=3171975068_E5T1qJT5BZnyMoquMiAG1IZ43d9w&db=hg38&position=chr4%3A73998758-73998767
https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=3171975068_E5T1qJT5BZnyMoquMiAG1IZ43d9w&db=hg38&position=chr4%3A73998758-73998767
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Overall, a key role of IKK is the phosphorylation of NF-B2/p100. The findings in 

Table 4.2. suggest a potential mechanism by which IKK may regulate CXCL5 

expression. This is noteworthy, as no IL-1-mediated, p100-dependent genes have 

yet been identified. Therefore, this study is the first to propose a mechanism through 

which p100 could regulate an IL-1-mediated, IKK-dependent gene. 

This provides interesting insights into a mechanism by which IKK can promote 

CXCL5 to enable downstream osteogenesis signalling (Figure 4.32). Notably, IKK-

mediated CXCL8 is also highlighted in this figure, demonstrating the central role for 

both CXCL5 and CXCL8 on CXCR2-mediated signalling. 

 

Figure 4.32. A schematic demonstrating the role of IKK in regulation of 

CXCL5 in osteogenesis signalling.  

Original figure was created on BioRender.com. 
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4.3.9 A role for IKK in regulating cholesterol biosynthetic enzymes 
Another comparison which was broadly looked at in this study was the genes which 

were significantly reduced in unstimulated IKK CRISPR/Cas9 knockout U2OS cells 

compared to wildtype unstimulated U2OS cells. The top 20 downregulated genes in 

IKK CRISPR/Cas9 knockout U2OS cells was plotted as a heatmap (Figure 4.33). 

 

Figure 4.33. A heatmap depicting the top 20 differentially expressed genes 

which were significantly downregulated in unstimulated IKK CRISPR/Cas9 

knockout U2OS cells compared to wildtype.   

The genes were filtered in order of ascending p-value, and the top 20 genes were 
selected. The smallest and largest p-value of the top 20 differentially genes are 
displayed by lowest to highest p-value, at the top to bottom of the heatmap, 
respectively. The colours shown in the heatmap are indicative of z score, where 
baseline expression = 0, positive integers = above baseline expression, and negative 
integers = below baseline expression. Heatmap was constructed by R, n=3.   

 

 

 

 

 

                     WT unstimulated                             IKK knockdown U2OS unstimulated 
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Interestingly, in the top 20 downregulated genes, Wnt11 and DHCR7 presented as 

potentially interesting targets. However, when referring to the literature, Wnt11 is 

undetectable by RT-qPCR in U2OS cells and so, validation for this target was not 

pursued. DHCR7, on the other hand, presented an exciting opportunity to look at IKK 

in the context of cholesterol biosynthesis, given the prominent role of DHCR7 as an 

enzyme at the final stages of this process. Therefore, this prompted a manual data 

mining investigation, to better understand what role IKK has on cholesterol 

biosynthetic genes. Indeed, in the RNA-sequencing study, several of the genes 

encoding cholesterol biosynthetic enzymes were significantly reduced in IKK 

CRISPR/Cas9 knockout U2OS cells (Figure 4.34).  

 

Figure 4.34. A diagrammatical representation of the effects of IKK 

CRISPR/Cas9 knockout on genes encoding cholesterol biosynthetic enzymes.  

Original figure created on BioRender.com. 
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As DHCR7 was the most downregulated gene in this pathway as a result of 

IKK knockout (Figure 4.33), this was investigated with RT-qPCR experiments. 

Indeed, a significant decrease was observed in unstimulated IKK CRISPR/Cas9 

knockout U2OS cells compared to wildtype (Figure 4.35). This effect was replicated in 

cells stimulated with IL-1 (10 ng/mL) for 8 hours. 
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Figure 4.35. DHCR7 mRNA expression is reduced in IKK CRISPR/Cas9 

knockout U2OS cells.  

Cells were unstimulated or stimulated with IL-1 for 8 or 24 hours (10 ng/mL). Total 
RNA was extracted from cell samples, followed by reverse transcription and RT-qPCR. 
Comparative Ct analysis was performed to generate fold change values against 
untreated wildtype cells. ONE-WAY ANOVA was conducted by utilising 
GraphPadPrism 8 software, *p<0.05, **p<0.01, n=3. 
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Figure 4.35 demonstrates that IL-1-mediated signalling is evidently not involved in 

IKK regulation of DHCR7, and therefore IKK phosphorylation and activation do not 

appear to be instrumental in promotion of DHCR7 gene expression. Therefore, further 

experiments focused on IKK-dependent cholesterol biosynthetic gene regulation 

without stimulation. 

In the next experiment, IKK siRNA was utilised to induce a transient IKK knockdown 

approach, to counteract the possibility that permanent gene editing through 

CRISPR/Cas9 could potentially disrupt mechanisms which could influence expression 

of cholesterol biosynthetic genes. Further, utilisation of IKK siRNA enabled the cell 

passage used to be truly comparable compared to wildtype U2OS cells. Interestingly, 

in U2OS cells treated with IKK siRNA, DHCR7 gene expression was significantly 

reduced (Figure 4.36).   

  



205 
 

 

W
ild

ty
pe

N
on-t

ar
get

in
g S

iR
N
A

IK
K
 S

iR
N
A

IK
K
 S

iR
N
A

0.0

0.5

1.0

1.5
D

H
C

R
7
 m

R
N

A
 e

x
p

re
s
s
io

n

(F
o

ld
 C

h
a

n
g

e
)

✱✱✱

✱✱ ✱✱✱

 

Figure 4.36. DHCR7 gene expression is IKK-dependent but and IKK-

independent.  

Wildtype U2OS cells were untreated or pre-treated with non-targeting, IKK or IKK 
siRNA for 72 hours. Total RNA was extracted from cell samples, followed by reverse 
transcription and RT-qPCR. Comparative Ct analysis was performed to generate fold 
change values against untreated wildtype cells. ONE-WAY ANOVA was conducted by 
utilising GraphPadPrism 8 software, **p<0.01, ***p<0.001, n=6. 
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As DHCR7 mRNA expression is reduced in both IKK CRISPR/Cas9 knockout U2OS 

cells and U2OS cells pre-treated with IKK siRNA, this suggests a role for IKK in 

promoting DHCR7 gene expression. Notably, DHCR7 has not been linked to IKK 

before directly. Therefore, JASPAR Core, which is a tool which predicts transcription 

factor binding sites on genes was utilised on the University of California Santa Cruz 

(UCSC) Genome Browser to depict potential transcription factor binding sites for IKK 

target genes on the DHCR7 gene promoter and base pairs surrounding the promoter 

region. To carry this out, 2,000 base pairs upstream and downstream of the 

transcription start site were evaluated for transcription factor binding. Relevant 

predicted transcription factor binding sites which were discovered on UCSC by utilising 

hg38 Human: JASPAR CORE 2024 and are outlined in Table 4.3. FOS, a gene 

encoding c-fos, an IKK-dependent gene was identified. 

Table 4.3. Predicted transcription factor binding sites on the DHCR7 gene 
promoter. 

Predicted 

Transcription 

factor 

Upstream or 

Downstream of 

transcription start site 

Base pair position (on 

chromosome 11) 

FOS Downstream chr11:71447488-

71447495 

RelA Downstream chr11:71446446-

71446455 

FOS Upstream chr11:71448415-

71448427 

FOS Upstream chr11:71448416-

71448428 

JUND Upstream chr11:71448416-

71448426 

JUN Upstream chr11:71448417-

71448426 

 

https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=2520331505_qLg9ITEE8xau8aRO3h45aEz97n8N&db=hg38&position=chr11%3A71447488-71447495
https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=2520331505_qLg9ITEE8xau8aRO3h45aEz97n8N&db=hg38&position=chr11%3A71447488-71447495
https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=2520331505_qLg9ITEE8xau8aRO3h45aEz97n8N&db=hg38&position=chr11%3A71446446-71446455
https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=2520331505_qLg9ITEE8xau8aRO3h45aEz97n8N&db=hg38&position=chr11%3A71446446-71446455
https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=2520331505_qLg9ITEE8xau8aRO3h45aEz97n8N&db=hg38&position=chr11%3A71448415-71448427
https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=2520331505_qLg9ITEE8xau8aRO3h45aEz97n8N&db=hg38&position=chr11%3A71448415-71448427
https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=2520331505_qLg9ITEE8xau8aRO3h45aEz97n8N&db=hg38&position=chr11%3A71448416-71448428
https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=2520331505_qLg9ITEE8xau8aRO3h45aEz97n8N&db=hg38&position=chr11%3A71448416-71448428
https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=2520331505_qLg9ITEE8xau8aRO3h45aEz97n8N&db=hg38&position=chr11%3A71448416-71448426
https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=2520331505_qLg9ITEE8xau8aRO3h45aEz97n8N&db=hg38&position=chr11%3A71448416-71448426
https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=2520331505_qLg9ITEE8xau8aRO3h45aEz97n8N&db=hg38&position=chr11%3A71448417-71448426
https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=2520331505_qLg9ITEE8xau8aRO3h45aEz97n8N&db=hg38&position=chr11%3A71448417-71448426
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Given that there were two predicted binding sites which FOS (c-fos) could bind, this 

has the potential to be a true binding site. Therefore, the regulatory effects which IKK 

has on DHCR7 gene expression, which are significant, but knockdown of IKK with 

siRNA does not complete deplete DHCR7 expression, may be due to indirect effects 

of IKK via c-fos. However, this is highly speculative and would require experimental 

validation. 

One laboratory technique which was applied to look at the effects of IKK on 

cholesterol was immunofluorescent staining. To achieve this, filipin complex staining 

was carried out. Wildtype and IKK CRISPR/Cas9 knockout U2OS cells were stained 

with filipin complex, which resulted in a significant decrease in IKK knockout U2OS 

cells (Figure 4.37). This indicates that IKK CRISPR/Cas9 knockout U2OS cells 

express lower levels of intracellular lipids generally. However,  the majority of filipin 

complex is made up of filipin III, which binds specifically to free cholesterol. Therefore, 

this is a good indicator, and broadly accepted way to measure cholesterol in cells. 
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Figure 4.37. IKK CRISPR/Cas9 knockout reduces lipid expression in U2OS 

cells.  

Wildtype and IKK CRISPR/Cas9 knockout U2OS cells were washed with PBS, fixed 
with 3.6% paraformaldehyde solution for 15 minutes, washed with PBS again and then 
either left in PBS and utilised as a no dye control or stained with filipin complex (0.5 
mg/mL) for 30 minutes. Coverslips containing cells were mounted onto microscope 
slides and stored in the dark until imaged. Images were captured on a Leica SP8 
confocal microscope. Images were processed and grey value was quantified by use 
of ImageJ software. An unpaired T-test was conducted to perform data analysis, 
*p<0.05, n=4.  
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Simultaneously Gene ontology was performed and the top 20 terms for gene clusters 

which were downregulated as a result of IKK CRISPR/Cas9 in unstimulated U2OS 

cells were sorted by biological process (Figure 4.38). 

 

 

 

 

Figure 4.38. Gene ontology enrichment dot plot depicting downregulated 

biological process gene terms in unstimulated IKK CRISPR/Cas9 knockout 

U2OS cells compared to unstimulated WT U2OS cells.  

The top 20 enriched gene terms are displayed and ranked by statistical significance 
(Fisher’s exact test).  

 

Gene ontology revealed an important correlation between IKK CRISPR/Cas9 

knockout and downregulation of cholesterol biosynthetic processes in unstimulated 

U2OS cells. This was similarly seen in IKK CRISPR/Cas9 knockout cells stimulated 

with IL-1 for 8 hours and 24 hours compared to wildtype equivalent samples (Figure 

4.39 and Figure 4.40). 
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Figure 4.39. Gene ontology enrichment dot plot depicting downregulated 

biological process gene terms in IKK CRISPR/Cas9 knockout U2OS cells 

compared to WT U2OS cells stimulated with IL-1 for 8 hours.  

The top 20 enriched gene terms are displayed and ranked by statistical significance 
(Fisher’s exact test). 
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Figure 4.40. Gene ontology enrichment dot plot depicting downregulated 

biological process gene terms in IKK CRISPR/Cas9 knockout U2OS cells 

compared to WT U2OS cells stimulated with IL-1 for 24 hours.  

The top 20 enriched gene terms are displayed and ranked by statistical significance 
(Fisher’s exact test). 

 

To build on these findings from the RNA-sequencing study, RT-qPCR and 

immunofluorescent staining, it was important to measure cholesterol itself to truly 

understand the extent of the influence which IKK has on cholesterol within U2OS 

cells. Therefore, Red Amplex cholesterol assays were applied. These experiments 

highlighted that IKK siRNA induces a small, but significant reduction in intracellular 

concentration, while IKK CRISPR/Cas9 knockout results in a much greater reduction 

(Figure 4.41). Additionally, IKK siRNA results in no significant decrease in cholesterol 

production. This indicates that while transient knockdown of IKK with siRNA result in 

minor suppression of cholesterol levels in U2OS cells, the effects by terminal knockout 

with IKK CRISPR/Cas9 are much more prominent. 
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Figure 4.41. Intracellular cholesterol is decreased in IKK CRISPR/Cas9 

knockout U2OS cells and U2OS cells transfected with IKK siRNA.  

Wildtype U2OS cells were untreated or pre-treated with non-targeting, IKK or IKK 

siRNA for 72 hours. IKK CRISPR/Cas9 knockout U2OS cells were grown in parallel. 
Cells were quiesced for 24 hours prior to cell collection. Total RNA was extracted from 
cell samples, followed by reverse transcription and RT-qPCR. Comparative Ct analysis 
was performed to generate fold change values against untreated wildtype cells. One-

Way ANOVA was conducted between non-targeting siRNA, IKK siRNA and IKK 

siRNA. Two-way ANOVA was conducted between wildtype and IKK CRISPR/Cas9 
knockout samples. Data analysis was carried out by utilising GraphPad Prism 8 
software, **p<0.01, ****p<0.0001, n=3. 

 

This understanding is extended by further studies, although as cholesterol 

biosynthesis is overlooked in the context of OS, this is often not the focus of studies. 

One study which conducted microarray technologies by utilising fluorescent probes 

identified gene profiles across 19 OS cell lines compared to 2 healthy osteoblast cells 

and 4 bone tissues (Figure 4.42). Taken directly from Gene Expression Omnibus 

(study GSE36001), there are trends in increased DHCR7 expression in adolescent 

male-derived OS cell lines (blue) compared to healthy osteoblast 2 (20 years old) and 

healthy bone (26 years old).  
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This suggests a potential increase in cholesterol synthesis in males within this age 

group with OS compared to healthy individuals (Figure 4.44). Similarly, in females, 

there was a notable trend demonstrating an increase in DHCR7 expression compared 

to a healthy control. However, this is not reliable as the healthy control for female 

representation was much older than any of the patients who had an OS cell line 

derived from their tumours.  

 

 

  

 

Figure 4.42. DHCR7 is increased in OS compared to healthy controls.  

A. DHCR7 gene expression is higher in male-derived OS cells (blue), compared to 
healthy bone or osteoblast cells (orange). B. DHCR7 gene expression is higher in 
female-derived OS cells (pink) compared to healthy bone (yellow). Data was found 
readily in a microarray dataset (study GSE36001) on Gene Expression Omnibus. 
Mean fluorescence intensity corresponding to DHCR7 was plotted on GraphPad prism 
8. 
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4.4. Chapter Discussion 

4.4.1. Addressing research gap in IKK-related research 

Despite a broad focus on targeting the NF-B pathway over the past few decades, 

there have yet to be any drugs which have been approved as medicines which 

specifically target any of the kinases involved in the NF-B pathway. This is despite 

several attempts to target IKK for several diseases, where IKK inhibitors were found 

to be intrinsically toxic resulting in repeated failure in clinical trials (384). The significant 

research effort invested into the development of IKK antagonists has led to a gap in 

IKK-focused research, and therefore many of its roles have remained unexplored. 

Moreover, given the additional nuclear IKK active isoform, undoubtedly IKK appears 

to have some distinct functional differences from its highly homologous protein partner, 

IKK.  

Due to the saturation in IKK-related research, there have been several IKK-

dependent genes previously identified (384-388). However, as a result of the lack of 

research into the role of IKK, particularly following canonical ligand stimulation such 

as IL-1, IKK-dependent genes have been unexplored in this context. Therefore, this 

aim of this chapter was to uncover the role of IKK activity on genes at basal level, 

and with IL-1 stimulation. This study was designed to identify expression of IKK-

dependent early genes (8-hour stimulation), and genes which are induced later, 

following 24 hours of IL-1 stimulation. Due to the nature of the study, all differentially 

expressed genes which were identified between comparisons could not be 

experimentally validated. Therefore, selected genes which were upregulated or 

downregulated by IKK CRISPR/Cas9 knockout were validated in the laboratory. 

4.4.2 Contradictory evidence for the role of IKK in osteoclastogenesis 
using different knockout and knockdown methods 

Surprisingly, RNA sequencing revealed that without agonist activation of the canonical 

NF-B pathway, IKK knockout using CRISPR/Cas9 increased the expression of 

OSCAR in basal U2OS cells. OSCAR (osteoclast-associated receptor) functions as a 

co-stimulatory receptor on osteoclast precursors, promoting bone resorption (389). 

This was further supported by assessing cellular protein levels using 

immunofluorescence, which revealed OSCAR is not only localised at the plasma 
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membrane, but also in the cytosol. Further, subcellular fractionation and Western 

blotting experiments revealed that there are two OSCAR isoforms in high density 

organelles, the Golgi and Endoplasmic Reticulum within U2OS cells, which may be 

attributed to being splice variants. This is interesting as at least 6 OSCAR isoforms 

have been previously described (389). This may suggest that OSCAR observed in the 

Endoplasmic Reticulum may be an immature form, or incompletely processed forms 

which are still undergoing folding before being processed and trafficked to the plasma 

membrane (390). The subcellular fractionation is interesting generally, where OSCAR 

appears to be in the Endoplasmic Reticulum and/or the Golgi, and therefore, this study 

uncovers more about its localisation, beyond the plasma membrane and being 

secreted.  

The findings using CRISPR/Cas9 were not replicated by IKK siRNA at a mRNA level, 

where OSCAR was significantly reduced, or at a protein level by using 

immunofluorescence. Therefore, different knockdown strategies in this instance have 

produced contradictory results, which highlights the differences observed between 

terminal knockdown with CRISPR/Cas9 compared to short-term transient knockdown 

strategies such as siRNA. Additionally, U2OS cells do not express RANK, which has 

a central role in co-stimulatory effects alongside OSCAR to promote 

osteoclastogenesis. Therefore, U2OS cells do not possess characteristics of a typical 

osteoclast and are a difficult model to utilise to increase understanding of 

osteoclastogenesis processes. However, it is possible that IKK CRISPR/Cas9 

knockout results in an increase in OSCAR expression to promote OSCAR-mediated 

cellular signalling to compensate for the incapability of cells to enhance osteoclast 

differentiation via RANK-mediated IKK-dependent signalling. Therefore, this may be 

a negative feedback loop to promote an alternative route to osteoclastogenesis when 

IKK is expressed at lower levels over a sustained period. However, different 

knockdown technologies, can result in fundamental gene differences, as shown by 

comparing short hairpin RNA and CRISPR/Cas9 human chronic myelogenous 

leukaemia cell line (391).  

Another noteworthy observation observed in this study include that for the first time, 

U2OS cells have been shown to have some aspects of osteoclast-like characteristics 

as shown by the ability to express OSCAR, and the subcellular localisation of OSCAR 

shown by confocal microscopy which would likely directly target the bone interface to 
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promote bone resorption. This shows a significant limitation in the utilisation of U2OS 

cells for primary OS observations, as primary OS is driven by osteoblastogenesis. 

Notably, this also demonstrates that U2OS cells do not have all the osteoblast-related 

characteristics, and therefore it would be favourable to utilise other OS cell lines, or 

primary human OS cells in future studies. Further research could also incorporate OS 

tissue to evaluate the relationship between IKK and OSCAR, and how this 

expression relates to osteoclastogenesis-associated transcription factors. However, 

there will be additional limitations when utilising tissue samples, despite tissue being 

more physiologically relevant and translatable. These include variations in gene 

expression across each tissue, and that OSCAR expression should be low in tissue 

obtained from primary OS samples, and therefore OSCAR expression may be 

undetectable. Additional research may also be carried out on healthy bone tissue to 

highlight whether the relationship between IKK and OSCAR at a fundamental level 

where bone homeostasis would be normal. This may in turn lead to future observations 

which correspond to other bone conditions, including inflammatory arthritis and 

osteoporosis where bone is degraded, as it may be counterintuitive to utilise IKK as 

a drug target for these conditions. 

4.4.3. IKK-dependent CXCL5 mRNA expression and protein production 

A second significant focus within this chapter was the exploration of the role of IKK 

on regulating inflammatory gene expression. Given the established pro-inflammatory 

role of IKK, this was of particular interest in an OS setting (345, 392). Indeed, it was 

found that IL-1 stimulation for 8 hours promoted a substantial increase in expression 

of CXCL5, consistent with IL-1-mediated CXCL5 mRNA expression previously 

demonstrated in fibroblasts, endothelial cells, cholangiocarcinoma cells (393-395). 

RT-qPCR demonstrated that IL-1-dependent CXCL5 gene mRNA expression was 

decreased to basal levels in the absence of IKK. Therefore, this implies that CXCL5 

mRNA expression is IKK-dependent. CXCL5 expression is particularly relevant to 

OS, given its ability to be induced by TNF- in a NF-B-dependent manner, as 

demonstrated in Alveolar Type II cells (396). Further research could therefore focus 

on utilising TNF as a comparison to IL-1-mediated CXCL5 in an OS context. 

Additionally, CXCL5 contains a NF-B element within its proximal component, which 

has been attributed to being a p65 binding site (397). However, it has not been 
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previously shown whether CXCL5 is IKK- or IKK-dependent. This study eloquently 

highlights CXCL5 as an IL-1-mediated IKK-dependent gene in U2OS cells, as 

demonstrated by the multiple interventions utilised throughout chapter 4. This was 

further investigated by measuring secreted CXCL5 protein concentration from U2OS 

cells by ELISA. After 12 hours with IL-1 stimulation, it was shown that CXCL5 

secretion was significantly upregulated, and transfection with IKK siRNA or treatment 

of IKK inhibitors, SU1261, SU1349 and SU1266, were sufficient in significantly 

reducing IL-1-induced CXCL5 production. Taken together, the findings establish 

CXCL5 as a bona fide transcriptional target of IKK, representing the first evidence of 

this regulatory relationship. Future studies are required to validate whether this is 

through p65-dependent mechanisms, like implied in previous studies. However, a 

potential NF-B2-binding site at chr4:73998758-73998768 was identified on UCSC 

Genome Browser, upstream of the TSS (chr4:73998677) on the - strand. This would 

be an exciting avenue to explore, as there are currently no known outcomes for IL-1-

mediated p100 signalling, and this could potentially provide a functional outcome for 

IKK-dependent p100 phosphorylation in this context.  

This study for the first time identified an intricate potential role for IKK in mediating 

osteogenesis. By positively regulating CXCL5 gene expression and secretion which 

subsequently target CXCR2 to aid osteogenesis, this places IKK as an interesting 

regulator of CXCR2 ligands. However, the effects of these drugs on global gene 

expression should also be considered. Alongside the research efforts outlined in this 

study, transcriptomics has been performed to try and negate the limitations of potential 

changes inflicted on the cells by IKK CRISPR/Cas9, by measuring global gene 

expression in cells transfected with IKK siRNA and treated with SU1261 or SU1349. 

This will provide insights into the real effects of these novel compounds on global gene 

expression, as opposed to measuring single genes which may be affected by 

disruption of the IKK complex, or alternatively, off-target effects. Understanding this 

will be vital in the further characterisation of these compounds, and in the development 

of potentially more selective derivatives of these compounds in the future. As U2OS 

cells have some osteoblastic characteristics, but do not display the characteristics of 

mesenchymal cells which would undergo differentiation into osteoblasts, this has 

implemented challenges in measuring the effects of IKK expression on downstream 

https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=3171975068_E5T1qJT5BZnyMoquMiAG1IZ43d9w&db=hg38&position=chr4%3A73998758-73998768
https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=3171975068_E5T1qJT5BZnyMoquMiAG1IZ43d9w&db=hg38&position=chr4%3A73995642-73998677
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transcription factors involved in osteogenesis such as Runx2 and downstream genes 

which would be upregulated including osteopontin and osteocalcin (398-400). 

However, subsequent research following this study could utilise human OS tissue, or 

alternatively, canine OS tissue due to the similarities in the way in which OS presents 

in humans and dogs (401). This of course would be challenging to retrieve, given the 

rarity of OS, which is a likely factor that halts OS research generally. However, tissue 

could be utilised to carry out correlation studies to measure the gene and protein 

expression of IKK and whether this can be correlated to the expression of CXCL5. 

These experiments will be crucial to provide the fundamental understanding of the role 

of IKK in downstream transcription factors involved in OS development.  

4.4.4. The effects of IKK inhibition on IL-1-mediated IKK-dependent 
CXCL8 mRNA expression 

This study also takes this investigation further, by measuring expression of a known 

IL-1-mediated IKK-dependent gene, CXCL8. Not only is CXCL8 also a CXCR2 

ligand (402), but measuring this gene presented the opportunity to test if the IKK 

inhibitors disrupt the IKK complex and therefore, assesses any effect on the 

expression of IKK-dependent genes. Interestingly, SU1261 pre-treatment with lower 

concentrations used (0.3 M and 1 M) resulted in increased CXCL8 gene expression 

compared to that observed in controls, and IL-1 stimulation. This highlights a key 

concern with IKK inhibition going forward, as while it is useful to inhibit CXCL5 gene 

expression, with the key role of CXCL8 in cancer processes, it is unfavourable to 

simultaneously induce CXCL8 in this way. However, pre-treatment with higher 

concentrations of SU1261, 3 M and 10 M, CXCL8 gene expression returned to IL-

1-induced CXCL8 gene expression levels. Therefore, this demonstrates a biphasic 

concentration-dependent cross-regulation between IKK and IKK, where 0.3 M 

SU1261 treatment results in a loss of 53% of IL-1 -induced CXCL5 gene expression, 

but results in increased CXCL8 gene expression. This highlights that partial inhibition 

of IKK responses enhance IKK-dependent transcription of CXCL8, but stronger 

inhibition of IKK alleviates this effect and restores CXCL8 gene expression to 

baseline IL-1-induced levels. Furthermore, it is important that going forward, selected 

concentrations of SU1261 being used in studies should be utilised with care and 

consideration, to avoid induction of IKK-dependent responses. Interestingly, SU1349 
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resulted in a distinct trend, where CXCL5 was reduced in a concentration-dependent 

manner, but IL-1-induced CXCL8 expression was increased in a concentration-

dependent manner, expressed maximally with 10 M of SU1349. Mechanistic insight 

from these data suggests that SU1261 exerts off-target inhibition on IKK at higher 

concentrations, thereby reducing IKK-dependent transcription, whereas SU1349 

remains selective for IKK, even at 10 M. This compliments findings from the 

chemistry team involved in producing these compounds, who have found similar off-

target effects of SU1261 on IKK (348). This highlights key differences in selectivity 

and off-target effects between the two compounds.  

4.4.5. The effects of a dual IKK/IKK inhibitor on CXCL5 and CXCL8 mRNA 
expression 

These findings prompted a new scientific question: what happens when you inhibit IL-

1-induced gene expression with SU1266, a compound that is more selective for IKK 

than IKK but can inhibit IKK at higher concentrations? SU1266 presents a unique 

opportunity because previous inhibitors were developed primarily for IKK selectivity, 

with demonstrated IKK-mediated toxicity. Therefore, utilising this compound 

potentially offers the ability to inhibit IKK-dependent responses, without potentially 

inducing IKK inhibition-mediated toxicity. Previous studies have not explored this 

concept, and so, U2OS cells were pre-treated with SU1266 to explore whether this 

compound could provide a balance between inhibiting IKK-dependent genes and 

with higher concentrations, could also inhibit IKK-dependent genes. Indeed, at lower 

concentrations, CXCL5 was significantly reduced, reinforcing that CXCL5 is IKK-

dependent, meanwhile at higher concentrations, IKK-dependent CXCL8 was 

significantly reduced. Not only did SU1266 appear more potent for IKK-dependent 

transcriptional activity, but its ability to reduce IKK-dependent genes at higher 

concentrations may be a potential way to strike a balance between inhibiting IKK-

dependent gene expression, avoiding enhanced IKK-dependent gene expression as 

a result, and at higher concentrations, reduce IKK-dependent genes including 

CXCL8. Overall, this approach offers a novel perspective on targeting the IKK 

complex.  
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4.5.6. The relationship between IKK and cholesterol production 

The final part of the study investigated the relationship between IKK and the 

regulation of cholesterol production. This was achieved by visualising the findings from 

the transcriptomics study, showing a significant decrease in cholesterol biosynthetic 

enzyme genes, particularly DHCR7 in IKK CRISPR/Cas9 knockout U2OS cells. This 

was validated in the laboratory, where DHCR7 mRNA was significantly decreased by 

IKK CRISPR/Cas9 knockout and IKK siRNA knockdown methods. These 

experiments were complimented by the subsequent Red Amplex cholesterol assays 

which demonstrated a significant reduction in intracellular cholesterol concentration in 

IKK CRISPR/Cas9 knockout U2OS cells compared to wildtype U2OS cells. However, 

a significant reduction was also highlighted in U2OS cells treated with IKK siRNA, 

but this reduction was minor. This demonstrates that although IKK may have a role 

in regulating DHCR7 gene expression, it may not possess prominent or direct 

regulatory roles. This highlights key differences in findings between different 

knockdown methods, which may be attributed to metabolic cellular changes which can 

arise as a result of long-term terminal gene knockout with technologies including 

CRISPR/Cas9. However, it is also a possibility that siRNA does not result in gene 

knockdown to the same extent as CRISPR/Cas9 methods. In the context of bone 

physiology and health, several studies have investigated the role of cholesterol. 

Notably, expression of endoplasmic reticulum localised genes which mediate 

cholesterol biosynthesis, SREBP cleavage-activating protein (SCAP), and HMGCR, 

are significantly downregulated in the hypertrophic zone (HZ) compared to proliferative 

zone (PZ) in E16.5 embryo distal femur chondrocytes (325). Additionally, hedgehog 

signalling promotes genes involved in the cholesterol biosynthetic pathway, and 

mutually, intracellular cholesterol also regulates hedgehog signalling (325, 326). In a 

cancer setting, hedgehog signalling has been linked to osteoblast regulation in OS by 

overexpression of the YAP-1 gene and long-coding RNA, H19 (327). Several 

antagonists including ATO, vismodegib and GANT61 which target the hedgehog/GLI2 

signalling pathway have shown promising therapeutic potential in OS, by 

downregulating invasion and metastasis of OS cells (328). Therefore, this implicates 

a role for genes which enhance cholesterol biosynthesis in OS development and 

migration. In support of this, a recent study utilised open access datasets to identify 

four distinct groups of OS patients based on their median gene expression into a 
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glycolysis, cholesterol, quiescent and mixed subgroup. This study identified that the 

cholesterol and mixed OS patient subtypes displayed the worst prognosis in relation 

to patient survival (329). In addition, other studies have highlighted some cholesterol 

biosynthetic enzymatic genes including SQLE and TM7SF2 in a prognostic OS gene 

model (330). Notably, both genes were not IKK-dependent in this study. However, 

the several IKK-dependent cholesterol biosynthetic genes highlighted within this 

study could potentially significantly influence cholesterol production, and therefore, 

prognosis in OS patients in the future. Furthermore, our study reveals for the first time, 

a potential link between IKK and cholesterol biosynthesis. However, this association 

remains tenuous, as the reduction in intracellular cholesterol production observed in 

siRNA-treated cells was considerably smaller than that seen in IKK CRISPR/Cas9 

knockout U2OS cells. However, given that DHCR7 mRNA and intracellular cholesterol 

production are not reduced by knockdown of IKK by siRNA, this excludes the 

possibility that cholesterol biosynthesis is downregulated by simply disruption of the 

IKK complex and is a potentially highly specific role for IKK in promoting expression 

of cholesterol biosynthetic genes and therefore mediating cholesterol production. 

Furthermore, there is the potential that selective IKK inhibitors could be used in the 

future to reduce cholesterol levels, which would be highly useful for patients with OS, 

but also a variety of other diseases. However, it is yet to be assessed to what extent 

IKK inhibitors can reduce cholesterol synthesis. 

4.5.7. Chapter Conclusion 

Overall, this study demonstrates a plethora of genes which are differentially expressed 

by IKK CRISPR/Cas9 knockout U2OS cells. However, the follow-up experimental 

validation conducted also demonstrates the challenges with CRISPR/Cas9 

technology.  Additionally, studies which produce such large datasets in a sensitive 

manner like RNA-sequencing are extremely useful, but it is essential to be able to 

detect these changes with assays which are accessible in the laboratory to ensure 

further validation can be carried out at a gene and protein level with respect to the 

differentially expressed genes highlighted in this study. This study presents CXCL5 as 

a Bonafide downstream target of IKK, as well as a regulatory relationship with 

DHCR7, and a potentially complex relationship with OSCAR. Future studies would 

benefit from conducting RNA-sequencing in cells treated with IKK siRNA as a short-
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term knockdown approach, or potentially, with the novel and selective IKK inhibitors 

outlined. Additionally, IKK being a novel regulator of CXCL5 is interesting from a 

molecular perspective, understanding how this knowledge could potentially be 

translated into the context of OS is also important. One study revealed that CXCL5 

promotes invasion and metastasis of OS, and that CXCL5 protein expression is 

increased in OS tissue samples compared to nontumorigenic tissues (94). High 

CXCL5 expression is also associated with a worsened prognosis (403). In summary, 

CXCL5 appears to be an IKK-dependent chemokine, and an important contributor to 

OS prognosis, migration, and metastasis, but the relevant NF-B pathways involved 

in its regulation are not yet fully understood. 
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Chapter 5 

General Discussion 
  



224 
 

5.1. A collective summary of research conducted 
There have been many attempts to develop inhibitors which target canonical NF-B 

signalling. However, due to the general emphasis on the role of IKK across scientific 

literature, there has been little research into inhibiting IKK in this context. Additionally, 

due to the small number of selective IKK inhibitors available, considering currently 

the structures of only selective IKK small molecule inhibitors has been published, this 

has been a truly neglected research area (348). IKK-dependent genes in canonical 

NF-B signalling have also been broadly neglected, as traditionally, IKK has been 

considered to have a limited role in this pathway (290, 404). However, due to the recent 

discovery of the IL-1-mediated, IKK-dependent pathway which results in p100 

phosphorylation, suggests a functional convergence of canonical and non-canonical 

NF-B signalling (296, 347). this merges the canonical and non-canonical NF-B 

pathway together. Within this study, the focus of IL-1-mediated IKK-dependent 

signalling (as outlined in Chapter 3) demonstrated that while IKK mediates p100 

phosphorylation, there are no obvious NF-B related functional downstream functions 

for this phosphorylation events. Therefore, RNA-sequencing analysis conducted as 

part of this study provided valuable insights into IKK-dependent genes and offered a 

broad transcriptome-wide overview of human gene activity in U2OS cell lines. 

5.2. The role of IKK in cancer hallmarks 

The role of IKK in OS has also not been well-defined, although IKK is known to play 

a role in several of the cancer hallmarks (As discussed in chapter 1). To look widely at 

the identified IKK-related cancer hallmarks, to determine the mechanisms which 

IKK utilises to have its most prominent roles in cancer, CancerHallmarks.com was 

used. This is a tool which utilises available human datasets to visualise the role which 

one or multiple genes have on cancer hallmarks. The most significant hallmarks 

associated with IKK gene expression were identified as reprogramming energy 

metabolism, evading immune destruction and tumour-promoting inflammation (Figure 

5.1). This in many aspects relates closely to the findings in this study. By identifying 

that the IL-1 IKK-dependent clusters of genes by biological process included 

cytokine and chemoattractant activity, this effectively fits in with tumour-promoting 

inflammation, aligning with available datasets. 
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Figure 5.1. The role of IKK in the eight hallmarks of cancer and two enabling 

characteristics.  

The grey dots represent hallmarks where IKK has a smaller and insignificant role, 

and the black dots represent hallmarks where IKK has a significant role according to 
available human datasets. Figure was obtained from CancerHallmarks.com, after 

inputing CHUK, the gene encoding IKK. 

 

5.3. The use of IKK inhibitors 

This study not only identifies a plethora of IKK-dependent genes but also investigates 

how IKK inhibitors can be utilised effectively. Indeed, applying selective IKK 

inhibitors such as SU1261 and SU1349 is an exciting way to inhibit IKK-dependent 

genes, including CXCL5 which was highlighted in this study. However, given that these 

inhibitors induce upregulation of CXCL8, an IKK-dependent gene, which also has an 

important role in cancer and binds to the same receptor as CXCL5, CXCR2, it would 

be somewhat unfavourable to inhibit IKK selectively in this way. However, the real 

https://cancerhallmarks.com/results
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novel approach of this study was utilising a less selective IKK inhibitor compared to 

the others previously mentioned, SU1266, which also has off-target effects on IKK at 

higher concentrations. The exciting prospect of applying this inhibitor is that most of 

the focus on inhibiting NF-B signalling aims to selectively inhibiting IKK, which has 

demonstrated to illicit several toxicities, and therefore there has been repeated failure 

of IKK inhibitors. However, this study potentially offers a way to inhibit IKK-

dependent genes, and therefore its role in promoting CXCL5 in OS, but also if at high 

enough concentrations, there could be the potential for partial inhibition of IKK, to 

elicit therapeutic effects, without necessarily fully inhibiting the essential roles of IKK. 

This could offer a multi-target strategy with one compound. The main findings 

throughout this thesis are highlighted in Figure 5.2. 
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Figure 5.2. A diagrammatical summary of novel findings. The figure highlights p52 

and p65 as IKK-mediated NF-B dimers which translocate to the nucleus. CXCL5 is 

highlighted as an IKK-dependent gene, inhibited by selective IKK and dual 

IKK/IKK inhibition. CXCL5 is secreted from U2OS cells in an IKK-dependent 

manner. CXCL8 expression is upregulated by selective IKK inhibition but 

downregulated by dual IKK/IKK inhibition. Figure was created on BioRender.com. 
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More broadly, there have been several clinical examples of where off-target or multi-

target drugs have been therapeutically viable. A very famous example of this is a small-

molecule inhibitor,  Sunitinib, which targets several antiangiogenic receptor tyrosine 

kinases including vascular endothelial growth factor receptor (VEGFR) and platelet-

derived growth factor receptor (PDGFR), and additional tyrosine kinases to effectively 

advanced renal cell carcinoma and in imatinib-resistant GI stromal tumours (405). 

Therefore, it may be beneficial in OS to utilise multi-target drugs, or alternatively, to 

utilise combination therapies. Notably, the research conducted in this study has 

contributed to obtaining funding from the Bone Cancer Research Trust, the Children 

and Young People’s Cancer Association which will entail further testing of IKK 

inhibitors in various OS cell lines. However, given the complexity of OS, it is likely that 

combination therapies will be required to effectively treat or slow the progression of 

OS in patients. 

5.4. Potential future studies 

There are several future studies which could be conducted to strengthen the RNA-

sequencing findings within this study. First and foremost, it would be useful to 

determine whether IKK binds directly to the promoter of the genes it has been shown 

to regulate in this study, given its nuclear role. ChIP could be utilised to determine 

whether there is enrichment of the CXCL5 promoter or DHCR7 promoter bound to 

IKK. Additionally, RNA-sequencing from 3D cell cultures, such as spheroids, would 

be beneficial to better represent the structure of a tumour compared to the 2D human 

cell line utilised within this study, as in some cases 3D cell cultures have shown 

increased resistance to anticancer drugs compared to 2D cell lines (406, 407).  

Co cultures could be used, for example to overexpress CXCL5 and knockdown CXCL5 

expression and measure differences in tumour-associated neutrophil or tumour-

associated macrophage recruitment. Molecular insights into the role of IKK in OS can 

be achieved by the potential future studies outlined previously to some extent. 

However, there remains key challenges into obtaining human tumour tissue from OS 

patients given the rarity of the cancer, and the amplified ethics required as some OS 

patients are paediatrics. In the interim, there has been several mouse models 

developed with the aim to mimic OS features, including mice which do not express 

tumour suppressors p53 and Rb genes in Sca-1-positive mesenchymal 
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stem/progenitor cells (408). These translational scientific advancements will be crucial 

in future OS research. 

Further studies may also include looking at the IL-1-IKK-p100 axis further, to 

fundamentally identify the downstream functions of this signalling axis. Due to the 

range of roles which IKK has within the cell, it would be more beneficial to look at 

p100 function directly, as we know this is IKK dependent. While it is unfavourable to 

knockout p100 as its expression inhibits and regulates other NF-B family members, 

it would be beneficial to identify the role of p100 following its IKK-dependent 

phosphorylation in this context and identify why it does not appear to be degraded at 

the proteasome. One way to uncover the downstream effects of this would be to 

overexpress a tagged-p100, like the HA-p100 utilised within this study, and conduct 

proteomic analysis to identify p100-protein binding partners. Proteomics is 

characterised as a study of a large number of proteins in a biological system (409). In 

comparison to RNA-sequencing, it has several advantages, including that it accounts 

for protein expression, whereas a limitation of RNA-sequencing is that there is no 

ability to predict the quantity of genes expressed will undergo translation into protein, 

or post-translational modifications (409-411). Proteomics can be performed in by a 

variety of experimental approaches, depending on the scientific question of a project, 

whether quantitative or qualitative data is desirable and the cost (412). For this study, 

it would be beneficial to compare unstimulated cells, and cells with IL-1 stimulation 

where p100 phosphorylation is maximal (30-60 mins) and in IKK CRISPR-Cas9 

knockout cells or WT cells transfected with IKK siRNA knockdown with and without 

IL-1 stimulation. One way which this could be achieved is by using Isotopomer labels 

such as Tandem Mass Tags (TMT), which are chemical labels utilised to label peptides, 

which are then analysed by Tandem Mass Spectrometry (413). Tandem Mass Tagging 

has become a widely used and cost-effective proteomics approach, including for deep-

scale quantitative (phospho)proteome studies (414-418). Therefore, this approach can 

be an excellent tool to identify both interacting proteins and phosphorylation sites 

responsible for p100-protein interactions, which provides opportunity for multiplexed, 

quantitative analysis. This experimental approach could be particularly powerful with 

respect to understanding phosphorylation dynamics of kinases and transcription 

factors, such as p100, in cellular signalling pathways involved in OS, and in general 

cellular signalling events. Additionally, TMT-based proteomics could be applied to 
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identify and quantify proteins enriched in the IKK-dependent secretome. This would 

provide a deeper understanding of the proteins produced and secreted by U2OS cells 

in an IKK mediated manner, thereby enhancing knowledge of the role of IKK in OS. 

and therefore, increase the level of understanding of the role of IKK in OS. 

Additionally, the prognostic factors in OS have recently been analysed in a systematic 

review, which include increased adverse outcomes in correlation with increased age, 

and increased sites of metastasis correlated with worse prognosis (129). Therefore, it 

would be beneficial to identify the role of IKK in aging, as aging is known to have 

closely related links with inflammatory processes, known as  

“inflammaging” and therefore it is very likely that IKK plays a contributory role in this 

OS prognostic factor (419). 

5.5. An integrative summary of how this thesis advances current 
understanding 

Overall, this study offers much needed molecular investigation into the IL-1-induced 

IKK-dependent signalling axis, as well as potential drug targets in OS and offers a 

new basis by which IKK could promote cancer progression and metastasis, 

particularly by CXCL5 expression. From a translational perspective, this study offers 

the characterisation of novel small molecule inhibitors and utilises these to identify the 

selective downstream IKK-dependent gene, CXCL5. This undoubtedly offers 

promising preliminary data for a field which has lacked progression in treatment for 

many years. Despite this being a small-scale study in an OS cell line, this study makes 

small steps forward to the much-needed novel treatments required for OS patients.  
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Appendix 
Appendix 1 

#Set working directory 

setwd("C:/Users/kirst/OneDrive - University of Strathclyde/PhD/Kirsty 

Seq/RNA seq Data Oct 2024") 

getwd() 

 

#Load libraries 

library("ggplot2") 

library("dplyr") 

library("ggrepel") 

library("ggthemes") 

library("topGO") 

library("org.Hs.eg.db") 

library("AnnotationDbi") 

 

#Set themes 

theme_Publication <- function(base_size=14, base_family="helvetica") { 

   

  (theme_foundation(base_size=base_size, base_family=base_family) 

   + theme(plot.title = element_text(face = "bold", 

                                     size = rel(1.2), hjust = 0.5), 

           text = element_text(), 

           panel.background = element_rect(colour = NA), 

           plot.background = element_rect(colour = NA), 

           panel.border = element_rect(colour = NA), 

           axis.title = element_text(face = "bold",size = rel(1)), 

           axis.title.y = element_text(angle=90,vjust =2), 

           axis.title.x = element_text(vjust = -0.2), 

           axis.text = element_text(),  

           axis.line = element_line(colour="black"), 

           axis.ticks = element_line(), 

           panel.grid.major = element_line(colour="#f0f0f0"), 

           panel.grid.minor = element_blank(), 

           legend.key = element_rect(colour = NA), 

           legend.position = "bottom", 

           legend.direction = "horizontal", 

           legend.key.size= unit(0.2, "cm"), 

           legend.margin = unit(0, "cm"), 

           legend.title = element_text(face="italic"), 

           plot.margin=unit(c(10,5,5,5),"mm"), 

           

strip.background=element_rect(colour="#f0f0f0",fill="#f0f0f0"), 

           strip.text = element_text(face="bold") 

   )) 

   

} 

 

scale_fill_Publication <- function(...){ 

  library(scales) 

  discrete_scale("fill","Publication",manual_pal(values = 

c("#386cb0","#fdb462","#7fc97f","#ef3b2c","#662506","#a6cee3","#fb9a99","

#984ea3","#ffff33")), ...) 

   

} 

 

scale_colour_Publication <- function(...){ 

  library(scales) 



253 
 

  discrete_scale("colour","Publication",manual_pal(values = 

c("#386cb0","#fdb462","#7fc97f","#ef3b2c","#662506","#a6cee3","#fb9a99","

#984ea3","#ffff33")), ...) 

   

} 

 

#Load datasets 

df1<- read.csv("Differential_expression_analysis_table.csv") 

df2<- read.csv("Differential_expression_analysis_table[1].csv") 

df3<- read.csv("Differential_expression_analysis_table[2].csv") 

df4<- read.csv("Differential_expression_analysis_table[3].csv") 

df5<- read.csv("Differential_expression_analysis_table[4].csv") 

df6<- read.csv("Differential_expression_analysis_table[5].csv") 

df7<- read.csv("Differential_expression_analysis_table[6].csv") 

df8<- read.csv("Differential_expression_analysis_table[7].csv") 

df9<- read.csv("Differential_expression_analysis_table[8].csv") 

 

#Filter datasets 

# Create a list of data frames 

dfs <- list(df1, df2, df3, df4, df5, df6, df7, df8, df9) 

 

 

#Map UNIPROT names 

map_ensembl_to_uniprot <- function(df) { 

  # Extract unique ENSEMBL IDs from the data frame 

  unique_ids <- unique(df$ID) 

   

  # Perform the mapping using AnnotationDbi::select 

  mapping <- tryCatch({ 

    AnnotationDbi::select(org.Hs.eg.db,  

                          keys = unique_ids,  

                          columns = c("ENSEMBL", "UNIPROT"),  

                          keytype = "ENSEMBL") 

  }, error = function(e) { 

    message("Error in mapping: ", e) 

    return(data.frame(ENSEMBL = character(0), UNIPROT = character(0))) # 

Return an empty data frame in case of error 

  }) 

   

  # Merge the original data frame with the mapping 

  # This assumes ENSEMBL IDs are unique in the original df; if not, you 

might need a different merging strategy 

  df_merged <- merge(df, mapping, by.x = "ID", by.y = "ENSEMBL", all.x = 

TRUE) 

   

  # Rename the UNIPROT column to Accession 

  names(df_merged)[names(df_merged) == "UNIPROT"] <- "Accession" 

   

  return(df_merged) 

} 

 

# Apply the mapping function to each data frame 

df_list_mapped <- lapply(dfs, map_ensembl_to_uniprot) 

 

# If you need them back as individual variables 

list2env(setNames(df_list_mapped, paste0("df", 1:9)), envir = .GlobalEnv) 

 

# Create a list to store filtered data frames 

filtered_list <- list() 

df_up_list <- list() 

df_down_list <- list() 
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# Loop through each data frame 

for (i in seq_along(dfs)) { 

  # Remove duplicate rows based on all columns to avoid repetition 

  dfs[[i]] <- distinct(dfs[[i]]) 

  # Extract unique ENSEMBL gene IDs 

  unique_ids <- unique(dfs[[i]]$ID) 

   

  # Use select() from AnnotationDbi to get the mappings 

  mapping <- AnnotationDbi::select(org.Hs.eg.db,  

                                   keys = unique_ids,  

                                   columns = c("ENSEMBL", "UNIPROT"),  

                                   keytype = "ENSEMBL") 

   

  # Merge the mappings back to the original dataframe 

  dfs[[i]] <- merge(dfs[[i]], mapping, by.x = "ID", by.y = "ENSEMBL", all.x 

= TRUE) 

  

  # Drop rows where UniProt ID is NA (Adjust column name if necessary) 

  dfs[[i]] <- filter(dfs[[i]], !is.na(UNIPROT)) 

   

  # Filter rows where padj <= 0.05 and (log2FoldChange < -1 or 

log2FoldChange > 1) 

  filtered_list[[i]] <- dfs[[i]] %>%  

    filter(padj <= 0.05, (log2FoldChange < -1 | log2FoldChange > 1)) 

   

  # Filter for upregulated genes: padj <= 0.05 and log2FoldChange > 1 

  df_up_list[[i]] <- dfs[[i]] %>% 

    filter(padj <= 0.05, log2FoldChange > 1) 

   

  # Filter for downregulated genes: padj <= 0.05 and log2FoldChange < -1 

  df_down_list[[i]] <- dfs[[i]] %>% 

    filter(padj <= 0.05, log2FoldChange < -1) 

} 

 

# Access the filtered data frames for each original data frame 

df1_filtered <- filtered_list[[1]] 

df2_filtered <- filtered_list[[2]] 

df3_filtered <- filtered_list[[3]] 

df4_filtered <- filtered_list[[4]] 

df5_filtered <- filtered_list[[5]] 

df6_filtered <- filtered_list[[6]] 

df7_filtered <- filtered_list[[7]] 

df8_filtered <- filtered_list[[8]] 

df9_filtered <- filtered_list[[9]] 

 

df1_up <- df_up_list[[1]] 

df2_up <- df_up_list[[2]] 

df3_up <- df_up_list[[3]] 

df4_up <- df_up_list[[4]] 

df5_up <- df_up_list[[5]] 

df6_up <- df_up_list[[6]] 

df7_up <- df_up_list[[7]] 

df8_up <- df_up_list[[8]] 

df9_up <- df_up_list[[9]] 

 

df1_down <- df_down_list[[1]] 

df2_down <- df_down_list[[2]] 

df3_down <- df_down_list[[3]] 

df4_down <- df_down_list[[4]] 

df5_down <- df_down_list[[5]] 
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df6_down <- df_down_list[[6]] 

df7_down <- df_down_list[[7]] 

df8_down <- df_down_list[[8]] 

df9_down <- df_down_list[[9]] 

 

# Creat lists of dataframes: 

dfs_filtered <- list(df1_filtered, df2_filtered, df3_filtered, 

df4_filtered, df5_filtered, df6_filtered, df7_filtered, df8_filtered, 

df9_filtered) 

dfs_up <- list(df1_up, df2_up, df3_up, df4_up, df5_up, df6_up, df7_up, 

df8_up, df9_up) 

dfs_down <- list(df1_down, df2_down, df3_down, df4_down, df5_down, 

df6_down, df7_down, df8_down, df9_down) 

dfs <- list(df1,df2, df3, df4, df5, df6, df7, df8, df9) 

 

#Write csv files for Cytoscape analysis 

# Define titles for your files 

df_titles <- c( 

  "IKKa KO 24 hours stimulated to IKKa KO 8 hours stimulated", 

  "IKKa KO 8 hours stimulated to IKKa KO unstimulated", 

  "IKKa KO 24 hours stimulated to IKKa KO unstimulated", 

  "IKKa KO 8 hours stimulated to WT 8 hours stimulated", 

  "WT 24 hours stimulated to WT 8 hours stimulated", 

  "IKKa 24 hours stimulated to WT 24 hours stimulated", 

  "IKKa KO unstimulated to WT unstimulated", 

  "WT 8 hours stimulated to WT unstimulated", 

  "WT 24 hours stimulated to WT unstimulated" 

) 

 

# Loop through the upregulated dataframes 

setwd("C:/Users/kirst/OneDrive - University of Strathclyde/PhD/Kirsty 

Seq/RNA seq Data Oct 2024/Upregulated data") 

for (i in seq_along(df_up_list)) { 

  # Replace spaces with underscores, then remove any remaining non-

alphanumeric characters (keeping underscores) 

  filename_up <- paste0(gsub(" ", "_", df_titles[i]), "_upregulated.csv") 

  write.csv(df_up_list[[i]], filename_up, row.names = FALSE) 

} 

# Loop through the downregulated dataframes 

setwd("C:/Users/kirst/OneDrive - University of Strathclyde/PhD/Kirsty 

Seq/RNA seq Data Oct 2024/Downregulated data") 

for (i in seq_along(df_down_list)) { 

  filename_down <- paste0(gsub(" ", "_", df_titles[i]), 

"_downregulated.csv") 

  write.csv(df_down_list[[i]], filename_down, row.names = FALSE) 

} 

 

#============ VOLCANO PLOT =========== 

# Set working directory 

setwd("C:/Users/kirst/OneDrive - University of Strathclyde/PhD/Kirsty 

Seq/RNA seq Data Oct 2024/Volcano plots automated") 

 

# Plot titles 

VolcanoPlots_titles <- c("IKKa KO 24 hours stimulated to IKKa KO 8 hours 

stimulated", 

                         "IKKa KO 8 hours stimulated to IKKa KO 

unstimulated",  

                         "IKKa KO 24 hours stimulated to IKKa KO 

unstimulated", 

                         "IKKa KO 8 hours stimulated to WT 8 hours 

stimulated", 
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                         "WT 24 hours stimulated to WT 8 hours stimulated", 

                         "IKKa 24 hours stimulated to WT 24 hours 

stimulated", 

                         "IKKa KO unstimulated to WT unstimulated", 

                         "WT 8 hours stimulated to WT unstimulated", 

                         "WT 24 hours stimulated to WT unstimulated") 

 

# Loop through each dataframe and generate a volcano plot 

for (i in seq_along(dfs)) { 

  df <- dfs[[i]] 

   

  # Ensure that padj is numeric, and handle non-numeric values 

  df$padj <- as.numeric(df$padj)  # Force conversion to numeric (will 

introduce NAs for non-numeric values) 

   

  # Remove rows where padj is NA 

  df <- df[!is.na(df$padj), ] 

   

  # Create a unique identifier for each point (combination of 

log2FoldChange and padj) 

  df <- df %>% 

    group_by(log2FoldChange, padj) %>% 

    slice_head(n = 1) %>% 

    ungroup() 

   

  # Rank genes by padj and select the top 20 

  top20_genes <- df %>% 

    arrange(padj) %>% 

    slice_head(n = 20) %>% 

    pull(Gene.name) 

   

  # Update the dataframe to include a label for the top 20 most significant 

genes 

  df$label <- ifelse(df$Gene.name %in% top20_genes, 

as.character(df$Gene.name), NA) 

   

  # Calculate the maximum -log10(padj) value for setting y-axis limit 

  max_y_value <- max(-log10(df$padj), na.rm = TRUE) 

   

  # If max_y_value is NA or negative, skip this plot 

  if (is.na(max_y_value) || max_y_value <= 0) { 

    message(paste("Skipping dataset", i, "due to invalid -log10(padj) 

values.")) 

    next 

  } 

   

  # Add a buffer to the max value for aesthetic purposes 

  adjusted_max_y <- max_y_value * 1.1 

   

  # Generate the volcano plot 

  volcano_plot <- ggplot(df, aes(x = log2FoldChange, y = -log10(padj))) + 

    geom_point(aes(color = case_when( 

      log2FoldChange < -1 & padj <= 0.05 ~ "blue", 

      log2FoldChange > 1 & padj <= 0.05 ~ "#6600CC", 

      TRUE ~ "grey50" 

    )), alpha = 0.5, size = 2) + 

    scale_color_identity() + 

    xlim(c(-7, 7)) + 

    ylim(c(0, adjusted_max_y)) + 

    labs(title = paste("Volcano Plot -", VolcanoPlots_titles[i]), 

         x = "Log2 Fold Change", 
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         y = "-log10(P-value)") + 

    geom_hline(yintercept = 1.3, linetype = "dashed", color = "black") + 

    geom_vline(xintercept = c(-1, 1), linetype = "dashed", color = "black") 

+ 

    geom_text_repel(aes(label = label, color = case_when( 

      log2FoldChange < -1 & padj <= 0.05 & !is.na(label) ~ "blue", 

      log2FoldChange > 1 & padj <= 0.05 & !is.na(label) ~ "#6600CC", 

      TRUE ~ NA_character_ 

    )), na.rm = TRUE, max.overlaps = Inf) + 

    theme_Publication() + 

    theme(legend.position = "none") 

   

  print(volcano_plot) 

   

  # Save the plot with spaces in the filename 

  file_name <- paste0(VolcanoPlots_titles[i], ".png") # Keep the original 

title with spaces 

  ggsave(file_name, plot = volcano_plot, device = "png", width = 10, height 

= 6, dpi = 300) 

} 

 

 

#==== GENE ONTOLOGY ==== 

# Define a function for GO enrichment analysis 

performGOEnrichment <- function(interestDF, allGenesDataFrame, geneColumn 

= "ID") { 

  # Create a named vector for all genes, marking genes of interest with 1, 

others with 0 

  geneList <- ifelse(allGenesDataFrame[[geneColumn]] %in% 

interestDF[[geneColumn]], 1, 0) 

  names(geneList) <- allGenesDataFrame[[geneColumn]] 

   

  # Convert to factor with two levels 

  geneList <- factor(geneList, levels = c(0, 1)) 

   

  # Define selection function for genes of interest 

  selection <- function(x) x == 1 

   

  # Setup the enrichment object 

  allGO2genes <- annFUN.org( 

    whichOnto = "MF", #Change BP, CC or MF 

    feasibleGenes = NULL, 

    mapping = "org.Hs.eg.db", 

    ID = "ensembl" 

  ) 

  GOdata <- new( 

    "topGOdata", 

    ontology = "MF", 

    allGenes = geneList, 

    annot = annFUN.GO2genes, 

    GO2genes = allGO2genes, 

    geneSel = selection, 

    nodeSize = 5 

  ) 

   

  # Perform gene enrichment 

  results.fisher <- runTest(GOdata, algorithm = "classic", statistic = 

"fisher") 

  goEnrichment <- GenTable( 

    GOdata, 

    fisher = results.fisher, 
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    orderBy = "fisher", 

    topNodes = 100 

  ) 

   

  goEnrichment$fisher <- as.numeric(goEnrichment$fisher) 

  goEnrichment <- goEnrichment[goEnrichment$fisher < 0.05, ] 

  goEnrichment <- goEnrichment[, c("GO.ID", "Term", "fisher")] 

   

  return(goEnrichment) 

} 

 

# Create a list to store the GO enrichment results for each comparison 

go_enrichment_results <- list() 

 

# Loop through the datasets 

for (i in seq_along(dfs_down)) { 

  # Call your function with the corresponding filtered dataset and its 

background dataset 

  go_enrichment_results[[i]] <- performGOEnrichment(dfs_down[[i]], 

dfs[[i]], geneColumn = "ID") 

} 

 

# go_enrichment_results now contains the GO enrichment analysis results 

for each pair 

 

 

# Plot Enriched Results 

setwd("C:/Users/kirst/OneDrive - University of Strathclyde/PhD/Kirsty 

Seq/RNA seq Data Oct 2024/Gene Ontology/Gene Ontology 

downregulated/Molecular Function") 

df_titles <- c("IKKa KO 24 hours stimulated to IKKa KO 8 hours stimulated 

- Downregulated", 

               "IKKa KO 8 hours stimulated to IKKa KO unstimulated - 

Downregulated",  

               "IKKa KO 24 hours stimulated to IKKa KO unstimulated - 

Downregulated", 

               "IKKa KO 8 hours stimulated to WT 8 hours stimulated - 

Downregulated", 

               "WT 24 hours stimulated to WT 8 hours stimulated - 

Downregulated", 

               "IKKa 24 hours stimulated to WT 24 hours stimulated - 

Downregulated", 

               "IKKa KO unstimulated to WT unstimulated - Downregulated", 

               "WT 8 hours stimulated to WT unstimulated - Downregulated", 

               "WT 24 hours stimulated to WT unstimulated - Downregulated") 

 

# Loop through the GO enrichment results 

for (i in seq_along(go_enrichment_results)) { 

  ntop <- 20 

  ntop <- min(ntop, nrow(go_enrichment_results[[i]])) 

   

  ggdata <- go_enrichment_results[[i]][1:ntop,] 

   

  # Remove rows where Term is NA 

  ggdata <- ggdata[!is.na(ggdata$Term), ] 

   

  # Remove duplicate terms 

  ggdata <- ggdata[!duplicated(ggdata$Term), ] 

   

  # Use only the Term column for labels, without adding numbers 
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  ggdata$UniqueTerm <- factor(ggdata$Term, levels = 

rev(unique(ggdata$Term))) 

   

  gg1 <- ggplot(ggdata, aes(x = UniqueTerm, y = -log10(fisher), size = -

log10(fisher), fill = -log10(fisher))) + 

    expand_limits(y = 1) + 

    geom_point(shape = 21) + 

    scale_size(range = c(2.5, 12.5)) + 

    scale_fill_continuous(low = '#00CCFF', high = '#6600CC') + 

    xlab('') + ylab('Enrichment score') + 

    labs( 

      title = paste(df_titles[i], "GO Molecular Function"), # Remember to 

change BP, CC or MF 

      subtitle = "Top 20 terms ordered by Fisher's exact test p value", 

      caption = "Cut-off lines drawn at equivalents of p=0.05, p=0.01, 

p=0.001" 

    ) + 

    geom_hline(yintercept = c(-log10(0.05), -log10(0.01), -log10(0.001)), 

               linetype = c("dotted", "longdash", "solid"), 

               colour = c("black", "black", "black"), 

               linewidth = c(0.5, 1.5, 3)) + 

    theme_bw(base_size = 24) + 

    theme( 

      legend.position = 'right', 

      plot.title = element_text(angle = 0, size = 16, face = 'bold', vjust 

= 1), 

      plot.subtitle = element_text(angle = 0, size = 14, face = 'bold', 

vjust = 1), 

      plot.caption = element_text(angle = 0, size = 12, face = 'bold', 

vjust = 1), 

      axis.text.x = element_text(angle = 45, size = 12, face = 'bold', 

hjust = 1), 

      axis.text.y = element_text(angle = 0, size = 12, face = 'bold', vjust 

= 0.5), 

      axis.title = element_text(size = 12, face = 'bold'), 

      axis.line = element_line(colour = 'black'), 

      legend.key = element_blank(), 

      legend.text = element_text(size = 14, face = "bold"), 

      title = element_text(size = 14, face = "bold") 

    ) + 

    coord_flip() 

   

  # Print the plot 

  print(gg1) 

   

  # Use the original title with spaces as the filename 

  filename <- paste0(df_titles[i], ".png") # Keep spaces in the title 

   

  # Specify desired width and height in inches for the plot 

  width_inches <- 15 # Example width 

  height_inches <- 9 # Example height, adjust as needed 

   

  # Save the plot with spaces in the filename 

  ggsave(filename, plot = gg1, device = "png", width = width_inches, height 

= height_inches, dpi = 300) 

} 

 

 

#==== HEATMAPS ==== 

library(pheatmap) 
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# Set working directory for saving heatmaps 

setwd("C:/Users/kirst/OneDrive - University of Strathclyde/PhD/Kirsty 

Seq/RNA seq Data Oct 2024/Heatmaps/Downregulated") 

 

# df_titles contains your custom titles for each dataframe 

df_titles <- c("IKKa KO 24 hours stimulated to IKKa KO 8 hours stimulated 

- Downregulated", 

               "IKKa KO 8 hours stimulated to IKKa KO unstimulated - 

Downregulated",  

               "IKKa KO 24 hours stimulated to IKKa KO unstimulated - 

Downregulated", 

               "IKKa KO 8 hours stimulated to WT 8 hours stimulated - 

Downregulated", 

               "WT 24 hours stimulated to WT 8 hours stimulated - 

Downregulated", 

               "IKKa 24 hours stimulated to WT 24 hours stimulated - 

Downregulated", 

               "IKKa KO unstimulated to WT unstimulated - Downregulated", 

               "WT 8 hours stimulated to WT unstimulated - Downregulated", 

               "WT 24 hours stimulated to WT unstimulated - Downregulated") 

 

# Loop through the list of dataframes and their corresponding titles 

for (i in 1:length(dfs_down)) { 

  current_df <- dfs_down[[i]] 

   

  # Ensure uniqueness by keeping only the first occurrence of each ID 

  current_df <- current_df %>% 

    distinct(ID, .keep_all = TRUE) 

   

  # Rank genes by padj and select the top 20 most significant 

  top20_genes <- current_df %>% 

    arrange(padj) %>% # Sort by padj in ascending order (most significant 

first) 

    slice_head(n = 20) # Select the top 20 genes 

   

  # Select the numeric columns (excluding log2FoldChange, pvalue, and padj) 

  numeric_data <- top20_genes[, c(5:10)]  # Adjust column indices as needed 

   

  # Ensure all selected columns are numeric 

  numeric_data <- numeric_data[, sapply(numeric_data, is.numeric)] 

   

  # Set row names as the gene names instead of IDs 

  rownames(numeric_data) <- top20_genes$Gene.name 

   

  # Remove rows with NA, NaN, or Inf values 

  numeric_data <- na.omit(numeric_data) 

   

  # Check if numeric_data is empty, skip plotting if there are no valid 

numeric columns 

  if (ncol(numeric_data) == 0 || nrow(numeric_data) == 0) { 

    message(paste("No numeric data available for heatmap:", df_titles[i])) 

    next 

  } 

   

  heatmap_title <- paste("Heatmap of", df_titles[i]) 

   

  # Dynamically create the filename for saving the plot 

  plot_filename <- paste0(df_titles[i], ".png")  # Add PNG extension 

   

  # Print and save the heatmap with the specified filename 

  pheatmap(numeric_data,  
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           scale = "row",  

           clustering_distance_rows = "euclidean",  

           clustering_distance_cols = "euclidean",  

           clustering_method = "complete",  

           show_rownames = TRUE,  # Show row names (gene names) 

           show_colnames = FALSE,  

           main = heatmap_title, 

           width = 12, 

           cluster_rows = FALSE,   # Do not cluster rows to keep sorted 

order 

           cluster_cols = FALSE,   # Do not cluster columns (treatments) 

           filename = plot_filename) # Dynamically save the plot as a PNG 

} 

 

#==== PRINCIPAL COMPONENT ANALYSIS (PCA) ===== 

library(ggplot2) 

library(ggrepel) 

 

# Set the working directory where plots will be saved 

setwd("C:/Users/kirst/OneDrive - University of Strathclyde/PhD/Kirsty 

Seq/RNA seq Data Oct 2024/PCAs") 

 

# Titles for each dataset (in the right order) 

df_titles <- c("IKKa KO 24 hours stimulated to IKKa KO 8 hours stimulated", 

               "IKKa KO 8 hours stimulated to IKKa KO unstimulated",  

               "IKKa KO 24 hours stimulated to IKKa KO unstimulated", 

               "IKKa KO 8 hours stimulated to WT 8 hours stimulated", 

               "WT 24 hours stimulated to WT 8 hours stimulated", 

               "IKKa 24 hours stimulated to WT 24 hours stimulated", 

               "IKKa KO unstimulated to WT unstimulated", 

               "WT 8 hours stimulated to WT unstimulated", 

               "WT 24 hours stimulated to WT unstimulated") 

 

# Loop through the list of datasets and apply PCA 

for (i in 1:length(dfs_up)) { 

  current_df <- dfs_up[[i]] 

   

  # Select only the columns 5 to 10 representing the two treatments 

  numeric_data <- current_df[, c(5:10)]  # Exclude the first 4 columns 

   

  # Ensure all selected columns are numeric 

  numeric_data <- numeric_data[, sapply(numeric_data, is.numeric)]  # 

Filter numeric columns 

   

  # Check if the numeric data has any valid rows and columns 

  if (ncol(numeric_data) == 0 || nrow(numeric_data) == 0) { 

    message(paste("No numeric data available for PCA in dataset:", i)) 

    next 

  } 

   

  # Remove rows with NA, NaN, or Inf values 

  numeric_data <- na.omit(numeric_data) 

   

  # Transpose the matrix for PCA (samples as rows, genes as columns) 

  data_matrix <- as.matrix(numeric_data) 

  data_matrix <- t(data_matrix) 

   

  # Perform PCA 

  pca <- prcomp(data_matrix, scale = TRUE) 
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  # Adjust treatment labels: columns 5-7 as first label, 8-10 as second 

label 

  treatment_labels <- c(rep(colnames(current_df)[5], 3), 

rep(colnames(current_df)[8], 3)) 

  treatment_labels <- gsub("\\.", " ", treatment_labels)  # Replace dots 

with spaces 

   

  # Label repetitions as "1," "2," and "3" 

  repetition_labels <- rep(c("1", "2", "3"), 2) 

   

  # Create a dataframe for the PCA results, including the treatment 

information 

  pca_data <- data.frame(Sample = repetition_labels,  

                         PC1 = pca$x[, 1],  

                         PC2 = pca$x[, 2], 

                         Treatment = factor(treatment_labels, levels = 

unique(treatment_labels))) 

   

  # Dynamically create filenames for saving the plots 

  pca_plot_filename <- paste0(df_titles[i], "_PCA.png") 

  scree_plot_filename <- paste0(df_titles[i], "_Scree.png") 

   

  # Generate a ggplot 2D PCA plot for clustering of treatments with points 

and labels 

  pca_plot <- ggplot(data = pca_data, aes(x = PC1, y = PC2, label = Sample, 

color = Treatment)) + 

    geom_point(size = 3) +  # Add points for treatments, colored by 

Treatment 

    geom_text_repel(size = 4) +  # Add labels, avoiding overlaps 

    scale_color_manual(values = c("blue", "red"), labels = 

unique(treatment_labels)) +  # Define colors and labels 

    xlab(paste("PC1 - ", round(100 * summary(pca)$importance[2, 1], 1), 

"%", sep = "")) + 

    ylab(paste("PC2 - ", round(100 * summary(pca)$importance[2, 2], 1), 

"%", sep = "")) + 

    theme_Publication() +  # Apply your custom theme 

    ggtitle(df_titles[i]) 

   

  # Save the PCA plot 

  ggsave(pca_plot_filename, plot = pca_plot, device = "png", width = 10, 

height = 6, dpi = 300) 

   

  # Make a scree plot with principal component labels 

  pca_var <- pca$sdev^2 

  pca_var_per <- round(pca_var / sum(pca_var) * 100, 1) 

   

  # Create scree plot 

  png(scree_plot_filename, width = 1000, height = 600) 

  barplot(pca_var_per, main = paste("Scree Plot -", df_titles[i]),  

          xlab = "Principal Component", ylab = "Percent Variation", 

names.arg = paste0("PC", 1:length(pca_var_per))) 

  dev.off() 

   

  # Get the top 10 contributing genes to PC1 

  loading_scores <- pca$rotation[, 1]  # PC1 loading scores 

  gene_scores <- abs(loading_scores)    # Get the magnitudes 

  gene_score_ranked <- sort(gene_scores, decreasing = TRUE) 

  top_10_genes <- names(gene_score_ranked[1:10])  # Top 10 genes 

contributing to PC1 

   

  cat("Top 10 genes contributing to PC1 for Dataset", i, ":\n") 
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  print(top_10_genes) 

   

  cat("Loading scores for top 10 genes:\n") 

  print(pca$rotation[top_10_genes, 1])  # Show loading scores for the top 

10 genes 

} 

 

 

 

 


