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I 

Summary  

The NF-kB signalling pathway is a critical mediator of the cellular responses to inflammatory cytokines. The IκB 

kinase (IKK) complex, which is composed of two catalytic subunits (IKKα and IKKβ) and one regulatory subunit 

(IKKγ/NEMO) acts as the master regulator of NF-κB transcription factor activity. Seminal genetic studies in 

knockout (KO) mouse embryonic fibroblasts (MEFs) have defined two pathways of NF-κB activation; a canonical 

pathway, activated in response to cytokines such as TNFα/IL-1β, that requires NEMO and predominantly IKKβ 

catalytic activity; and a non-canonical pathway, activated in response to a subset of TNF-family cytokines, which 

requires IKKα and NIK kinase.  

We have generated and validated CRISPR-Cas9 IKKα, IKKβ and IKKα/β DKO HCT116 colorectal cancer cell lines to 

interrogate novel functions of the I kappa B kinases in colorectal cancer, including the relative contributions of 

these kinases to the activation of NF-κB signalling pathways downstream of TNFα induction. Contrary to the 

seminal studies in KO MEFs, IKKα appeared to make a more significant contribution to canonical NF-κB induction 

in these cells than IKKβ. Western blot studies demonstrated that both IKKs contributed to the phosphorylation 

and degradation of IκB and the phosphorylation of the NF-κB subunit, p65 at Serine 536. However, high-content 

immunofluorescence studies demonstrated that IKKα KO cells were defective in TNFα-induced nuclear 

translocation of p65 compared to WT and IKKβ KO cells. Additionally, NF-κB-driven luciferase reporter assays 

showed that IKKα, but not IKKβ, KO cells exhibited significantly reduced NF-κB-dependent gene expression 

following TNFα stimulation. We also have evidence to suggest that the phosphorylation site at Serine 468 on 

p65, previously defined as an IKKβ-dependent site, is in-fact an IKKα-dependent site in these cells. Furthermore, 

IKKα knockout revealed a potentially important role for IKKα activity in preventing the stabilisation of NIK protein 

following prolonged TNFα stimulation. 

RNA sequencing analysis of wild-type, IKKα KO, IKKβ KO and IKKα/β DKO cells stimulated with TNFα was 

performed to identify genes whose expression were differentially deregulated by IKK KO. These analyses 

confirmed the importance of IKKα for canonical NF-κB gene expression. Furthermore, IKKβ knockout had 

unexpected effects on the expression of a broad range of genes involved in chromatin organisation, cytoskeletal 

organisation, mitotic cell cycle control and the DNA damage response.  

During the characterisation of IKK KO cells it was discovered that the expression of NEMO was downregulated at 

the protein, but not mRNA level by approximately 50% in IKKα KO cells and 90% in IKKα/β DKO cells. IKKβ KO 

cells, meanwhile, exhibited wild-type NEMO expression. Emetine-chase and radioactive pulse chase labelling 

experiments demonstrated that the half-life of NEMO in IKKα and IKKα/β DKO cells was significantly shortened 

due to enhanced proteasomal turnover. Bioinformatics analyses predicted significant regions of intrinsic 

structural disorder within NEMO, particularly at the N- and C-termini, the former of which overlapped with the 

IKK binding domain. On this basis, the susceptibility of NEMO to in vitro degradation by the 20S proteasome was 

examined, with NEMO proving be a highly effective substrate of the 20S proteasome. Importantly, IKKα and IKKβ 

were both shown to protect NEMO from proteasomal degradation, leading us to propose a model whereby 

interaction with IKK kinase subunits sequesters/masks intrinsically disordered regions in NEMO that would 

otherwise make NEMO a highly effective substrate for ubiquitin-dependent and/or ubiquitin-independent 

proteasomal degradation.   



II 

BMS-345541 is a commercially available allosteric inhibitor of IKKβ that has been used extensively in numerous 

studies, including a report that proposed novel functions for IKKβ in mitotic cell cycle progression (Blazkova et 

al., 2007). Similar antiproliferative effects to those reported by Blazkova et al., were observed during the 

characterisation of a novel ATP-competitive inhibitor of IKKβ, AZD2230. In depth characterisation of the 

selectivity of AZD2230 and BMS-345541, however, revealed that the antiproliferative effects of AZD2230 and 

BMS-345541 are, in fact, due to off-target inhibition, potentially at the level of RNA Polymerase II C-terminal 

domain phosphorylation, and hence general transcription. 

Collectively, these studies reveal novel functions of the IKK kinases in NF-κB signalling and inform therapeutic 

strategies for targeting chronic canonical NF-κB activation in colorectal cancer. 
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1 Introduction 

1.1 Cancer 

1.1.1 Hallmarks of cancer 

Tumourigenesis is a multistep process involving the progressive accumulation of genetic alterations, both 

mutational and epigenetic, at various sites in the genome that drive the transformation of normal cells into 

malignant derivatives. This multistep evolution towards the neoplastic state is coupled to the acquisition of a 

number of hallmark capabilities that enable incipient cancer cells to become tumorigenic and ultimately 

malignant. These six core biological capabilities are defined as: proliferative self-sufficiency, insensitivity to 

growth-suppressing signals, evasion of cell death, replicative immortality, induction of angiogenesis and 

activation of invasion and metastasis (Hanahan & Weinberg., 2000). The acquisition of these capabilities is 

enabled and expedited by the genomic instability of cancer cells, which through random mutation and 

chromosomal rearrangements facilitates the chance acquisition of rare enabling mutant genotypes, and via 

tumour-promoting inflammation at the site of pre- and malignant lesions driven by cells of the immune system 

(Grivennikov et al., 2010; Hanahan & Weinberg., 2011).   

Not all mutations acquired during malignant transformation are of equal importance for tumourigenesis. Certain 

‘driver’ mutations promote tumour initiation, progression and maintenance while other ‘passenger’ mutations 

are an incidental consequence of the genomic instability of cancer cells (Haber et al., 2007). Furthermore, 

numerous studies have demonstrated that despite the many genetic and epigenetic abnormalities present in 

cancer cells, they are often highly dependent on the activity of one or a few oncogenes for the maintenance of 

the malignant phenotype. In such cases, the cancer cell is claimed to be ‘addicted’ to the oncogene(s) in question 

(Weinstein et al., 2008). The excessive dependency on the oncogenic pathway to which the cancer cell is addicted 

presents the clinician with a ‘therapeutic window’ (Luo et al., 2009). Inhibition of the relevant oncoprotein or 

pathway may yield dramatic responses with modest, or at least manageable, adverse effects. This provides a 

strong rationale for molecular targeted therapeutics over traditional cytotoxic chemotherapeutics. 

Tumour-promoting chronic inflammation within the tumour microenvironment, sustained proliferation through 

deregulation of the cell cycle and induction of metastasis by epithelial-mesenchymal transition are particularly 

relevant cancer hallmarks to this study. The normal regulation of these processes, and their aberrant regulation 

in cancer, is briefly discussed. 

1.1.2 Cell cycle control and cancer 

The cell cycle has four sequential phases (Figure 1.1). Arguably the most crucial are S phase (DNA synthesis), 

when DNA is replicated, and M phase (mitosis), when cell division occurs to generate two daughter cells. 

Separating S and M phases are two gap phases, G1 and G2. G1 is a phase of cell growth, where cellular contents 

other than the chromosomes are synthesised and the cell is sensitive to positive and negative signals from growth 

factor signalling networks. G2 is a period where the cell prepares for cell division and ensures that the newly 

replicated DNA is free of errors or damage. Progression through each of these phases is controlled via numerous 

mechanisms that impinge on the cyclin-dependent kinases (CDKs) (van den Heuvel & Harlow, 1993). A major 
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form of CDK regulation is at the level of the expression of their cognate cyclin interaction partners (Evans et al., 

1983; Hunter & Pines 1994). The expression and degradation of cyclins oscillates throughout the cell cycle, thus 

driving oscillations in the activities of their associated CDKs. CDK-cyclin complex formation contributes to 

conformational rearrangements in the CDK active site that lead to CDK activation (Jeffrey et al., 1995). Complete 

activation requires phosphorylation of the activation T loop within the CDK active site (Russo et al., 1996). Cyclins 

also modulate the subcellular localisation of their cognate CDKs and promote the recruitment of various CDK 

substrates (Morgan, 1995). Inhibitory phosphorylation of the activation loop must also typically be removed for 

activation of CDK activity (Lundgren et al., 1995). Active CDKs promote cell cycle progression through the 

phosphorylation of substrates involved in fundamental cellular processes such as DNA replication initiation and 

microtubule formation.  

Figure 1.1. Overview of cell cycle regulation by cyclin-dependent kinases (CDKs) and cell cycle checkpoints. Early in G1 
phase, CDK4 and CDK6 (CDK4/6) are inactive due to the absence of D-type cyclins (CCND). Their activity is also inhibited by 
members of the INK4 family of CDK inhibitors. CDK4/6 are activated by growth factors that promote the accumulation of D-
type cyclins and assembly of CDK4/6-CCND complexes. Key to progression through the G1/S checkpoint is the activity of the 
Rb-E2F transcription complex. In G1-phase uncommitted cells, hypo-phosphorylated, active Rb binds to E2F transcription 
factors, forming an inhibitory complex with HDAC to repress genes required for S phase entry and DNA replication. 
Commitment to enter S-phase is mediated by sequential phosphorylation and inhibition of Rb, first by CDK4/6-CCND and 
subsequently by CDK2-CCNE (cyclin E), which permits E2F-dependent transcription. A variety of stimuli, such as DNA damage 
and replicative senescence, can inhibit CDK2-CCNE activity and hence progression through the G1/S checkpoint, largely 
through the activity of CIP- or KIP-type inhibitors, such as p21CIP1 and p27KIP1. Progression through S phase is largely driven 
by CDK2-CCNA (cyclin A) complexes. Detection of DNA damage during DNA replication triggers a pause in S-phase, known as 
the intra-S-phase-checkpoint, to facilitate damage repair. Progression through G2 and into mitosis (M phase) is controlled by 
CDK1-CCNA and later CDK1-CCNB (cyclin B1). The G2/M checkpoint serves to prevent the cell from entering M-phase with 
genomic DNA damage. DNA damage leads to the activation of ATM and ATR kinases, which in turn activate Chk1 and Chk2 
and induce the stabilisation of p53, which subsequently mediate three major mechanism controlling entry into G2/M: 1) 
Inhibition of CDK1 kinase activity; for example, Chk kinases inactivate CDC25 family phosphatases (such as CDC25C) that are 
required to dephosphorylate inhibitory phosphorylation sites on CDK1. 2) Inhibition of complex formation between CDK1 and 
cyclin B1; for example, 14-3-3σ induced by p53 promotes the nuclear export of cyclin B1. 3) Inhibition of the expression of 
genes required for progression through mitosis.  
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Throughout the cell cycle there are numerous ‘checkpoints’ at which the cell cycle can be arrested until 

conditions favourable for continued cell division are met (Murray, 1992). These include the G1/S checkpoint 

(restriction point), the intra-S-phase checkpoint, the G2/M checkpoint and the spindle checkpoint (metaphase 

checkpoint). The G1/S checkpoint controls commitment to cell division, is promoted by DNA damage and other 

stresses, and is primarily controlled by sequential activity of CDK4/6-Cyclin D and CDK2-Cyclin E complexes that 

relieve the inhibition of E2F transcription factors through the phosphorylation of the retinoblastoma (Rb) protein 

(Bartek & Lukas, 2001). The intra-S-phase checkpoint is activated in response to DNA damage and/or replication 

stress to slow DNA replication initiation and elongation and facilitate DNA damage bypass and repair (Bartek et 

al., 2004). Defects in this checkpoint lead to genomic instability, inability to tolerate DNA damage during DNA 

synthesis and cancer predisposition. The G2/M checkpoint is also activated in response to DNA damage and 

prevents initiation of mitosis prior to the repair of DNA damage (Löbrich et al., 2007). Progression through G2 

and into mitosis (M phase) is controlled by CDK1-Cyclin A and later CDK1-Cyclin B1 complexes (Nurse, 1990). 

Numerous mechanisms are activated following the detection of DNA damage to rapidly inhibit CDK1 activity and 

invoke the G2/M checkpoint. For example, WEE1 kinase is activated and promotes the inhibitory phosphorylation 

of CDK1 at T14/Y15, while CDC25 phosphatase proteins are inhibited to prevent dephosphorylation of these 

inhibitory phosphorylation sites (Kumagai & Dunphy, 1991; Lundgren et al., 1991; Strausfeld & Labbe, 1991). 

Long term arrest at the G2/M checkpoint is mediated by effects of p53 on gene expression (Bunz et al., 1998). 

For example, p53 represses the expression of various genes required for progression into, and through, mitosis 

such as CDC20, cyclin B1, Securin and CDC25C, and induces genes such as 14-3-3σ that promote the nuclear 

export and degradation of cyclin B1, and p21CIP1, which inhibits CDK1-Cyclin B1 complexes (Taylor & Stark., 2001). 

Finally, during mitosis a spindle assembly checkpoint delays cell division until accurate kinetochore attachment 

of the chromosomes to the microtubule spindle apparatus is confirmed (Musacchio & Salmon, 2007). The E3 

ubiquitin ligase, anaphase promoting complex, or cyclosome (APC/C) is the main site of regulation for the control 

of the spindle checkpoint (Li & Zhang, 2009). APC/C promotes the proteasomal degradation of substrates, such 

as securin and cyclin B1 that promote separation of sister chromatids, and mitotic exit, respectively.  

Sustained proliferation is arguably the most fundamental hallmark of cancer cells, and is a direct consequence 

of cell cycle deregulation. Tumour cells evolve mechanisms to evade normal cell cycle controls and sustain 

proliferation in the absence of growth factor signals (Hartwell & Kastan, 1994). A common mechanism by which 

tumour cells acquire constitutive pro-proliferative signals is through the activating mutation of components of 

signalling pathways, such as RAF-MEK1/2-ERK1/2 and NF-κB. Furthermore, the intra-S-phase, G2/M and spindle 

assembly checkpoints all act to maintain genome integrity. Their defective function in cancer contributes to 

chromosomal rearrangements that promote tumorigenesis.   

1.1.3 Epithelial to mesenchymal transition and cancer 

Carcinomas, malignancies of epithelial tissue, account for 80-90% of all cancers (CRUK statistics). Epithelial cells 

exhibit an apico-basal axis of polarity, form tight contacts with each other through specialised cell-cell adhesions 

and attach to the basement membrane within the epithelial layer (Hay, 1968). In this way, epithelia function as 

permeability barriers that help to define tissues and organs. Mesenchymal cells, on the other hand, exhibit a 

spindly, fibroblastic cell morphology and are loosely organised within a three-dimensional extracellular matrix 
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(ECM). During embryonic development, conversion of cells with an epithelial phenotype to those with a 

mesenchymal phenotype is a critical process referred to as epithelial-mesenchymal transition (EMT) (Hay et al., 

1995; Thiery et al., 2009). Later in life, EMT is also important for wound healing, organ fibrosis and tissue 

regeneration (Strutz et al., 1995). However, EMT also constitutes a core mechanism of tumour progression and 

chemoresistance, with tumour cells undergoing EMT characterised by a resistance to apoptosis and an enhanced 

motility and invasiveness that favours their dissemination and formation of metastases (Brabletz et al., 2001; 

Thiery et al., 2002). EMT is promoted during tumourigenesis via both cell autonomous mechanisms, such as 

somatic genetic and epigenetic alterations, including oncogenic BRAF/KRAS mutations (Dong et al., 2003; Shao 

et al., 2014), and, cell extrinsic mechanisms, such as stimuli from the tumour microenvironment (Talbot et al., 

2012). Inflammatory cytokines and growth factors activate several signalling pathways, including 

phosphoinositide 3-kinase (PI3K)-AKT, RAF-MEK1/2-ERK1/2, Wnt and NF-κB that initiate the EMT transcriptional 

program. This is orchestrated by a cohort of master transcription factors, including SNAI1, SNAI2, TWIST1, ZEB1 

and ZEB2 that induce EMT in part by repressing CDH1 (E-cadherin) transcription, and regulating numerous other 

genes involved in cell-cell contact, motility and cytoskeletal organisation (Yang and Weinberg 2008). Loss of 

CDH1, an important cell-cell adhesion protein, is a defining feature of EMT in tumour development (Hirohashi 

1998).  

1.1.4 Inflammation and cancer 

Chronic inflammation is now widely appreciated to contribute to numerous stages in tumorigenesis, including 

initiation, promotion, malignant conversion, invasion, metastasis and has impacts on immune surveillance and 

chemoresistance (Coussens & Werb, 2001). An inflammatory ‘tumour microenvironment’ (TME) consisting of the 

extracellular matrix, stroma (including cancer-associated fibroblasts (CAFs) endothelial cells and mesenchymal 

cells), innate immune cells (including macrophages, dendritic cells, neutrophils etc), adaptive immune cells 

(including T and B lymphocytes) and capillary networks is an intrinsic component of most, if not all, solid tumours 

(Quail & Joyce, 2013). In the developing TME, antitumorigenic (tissue protective and immune surveillance 

responses) and protumorigenic immune and inflammatory mechanisms coexist, but over time, and in the 

absence of tumour rejection, chronic inflammatory conditions enable protumorigenic effects to dominate 

(Grivennikov et al., 2010). The various types of inflammation, and the mechanisms by which they can contribute 

to tumourigenesis is highlighted in Figure 1.2. Signalling pathways induced by inflammatory cytokines, such as 

Tumour-necrosis factor-α (TNFα) and interleukins, which activate transcription factors such as NF-κB, AP-1 and 

STAT3, mediate the various protumorigenic effects of inflammation. Many of these pathways operate in feed-

forward loops that contribute to increase and sustain inflammation. For example, NF-κB activation in TME 

immune cells promotes the secretion of cytokines that activate NF-κB in cancer cells to induce the secretion of 

chemokines that draw yet more inflammatory cells into the tumour site. Some of the mechanisms by which 

inflammatory cytokine-induced NF-κB signalling can contribute to inflammation-associated tumourigenesis, 

particularly colorectal cancer, will be discussed in Section 1.4. 
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Figure 1.2. Overview of the mechanisms by which different forms of inflammation can contribute to tumour development.  
Prolonged exposure to various environmental factors, such as particulate matter from tobacco smoke, asbestos and silica 
particles, and dietary factors such as obesity can contribute to the initiation tumourigenesis through induction of a low-grade 
chronic inflammatory state that promotes acquisition of oncogenic mutations, genomic instability, early tumour promotion 
and increased angiogenesis. Similar mechanisms are associated with the chronic inflammatory state induced by certain 
infectious/autoimmune diseases. For example, persistent Helicobacter pylori infection is associated with MALT lymphoma 
and gastric cancer, while inflammatory bowel disease greatly increases the chance of colorectal cancer. Following initiation 
of tumourigenesis, most, if not all, solid tumours develop a protumourigenic microenvironment that contributes to an 
intrinsic inflammatory response. Various oncogenes, such as RAS and MYC contribute to remodelling the tumour 
microenvironment. The inflammatory response can contribute to cancer cell killing, but in cases where the tumour survives 
the chronic inflammatory conditions promote tumour growth/survival, genomic instability, angiogenesis, metastasis and 
immunosuppression. Finally, cancer therapy can itself trigger an inflammatory response that contributes to resistance to 
therapy and relapse through tissue trauma/injury and necrosis. In some cases, therapy-induced inflammation can promote 
antigen presentation, and contribute to cancer cell killing. Protumourigenic mechanisms are in red and antitumourigenic 
mechanisms are in blue. (Adapted from Grivennikov et al., 2010). 
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1.2 TNF receptor family signalling 

1.2.1 Overview 

Tumour necrosis factor (TNF)-α is the prototypic member of a large family of cytokines, the TNF-ligand 

superfamily, all of which exhibit pro-inflammatory activity. It is a 34 kDa type II transmembrane protein that has 

signalling potential both as a homotrimeric membrane-integrated protein (mTNF) and as a soluble 17 kDa 

homotrimeric cytokine (sTNF) released after proteolytic cleavage by the metalloprotease, TNFα converting 

enzyme (TACE) (Black et al., 1995). sTNF is the endocrine form that circulates in the blood. Both forms mediate 

their biological functions through binding to members of the TNF receptor (TNF-R) family: TNF-R1, which is 

constitutively expressed in most tissues and TNF-R2, which is expressed selectively on endothelial cells and 

immune cells, and whose function is mostly limited to the immune system (Locksley et al., 2001). mTNF is a more 

potent ligand for TNFR2. TNF-α is mainly expressed by activated monocytes/macrophages and activated natural 

killer (NK) and T cells, but also by various non-immune cells, including endothelial cells, fibroblasts and neuronal 

cells. Many cancer cells, including colon, lung, pancreatic, ovarian etc also constitutively secrete TNFα in an 

autocrine manner (Sati et al., 1999; Petersen et al., 2007; Zins et al., 2007).   

TNF-α was initially discovered and named as a result of its antitumour activity, specifically its ability to kill mouse 

fibrosarcoma cells (Carswell et al., 1975). TNF-α has since been characterized as one of the major pro-

inflammatory mediators. Induced by various pathogenic stimuli (including LPS and other bacterial antigens), TNF-

α orchestrates multiple aspects of inflammation, and innate and adaptive immunity. The pro-inflammatory 

effects of TNF-α are primarily due to its ability to activate NF-κB signalling (see Section 1.5), which leads to the 

expression of inflammatory genes, cell adhesion molecules, cytokines, chemokines, inducible nitric oxide 

synthase (iNOS) etc (Pfeffer, 2003). However, deregulated TNF-α signalling is involved in a number of pathological 

processes, including diseases of chronic inflammation and autoimmunity, and cancer (Körner and Sedgwick, 

1996; Aggarwal, 2003). 

TNF-α induces TNF-R trimerization and activation leading to recruitment of intracellular adaptor proteins that 

activate multiple signalling events, including the NF-κB pathway, the mitogen-activated protein kinase (MAPK) 

pathways, JNK and p38, and cell death pathways (Figure 1.3). Under certain circumstances, TNFR signalling can 

also activate the RAF-MEK1/2-ERK1/2 pathway. TNFR1 is the predominant receptor of epithelial cells, and so will 

be the focus here. Mention of the NF-κB signalling pathway will be saved for Section 1.2.3. 

1.2.2 TNFR1 signalling 

1.2.2.1 TNF-α-induced cell death 

TNFR1 is classified as a death receptor, due to its cytoplasmic death domains (DD) (Boldin et al., 1995). However, 

the mechanism of cell death induction by TNFR1 is more complex than other death receptors, such as FAS 

(Micheau and Tschopp, 2003). The in vivo death-inducing capability of TNF-R1 is weak compared to other family 

members, the kinetics are slower and it typically plays a minor role compared to its predominant functions in 

inflammation and cell survival (Ashkenazi and Dixit, 1998). This is largely due to the strong, early and concomitant 

activation of anti-apoptotic NF-κB signalling that masks the death-inducing capability of TNF-α; NF-κB pro-
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survival gene products, such as c-FLIP, XIAP, cIAP1/2, GADD45β, BCL2, BCL-xL and survivin, counteract TNF-α 

apoptotic signalling (Beg and Baltimore, 1996; Kreuz et al., 2001; Smaele et al., 2001). As evidence of this, mice 

deficient in the NF-κB signalling pathway components, p65, I kappa B kinase β (IKKβ) or NF-kappa-B essential 

modulator (NEMO) die early in embryogenesis due to massive TNFα-dependent liver apoptosis (Beg et al., 1995; 

Li et al., 1999b; Rudolph et al., 2000). Furthermore, inhibitors of NF-κB signalling are able to unmask the death-

inducing capabilities of TNF-α; luteolin, a plant flavonoid that inhibits TNF-α-induced NF-ᴋB activation, has been 

shown to sensitize colorectal cancer (CRC) cells to TNF-α-induced apoptotic cell death (Shi et al., 2004). While 

other death receptors such as FAS are also able to activate the NF-κB pathway, apoptosis induction by these 

receptors is dominant over NF-κB activation (Lavrik et al., 2005). This is partly due to the fact that the adaptor 

TNFR-associated factor 2 (TRAF2), which is a major component of the TNF-R1 signalling complex, but not other 

death receptors, is able to recruit the antiapoptotic, NF-κB-induced cellular inhibitor of apoptosis proteins 

(cIAP1/2), which interfere with cell death signalling via TNFR1 (Shu et al., 1996). Receptor-interacting 

serine/threonine protein kinase (RIP1), is the target of cIAP1/2 regulation, and is the important molecular switch 

that determines whether cell death or survival predominates (O’Donnell et al., 2007). cIAP1/2-mediated K63-

linked polyubiquitination of RIP1 ensures TNF-driven NF-κB survival signalling predominates (discussed in more 

detail in Section 1.3) (Ea et al., 2006; Li et al., 2006). Under conditions of low RIP1 ubiquitination, TNF-driven cell 

death signalling takes over. Two different mechanisms lead to generation of non-ubiquiylated RIP1 kinase (Wang 

et al., 2008). The deubiquitylase, cylindromatosis (CYLD) associates with TRAF2 and removes K63- and M1-linked 

polyubiquitin chains from RIP1, causing it to dissociate from the membrane bound TNFR1 signalling complex 

(Kovalenko et al., 2003; Wang et al., 2008). This dissociated, deubiquitylated RIP1 interacts with TNFR-associated 

death domain protein (TRADD), FAS-associated death domain protein (FADD), pro-caspase 8 and FLICE-like 

inhibitory protein (FLIPL) to form the cytosolic complex IIa, which subsequently leads to the autocatalytic cleavage 

and activation of pro-caspase 8, triggering the downstream apoptotic caspase cascade (Micheau et al., 2002; 

Micheau and Tschopp, 2003). Alternatively, under conditions of cIAP1/2 depletion or inhibition, RIP1 does not 

become ubiquitylated in response to TNFα and dissociates from the membrane and interacts with RIP3, pro-

caspase 8 and FLIPL to form complex IIb, also known as the ripoptosome (Feoktistova et al., 2011). Activation of 

pro-caspase 8 occurs in a similar manner. cIAP1/2 degradation can be induced by release of second mitochondria-

derived activator caspase (SMAC) (Du et al., 2000). In the case of both complex IIa and IIb, cleavage and 

inactivation of cytosolic RIP1/RIP3 that is not incorporated into the complexes by pro-caspase8-FLIPL is essential 

to prevent activation of necroptosis (Holler et al., 2000; Zhang et al., 2009; Oberst et al., 2011). Under conditions 

of caspase inactivity, RIP1 and RIP3 form microfilaments called necrosomses, in a process dependent on MLKL 

kinase activity, and necroptosis dominates as the mechanism of TNFα-induced cell death (Li et al., 2012; Sun et 

al., 2012). 

Many physiological factors can shift the balance of TNFα signalling from NF-κB-dependent survival in favour of 

apoptosis. For example, TNFα stimulation can also induce the production of reactive oxygen species (ROS), high, 

sustained levels of which can promote either apoptotic or necroptotic cell death under certain circumstances 

(Sakon et al., 2003). TNFR1 engagement activates the NADPH oxidase 1/2 (NOX1/2) complex, which converts 

extracellular O2 into O2-, which superoxide dismutase 3 (SOD3) converts into H2O2 (Kim et al., 2007). This diffuses 

into the cell to act as a major source of ROS that preferentially activates necroptosis. Furthermore, as part of cell 



9 
 

death-inducing complex II, activated caspase 8 interacts with ROS modulator-1 (ROMO1) in the mitochondrial 

outer membrane, which in turn sequesters Bcl-XL to reduce the mitochondrial membrane potential and lead to 

enhanced ROS production (Kim et al., 2010). The enhanced ROS production can, in turn, activate JNK through 

inhibition of MAPK phosphatases (Kamata et al., 2005) and activation of the upstream kinase Apoptosis signal-

regulating kinase 1 (ASK1) (Liu et al., 2000). The consequent sustained JNK activation promotes mitochondrial 

outer-membrane permeabilisation (MOMP) via a mechanism involving caspase-independent cleavage of BID to 

generate the cleavage product jBID (not to be confused with the caspase-8/10 cleavage product, tBID), which 

leads to SMAC release and subsequent promotion of caspase 8 activation and apoptosis (Deng et al., 2003). ROS 

might also inhibit NF-κB activation to promote cell death (Shen et al., 2005; Morgan et al., 2011). However, this 

is controversial as there is also significant evidence that mitochondrial ROS might promote TNF-mediated NF-κB 

activation under certain circumstances (Hughes et al., 2005). Ongoing apoptosis can also interfere with NF-κB 

activation due to caspase-mediated cleavage of several NF-κB pathway components, such as RIP, IκBα, IKKβ and 

p65 (Staal et al., 2011).  

 

Figure 1.3. Overview of TNF-receptor 1 (TNFR1) signalling. TNFα signalling through TNFR1 is capable of activating p38 (A), 
JNK (B) and ERK (C) MAPK pathways, the canonical NF-κB pathway (D), and cell death pathways, both apoptotic (E) and 
necrotic. TNFα binding to the extracellular domain of the receptor leads to translocation of TNFR1 to lipid rafts and to the 
recruitment of TNFR-associated death domain protein (TRADD) to the cytoplasmic death domains of TNFR1. TRADD, in turn, 
recruits the receptor-interacting serine/threonine protein kinase (RIP), and subsequently TNFR-associated factor 2 (TRAF2) 
or TRAF5 and cellular inhibitor of apoptosis protein 1 (cIAP1) or cIAP2 to assemble the TNFR1 complex I, which directs 
downstream signalling events to mitogen-activated kinase (MAPK) and NF-κB pathways. cIAP1 and cIAP2 are E3 ubiquitin 
ligases that generate K63-linked polubiquitin chains on RIP1 and other components of the complex. This is necessary to recruit 
the linear ubiquitin chain assembly complex (LUBAC), which consists of three proteins: hame-oxidized IRP2 ubiquitin ligase 1 
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(HOIL1), HOIL1-interacting protein (HOIP) and SHANK-associated RH domain-interacting protein (SHARPIN). LUBAC stabilises 
complex I by catalysing the attachment of linear M1-linked polyubiquitin chains, typically to RIP1. K63-polyubiquitylated RIP1 
also recruits TGFβ-activated kinase 1 and MAP3K7-binding protein (TAB2) and TAB3 (and possibly TAB1), in addition to its 
binding partner TGFβ-activated kinase 1 (TAK1). TAK1 is the primary mitogen-activated protein kinase kinase kinase (MAPKKK) 
that activates the p38 and JNK MAPK pathways downstream of TNFR1. Other kinases can also perform this role, including 
ASK1 and MLK2/3, which are activated by reactive oxygen species (ROS) generated during prolonged TNFα stimulation. In 
turn, p38 and JNK are activated downstream of MKK3/6 and MKK4/7 respectively, and translocate into the nucleus where 
they activate various AP-1 family transcription factors. LUBAC-mediated M1-linked linear polyubiquitylation of RIP1, 
meanwhile promotes the recruitment of NEMO, as part of the IKK complex. The membrane proximal recruitment of the IKK 
complex leads to the phosphorylation and activation of the IKK kinases, IKKα and IKKβ, in a mechanism involving TAK1-
dependent phosphorylation, and possibly trans-autophosphorylation of IKK subunits. Activated IKK then phosphorylates IκB 
proteins to activate the NF-κB pathway and promote cell survival, proliferation etc. TNFR1 signalling can also induce cell death 
under certain conditions. This involves formation of either of two cytosolic complexes containing RIP1, complexes IIa or IIb. 
The polyubiquitylation of RIP1 by cIAP1/2 is not only important to activate NF-κB-dependent survival signalling, but also to 
prevent formation of complex IIa/b and thus death induction. Conditions of low RIP1 polyubiquitylation lead to formation of 
complex II. For example, activation of the deubiquitylase enzyme cylindromatosis (CYLD), leads to the deubiquitylation of 
RIP1 and hence triggers formation of complex IIa, which contains TRADD, FAS-associated death domain protein (FADD), pro-
caspase 8 and FLICE-like inhibitory protein (FLIP). Conditions where cIAP1/2 activity is depleted, such that RIP1 is not 
ubiquitylated in the first place, triggers formation of complex IIb (also called the Ripoptosome), which contains RIP1, FADD, 
pro-caspase 8, FLIP and RIP3. Cleavage of RIP1/RIP3 leads to apoptosis, whereas the absence of RIP cleavage, due to caspase 
inhibition leads to necroptosis. Pro-caspase is cleaved to generate active caspase8, which is released from complex II to carry 
out cleavage reactions (e.g. of effector caspases, such as pro-caspase-7) that induce classical apoptosis. 

 

1.2.2.2 TNF-α-induced JNK and p38-MAPK signalling 

TNF-α induces a strong activation of the stress-activated protein kinase (SAPK)/c-JUN N-terminal kinase (JNK) 

group of kinases (Vietor et al., 1993). Such activation occurs via a TRAF2-dependent pathway downstream of 

TNFR1 (Figure 1.3) (Baud et al., 1999). TRAF2 recruits and activates Mitogen-activated protein kinase kinase 

kinase kinases (MAP4K1-6) of the germinal center kinase (GCK) family, which in turn activate various MAP3Ks, 

including TAK1, MEKK1/4, MLK2/3, DLK1 etc (Shi et al., 1997; Yuasa et al., 1998; Shi et al., 1999; Yao et al., 1999). 

Subsequently, they phosphorylate and activate the downstream kinases MKK4 and MKK7 (Moriguchi et al., 

1997). Evidence from knockout mice suggests that MKK7 is essential for TNF-mediated JNK activation, while 

MKK4 is insufficient alone, but contributes to optimal JNK activation (Lawler et al., 1998; Tournier et al., 2001). 

Apoptosis signal-regulated kinase-1 (ASK1) can also be activated directly by TRAF2 to activate MKK4/7 (Ichijo et 

al., 1997; Nishitoh et al., 1998), and independently as a result of increased reactive oxygen species (ROS) of 

mitochondrial origin that are induced by TNF-R1 stimulation under apoptotic conditions (Goldman et al., 2004). 

Activated MKK4/MKK7 coordinate to phosphorylate JNKs at T183 and Y185 leading to JNK dimerization and 

nuclear translocation where they phosphorylate and activate/repress the activity of numerous transcription 

factors, most notably JUN, but also various other members of the activator protein-1 (AP-1) family (Whitmarsh 

and Davis, 1996). For example, JNK activates c-JUN, ATF2, SMAD4 and p53 and represses STAT3.  As such, JNK 

activity regulates several important cellular functions including proliferation, differentiation, cytokine 

production, survival and apoptosis.  

TNF-α also activates the p38-MAPK (p38-α, β, γ and δ) signalling cascade (Lee et al., 1994). The mechanism of 

activation is similar to that of JNK activation, involving TRAF2-dependent recruitment of MAPKKKs, including  

TGFβ-activated kinase 1 (TAK1), as well as activation of ASK1 (Cuadrado et al., 2010). However, the GCK family 

of MAP4Ks that activate JNK downstream of TNFR1 are unable to stimulate the p38-MAPK cascade, while RIP 

kinase plays a more prominent role in p38-MAPK activation (Yuasa et al., 1998). The MAPKKKs and ASK1 

phosphorylate and activate the downstream kinases MKK3/6, which in turn phosphorylate and activate p38-
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MAPKs at T180 and Y182 (Dérijard et al., 1995; Raingeaud et al., 1996). Activated p38 MAPKs subsequently 

translocate to the nucleus to phosphorylate several TFs involved in regulation of proliferation, differentiation, 

apoptosis and cytokine production (Kostenko et al., 2011).  

1.3 NF-κB signalling 

1.3.1 Overview 

There are five members of the NF-κB transcription factor family: RelA (p65), RelB, c-Rel, NF-κB1 (p50 and its 

precursor p105) and NF-κB2 (p52 and its precursor p100). All members share a conserved Rel homology domain 

(RHD) that enables them to associate with each other to form a diverse array of transcriptionally active homo- 

and heterodimeric complexes. In most unstimulated cells, NF-ᴋB dimers are generally bound to a member of the 

IκB family of proteins, which maintain the cytoplasmic steady state localisation of NF-κB dimers and inhibit their 

DNA-binding activity. The precursor proteins p100 and p105 also contain ankyrin repeat domains, which are 

cleaved upon processing to p52/p50, such that they comprise internal inhibitors of NF-κB dimers. IKK-dependent 

phosphorylation of IκB proteins targets them for subsequent proteasomal-degradation/processing and thus 

liberates NF-κB dimers to translocate to the nucleus and bind to their cognate gene promoters to regulate gene 

expression. 

The activity of NF-κB dimers is regulated by several distinct pathways. The first is the canonical pathway, which 

is induced by pro-inflammatory cytokines, such as TNF-α and IL-1, engagement of antigen receptors, such as the 

T- and B-cell receptor, pathogen-associated molecules such as bacterial flagellin and lipopolysaccharides (LPS) 

and growth factors, such as NGF (see Section 1.3.2 and Figure 1.5). Engagement of this pathway results in the 

activation of the IKK complex; formed by the catalytic IKKα and IKKβ subunits and the regulatory subunit NEMO 

and primarily regulates p65:p50 and c-Rel:p50 heterodimers (Baldwin, 1996). The non-canonical pathway, 

meanwhile, is stimulated by a more restricted set of cytokines all belonging to the TNF superfamily, including 

BAFF, lymphotoxin β, RANKL, TWEAK, LIGHT and CD40L (Sun, 2011) (Section 1.3.5 and Figure 1.10). Engagement 

of the appropriate receptors leads to the activation of the upstream kinase NF-ᴋB-inducing kinase (NIK), which 

activates IKKα, leading to the phosphorylation and ubiquitin-mediated proteasome-dependent processing of 

p100, the predominant RelB inhibitor, and subsequent nuclear translocation of RelB:p52 complexes (Sun, 2011). 

The canonical and noncanonical NF-κB pathways regulate distinct sets of target genes, in part because IκBα 

degradation and p100/105 processing regulate different populations of NF-κB dimers, and also because different 

dimers have different DNA-binding preferences (Wan & Lenardo, 2009). A number of atypical pathways are also 

capable of activating NF-κB in response to diverse stresses (Section 1.3.6 and Figure 1.11). 
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1.3.2 Canonical NF-κB signalling 

1.3.2.1 The IKK complex 

The many stimuli that activate the canonical NF-κB pathway trigger signalling cascades that ultimately lead to 

the phosphorylation and activation of the I kappa B kinases, IKKα and IKKβ, which, together with the regulatory 

subunit NEMO, make up the IKK complex. IKKα, IKKβ, and two other related kinases, TBK1 and IKKε, constitute 

the IKK family (Pomerantz & Baltimore, 1999; Shimada et al., 1999). The kinase domains of TBK1 and IKKε share 

approximately 30% sequence identity with IKKα and IKKβ, and they exhibit similar domain organisation (Kishore 

et al., 2002). They also participate in various capacities within the NF-κB pathway, but are not involved in IκBα 

phosphorylation within the canonical NF-κB signalling pathway (Hacker et al., 2006). As such, the following 

discussion will be limited to IKKα and IKKβ.  

 

Figure 1.4. Domain organisation of members of the IKK complex. (A) Domain organisation of NEMO, IKKα and IKKβ. NEMO 
contains two alpha helical regions (αH1 and αH2), two elongated coiled coil domains (CC1 and CC2), a leucine zipper (LZ) 
domain, and a zinc finger (ZF) domain. S31, S43, S68, S85 and S376 are putative IKKβ phosphorylation sites. S68 is an ATM 
phosphorylation site. K277 is a PIASy SUMOylation site. K285, K309 and K399 are well characterised ubiquitin linkage sites. 
Both IKKα and IKKβ contain an N-terminal bilobed kinase domain, a conserved ubiquitin-like domain (ULD) and a 
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scaffold/dimerization domain (SDD). At the C-terminus, both kinases contain a NEMO-binding domain (NBD). Phosphorylation 
of the T-loop serines – S176 and S180 for IKKα, S177 and S181 for IKKβ – is critical for kinase activity. T23 in IKKα is 
phosphorylated by AKT downstream of TNFR2. IKKβ contains a number of serine residues at its C-terminus that undergo 
autophosphorylation and decrease IKK activity following stimulation with TNFα. (B) Crystallographic structure of Xenopus 
laevis IKKβ (xIKKβ) protomer showing tri-modular architecture of KD (N-lobe, orange. C-lobe, yellow), ULD (magenta) and the 
elongated, α-helical SDD (blue). (C) Crystallographic structure of an xIKKβ dimer. Dimerization is mediated by the SDD. (D) 
Crystallographic structure of human IKKα (hIKKα) protomer with similar tri-modular architecture as IKKβ. (E) Crystallographic 
model of a hIKKα showing highly similar dimer interface mediated by SDD domains compared to IKKβ. Crystal structures for 
IKKα and IKKβ taken from Polley et al., 2016, and Xu et al., 2011, respectively. 

 

IKKα and IKKβ are ubiquitously expressed serine/threonine kinases with 52% sequence identity and 70% 

homology (Mercurio et al., 1997). They also share highly similar domain organisation and tertiary structure, as 

demonstrated by the recent X-ray crystal structures of human IKKα and IKKβ (Figure 1.4) (Xu et al., 2011; Polley 

et al., 2016). The structures demonstrated that both IKKα and IKKβ exhibit a trimodular architecture. In each 

case, the bilobed N-terminal kinase domain (KD) is followed by a ubiquitin-like domain (ULD) and an elongated 

α-helical scaffold/dimerization domain (SDD). Although not resolved in any structures to data, both IKKα and 

IKKβ contain a NEMO-binding domain (NBD) at their C-termini, which is essential for their ability to activate the 

NF-κB pathway (May et al., 2002). Both IKKα and IKKβ were predicted to contain a leucine zipper (LZ) and helix-

loop-helix (HLH) domain, however these sequences were found instead to be part of the SDD (Kwak  et al., 2000). 

The crystal structures confirmed what was predicted from biochemical techniques; that both IKKα and IKKβ form 

stable dimers (Drew et al., 2007). The SDD of both IKKα and IKKβ mediate dimerization (Figure 1.4C and E). IKKα 

and IKKβ are capable of forming both homo- and heterodimers (Huynh et al., 2000). The minimum stable 

composition of the canonical IKK complex is thought to be an IKKα:IKKβ heterodimer bound to a dimer of NEMO 

subunits, although, as will be discussed in detail in Chapter 4, the exact composition of the IKK complex in vivo is 

still a matter of great debate, and may involve higher order oligomerization (Krappmann et al., 2000; Miller & 

Zandi, 2001).  

Despite having only 21.1% sequence identity with human ubiquitin (in the case of IKKβ), the ULD of IKKα and 

IKKβ both exhibit the ubiquitin fold. Curiously, the ULD was not expected from the IKKα sequence (May et al., 

2004), but its presence was confirmed by the recent X-ray crystal structure of human IKKα (Polley et al., 2016). 

Furthermore, deletion of the ULD renders IKKβ unable to phosphorylate IκBα, but deletion of the same region in 

IKKα seemingly had no effect (May et al., 2004). This discrepancy has not yet been investigated. The crystal 

structure of IKKβ offered some explanation as to the functional significance of the ULD for IKK activity (Xu et al., 

2011). Structure-guided deletion mutants demonstrated that the ULD-SDD domains interact with the C-terminal 

PEST region of IκBα and may specifically position IκBα in such a way that only its N-terminal region (and the sites 
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of S32 and S36 phosphorylated by IKKβ) is accessible to the IKKβ catalytic site, while the ULD domain itself 

allosterically potentiates kinase domain activity.  

 

Figure 1.5. Overview of the canonical NF-κB signalling pathway. The mechanism of activation of canonical NF-κB signalling 
pathway is best characterised for inflammatory cytokines, such as IL-1 and TNFα. (A) Binding of IL-1α or IL-1β to the 
interleukin-1 receptor (IL-1R) leads to the assembly of the so-called ‘Myddosome’, which is an oligomeric structure consisting 
of the adaptor protein MyD88, IL-1 Receptor (IL-1R)-Associated Kinase 4 (IRAK4), IRAK1 and IRAK2. IRAK4 activates IRAK1, 
allowing IRAK1 to autophosphorylate and subsequently phosphorylate the E3-ligase Pellino-1, which in turn causes K63-
polyubiquitylation of IRAK1. This leads to the recruitment and activation of TRAF6, which along with the E2-conjugating 
complex Ubc13-Uev1a, generates K63-linked polyubiquitin chains that serve to recruit and activate the TAK1 complex or 
TAB1/2/3-TAK1. K63-linked chains also serve as a substrate for the LUBAC complex, which conjugates M1-linked ubiquitin to 
these oligomers, to generate M1-K63-linked hybrid ubiquitin chains. The IKK complex is recruited to this complex through 
interaction of NEMO with M1-linked chains. The colocalisation of TAK1 and IKK to ubiquitin chains leads to activation of the 
IKK complex, which subsequently phosphorylates IκBα to activate the NF-κB pathway. (B) TNFα binding to the extracellular 
domain of the receptor leads to translocation of TNFR1 to lipid rafts and to the recruitment of TRADD to the cytoplasmic 
death domains of TNFR1. TRADD, in turn, recruits RIP kinase, and subsequently TRAF2 or TRAF5 adaptor proteins and cIAP1 
or cIAP2 to assemble the TNFR1 complex I. cIAP1 and cIAP2 generate K63-linked polubiquitin chains on RIP1 and other 
components of the complex. This is necessary to recruit LUBAC, which stabilises complex I by catalysing the attachment of 
linear M1-linked polyubiquitin chains, typically to RIP1. K63-polyubiquitylated RIP1 also the TAK1:TAB complex. LUBAC-
mediated M1-linked linear polyubiquitylation of RIP1, meanwhile promotes the recruitment of NEMO, as part of the IKK 
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complex. Binding of NEMO to ubiquitin chains is thought to induce a conformational change that contributes to the activation 
of associated IKK kinases. Membrane proximal recruitment of IKK kinases also contributes to IKK activation through proximity 
to TAK1, which is thought to prime the activation of IKK via phosphorylation of S176/S177 of IKKα/IKKβ, and through 
oligomerisation of IKK complexes, which is thought to facilitate trans-autophosphorylation of the T loop, leading to full 
activation. The IL-1 and TNFα signalling pathways converge at the activation of the IKK complex, which subsequently 
phosphorylates IκB proteins (at S32 and S36 IκBα). This promotes the recognition of the PEST motif degron within IκBα by β-
TrCP, which is part of the E3 ubiquitin ligase SCFβ-TrCP (S phase kinase-associated protein 1 (SKP1)-cullin 1-F-box protein 
containing β-transducing repeat-containing protein), and its K48-linked ubiquitylation, which targets IκBα for proteasomal 
degradation. This enables NF-κB complexes, such as p65-p50, to accumulate in the nucleus, where they activate NF-κB-
dependent genes involved in survival, proliferation, inflammation, immune regulation, etc. Adapted from Brenner et al., 2015 
and Clark et al., 2013. 

 

Meanwhile, NEMO acts as a scaffold within the IKK complex.  An in-depth overview of the structure and function 

of NEMO will be presented in Chapter 4. In brief, NEMO adopts an elongated, parallel intermolecular coiled coil 

architecture and is composed of two alpha helical regions (αH1 and αH2), two elongated coiled coil domains (CC1 

and CC2), a leucine zipper (LZ) domain, and a zinc finger (ZF) domain (Rothwarf et al., 1998). This elongated 

domain organisation enables NEMO to interact with multiple partners, often simultaneously. The interaction 

with IKK subunits is mediated by parts of the αH1 and CC1 domains at the N-terminus of NEMO, while interaction 

with IκBα, which it recruits to IKK kinase subunits within the IKK complex, is mediated by the ZNF domain at the 

extreme C-terminus (May et al., 2000; Schröfelbauer et al., 2012). The CC2 and LZ domains constitute a ubiquitin 

binding domain known as the ‘ubiquitin binding in ABIN and NEMO’ domain (UBAN), while the ZF domain is also 

able to interact with certain polyubiquitin chains (Cordier et al., 2009; Rahigi et al., 2009). The ability of NEMO 

to interact with ubiquitin chains is essential for IKK activation, as will be discussed shortly in Section 1.3.2.2.  

1.3.2.2 Mechanism of IKK activation  

Our understanding of the precise mechanism by which signals are transmitted from receptor to phosphorylation 

and activation of IKK kinases within the IKK complex is far from complete and remains an area of active research. 

Furthermore, the exact mechanism and the proteins involved appears to depend on the signalling receptor 

engaged. The following discussion will be limited to activation of the canonical NF-κB pathway through ligation 

of the TNFR1 receptor (Figure 1.4), however, a brief description of the activation mechanism downstream of IL-

1R ligation is also provided in the legend of Figure 1.4. 

Receptor proximal events 

Activation of IKKα and IKKβ kinase activity requires the phosphorylation of specific residues in the activation loop 

of their active sites; S176 and S180 for IKKα and S177 and S181 for IKKβ (Mercurio et al., 1997; Delhase et al., 

1999). However, the many different receptors that activate IKK, including TNFR1, lack intrinsic enzymatic activity. 

The receptors rely, therefore, on recruitment to the membrane of a kinase activity capable of phosphorylating 

and fully activating the IKK kinases. Upon binding of soluble TNFα, TNFR1 redistributes to so-called ‘lipid rafts’ in 

the plasma membrane, which are enriched in cholesterol and sphingolipids (Legler et al., 2003). This appears to 

be necessary for TNFα-mediated NF-κB activation. In addition, a ligand-binding induced conformational change 

occurs in the cytoplasmic death domains of the receptor complex, which facilitates the binding of the adaptor 

protein, TRADD (Hsu et al., 1995). Significant evidence suggests that the subsequent recruitment of RIP1, a 

serine/threonine kinase, is essential for assembly of the signalling complex that activates IKK. For example, RIP1 

KOs are deficient in IKK activation (Meylan et al., 2004). Interestingly, however, in most cell types RIP1 kinase 
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activity is dispensable for IKK activation; NF-κB activation is restored following reconstitution with a kinase dead 

mutant (Ting et al., 1996; Devin et al., 2000; Lee et al., 2004). This suggests that RIP1 acts not in a catalytic 

capacity, but as a scaffold/adaptor. RIP1 is able to interact with various other signalling components, including 

NEMO and TRAF adaptors, interactions which are important for canonical NF-κB activation (Hsu et al., 1996). 

RIP1 has been proposed to facilitate oligomerization-induced activation of IKK as a mediator of induced proximity 

between kinase and substrate. Indeed, overexpression or enforced oligomerization of RIP1 leads to IKK activation 

(Hsu et al., 1996; Ting et al., 1996; Inohara et al., 2000). Ubiquitination of RIP1 appears to be integral in the 

recruitment of downstream signalling components. Initially, K63-kinked ubiquitination of RIP1 was thought to be 

the key step in assembly of the receptor-proximal signalling complex (Wertz et al., 2004; Ea et al., 2006; Newton 

et al., 2008). The exact E3 ligase responsible for such ubiquitination has been a matter of debate, but possibly 

involves the combined, possibly redundant, functions of TRAF2/5 and cIAP1/2 complexes (Li et al., 2006; Bertrand 

et al., 2008). Consistent with their importance, TRAF2/5 double knockout cells are defective in IKK activation (Yeh 

et al., 1997; Nakano et al., 1999; Tada et al., 2001), while cIAP1/2 have been shown to be required for TRAF2-

dependent K63-linked ubiquination of RIP1 (Yin et al., 2009). In addition to the controversy surrounding the exact 

RIP1 E3 ligase, however, there are also question marks surrounding the functional relevance of K63-polyubiquitin 

linkage. A knock-down and ubiquitin-replacement strategy has demonstrated that TNFα-dependent IKK 

activation, unlike IL-1β-dependent activation, was largely unaffected by the absence of K63-linked chains (Xu et 

al., 2009). This led to the suggestion that other ubiquitin linkages may be important in IKK activation. Indeed, 

TNFα treatment has since been shown to induce numerous different forms of ubiquitinated RIP1, including K48-

, M1-, K63, and K11-linked ubiquitin chains (Haas et al., 2009; Gerlach et al., 2011; Dynek et al., 2010). Curiously, 

however, only one ubiquitin acceptor site in RIP1, K377, has been determined to date, raising the question of 

whether TNFα signalling induces different populations of modified RIP1, or whether RIP1 is modified via hybrid 

chain linkages (Li et al., 2006). The latter has been demonstrated in the IL-1β-dependent signalling pathway 

(Figure 1.4), but not in the TNFR1 pathway (Emmerich et al., 2013). Such hybrid chains are an attractive 

component of a model for IKK activation, as they would enable co-localisation of different signalling components 

required for IKK complex phosphorylation on the same polyubiquitin chain. 

A key step in illuminating the role of ubiquitination in TNFR1 signalling was the identification of a new component 

of the signalling complex, the ‘linear ubiquitin chains assembly complex’ (LUBAC) (Haas et al., 2009).  LUBAC is 

formed of three subunits; heme-oxidised iron regulatory protein 2 ubiquitin ligase 1 (HOIL1), HOIL-interacting 

protein (HOIP) and SHANK-associated RH domain-interacting protein (SHARPIN) (Hass et al., 2009; Tokunaga et 

al., 2009; Ikeda et al., 2011; Tokunaga et al., 2011). Recruitment of this complex to the assembling signalosome 

depends on the K63-polyubiquitin activity of cIAP1/2, and recruitment is enhanced by, but not entirely 

dependent on, the presence of RIP1. LUBAC catalyses the attachment of M1-linked polyubiquitin chains to RIP1, 

and possibly other signalling components including NEMO (Hsu et al., 1996; Haas et al., 2009; Kirisako et al., 

2006). Such ubiquitination is thought to contribute to stabilisation of the TNFR1 signalling complex, recruitment 

of NEMO and, in turn, full activation of NF-κB by TNFα (Rahigi et al., 2009; Tokunaga et al., 2009). Significant 

questions remain, however, regarding the relevance of LUBAC, and particularly SHARPIN, to NF-κB activation. 

For example, SHARPIN-deficient mice are born normal, unlike core NF-κB components, exhibit robust NF-κB gene 

signatures and exhibit IL-1-dependent inflammatory phenotypes later in life (Gerlach et al., 2011).  
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The various ubiquitin chains attached to RIP1 by LUBAC/cIAP1/2/TRAF2/5 appear to be important in facilitating 

the recruitment of NEMO, and hence the IKK complex, to the signalling complex. NEMO is able to interact with 

linear M1-linked chains via its UBAN domain (Lo et al., 2009; Rahigi et al., 2009), and with K63- and K11-linked 

chains via UBAN and ZF domains (Cordier et al., 2009; Dynek et al., 2010; Ngadjeau et al., 2013). An L329P 

mutation in the UBAN domain has been demonstrated to abrogate binding to K63-linked polyubiquitin, binding 

of NEMO to RIP1, the recruitment of IKK to TNFR1, and the activation of IKK and NF-κB in TNFα-stimulated cells 

(Wu et al., 2006a). Notably, however, NEMO interacts with M1-linked ubiquitin with a 100-fold higher affinity 

than K63-ubiquitin (Rahigi et al., 2009). Interaction of NEMO with ubiquitin chains is essential for activation of 

IKK in response to TNFα as cells expressing NEMO mutants that are unable to interact with ubiquitin, as well as 

immune disease patients with mutations in the UBAN domain, fail to induce robust activation of IKKα or IKKβ (Ea 

et al., 2006; Wu et al., 2006a; Hubeau et al., 2011). NEMO itself also undergoes both K63- and M1-linked 

polyubiquitination within its UBAN domain in response to TNFα and IL-1, although the stoichiometry in cells is 

low, and the functional significance has not been conclusively demonstrated (Yamamoto et al., 2006; Ni et al., 

2008; Tokunga et al., 2009).  

Another seemingly integral signalling component, the TAB-TAK1 kinase complex, is recruited to the receptor 

complex through interaction of TAB2/3 with K63-linked polyubiquitin chains attached to NEMO and RIP1 

(Kanyama et al., 2004). An additional layer of complexity comes from reports suggesting that binding of TAB2/3 

to unanchored K63-linked polyubiquitin chains facilitates the autophosphorylation and activation of TAK1 (Xia et 

al., 2009). 

Models of IKK kinase activation 

At this point it should be clear that there is a great deal of uncertainty surrounding the exact molecular events 

that follow canonical NF-κB receptor ligation. This uncertainty extends to the mechanism of IKK phosphorylation 

and activation itself. We have seen how IKK might be recruited to the signalling complex through NEMO-

mediated interaction with polyubiquitin chains, but there are various non-mutually exclusive models for how IKK 

becomes activated. The key questions that remain unresolved are: 1) the exact function, and nature (attached 

or unattached), of non-degradative ubiquitination in activation of IKK and 2) whether IKK phosphorylation occurs 

through autophosphorylation, or through activity of an upstream kinase, such as RIP1 or TAK1. Regarding the 

former, three potential mechanisms have been proposed for the role of non-degradative ubiquitination: direct 

activation, induced proximity and complex stabilisation (Hayden & Ghosh 2012). Evidence for the former 

mechanism is weaker than the latter two. It is proposed that binding of ubiquitin chains by NEMO might induce 

allosteric conformational changes in the IKK complex that facilitate activation of IKK kinases. For example, the X-

ray structures of ubiquitin-bound and free forms of the UBAN domain of NEMO suggest that diubiquitin binding 

induces a straightening of the upstream coiled coil region which connects to the IKK binding domain of NEMO 

(Rahigi et al., 2009). However, biophysical approaches have suggested that polyubiquitin-binding induced 

conformational changes involve subtle changes in the equilibrium of conformational states, rather than large 

gross structural change (Catici et al., 2016). Non-degradative ubiquitination seems to play a clear role in 

stabilising the TNFR1 signalling complex, through cross-linking various ubiquitin-domain (UBD) containing 
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proteins, and through protecting components from K48-linked ubiquitination, as has been shown to be the case 

for RIP1 (Harhaj & Dixit, 2011).  

A mechanism of IKK activation involving ubiquitin-binding-induced proximity and oligomerization effects has 

received relatively strong experimental support. For example, dimerization of IKK is necessary and sufficient for 

the constitutive activation observed when IKK is overexpressed (Zandi et al., 1997). Furthermore, enforced 

oligomerization of NEMO, RIP1 or IKK is capable of activating NF-κB (Inohara et al., 2000; Poyet et al., 2000). 

Meanwhile, NEMO mutants that are unable to oligomerise exert dominant negative effects on NF-κB activation 

(Tegethoff et al., 2003; Agou et al., 2004). Structural regions of NEMO involved in dimerization and higher order 

oligomerization have been shown to be essential for reconstituting NF-κB activity in NEMO deficient cell lines 

(Marienfield et al., 2006). Free-ubiquitin chains are also able to induce IKK activation via trans auto-

phosphorylation (Xia et al., 2009). Furthermore, various post-translational modifications of NEMO, such as 

phosphorylation of S68, which interfere with dimerization/oligomerization of NEMO, also terminate signalling as 

part of feedback inhibition mechanisms (Palkowitsch et al., 2008). In addition, the existence of NEMO-dependent 

higher order supramolecular structures has received in vivo experimental support in the last few years (Tarantino 

et al., 2015; Scholefield et al., 2016). Super-resolution microscopy was used to visualise apparent NEMO-

dependent lattice structures in non-stimulated cells, whose integrity could be disrupted through abrogation of 

IKK-binding or non-covalently attached linear/K63-linked polyubiquitin chains (Scholefield et al., 2016). 

This evidence for higher-order structures, combined with recent X-ray crystal structures of IKKβ dimers in 

catalytically active conformations, has led to the proposal of a model for IKK activation involving oligomerization-

mediated trans-autophosphorylation of IKK subunits (Figure 1.6) (Polley et al., 2013). In contrast to the ‘closed-

conformation’ observed in the earlier Xenopus IKKβ structure, the structure of human IKKβ captured IKKβ dimers 

in an open-conformation, where the SDD domains are splayed further apart in a V-shaped interface. This 

permitted higher order oligomerization within the crystal that was not seen in earlier structures. Such 

oligomerization might place the kinase domains of neighbouring dimers into close contact in order to facilitate 

trans-autophosphorylation. Indeed, mutagenesis suggested that oligomer interaction residues are critical for 

activation of IKKβ in cells. The authors speculated that a priming phosphorylation of the one IKKβ subunit might 

increase its propensity to transiently undergo higher order oligomerization that would mediate complete IKK 

active site phosphorylation. Interestingly, evidence for TAK1 priming phosphorylation of IKKβ in response to 

TNFα and IL-1 has since been presented (Zhang et al., 2014). Zhang et al found that TAK1 phosphorylates IKKβ at 

S177 in a priming event that enables IKKβ to fully activate itself by phosphorylating S181. This priming event was 

shown to require interaction between M1-linked chains and NEMO. Whether this mechanism also applies to 

IKKα remains to be investigated.  
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Figure 1.6. IKKβ oligomerization activation model involving sequential TAK1 and trans-autophosphorylation of active site 
residue. The closed dimer conformation was observed in the inactivated Xenopus IKKβ structure. Conversely, in the active 
human IKKβ crystal structure, the dimers adopted an open conformation. Flexibility within the SDD permits a transition 
between closed and open conformations. The open dimeric form of IKKβ is able to undergo reversible higher order 
oligomerization through specific interactions between the KD-ULD and SDD domains of individual protomers. Such higher 
order oligomerization is sterically unfavourable when the dimers are in the closed conformation, which might explain why 
they were not observed in the crystal lattice of inactive Xenopus IKKβ. Such higher order assemblies would position the 
catalytic domains of neighbouring subunits in close proximity to enable trans-autophosphorylation. Consistent with this 
model, mutation of residues involved in higher order oligomerization severely inhibits IKK activation in cells. Shown also is 
the possible involvement of TAK1 priming phosphorylation of S177, which might promote the subsequent trans 
autophosphorylation of S181 and full activation of IKKβ (as evidenced by Zhang et al., 2014). Figure adapted from Polley et 
al., 2013. 

 

Activated IKK kinases subsequently phosphorylate IκBα, as well as NF-κB subunits themselves, to induce NF-κB 

transcriptional activity. As will be discussed in greater detail in Chapter 3, NEMO is absolutely essential for the 

activation of canonical NF-κB in response to all stimuli, while the exact requirement for IKKα or IKKβ appears to 

depend on the nature of the stimulus and the cell type. 

1.3.2.3 Mechanisms of feedback inhibition 

A number of self-regulating mechanisms mediate negative feedback control to restrict and properly terminate 

activation of the pathway following a stimulus. Each mechanism is induced with a sufficient time delay to enable 

full NF-κB pathway activation in the interim. They also poise the system for reactivation in the face of sustained 

stimulation. The overlap of different negative feedback allows for repeated cycles of reactivation, and leads to 

oscillatory NF-κB activity that may enable the fine control of downstream gene expression patterns (see Section 

1.3.3.2).  Many of these feedback mechanisms are important in the resolution of inflammation, and therefore 

are important in the pathogenesis of various inflammatory diseases, including cancer (Lee et al., 2000; Kovalenko 

et al., 2003).  

The classic feedback loop that was the first to be defined was the NF-κB-dependent activation of IκBα gene 

expression (Auphan et al., 1995). Indeed, IκBα is one of the earliest genes to be expressed downstream of NF-κB 

activation. Newly expressed IκBα displaces NF-κB subunits bound to DNA and shuttles them back into the 

cytoplasm to inactivate the pathway (Arenzana-Seisdedos et al., 1995). A similar feedback loop involving 

induction of another classical IκB protein, IκBε, also exists, but is invoked with slower kinetics to dampen the 

induction of late-phase genes (Whiteside et al., 1997) (see Section 1.3.4. for more details). 
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The expression and/or activity of various deubiquitnase (DUB) enzymes that act to inhibit the signalling complex 

that activates the IKK complex is also induced by activation of the canonical NF-κB pathway in an important 

negative feedback loop. The most prominent example is the DUB, A20, which is induced after NF-κB activation 

(Lee et al., 2000). Cezanne is another A20 family member that is induced by NF-κB activation to downregulate 

the pathway (Enesa et al., 2008). The N-terminal domain of A20 mediates the deubiquitination of K63-linked 

polyubiquitin chains on RIP1 and NEMO, thus leading to the disassembly of the signalling complex that activates 

IKK (Wertz et al., 2004). Interestingly, its C-terminal domain also functions as an E3 ligase to mediate the K48-

linked polyubiquitination of RIP1, thus targeting it for proteasomal degradation, which also serves to inhibit the 

pathway. A20 also inhibits E3 ligase activities of TRAF2 and cIAP1 to further block activation of the pathway 

(Shembade et al., 2010). Furthermore, phosphorylation of A20 by IKKβ has been shown to enhance the activity 

of A20 (Hutti et al., 2007). A20 also inducibly forms a complex together with the regulatory molecules, TAX1BP1, 

Itch and RNF11, which is essential for A20 function and recruitment to canonical NF-κB receptors. Stimulus 

induced phosphorylation of TAX1BP1 by IKKα was shown to be essential for assembly of the A20 editing complex 

and thus feedback inhibition of the pathway (Shembade et al., 2011).  

Another time-delayed feedback mechanism is intrinsic to the IKK complex itself. A cluster of C-terminal serine 

residues in IKKβ (see Figure 1.4) undergoes cumulative, constitutive auto-phosphorylation upon activation of the 

IKK complex that is thought to induce a conformation change that decreases kinase activity by 20-30 minutes 

post-induction (Delhase et al., 1999).  

Various feedback mechanisms also occur within the nucleus to inhibit NF-κB transcriptional output. Some of 

these are mediated by atypical IκB family members, as will be discussed in Section 1.3.4.4. Another is thought to 

involve nuclear IKKα activity. Various inflammatory stimuli, including TNFα, have been shown to lead to IKKα-

dependent phosphorylation of the SUMO E3 ligase, PIAS1, which releases PIAS1 to terminate the expression of 

a subset of NF-κB-dependent genes through interference of the DNA-binding of p65:p50 dimers (Liu et al., 2007).  

Consideration of these feedback mechanisms will be important in developing therapies that target the NF-κB 

pathway. 

1.3.2.4 NF-κB-independent functions of IKK kinases 

Outside of their direct role in the NF-κB signalling pathway, both IKKα and IKKβ have been proposed to 

phosphorylate an ever-growing list of substrates involved in a myriad of different biological functions (Figure 

1.7). Most of these phosphorylation events are very recently discovered, and thus the level of validation and the 

associated roles of IKK remain highly putative. However, it is clear that the IKK complex is emerging as a central 

point of cross-talk between NF-κB and other signalling pathways. Many of the substrates phosphorylated by IKKα 

and IKKβ, such as FOXO3a and TSC1, are involved in proliferative and pro-survival pathways, and thus these NF-

κB-independent functions of the IKKs may contribute to tumour promotion (see Section 1.4.3).  
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Figure 1.7. NF-κB-independent functions of IKKβ and IKKα. The IKK kinases phosphorylates a range of substrates, besides 
those involved in NF-κB activation, and thus mediate cross-talk with a host of other signalling cascades. (A) In some cell types 
p105 is found in a complex with the kinase TPL2. IKKβ phosphorylates p105, which triggers processing/degradation of p105, 
and releases Tpl2, resulting in activation of the proliferative ERK1/2 signalling pathway (Waterfield et al., 2004). IKKβ 
phosphorylates insulin receptor substrate 1 (IRS-1), which interferes with its insulin receptor-dependent tyrosine 
phosphorylation, and thus impairs insulin-dependent signalling pathways. This is thought to be one mechanism by which 
proinflammatory cytokines can contribute to the development of insulin resistance and type 2 diabetes (Tilg et al., 2008). 
Downstream of TNFα signalling IKKβ phosphorylates 14-4-3β, which releases the 14-4-3β-TPP complex from ARE sequences 
within multiple mRNAs encoding cytokines, growth factors and chemokines, leading to their stabilisation (Gringhuis et al., 
2005). IKKβ also phosphorylates the transcription factor, tumour suppressor FOXO3a, which leads to its nuclear exclusion and 
proteasomal degradation, thus inhibiting FOXO3a-dependent cell death and/or cell cycle arrest (Hu et al., 2004). This is one 
mechanism by which IKK activity can promote tumorigenesis. IKKβ also phosphorylates and inhibits tuberous sclerosis 1 
(TSC1) downstream of TNFα. This leads to activation of the mTORC1 complex and can promote inflammation-mediated 
tumour angiogenesis in various tumour types due to consequent enhanced production of VEGF (Lee et al., 2007). IKKβ also 
phosphorylates and activates the MAPK pathway adaptor protein, DOK1 in response to TNFα or IL-1. DOK1 in turn inhibits 
ERK1/2 activation, and this has been shown to promote cell motility (Lee et al., 2004). IKKβ activated downstream of the 
FcεRI receptor also phosphorylates SNAP-23, a component of SNARE complexes involved in exocytosis pathways, to promote 
IgE-mediated mast cell degranulation (anaphylaxis) (Suzuki et al., 2008) and platelet secretion (Karim et al., 2013). IKKβ 
downstream of TNFα also phosphorylates the transcriptional coactivator SRC-3 to promote its nuclear import, where it 
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regulates gene expression (Wu et al., 2002). IKKβ has also been demonstrated to phosphorylate Aurora A, which modulates 
its stability and prevents hyperactivation of Aurora A during mitosis (Irelan et al., 2007). IKKβ phosphorylation of p53 at S362 
and S366 has been proposed to lead to its Mdm2-independent ubiquitination and degradation and hence inhibition of p53-
dependent gene expression (Xia et al., 2008).  

(B) IKKα has been shown to phosphorylate a number of substrates involved in pathways other than NF-κB. IKKα contains a 
predicted nuclear localisation sequence (NLS) that enables it to localise to the nucleus. Indeed, ,any of these phosphorylation 
events occur in the nucleus. IKKα has been shown to phosphorylate p53 at S20, downstream of Protein kinase Cdelta in 
response to oxidative stress, which enhances p53-mediated expression of pro-apoptotic genes GADD45 and BAD and leads 
to induction of apoptosis (Yamaguchi et al., 2007). IKKα phosphorylates cyclin D1 at T286, leading to its nuclear export and 
degradation (Kwak et al., 2005). In dendritic cells,, IKKα activated downstream of TLR7 and TLR9 receptors phosphorylates 
the adaptor protein IRF7, leading to increased interferon-α (IFNα) production, and thus contributing to antiviral immunity 
and pathogenesis of disorders of elevated IFN-production (Hoshino et al., 2006). In response to inflammatory cytokines, IKKα 
has been proposed to phosphorylate Histone H3 at S10 at the promoters of various NF-κB-target genes to promote chromatin 
remodelling and increased gene expression (Yamamoto et al., 2003). In response to inflammatory cytokines, IKKα also 
phosphorylates the transcriptional regulator, Protein inhibitor of activated STAT1 (PIAS1) at S90, which promotes PIAS1-
dependent repression of NF-κB and STAT1 gene promoters (Liu et al., 2007). IKKα has been proposed to phosphorylate the 
corepressor, SMRT, to trigger its nuclear export along with associated HDAC3, and the proteasomal degradation of SMRT. 
This allows other transcriptional coactivators, such as CBP to bind to and promote the expression of NF-κB-dependent genes 
(Hoberg et al., 2004).  Loss of SMRT also leads to derepression of certain Notch-dependent genes Fernandez-Majada et al., 
2007). IKKα also contribute to the derepression of Notch-dependet genes through the phosphorylation of FOXA2 transcription 
regulator, leading to suppression of NUMB expression; a protein that targets Notch1 for lysosomal degradation (Andersen et 
al., 2012; Liu et al., 2012). This may contribute to inflammation-mediated liver cancer progression. IKKα phosphorylates the 
transcriptional coactivator β-catenin to block its polyubiquitination and degradation, and thus promote β-catenin-dependent 
transcription (Lamberti et al., 2001; Carayol et al., 2006). In turn this induces cyclin D1 transcription, such that IKKα plays a 
key role in mitogenic signalling (Albanese et al., 2003). IKKα also phosphorylates the transcriptional coactivator CBP, to switch 
the binding preference of CBP from p53 to NF-κB, and thus promote NF-κB-dependent gene expression, proliferation and 
survival, and concomitantly limit cell p53-dependent transcription and apoptosis (Huang et al., 2007). IKKα also 
phosphorylates the transcriptional coactivators, SRC3 and ERα in breast cancer cells to induce the transcription of estrogen 
hormone responsive genes, such as cyclin D1 and c-myc (Park et al., 2005). IKKα has also been proposed to phosphorylate 
Aurora A at T288, to modulate Aurora A kinase activity and promote progression through mitosis. Figure adapted from 
Perkins, 2007. 

 

Interestingly, NEMO may play a role in restricting the otherwise broader kinase activity of IKKβ to IκBα and other 

components of the NF-κB pathway (Schröfelbauer et al., 2012). Expression of C-terminal NEMO mutants that 

permit activation of IKKβ in response to pro-inflammatory cytokines, but that fail to recruit IκBα to the IKK 

complex results in hyperphosphorylation of alternative IKKβ substrates. These alternative substrates were, 

however, NF-κB-dependent (p105, p65 etc), so the relevance of this study to cross-talk with other pathways is 

unclear.  

Many of the NF-κB-independent functions of IKKα are the consequence of its ability to localise to the nucleus. 

Numerous studies have demonstrated basal nuclear localisation for IKKα (Lamberti et al., 2001), and some have 

suggested that the nuclear localisation of IKKα is stimulus dependent (Anest et al., 2003; Yamamoto et al., 2003). 

IKKβ, meanwhile, is detected predominantly in the cytoplasm. Although a handful of studies have proposed a 

nuclear localisation of IKKβ under certain circumstances; for instance, following neutrophil activation (Ear et al., 

2005), in the NF-κB signalling response to UV radiation (Tsuchiya et al., 2010) and following DNA damage 

(Sakamoto et al., 2013).  

1.3.3 The NF-κB transcription factor family 

1.3.3.1 Structure, dimerization and binding to DNA 

The NF-κB family of transcription factors are defined by their conserved 300 amino acids long N-terminal Rel 

homology domains (RHD), which are responsible for homo- and hetero-dimerization, sequence-specific DNA 
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binding, nuclear translocation and interaction with IκB proteins (Figure 1.8) (Sen and Baltimore, 1986; Baldwin 

et al., 1996; Ghosh et al., 1998). Up to 15 different NF-κB dimers are possible, although the physiological 

relevance of all possible dimeric complexes has not been demonstrated; only 12 have been identified in vivo, and 

some of these are limited to specific subsets of cells (Hayden & Ghosh 2004). The p50:p65 dimer is the most 

abundant and is found in almost all cells as the primary target of canonical NF-κB signalling; this predominance 

is due largely to the high affinity with which p50 and p65 interact (Baldwin, 1996). The specific composition of 

NF-κB dimers determines their effect on transcription. The NF-κB family can be subdivided into two groups based 

on their ability to activate transcription; p65, c-Rel and RelB contain a transcriptional activation domain (TAD) at 

their C-termini, while p50 and p52 do not. As such, dimers containing at least one of p65, c-Rel and RelB function 

as activators of transcription, while those made up exclusively of p50 and p52 function as transcriptional 

repressors (Franzoso et al., 1992). p50 and p52 are unique in that they can also form transcriptionally active 

complexes with the TAD-containing atypical IκB proteins, BCL3 and IκBζ. RelB is unique in that it can only form 

complexes with p50 and p52, and it requires its N-terminal leucine zipper region alongside its TAD for full 

transcriptional activity (Ryseck et al., 1992; Dobrzanski et al., 1993; Dobrzanski et a., 1994). 

X-ray crystal structures of NF-κB dimers revealed that the RHD consists of two domains, each with an 

immunoglobulin-like fold, joined by a flexible linker; the N-terminal domain of the RHD largely mediates specific 

interactions with DNA, while the C-terminal domain is predominately involved in dimerization and IκB 

interaction. 

Once liberated from complexes with IκB proteins, NF-κB dimers accumulate in the nucleus and bind to so-called 

DNA κB sites within promoters and enhancers. These sites typically have a highly degenerate 10 base pair 

consensus sequence: 5’-GGGRNWYYCC-3’ (where N is any base, R is purine, W is adenine or thymine, and Y is is 

pyrimidine), such that NF-κB subunits regulate transcription of a wide variety of target genes (Pahl, 1999). X-ray 

crystal structures of NF-κB:DNA complexes  revealed that the RHD of two NF-κB subunits makes intimate contacts 

within the major groove of a complete turn of DNA (Ghosh et al., 1995; Müller et al., 1995). Each subunit within 

the dimer recognises half of the DNA consensus sequence (Berkowitz et al., 2002; Escalante et al., 2002). 

1.3.3.2 Transcriptional activity and function 

The degeneracy of the NF-κB DNA-binding site means that such sites are found widely dispersed throughout the 

genome; there are approximately 106 consensus κB sites in the human genome, and an even greater number of 

non-consensus sites to which NF-κB can also bind (Antonaki et al., 2011). However, the majority of signals 

activating the NF-κB pathway activate only a specific subset of the genes that NF-κB dimers are capable of 

activating. A major question, therefore, is how the NF-κB pathway can respond to diverse stimuli to mediate 

specific transcriptional programs in certain physiological contexts. Clearly, DNA binding site specificity alone is 

not sufficient to confer such complexity. 



24 
 

 

 

Figure 1.8. Domain organisation of the NF-κB family of transcription factors. The NF-κB proteins are a family of five related 
transcription factors; p65, c-Rel, RelB, p50 and p52 that may homo- and hetero-dimerise to generate at least 12 different 
characterised transcriptionally active dimers. Each of the members contains a conserved 300 amino acid long N-terminal Rel 
homology domain (RHD) that mediates DNA binding, dimerization, IκBα interaction and nuclear translocation (NLS). The 
family can be divided further into two groups based on their transactivation potential; only p65, RelB and c-Rel contain a C-
terminal transactivation domain (TAD) that is responsible for the transcriptional activity of dimers containing these subunits. 
p50 and p52, which are generated by limited proteolytic processing of the precursor proteins, p105 and p100, respectively, 
lack a TAD, and thus act as transcriptional repressors in the homodimeric form. p100 and p105 are also classified as IκB 
proteins due to their C-terminal ankyrin repeats (ANKR), which enable them to bind to other NF-κB subunits and inhibit their 
nuclear localisation. A glycine rich region (GRR) in p105 and p100 terminates proteolytic processing by the proteasome to 
prevent complete proteolysis and to generate p50 and p52. An arrow indicates the approximate location of the C-terminal 
residues of p50 and p52 generated. The C-terminal death domains (DD) of p100 and p105 mediate protein interactions with 
adaptor proteins involved in regulating apoptosis, NF-κB and AP-1 pathways. In p105 it also mediates interactions with IKK 
kinases, while in p100 it functions as a processing inhibitory domain (PID) that restricts basal processing to p52.  RelB is unique 
in that it also contains an N-terminal leucine zipper (LZ) region that is required alongside its TAD to be fully active (Dobrzanski 
et al., 1993). RelB cannot form homodimers, and preferentially binds to p100/p52. Phosphorylations that have been shown 
to regulate NF-κB are highlighted on each subunit. Numbering corresponds to human amino acid sequence. Ub refers to K48 
linked polyubiquitination. 

 

NF-κB subunit dimerization plays a significant role in determining transcriptional specificity. Early in vitro binding 

studies demonstrated that each NF-κB dimer has a degree of preference for a specific subset of κB sites, with 

some binding to specific sites with a higher affinity than others (Phelps et al., 2000). This was confirmed in studies 

using NF-κB knockout cell lines, which demonstrated that specific NF-κB-regulated genes have distinct 

requirements for certain NF-κB dimers (Hoffman et al., 2003). One such example is the mouse B lymphocyte 

chemokine (BLC) and EBI1-ligand chemokine (ELC) κB sites, which are specifically bound by RelB:p52 
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heterodimers downstream of non-canonical NF-κB pathway activation (Bonizzi et al., 2004). A large scale analysis 

of DNA sites recognized by eight different NF-κB dimers extended these observations further to define three 

distinct binding-specificity classes; p50 or p52 homodimers, c-Rel or p65 homodimers; and heterodimers (Siggers 

et al., 2011). However, c-Rel homodimers bound with much greater affinity than p65 homodimers to all κB 

dimers, while NF-κB heterodimers exhibited very little sequence specificity over one another, highlighting the 

need for additional specificity determinants in the cell.  

Indeed, another key mechanism of transcriptional specificity is imparted by the dynamic, temporal nature of NF-

κB signalling activation kinetics. NF-κB inducible genes exhibit distinct temporal expression profiles (Hoffmann et 

al., 2002). For example, microarray studies of cells treated with TNFα have identified distinct expression profiles 

loosely defined as early, middle, and late, peaking 1, 3 and 6 hours after stimulation, respectively (Tian et al., 

2005a). This complexity is thought to emerge from the fact that NF-κB displays both monophasic and oscillatory 

activation modes, depending on stimulus duration, brief and tonic, respecitively (Nelson et al. 2004). Such 

oscillatory behaviour in NF-κB nuclear translocation is thought to occur as a result of the various layers of 

negative feedback induced by IKK activity and NF-κB-dependent transcription itself; the classic example being 

the NF-κB-dependent transcriptional activation of IκB protein expression (Auphan et al., 1995). The differing 

kinetics with which the different IκB family members are induced imparts fine control on the duration of NF-κB 

activation oscillations (Hoffmann et al., 2002). Another example is the induction of the deubiquitinase enzyme, 

A20 by NF-κB transcriptional activity and the activation of A20 by IKKβ-dependent phosphorylation, both of 

which impart feedback inhibition on the pathway at the level of the IKK activation (see Section 1.3.2.3) (Lee et 

al., 2000; Hutti et al., 2007). Single cell techniques have been used to study these oscillations and demonstrate 

that alterations in stimulation interval and duration drive different patterns of NF-κB-dependent gene expression 

(Ashall et al., 2009). 

An additional mechanism of transcriptional specificity is achieved through interactions between NF-κB dimers 

and other heterologous transcription factors and regulators. This further broadens the range of possible NF-κB 

target genes and imparts context dependency on NF-κB-dependent gene expression, enabling cross-talk 

between NF-κB and other signalling pathways. For example, transcriptional activation of human interferon B 

(IFNB) necessitates the assembly of an enhanceosome containing p50:p65 NF-κB dimers, ATF-2:c-Jun dimers and 

IRF-3/IRF-7 (Panne et al., 2007). Such genes containing promoters requiring simultaneous binding of NF-κB and 

other transcription factors will only be expressed when both signalling pathways are activated – so-called 

‘coincidence detection.’ NF-κB proteins are also capable of interacting with various transcriptional coactivators 

and corepressors, including components of the basal transcription apparatus, such as TATA-binding protein (TBP) 

and transcription factor IIB (TFIIB), histone acetyltransferases (HATs), such as CBP, PCAF and p300, and histone 

deacetylases (HDACs), such as HDAC1 and HDAC3, in order to regulate chromatin structure and promote or 

repress assembly of the pre-initation complex (PIC) (Xu et al., 1993; Schmitz et al., 1995; Perkins et al., 1997; 

Ashburner et al., 2001). p50 and p52  homodimers lack a transcription domain and thus are only able to interact 

with HDACs to repress transcription (Franzoso et al., 1992; Elsharkawy et al., 2010). 

The final major mechanism of NF-κB transcriptional specificity is achieved through post-translational 

modifications of the NF-κB subunits themselves.  
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1.3.3.3 Post-translational modifications of NF-κB subunits 

A vast array of NF-κB subunit post-translational modifications have been characterised to date. These regulatory 

modifications, which include phosphorylation, ubiquitination, sumoylation, acetylation and nitrosylation, can be 

mediated either by components of the NF-κB pathway itself, particularly IKKα and IKKβ, or by components of 

heterologous signalling pathways. NF-κB subunit modification provides an additional layer of fine control through 

which NF-κB transcriptional activity can be modulated and represents a key site of cross-talk within the wider 

signalling network (Perkins, 2007). Some of the best characterised phosphorylation and ubiquitination sites in 

human NF-κB subunits are highlighted in Figure 1.8. The following discussion will be limited to NF-κB 

phosphorylation, and particularly phosphorylation of the primary canonical NF-κB subunit, p65, which has been 

the focus of most studies of NF-κB modification. 

NF-κB subunit phosphorylation can occur in the cytoplasm or the nucleus and can influence numerous aspects 

of NF-κB function, including but not limited to: protein stability and degradation, interaction with IκB subunits, 

nuclear translocation, DNA binding, transcriptional activity, recruitment of transcriptional coregulators, and 

termination of the signalling response (Viatour et al., 2005; Perkins, 2006). To-date, eleven well-characterised or 

putative phosphorylation sites within p65 that span the N-terminal RHD, the interdomain linker and the C-

terminal TAD have been identified (Christian et al., 2016). Phosphorylation of p65 in response to pro-

inflammatory cytokines has been shown to result in a striking conformational change that impacts its 

ubiquitination, stability and protein-protein interactions (Milanovic et al., 2014). The two best-characterised 

phosphorylation sites are Serine 276, within the RHD and Serine 536, within the TAD.  

Phosphorylation of p65 at Serine 276 has been proposed to be catalysed by a host of kinases, including protein 

kinase A (PKAc), MSK1/2, p90-RSK, Pim-1 and protein kinase C (PKCα) (Zhong et al., 1998; Vermeulen et al., 2003; 

Wang et al., 2010; Wang et al., 2011). Following IκBα degradation, PKAc phosphorylates p65 at S276 within the 

cytoplasm in a cAMP-independent manner. This promotes the promoter-proximal interaction of p65 with the 

coactivator CBP/p300, as well as the recruitment of cyclin dependent kinase 9/cyclin T1 complexes, and the 

recruitment of phosphorylated RNA Polymerase II, leading to the expression of a subset of NF-κB-dependent 

genes (Zhong et al., 1998; Dong et al., 2008; Nowak et al., 2008; Hochrainer et al., 2013).  

Phosphorylation of p65 at Serine 536 has been shown to have both positive and negative effects on NF-κB-

dependent transcription and its precise role remains controversial. Both IKKα and IKKβ have been shown in 

numerous studies to phosphorylate p65 at S536 (Sakurai et a., 1999; Sizemore et al., 2002). Various studies have 

suggested that IKKα/β-dependent phosphorylation of S536 enhances the transcriptional activity of p65 in 

response to a variety of stimuli (Madrid et al., 2001; Yang et al., 2003 Mahony et al., 2004; Douilette et al., 2006). 

Furthermore, it has been suggested that S536 phosphorylated p65 is not bound or inhibited by newly synthesied 

IκBα, such that S536 phosphorylated p65 can evade the feedback inhibition imparted by de novo IκBα and 

translocate into the nucleus to maintain the expression of a subset of genes (Sasaki et al., 2005). TNFα-induced 

S536 phosphorylation has also been proposed to promote p65 K310 acetylation and p65 transactivation (Chen 

et al., 2005). In addition, phosphorylation of 536 has been implicated in pathogenic NF-κB activation associated 

with various inflammatory diseases, including Helicobacter pylori-induced inflammation (Song et al., 2006; Lamb 

et al., 2009; Kim et al., 2014).  
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However, a number of studies have found no role or an inhibitory effect of S536 phosphorylation on p65-

dependent transcription. Okazaki et al observed a complete rescue of TNFα or IL-1-induced IL-6 production in 

p65 KO MEFs reconstituted with p65 S536A mutants, while Mattiolo et al suggested that S536 phosphorylation 

induced by T-cell costimulation is IKKβ-, but not IKKα- dependent, occurs in the cytoplasm and negatively 

regulates p65 nuclear import (Okazaki et al., 2003). Moreover, phosphorylation of S536 by IKKα has been 

proposed as a major mechanism of pathway inhibition and resolution of inflammation in macrophages through 

the enhanced turnover of p65 and removal from proinflammatory gene promoters (Lawrence et al., 2005). 

Independent studies with IKKα KO macrophages, however, have not supported these findings (Li et al., 2005); 

p65 536 phosphorylation appeared normal and p65 stability was unaffected. A more recent study attempted to 

settle these discrepancies though the generation of an S534A- (mouse homolog of human S536) knock-in mouse 

model (Pradère et al., 2016). The authors reported increased late-phase expression of genes following treatment 

with LPS, as a result of modest increases in the stability of p65. Such mice exhibited increased mortality following 

injection with LPS, consistent with the findings of Lawrence et al. 

Another TAD phosphorylation site, Serine 468, has been shown to be phosphorylated by three kinases, with 

differing biological outcomes. GSK3β has been proposed to mediate basal phosphorylation of this site to inhibit 

p65 transcriptional activity in the absence of stimulation (Buss et al., 2004). In contrast, this site has been shown 

to be phosphorylated within the nucleus by IKKε following T cell co-stimulation in a manner that enhances p65 

transactivation (Mattioli et al., 2006). IKKε also appears to mediate a delayed phosphorylation of this site in 

response to genotoxic stress to promote apoptotic gene expression (Renner et al., 2010). In response to pro-

inflammatory cytokines, such as TNFα and IL-1, S468 phosphorylation has been shown to be mediated by IKKβ, 

but not IKKα, in a range of cell types, including T cell, B cell, breast cancer and cervix carcinoma cells (Schwabe 

et al., 2005). This phosphorylation event occurs rapidly following stimulation in the cytosol while p65 is in a 

complex with IκBα and moderately inhibits cytokine induced NF-κB-reporter expression, as well as the expression 

of a subset of genes. A potential explanation for this gene specific inhibition was subsequently provided by the 

finding that phosphorylation of S468 promotes interaction between p65 and the HDAC, GCN5, which facilitates 

recruitment of an E3 ligase complex containing Copper Metabolism MURR1 Domain-containing Protein 1 

(COMMD1), cullin2 and SOC1 that catalyses the K48-linked ubiquitination and degradation of p65 bound to a 

subset of promoters, such as Icam1 (Mao et al., 2009; Geng et al., 2009). Thus, S468 phosphorylation might 

contribute to selective termination of NF-κB-dependent gene expression. 

In direct contrast to these studies, however, the recent generation of an S467A (mouse homolog of human S468)-

knock-in mouse model demonstrated that phosphorylation of this site is actually required for TNFα-inducible 

expression of a subset of NF-κB-dependent genes (Riedlinger et al., 2017). Curiously, p65 protein expression was 

reduced in MEFs and various tissues from S467A mice, a phenotype that was not explained by reduced mRNA 

expression or reduced protein stability, but by reduced de novo protein synthesis. S467 phosphorylation was also 

proposed to enhance the expression of TNFα, IL-α, ICAM1 and A20 in response to TNFα in MEFs and in vivo. 

Furthermore, S467A MEFs were more sensitive to TNFα-induced apoptosis, while S467A mice were sensitized to 

weight gain and TNFα- or diet-induced inflammation.  
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A consensus that emerges from these studies is that the physiological context, stimulus and cell type appear to 

play a major role in determining the outcome of NF-κB phosphorylation events. 

1.3.4 I kappa B proteins 

1.3.4.1 Overview 

A defining feature of the NF-κB pathway is its regulation by I kappa B (IκB) proteins (Figure 1.9). There are 

currently nine recognised members, split into three groups: the ‘classical ’IκB proteins, IκBα, IκBβ and IκBε; the 

precursor IκB proteins, p100 and p105; and the atypical IκB proteins, Bcl-3, IκBζ, IκBNS and IκBη. Family members 

are defined by the presence of multiple ankyrin repeat domains in their structure, and their ability to bind to and 

regulate the function of NF-κB proteins. The crystallographic structure of IκBα in complex with a p50:p65 

heterodimer demonstrated that the IκB ankyrin repeat domain mediates an extensive interaction interface with 

the RHD of the NF-κB subunits (Huxford et al., 1998; Jacobs and Harrison 1998). Individual IκB proteins 

preferentially associate with certain NF-κB dimer subsets. For example, IκBα and IκBβ primarily interact with 

complexes containing p65 and c-Rel (Malek et al., 2003), RelB binds only to p100 (Solan et al., 2001), while Bcl-3 

and IκBζ preferentially interact with p50 and p52 homodimers (Franzoso et al., 1992; Hatada et al., 1992; Nolan 

et al., 1993). The canonical function of the classical and precursor IκB proteins is to sequester their NF-κB 

interaction partners in the cytoplasm in the resting state (Beg et al., 1992; Auphan et al., 1995). IκBα has also 

been shown to inhibit the DNA-binding ability of NF-κB subunits; a function mediated by its C-terminal PEST 

region (Ernst et al., 1995). The proteasomal degradation of classical and precursor IκB proteins upon pathway 

stimulation imparts signal responsiveness on the NF-κB pathway and enables NF-κB subunits to accumulate in 

the nucleus and to bind to κB promoter elements (Beg et al., 1993; Brown et al., 1995a). The atypical IκB proteins 

are distinct in that their expression is induced by various stimuli, including NF-κB activation, and they function 

within the nucleus to exert both positive and negative effects on NF-κB-dependent transcription (Schuster et al., 

2009).  
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Figure 1.9. Domain organisation of the IκB family proteins. The IκB family consists of nine bona fide members. Each member 
contains numerous ankyrin repeats, which formally defines the family. The so-called ‘classical’ IκB proteins are; the 
prototypical member, IκBα; IκBβ; and IκBε. They function by sequestering NF-κB dimers in the cytosol in unstimulated cells, 
and are degraded in an IKK-dependent manner upon pathway activation. The sites of IKK-dependent phosphorylation and β-
TrCP-dependent K48-linked polyubiquitylation are shown. The precursor IκB proteins are p105 and p100. The unprocessed 
forms of p105 and p100 act like the classical IκB proteins and sequester NF-κB subunits in the cytosol in the unstimulated 
state. Proteasomal-dependent limited proteolysis of p105 and p100, however, results in the liberation of p50 and p52 NF-κB 
subunits, respectively. In the case of p100 this is typically induced in a ubiquitin-dependent manner downstream of activation 
of the non-canonical NF-κB pathway, while p105 processing is thought to occur largely constitutively, both co- and post-
translationally, and in a ubiquitin-independent manner (Lin et al., 1998a; Moorthy et al., 2006). The atypical IκB proteins 
include BCL-3, IκBζ, IkBNS and IκBη. Their expression is typically low and is induced by various stimuli, including NF-κB 
activation. Unlike the other IκB family members, they localise to the nucleus where they bind to DNA-associated NF-κB dimers 
to exert both positive and negative effects on NF-κB-mediated transcription. Ub, ubiquitin. P, phosphorylation site. ANK, 
ankyrin domain, PEST, sequence motif rich in proline (P), glutamate (E), serine (S) and threonine (T). DD, death domain. TAD, 
transactivation domain. 

 

1.3.4.2 The classical IκB proteins 

IκBα and IκBβ are widely expressed in all tissues, whereas the expression of IκBε is restricted to the 

hematopoietic system (Whiteside et al., 1997). The classical IκB proteins share a similar signal responsive region 

(SRR) at their N-terminus that contains conserved serine residues (S32 and S36 in IκBα) that are phosphorylated 

by IKK kinase subunits upon pathway activation (Traenckner et al., 1993). The DSPGXXSP degron motif that is 

generated is recognised by the receptor subunit βTrCP of the SCF family of E3-ubiquitin ligases and lysine residues 

within the SRR of the IκB proteins are modified with K48-linked polyubiquitin chains (Alkalay et al., 1995; Baldi 

et al., 1996; Suzuki et al., 1999). This targets the IκB proteins for proteasomal degradation (Henkel et al., 1993).  
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Remarkably, whereas the phosphorylation of IκB proteins is thought to occur in the cytoplasm, the location of 

IκB ubiquitination and degradation is still unknown. The majority of cellular βTrCP is sequestered in the nucleus, 

while many of the other SCF components and the proteasome itself have been reported to function in the nucleus 

(Davis et al., 2002; von Mikecz et al., 2006). Furthermore, the classical conception of IκB proteins sequestering 

NF-κB proteins in the cytoplasm may not be entirely accurate. Complexes of IκBα and p50:p65 have been shown 

to continuously shuttle between the cytoplasm and the nucleus in resting cells due to the presence of a nuclear 

export signal (NES) in IκBα, and a nuclear localisation sequence (NLS) in p50 that is not masked by IκBα (the NLS 

of p65 is masked, however) (Johnson et al., 1999; Malek et al., 2001; Birbach et al., 2002). Degradation of IκBα 

shifts the equilibrium towards nuclear localisation. The physiological relevance of such shuttling is unclear, 

however, as the experiments supporting this mechanism have relied entirely on leptomycin B treatment, which 

may have other unforeseen influences on the pathway (Johnson et al., 1999). IκBβ, in contrast, is able to mask 

the NLS of both NF-κB subunits it interacts with and, thus, does not undergo nuclear-cytoplasmic shuttling (Malek 

et al., 2001). IκBε contains a noncanonical NES, and thus is restricted more to the cytoplasm (Lee and Hannick 

2002). 

IκBα, IκBβ and IκBε exhibit functional differences that are largely due to differences in their rates of degradation 

and re-expression. IκBα is degraded rapidly following pathway stimulation; within 5 mins in TNFα-stimulated 

HeLa cells (Henkel et al., 1993). IκBβ and IκBε undergo much slower degradation; within 60-90 minutes in LPS-

stimulated Jurkat cells in the case of IκBε (Whiteside et al., 1997). IκB degradation kinetics are correlated with 

IKK affinity (Heilker et al., 1999). IκBα is also rapidly resynthesized following pathway activation as a result of NF-

κB-dependent gene expression (Sun et al., 1993). This negative feedback loop forms an essential mechanism of 

control of the duration of the canonical NF-κB signalling response; re-expressed IκBα translocates to the nucleus 

and displaces certain NF-κB dimers from the DNA to terminate specific gene expression. IκBε, on the other hand, 

is re-expressed slowly, and hence is thought to inhibit late NF-κB gene activation by p65:c-Rel dimers (Kearns et 

al., 2006). IκBβ is also resynthesised slowly downstream of NF-κB activation and accumulates in the nucleus in a 

hypophosphorylated form where it is thought to interact with DNA-bound p65 and c-Rel containing dimers in a 

manner that does not mask their NLS and that blocks interaction with IκBα; as such, IκBβ is thought to prolong 

the expression of certain NF-κB-dependent genes, such as TNFα (Thompson et al., 1995; Phillips and Ghosh, 1997; 

Weil et al., 1997; Rao et al., 2010). 

Consistent with its central role in the canonical NF-κB pathway, IκBα deletion leads to constitutive NF-κB 

activation, defective signal termination and postnatal lethality (Klement et al., 1996). IκBβ or IκBε deletion results 

in a less striking phenotype suggesting that other IκB proteins can compensate for their loss (Goudeau et al., 

2003; Rao et al., 2010.  However, the phenotype of IκBα knockout can be rescued by reexpressing IκBβ under 

the IκBα promoter, indicating that the biochemical properties of IκBα are less important than the temporal 

nature of its transcriptional regulation (Cheng et al., 1998). Interestingly, cells deficient for all three classical IκB 

proteins exhibit largely normal nuclear/cytoplasmic p65 distribution, but markedly enhanced basal NF-κB-

dependent gene expression (Tergaonkar et al., 2005). This suggests that inhibition of DNA binding is more 

important than cytoplasmic sequestration in limiting NF-κB pathway activity.  
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1.3.4.3 The precursor IκB proteins 

The precursor proteins p100 and p105 are IκB proteins that undergo proteolytic processing to generate the NF-

κB subunits, p52 and p50, respectively. In the unprocessed form they can dimerize with other NF-κB subunits via 

their N-terminal RHDs (Figure 1.8), while their C-terminal ankyrin repeats serve the function of IκB proteins, 

enabling them to sequester NF-κB dimers and inhibit DNA binding activity (Naumann et al., 1993; Scheinmann et 

al., 1993). Unlike classical IkB proteins that interact in a 1:1 ratio with NF-κB subunits, the ability to dimerize with 

other NF-κB subunits enables the precursor IκB proteins to assemble into large multiprotein assemblies 

containing multiple different NF-κB subunits (Savinova et al., 2009; Tao et al., 2014). As such, stimulation of 

p100/p105 degradation can facilitate the release of a range of NF-κB subunits to encompass a broad spectrum 

of gene regulatory activities.  

The processing of p105 and p100 occurs via different mechanisms. p105 undergoes a high level of constitutive 

co- and post-translational ubiquitin-independent proteasomal processing to generate p50 (Fan and Maniatis, 

1991; Lin et al., 1998a; Moorthy et al., 2006). This may occur via the 20S proteasome in vivo (Moorthy et al., 

2006). Complete proteasomal processing of both p105 and p100 is prevented by a glycine rich region, C-terminal 

to the RHD domain, which serves as a stop signal to liberate p50 and p52 (Lin and Ghosh, 1996). Stable p105 that 

is bound to NF-κB subunits can also be inducibly degraded following canonical NF-κB activation as a result of 

IKKβ-dependent phosphorylation of C-terminal residues in p105 (Fujimoto et al., 1995). This targets p105 for 

polyubiquitination and complete degradation by the 26S proteasome ((Heissmyer et al., 2001; Cohen et al., 

2004). 

In contrast, processing of p100 is a predominately stimulus-dependent event (Fong et al., 2002). Constitutive 

processing occurs only at a very low level in certain cell types, and is inhibited by the C-terminal ARD and death 

domain, which together constitutive a processing-inhibitor domain (PID) (Heusch et al., 1999; Xiao et al., 2001). 

The PID functions in part through masking the N-terminal NLS, which prevents the nuclear shuttling that is 

required for constitutive processing (Qing et al., 2005). The importance of this region is highlighted by the fact 

that oncogenic translocations in the nf-kb2 gene associated with various leukemias and lymphomas invariably 

lead to expression of p100 truncation mutants lacking the PID that exhibit nuclear localisation and constitutive 

processing (Zhang et al., 1994; Thakur et al., 1994; Xiao et al., 2001).  

Signal-induced p100 processing forms a fundamental part of the non-canonical NF-κB pathway (see Section 

1.3.5). NIK and IKKα can phosphorylate p100 at a C-terminal degron that targets p100 for polyubiquitination and 

limited proteolysis by the proteasome to liberate p52 (Senftleben et al 2001; Xiao et al., 2001). This p100 

processing most directly effects RelB activity, as RelB-containing dimers (typically RelB:p52) associate exclusively 

with p100 (Solan et al., 2002). RelB also requires p100 binding for stabilisation (Fusco et al., 2008). 

Like the classical IκB proteins, p100 expression is induced following canonical NF-κB activation (de Wit et al., 

1998). This is a key point of cross-talk between the canonical and non-canonical pathways. This can contribute 

to complex modulation of gene expression during sequential stimulation events. For example, newly expressed 

p100 may sequester p65-containing dimers to limit canonical NF-κB dependent gene expression, with 

subsequent non-canonical activation liberating a large pool of different NF-κB complexes (Basak et al., 2007; Shih 
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et al., 2009). Furthermore, rapidly activated canonical NF-κB dimers, such as p50:p65 can be displaced by slower 

activated dimers, such as p52:RelB, to enable fine tuning of temporal gene expression (Saccani et al., 2003).  

1.3.4.4 The atypical IκB proteins 

The atypical IκB proteins, also known as the BCL-3 subfamily, exhibit entirely different nuclear localisations, 

activation kinetics and functions compared to the classical IκB proteins (Ohno et al., 1990; Schuster et al., 2013). 

Unlike the other family members their basal expression is low and they are not degraded following pathway 

activation as they lack N-terminal signal responsive sequences or C-terminal PEST regions (Michel et al., 2001). 

Rather, their expression is strongly induced by NF-κB activation, such that they exert late or secondary-phase 

functions in the transcriptional response (Eto et al., 2003; Ge et al., 2003). They are also unique in that they 

interact with NF-κB proteins within the nucleus, typically while bound to promoters (Nolan et al., 1993; Zhang et 

al., 1994). They also do not act exclusively as NF-κB repressors; both BCL3 and IκBζ contain a TAD and can, 

therefore, confer transcriptional activation function to otherwise repressive p50 or p52 homodimers in certain 

contexts (Bours et al., 1993; Yamamato et al., 2004). Alternatively, BCL3 may activate transcription indirectly by 

displacing repressive dimers from promoters and providing access to transcriptionally active NF-κB dimers 

(Wulczyn et al., 1992). The function of BCL3 as a transcriptional repressor or activator is tightly regulated by post-

translational modifications; unphosphorylated Bcl3 acts as a classical IκB-like inhibitor and removes p50 and p52 

from bound DNA, while phosphorylation by AKT, ERK2 and IKK leads to its activation as a transcriptional 

coregulatory (Wang et al., 2017).  

1.3.5 The non-canonical NF-κB pathway 

Ligation of a subset of TNF-superfamily receptors (TNFSFRs) activates the non-canonical NF-κB pathway, which 

displays distinct properties compared to the canonical pathway (Figure 1.10). Whereas the canonical pathway is 

rapid (< 1h) and transient, is independent of protein synthesis, responds to numerous different stimuli, and 

mediates diverse functions in a wide range of cells, the non-canonical pathway exhibits an activation mechanism 

that is slow (~3-4h), persistent, which depends on de novo protein synthesis, and that mediates specific functions 

predominantly in cells of the immune system (Claudio et al., 2002; Saitoh et al., 2003; Liang et al., 2006). Animal 

model studies have indicated that the major biological functions of the non-canonical pathway depend largely 

on the activating receptor and the cell type in question. They include B-cell maturation and survival, dendritic 

cell maturation, secondary lymphoid organogenesis and architectural development, bone metabolism and T cell 

differentiation (Gerondakis and Siebenlist 2010). The transcriptional program induced by the non-canonical 

pathway is mediated almost entirely through the activation of p52:RelB dimers (Senftleben et al., 2001). In turn, 

the activation of p52:RelB dimers is controlled at the level of inducible p100 processing, which itself is regulated 

by two key kinases, NIK and IKKα, through which all of the non-canonical NF-κB inducers identified so far are 

known to signal (Razani et al., 2011).  

In the unstimulated state of normal cells, p100 processing is maintained at a minimal level (Heusch et al., 1999). 

As described in Section 1.3.4.3, unlike p105, p100 is resistant to basal processing due to a processing inhibitory 

domain (PID) at its C-terminus (Qing et al., 2005). The signalling cascade that results in phosphorylation of 

sequences in this PID that subsequently target p100 for proteolytic processing requires the accumulation of NIK 
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protein (Liao et al., 2004). However, in the unstimulated state NIK protein is prevented from accumulating due 

to basal, proteasomal-dependent degradation (Liao et al., 2004). A complex formed of TRAF2, TRAF3, and 

cIAP1/2 is responsible for mediating this constitutive NIK degradation (Zarnegar et al., 2008). Upon de novo 

synthesis, the N-terminus of NIK is immediately and tightly bound by TRAF3 (Liao et al., 2004). The importance 

of this interaction was recently highlighted by the discovery that the API2-MALT1 fusion oncoprotein in mucosa-

associated lymphoid tissue (MALT) lymphoma proteolytically cleaves NIK to generate an N-terminally truncated 

NIK mutant that lacks the TRAF3-binding site and, as such, is resistant to basal degradation, is constitutively 

expressed and causes deregulation of non-canonical NF-κB signalling that promotes tumour progression 

(Rosebeck et al., 2012). TRAF2 heterodimerizes with TRAF3, and recruits the E3 ligases cIAP1 and cIAP2 to the 

complex (Vallabhapurapu et al., 2008). TRAF3 is unable to bind cIAP1/2 itself (Zarnegar et al., 2008). As such, 

deficiency of either TRAF3 or TRAF2 leads to constitutive NIK accumulation (He et al., 2006; Grech et al., 2004). 

cIAP1/2 act as the NIK K48-ubiquitin ligases to catalyse the polyubiquitination of NIK that targets it for 

proteasomal degradation (Vallabhapurapu et al., 2008). cIAP1 and cIAP2 are redundant in this regard, and as 

such genetic deficiency of both is necessary to lead to basal accumulation of NIK (Gardam et al., 2008). 

Figure 1.10 Overview of the non-canonical NF-κB signalling pathway.  In the basal state (left-hand side), a TRAF2/3-cIAP1/2 
complex immediately catalyses the constitutive degradation of de novo synthesised NIK. TRAF3 recruits NIK to the complex 
via dimerization with TRAF2. cIAP1/2, recruited to the complex by interaction with TRAF2, catalyzes the K48-linked 
polyubiquitylation of NIK, priming it for proteasomal degradation. This blocks the accumulation of NIK and hence prevents 
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activation of noncanonical NF-κB signalling. Receptor ligation of a subset of the TNF receptor superfamily leads to activation 
of the pathway (right-hand side). Ligands include CD40 ligand (CD40L), BAFF, lymphotoxin β (LTβ), LIGHT, TNF-like weak 
inducer of apoptosis (TWEAK), receptor activator of nuclear factor kappa-B ligand (RANKL) and B-cell activating factor (BAFF). 
Ligand engagement induces the recruitment of TRAF2, TRAF3  and cIAP1/2 to the receptor. Here the K48-specific E3 ligase 
activity of cIAP1/2 switches from NIK to TRAF3, resulting in TRAF3 degradation. In some cases, TRAF2 is also targeted for 
degradation. In the absence of TRAF3, de novo synthesised NIK protein is stabilized and accumulates. In turn, NIK 
phosphorylates IKKα at S176 to activate its kinase activity. NIK also recruits p100 to IKKα leading to IKKα phosphorylating 
p100. Phosphorylated p100 undergoes K48-linked ubiquitination by β-TrCP and is targeted for limited proteolysis. A glycine 
rich region in p100 is thought to prevent complete proteasomal degradation. This releases the NF-κB subunit p52 and enables 
it to productively dimerize with RelB and translocate into the nucleus to regulate target gene expression. 

 

Receptor ligation promotes degradation of components of the TRAF-cIAP1/2 complex, which leads to NIK 

stabilisation and accumulation as a result of continuous de novo synthesis, and hence pathway activation (Liao 

et al., 2004). Evidence in support of this model includes the fact that exogenously expressed NIK is active in the 

induction of p100 processing (Xiao et al., 2001), cIAP1/2 antagonists induce NIK accumulation and pathway 

activation (Varfolomeev et al., 2007; Vince et al., 2007), and NIK accumulation in TRAF3 KO cells is sufficient for 

p100 processing (He et al., 2006). The requirement for de novo synthesis of NIK explains the slow kinetics of 

pathway activation. Although the receptor proximal events may be subtly different for each receptor, the general 

steps are as follows. Receptor ligation leads to the recruitment of the TRA2/3:cIAP1/2 complex to the cytoplasmic 

domains of the receptor (Zarnegar et al., 2008). Here TRAF2 promotes the K63 ubiquitination of cIAP1/2, which 

switches the K48 E3 ligase activity of cIAP1/2 from NIK to TRAF3, such that TRAF3 is targeted for degradation. In 

some cases, TRAF2 is also targeted for degradation (Sanjo et al., 2010).  

Other factors may modulate these steps. One such factor with poorly defined roles in non-canonical signalling is 

TRAF1. In some circumstances TRAF1 has been demonstrated to positively regulate non-canonical signalling. For 

example, in response to BAFFR signalling, TRAF1 is recruited to the receptor proximal complex where it promotes 

TRAF3 degradation and NIK stabilisation (Lavorgna et al., 2009). Another study suggested that following its 

induction by the canonical NF-κB pathway TRAF1 disrupts the interaction of NIK with the TRAF2:cIAP1/2 complex, 

thus promoting its stabilisation (Choudhary et al., 2013). This was proposed as a novel feed-forward mechanism 

of cross-talk between the canonical and non-canonical pathways. A recent structural study indicated that TRAF1 

binding to TRAF2 elevates its affinity for cIAP2, perhaps contributing to the promotion of NIK stabilisation (Zheng 

et al., 2010).  

Early biochemical evidence suggested accumulated NIK requires phosphorylation at T559 within its activation 

loop for activity (Lin et al., 1998b). However, subsequent structural studies indicated that the NIK kinase domain 

adopts a constitutively active conformation in the absence of any phosphorylation, and thus newly synthesised 

NIK is constitutively active (de Leon-Boenig et al., 2012; Liu et al., 2012). Subsequently, accumulated NIK 

phosphorylates IKKα at S176 to activate its kinase activity (Ling et al., 1998). NIK also recruits IKKα to p100, which 

IKKα phosphorylates at numerous sites within its N and C-terminus (S99, 108, 115, 123 and 872) (Xiao et al., 

2004). This function of IKKα is completely independent of IKKβ and NEMO activity (Claudio et al., 2002). 

Phosphorylation of p100 leads to the recruitment of βTrCP as part of the SCF E3 ubiquitin ligase complex, which 

targets p100 for K48-linked polyubiquitination at a specific lysine residue in its C-terminus and subsequent 

proteolytic processing by the proteasome (Fong et al., 2002). The resulting liberation of specific NF-κB dimers 

was discussed in detail in Section 1.3.4.3. 
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As part of a feedback mechanism that limits the duration of non-canonical NF-κB pathway activation, IKKα 

phosphorylates NIK at S809, S812 and S815 within the C-terminus of NIK to promote its degradation and 

terminate the signal (Razani et al., 2010). In the absence of IKKα, NIK expression accumulates continuously over 

a period of time far beyond that observed in wild-type cells. 

Deregulated non-canonical NF-κB signalling is typically associated with lymphoid malignancies (Cildir et al., 2016). 

For example, constitutive non-canonical signalling is commonly observed in multiple myeloma as a result of 

mutations in various components of the pathway, including loss of function mutations in TRAF2, TRAF3, CYLD, 

cIAP1 and cIAP2, and gain of function mutations in NFKB1, NFKB2, CD40, LTBR, TACI, and NIK (Keats et al., 2007). 

However, a role for aberrant non-canonical NF-κB signalling in the progression of solid tumours is starting to 

emerge. For example, a subset of pancreatic cancer cell lines exhibit constitutive NIK stabilisation, p100 

processing and elevated non-canonical NF-κB target genes (Wharry et al., 2009). Furthermore, non-canonical 

pathway activation is predictive of poor survival in patients with oestrogen receptor positive breast cancer (Rojo 

et al., 2016). In addition, deficiency for nucleotide-binding domain and leucine-rich-repeat containing (NLR) 

protein, NLRP12 increases the susceptibility of mice to colitis and colitis-associated colon cancer (Allen et al., 

2012). Polyps isolated from Nlrp12−/− mice exhibit elevated noncanonical NF-κB activation, due to increased NIK 

stabilisation and p100 processing, and increased expression of target genes, including Cxcl13 and Cxcl12, which 

contribute to tumourigenesis.  

1.3.6 Atypical NF-κB pathways 

In addition to the canonical and non-canonical NF-κB pathways, there exist various other atypical mechanisms 

of NF-κB transcriptional activation that have been proposed to expand the range of stimuli able to impinge on 

NF-κB (Figure 1.11). These may be IKK-dependent (Figure 1.11A) or IKK-independent; impinging directly on 

phosphorylation of IκB proteins (Figure 1.11B-D). Genotoxic agents, such as doxorubicin, etoposide and 

camptothecin that generate DNA double-stranded breaks (DSBs), induce increases in nuclear localization of an 

‘IKK-free’ form of NEMO (Huang et al., 2003, Hwang et al., 2015). SUMOylation of NEMO at K277 and K309 by 

the SUMO E3 ligase protein inhibitor of activated STATy (PIASy) promotes its nuclear localisation, via an 

undefined mechanism (Mabb et al., 2006). Within the nucleus, poly(ADP-Ribose) polymerase-1 (PARP1), a 

scaffolding protein that directly senses DNA damage and catalyses the formation of polyADP-ribose chains on 

itself and target proteins, contributes to the assembly of a nuclear signalosome containing NEMO, PIASy, and the 

DSB-responsive kinase ataxia-telangiectasia mutated (ATM) that promotes NEMO post-translational 

modification. Within this complex, NEMO is also phosphorylated on S85 by ATM (Stillman et al., 2009). NEMO 

SUMOylation and phosphorylation are both required for NF-κB activation following DNA damage (McCool et al., 

2012). Prior phosphorylation at Serine 85 by ATM is also essential for subsequent NEMO monoubiquitylation on 

K277 and K309, which is possibly catalysed by cIAP1 (Jin et al., 2009). This is thought to promote translocation of 

a NEMO:ATM complex back into the cytoplasm where TAK1 and the IKK complex are activated, via a poorly 

defined ATM-kinase dependent mechanism, to induce the canonical NF-κB pathway (Wu et al., 2006b; Jin et al., 

2009; Hinz et al., 2010; Wu et al., 2010). In turn, NF-κB transcriptional activity induces several cell processes to 

promote survival, including prolonged cell cycle arrest, DNA damage repair and senescence (McKool and 

Miyamoto, 2012).  
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Various other stress-induced pathways have been shown to lead to IKK-independent IκBα phosphorylation 

(Figure 1.11B-D). For example, cellular stresses that promote the production of ROS can activate ASK1 and, in 

turn, JNK, whose sustained activity has been shown to promote β-TrCP expression, and hence promote signal-

induced IκBα degradation (Spiegelmann et al., 2001). IκBα tyrosine phosphorylation, primarily at Y42, has been 

shown to be induced by various stimuli, including H2O2, pervanadate and hypoxia, possibly through casein kinase 

II (CK2) activity, downstream of Syk kinase (Schoonbroodt et al., 2000; Takada et al., 2003). Tyr42 

phosphorylation does not induce IκBα degradation, but may promote binding of the p85α subunit of PI3K, thus 

freeing NF-κB subunits to translocate into the nucleus (Beraud et al., 1999). Early in the characterisation of NF-

κB pathways, UV radiation was shown to be an inducer of NF-κB activity (Liu et al., 1996), though the precise 

mechanism has remained a topic of debate. It was originally proposed that IKK activity is not required for IκBα 

degradation in response to UV (Li and Karin., 1998; Huang et al., 2002), but a more recent study has suggested 

that IKKβ acts as an adaptor within the nucleus to facilitate the p38-CK2-dependent phosphorylation and 

degradation of IκBα (Tsuchiya et al., 2010). 

 

Figure 1.11. Atypical pathways of NF-κB activation. (A) Genotoxic triggers the nuclear accumulation of ‘IKK-free’ NEMO. 
Within the nucleus NEMO forms a complex with PARP1, PIASy and ATM and undergoes a series of post-translational 
modification. PIASy promotes the sumoylation of NEMO, which promotes its nuclear localisation. ATM phosphorylates NEMO 
at Serine 85, which is necessary for the subsequent monoubiquitylation of NEMO. This is thought to trigger the nuclear export 
of the NEMO-ATM complex, which then, in an ill-defined mechanism, activates TAK1 and the IKK complex. (B) Various cellular 
stresses, including oxidative stress and environmental toxic metal ions result in an increase in the production of reactive 
oxygen intermediates (ROIs). These are thought to activate ASK1, which in turn activates JNK. JNK has been proposed to 
contribute to the signal-induced ubiquitination of IκBα through promotion of β-TrCP accumulation. (C) Various stimuli, 
including H2O2, pervanadate and hypoxia activate NF-κB through tyrosine phosphorylation of IκBα. In the case of H2O2, this 
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has been shown to occur at Tyrosine 42 of IκBα, and possibly mediated by casein kinase II (CK2) downstream of Syk kinase. 
(D) UV irradiation is proposed to activate NF-κB via p38-CK2 kinase-mediated IκBα degradation. 

 

1.4 NF-κB signalling in cancer 

1.4.1 Overview 

The NF-κB signalling pathway is an inducible pathway that is normally tightly controlled by multiple regulatory 

mechanisms to ensure minimal basal activation. However, given its critical role in promoting cell-survival and 

proliferation, and regulating genes involved in angiogenesis, metabolism, inflammation and cell 

adhesion/migration, it is unsurprising that a wide range of haematological malignancies and solid tumours have 

been shown to exhibit deregulated NF-κB signalling resulting in constitutive NF-κB activation (Chaturvedi et al., 

2011).  

The ability of NF-κB to induce inflammation places it as one of the crucial links between chronic inflammation 

and cancer (DiDonato et al., 2012). However, aberrant NF-κB activation is also capable of promoting 

tumourigenesis in cancers whose early progression isn’t typically associated with inflammation through 

contributions to almost all of the hallmarks of cancer (see Figure 1.12 and Section 1.4.3). 

A consequence of the role of the NF-κB pathway in promoting cell survival and proliferation is that cancers 

exhibiting constitutive NF-κB activation are often intrinsically resistant to both traditional chemotherapeutics 

and targeted therapeutics. For example, in glioblastoma, the common activating EGFR mutation (EGFRvIII) 

stimulates mTORC2 activity to promote cancer cell growth, survival and resistance to cisplatin chemotherapy 

through constitutive activation of NF-κB signalling (Tanaka et al., 2011). 

Given these tumour promoting and chemoresistance-enhancing roles of NF-κB within cancer cells and cells of 

the tumour microenvironment, targeting NF-κB has been a major goal for cancer therapy in recent years.  

1.4.2 Mechanisms of constitutive NF-κB activation in cancer 

There are several mechanisms by which NF-ᴋB transcription factors can become uncoupled from their normal 

modes of transient and tight regulation, leading to constitutive activation and promotion of tumourigenesis 

(Staudt, 2010). The discovery of viral oncogenes capable of constitutively activating the NF-ᴋB pathway, such as 

v-Rel – the oncogenic avian REV-T virus derivative of c-Rel, generated great anticipation for the discovery of 

tumour-promoting oncogenic mutations in NF-ᴋB pathway components in human malignancies (Ballard et al., 

1990; Nolan et al., 1991).  However, oncogenic mutations that provide p65, c-Rel or other NF-ᴋB family members 

with transforming potential have turned out to be rare and mainly occur in lymphoid malignancies (Courtois et 

al., 2006). Indeed, for the most part, loss-of-function IᴋB mutations or gain-of-function IKK mutations are 

extremely rare in humans. Rather, NF-ᴋB activation in cancer largely appears to be the result of either oncogenic 

activation of upstream components of the NF-κB pathway and oncogenic signalling pathways that activate NF-

κB, such as RAS of PI3K signalling, or chronic autocrine/paracrine exposure to proinflammatory stimuli in the 

tumour microenvironment (Staudt, 2010). 
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Many human lymphomas, including but not limited to activated B-cell like (ABC) diffuse large B-cell lymphoma 

(DLBCL), multiple myeloma (MM), Hodgkins lymphoma and MALT lymphoma, rely on constitutive canonical 

and/or non-canonical NF-κB activation for survival (Vallabhapurapu et al., 2009). For instance, constitutive 

activation of the canonical NF-κB pathway is the hallmark of ABC DLBCL and contributes to tumourigenesis 

through the activation of IRF4, which drives plasmacytic differentiation, and the production of IL-6 and IL-10, 

which activate autocrine tumour promoting STAT3 signalling (Davis et al., 2001; Lam et al., 2005; Lam et al., 

2008a). This constitutive NF-κB activation is the result of oncogenic mutations of upstream signalling components 

that engage the canonical NF-κB signalling pathway including Myd88, A20, TAK1, TRAF2, TRAF5, CD79B/A and 

CARD11 (Compagno et al., 2009). Meanwhile, mutations in NF-κB pathway components are found in 

approximately 20% of MM tumours and 40% of MM cell lines (Annunziata et al., 2007; Keats et al., 2007). Such 

mutations have been shown to lead to constitutive activation of both canonical and non-canonical NF-κB 

pathways and enable malignant cells to survive and proliferative away from the survival signals provided by the 

bone marrow microenvironment (Staudt, 2010). 

Constitutive NF-κB activation has also been observed in a vast number of solid tumours and cancer cell types, 

including but not limited to pancreatic, lung, liver, breast, prostate and colon (Nakshatri et al., 1997; Tai et al., 

2000; Shukla et al., 2004; Sakamato et al., 2009). Various oncogenic mutations in signalling pathways that 

mediate cross-talk with NF-κB, such as EGFR, KRAS, PI3K and p53, have been implicated in driving aberrant NF-

κB signalling in epithelial cancers. The link between oncogenic RAS and NF-κB first became apparent when it was 

demonstrated that the RAS oncoprotein can regulate the transcriptional activity of NF-κB (Finco et al., 1993) 

Subsequently, oncogenic RAS was proposed to require NF-κB to promote cellular transformation in vitro, in part 

because of its ability to suppress transformation-associated, p53-independent apoptosis (Mayo et al., 1997) and 

its ability to promote abnormal proliferation (Jo et al., 2000).   

The in vivo connection between NF-κB and KRAS-induced transformation initiation has been strengthened by 

studies of mouse RAS-driven cancer models. For example, the NF-κB pathway has been proposed to be important 

for the development of tumours in a KRAS/p53-mutant mouse model of lung adenocarcinoma (Meylan et al., 

2009). Similarly, Basserès et al showed that KRAS activated p65 in an IKKβ-dependent manner in lung tumours 

in situ, and that p65 inactivation reduced KRAS-driven tumour formation and resulted in higher levels of tumour 

cell apoptosis (Basserès et al., 2010). Furthermore, tumour cell-specific knockout of IKKβ in a KRAS-driven mouse 

model of lung cancer has been shown to significantly attenuate tumour proliferation and prolonged mouse 

survival (Xia et al., 2012). Such findings are not limited to lung cancer. Conditional knockout of IKKβ in an 

Ink4a/Arf-null, HRAS-driven mouse model of spontaneous melanoma blocked tumour formation through a 

mechanism involving inhibition of Aurora A kinase-mediated cell cycle progression, stabilization of p53, reduction 

in IL-6 secretion and increased apoptosis (Yang et al., 2010). Meanwhile, pancreas-targeted IKKβ inactivation has 

been shown to inhibit the development of pancreatic ductal adenocarcinoma in a KRAS-driven mouse model 

(Ling et al., 2012).  

The precise mechanisms by which RAS and its downstream effector pathways regulate NF-kB activation have yet 

to be conclusively demonstrated. One proposal has been made by Duran et al who demonstrated a role for the 

signalling adaptor p62, transcriptionally induced by KRAS through an ERK- and AKT-dependent pathway, in 
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coordinating TRAF6 to regulate IKK downstream of oncogenic KRAS-induced signalling in vitro and in vivo in a 

model of KRAS-induced lung adenocarcinoma (Duran et al., 2008). This work was subsequently extended in a 

model of KRAS-driven pancreatic adenocarcinoma by Ling et al, who demonstrated that KRAS-activated AP-1 TFs 

induced an IL-1α autocrine signalling loop, which in turn activated NF-κB and its target genes IL-1α and p62 to 

initiate a feedforward loop for sustained NF-κB activity (Ling et al., 2012). Baldwin et al identified a link between 

KRAS and IKK in pancreatic cancer cells via GSK-3α-mediated stabilization of constitutively active TAK1-TAB 

complexes to promote IKK activity and constitutive canonical NF-κB signalling (Bang et al., 2013). GSK-3α activity 

downstream of KRAS was also shown to promote noncanonical NF-κB signalling via promotion of p100-

processing. Such findings potentially explain the proposed importance of TAK1 for survival of KRAS-dependent 

CRC (Singh et al., 2012).  

The unconventional I kappa B kinase, TBK1 has also been linked with activation of NF-κB downstream of mutant 

KRAS. The GTPase RALB, in complex with a component of the exocyst (SEC5), has been proposed to contribute 

to cancer cell survival and RAS-induced transformation by directly recruiting and constitutively activating TBK1 

to trigger canonical NF-κB signalling and promote survival (Chien et al., 2006). Separately, TBK1 has been 

identified in an RNAi synthetic lethality screen for proteins essential for the survival of KRAS-mutant human 

cancer cells (Barbie et al., 2009). Suppression of TBK1-depdendent NF-κB activation in KRAS-dependent lung 

cancer cells induced apoptosis.   

The pathological relevance of such cell autonomous mechanisms of NF-κB aberrant activation remains a matter 

of debate. A more general, and widely accepted mechanism of constitutive NF-κB activation in tumour cells is via 

exposure to the pro-inflammatory milieu of the tumour microenvironment. As described in Section 1.1.4 it is well 

documented that human solid tumours are almost always infiltrated by a host of inflammatory cells that secrete 

an abundance of pro-inflammatory cytokines and growth factors that activate the NF-κB pathway in tumour cells 

(Balkwill and Mantovani, 2001). Interactions with immune cells also induce autocrine cytokine signalling in 

tumour cells to activate NF-κB (Spriggs et al., 1995). The generality of this phenomenon has been demonstrated 

through the observation that conditioned media from a wide range of tumour-derived cell lines and mutant 

HEK293 derivatives with constitutive NF-κB activation was highly enriched in numerous cytokines, including 

TNFα, CSF1, IL-1β, TGFβ2, FGF5, OX40L, CD27L, RANKL etc that stimulated activation of NF-κB in naive indicator 

cells (Lu et al., 2004). The contribution of the proinflammatory microenvironment to the constitutive activation 

of NF-κB in colorectal cancer will be discussed in Section 1.4.4. 

1.4.3 Deregulated IKK/NF-κB is capable of influencing all of the hallmarks of cancer 

Constitutively active NF-κB signalling has been shown to play a role in promoting tumour initiation, progression 

and resistance to therapy in a wide range of cancers. Indeed, NF-κB-dependent gene targets are capable of 

influencing all of the hallmarks of cancer (Figure 1.12). The contribution of NF-κB activation in inducing and 

maintaining a chronic tumour-promoting inflammatory microenvironment will be discussed in the context of 

colorectal cancer in Section 1.4.4. Independent of inflammation, deregulated NF-κB is involved in numerous 

cancer-associated mechanisms.  
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One of the most significant is the ability of NF-κB to protect cancer cells from apoptosis through the induction of 

anti-apoptotic genes. For example, enterocyte-specific deletion of IKKβ in mice has been shown to lead to 

enhanced apoptosis during tumour promotion in a mouse model of colitis-associated cancer as a result of 

inhibition of NF-κB-dependent expression of the pro-survival protein, Bcl-XL (Greten et al., 2004). Furthermore, 

NF-κB inhibition leads to apoptotic cell death in certain cancer cell lines, such as Hodgkin’s lymphoma (Izban et 

al., 2001). NF-κB activation also opposes the induction of cell death through inhibition of persistent JNK signalling. 

This is achieved in part via the induction of antioxidising genes, such as manganese-superoxide dismutase 

(MnSOD) and ferritin heavy chain (FHC) that counteract the generation of ROS, which are involved in sustained 

JNK activation following TNFα stimulation, and also by the induction of genes such as GADD45β and XIAP, which 

oppose JNK activation. The latter has been exploited recently to selectively kill MM cells (see Section 1.4.5). 

Therapy-induced NF-κB activation of anti-apoptotic genes is also a potential mechanism of resistance to certain 

chemotherapeutics (Nakanashi & Toi, 2005). For example, paclitaxel sensitivity of breast cancer cells exhibiting 

constitutive NF-κB activation is enhanced by inhibition of NF-κB-dependent survival signalling (Patel et al., 2000). 

Although certain DNA-damaging agents have been shown to activate apoptosis in an NF-κB-dependent manner 

(Strozyk et al., 2006).  

 

Figure 1.12. Overview of the contribution of NF-κB-dependent gene expression to the hallmarks of cancer. Activation of 
NF-κB-dependent gene expression is capable of influencing the majority of the hallmarks of cancer, including: sustained 
proliferation, evasion of cell death, metastasis, angiogenesis, tumour-promoting metabolism, and, at least in the case of p53 
null cells: tumourigenesis-promoting reprogramming of metabolism. A selection of representative genes involved in each 
process is summarised. Adapted from Baud, 2009.  

 

Aberrant NF-κB activation also promotes tumourigenesis through the promotion of autonomous cancer cell 

proliferation. This has been demonstrated in a mouse lung cancer model; specific IKKβ deletion in tumour cells 
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slowed the growth of tumours due to decreased expression of the NF-κB target gene, Timp1, which promotes 

ERK-dependent proliferation (Xia et al., 2012).  

Constitutive NF-κB activation has also been linked to tumour maintenance, progression and metastasis through 

control of angiogenesis and the invasive properties of tumour cells. For example, inhibition of NF-κB signalling 

through transfection of an IκBα super-repressor inhibited the expression of the key angiogenic factor, vascular 

endothelial growth factor (VEGF), the angiogenesis inducing chemokine, IL-8, and matrix metallopreoteinase-9 

(MMP-9) in human prostate cancer cells and in mice prostate cancer tumours (Huang et al., 2001). Such tumours 

were slower growing and displayed low metastatic potential. Aberrant NF-κB may also contribute to tumour 

metastasis though the induction of genes involved in epithelial-mesenchymal transition (EMT), which is an early 

event in metastasis. Key EMT genes such as SNAI1, TWIST and SNAI2 have been shown to be regulated by NF-κB 

in various cancer cell lines. Indeed, NF-κB has been proposed to be required for EMT and metastasis in a mouse 

model of breast cancer (Huber et al., 2004).  

NF-κB activation may also play a role in the reprogramming of cellular metabolism that occurs during 

tumorigenesis; an emerging cancer hallmark. This function of NF-κB appears to be highly dependent on the p53 

status of the tumour cell. In p53 wild-type cells, p65 appears, in fact, to contribute to the suppression of 

oncogenic transformation through promotion of oxidative phosphorylation and repression of glycolysis in a 

mechanism dependent on the induction of p53, and in turn, the critical subunit of the mitochondrial respiratory 

complex IV subunit, cytochrome c oxidase (SCO2) (Mauro et al., 2011). However, loss or mutation of p53 switches 

the outcome of NF-κB activation to that of tumour promotion. For example, in the absence of p53 p65 is able to 

translocate into the mitochondria and repress mitochondrial gene expression, oxygen consumption and cellular 

ATP, thus switching cancer cells from oxidative phosphorylation to glycolysis and enhancing the Warburg effect 

(Johnson et al., 2011). In p53-/- p65 activation also induces the expression of the glucose transporter, GLUT3, 

which might contribute to the maintenance of high glycolytic flux and oncogenic RAS transformation (Kawauchi 

et al., 2009). Whether these mechanisms function to promote tumourigenesis in vivo remains to be clarified. 

NF-κB-dependent gene expression is not the only means through which chronic activation of the pathway may 

elicit tumourigenesis. Many of the NF-kB-independent functions of IKK discussed in Section 1.3.2.4 may also be 

capable of promoting cancer progression. For example, constitutive activation of IKKβ has been proposed to 

promote proliferation and survival in breast cancer tumours through inhibitory phosphorylation of the 

transcriptional regulator, FOXO3a (Hu et al., 2004). Such phosphorylation excludes FOXO3a from the nucleus and 

promotes its ubiquitin-dependent proteasomal degradation. 

It should be mentioned, however, that there are specific examples where NF-κB may actually play a tumour 

suppressive-like role. In some settings NF-κB has been shown to promote apoptosis. For example, NF-κB can 

induce the expression of the proapoptotic gene, Fas in some cells activated by certain stimuli (Chen et al., 1999). 

p65 activation is also required for induction of apoptosis following serum withdrawl in HEK293 cells (Grimm et 

al., 1996). Meanwhile, activation of NF-κB promotes cell death in neural cells (Grilli et al., 1996) and in α-CD3-

mediated apoptosis of CD4/CD8 double positive T cells (Hettman et al., 1999). However, to be classed as a 

tumour suppressor, loss of NF-κB gene products must lead to development of cancer, and there have only been 

a few tissue-specific instances where this has been demonstrated to be the case. For example, coexpression of 
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mutant KRAS and a super-repressor IκBα mutant that blocks NF-κB activation in keratinocytes leads to increased  

squamous cell carcinoma, and implicated NF-κB in growth arrest upon oncogenic stress in this tissue (Dajee et 

al., 2003). Furthermore, hepatocyte-specific deletion of IKKβ in mice results in the increased initiation of 

diethylnitrosamine-induced hepatocellular carcinoma (HCC) (Maeda et al., 2005) as well the acceleration of HCC 

progression that had previously been initiated (He et al., 2010). Interestingly, liver parenchymal cell specific 

deletion of NEMO or TAK1 lead to spontaneous HCC development in mice (Luedde et al., 2007; Bettermann et 

al., 2010). In the absence of NF-κB signalling ROS accumulate, spontanteous liver damage and hepatocyte death 

occurs, which leads to compensatory proliferation, all of which contribute to HCC development. 

More generally, it has been proposed that NF-kB may act in a tumour suppressive capacity prior to initiation of 

tumourigenesis, through regulation of DNA damage, cellular senescence and cell death, but is subsequently co-

opted to act as a tumour promoter as cancer progresses (Perkins et al., 2004; Rovillain et al., 2011). Support for 

this model comes from studies showing that precancerous p65-deficient MEFs escape senescence and 

immortalize earlier than wild-type cells due to increased genomic instability, but upon expression of mutant KRAS 

p65 deficient MEFs exhibit reduced tumour initiation when transplanted into mice, confirming earlier reports 

relating to the requirement of NF-κB for KRAS-induced transformation (Wang et al., 2014a). Importantly, 

however, p65 deficient MEFs did not give rise to tumours in the absence of mutant RAS transformation, 

suggesting that loss of p65 alone is not sufficient to promote tumorigenesis. One mechanism by which NF-κB 

might promote oncogene-induced senescence is through upregulation of CXCR2 receptor-binding ligands (Acosta 

et al., 2008).  

1.4.4 NF-κB and inflammation in colorectal cancer 

The link between inflammation-induced NF-kB and tumour promotion is perhaps strongest for colorectal cancer 

(CRC). A summary of some of the key inflammatory cytokines involved is shown in Figure 1.13. CRC is the third 

leading cause of cancer-related deaths in the United States, and more than 1 million new cases a year are 

diagnosed worldwide (Tenesa & Dunlop, 2009). A small proportion of these cases are hereditary; approximately 

3-4% due to hereditary nonpolyposis colorectal cancer (HNPCC), 1% due to familial adenomatous polyposis (FAP), 

and less than 1% due to a range of rare genetic disorders, including hamartomatous polyposis syndromes (Rustigi, 

2007). The vast majority of cases are sporadic and are typified by a progressive genetic pathway involving loss of 

function in the adenomatous polyposis coli (APC) tumour suppressor, activation of β-catenin, and mutations in 

KRAS, PIK3CA and TP53; this accounts for approximately 80% of all cases in humans (Mundade et al., 2014). 

Chronic inflammation is a prominent risk factor for CRC development (Terzić et al., 2010). Indeed, patients with 

pre-existing inflammatory conditions, such as inflammatory bowel diseases (IBD) have a higher risk of developing 

and succumbing to colorectal cancer, in this case known as colitis-associated CRC (CAC) (Rubin et al., 2012). 

However, tumour-associated inflammation has also been shown to play an important role in patients with 

sporadic CRC who exhibited no signs of prior IBD pathogenesis, implicating inflammation as a fundamental 

general driver of CRC (Reichling et al., 2005; Wood et al., 2007). Both sporadic CRC and CAC can be modelled in 

mice, and studies with these models have uncovered a prominent role for chronic inflammation in various 

mechanisms of carcinogenesis, with the NF-κB pathway playing a central role. 
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Figure 1.13. Overview of tumour-elicited inflammation in the progression of colorectal cancer.  The schematic summarises 
some of the cytokines and the cell types that produce them that have been proposed to play a role in colorectal cancer 
progression. NF-κB signalling downstream of pro-inflammatory cytokines from the tumour microenvironment is proposed to 
be play a role in both tumour-associated myeloid/stromal cells, and intestinal epithelial cells (IECs), both in the promotion of 
cancer cell survival, proliferation, invasion and angiogenesis, and in the synthesis of pro-inflammatory cytokines and 
chemokines that attract further immune cells, and induce a pro-tumourigenic phenotype in various host immune cells, 
including macrophages and T cells. Adapted from Wang & Karin, 2015b. 

 

Indeed, the NF-κB pathway has been demonstrated to be constitutively active in colon carcinoma patient 

samples. A number of studies have detected increased nuclear localisation and DNA binding activity of p65 in the 

majority of colorectal adenomas and adenocarcinomas, over that observed in adjacent nonneoplastic tissue (Lind 

et al., 2001; Yu et al., 2003; Kojima et al., 2004; Sakamoto et al., 2009). The level of expression of p65 has also 

been shown to significantly increase in the transition from adenoma to adenocarcinoma and occurs 

concomitantly with an increase in the expression of the pro-survival proteins, BCL-2 and BCL-xL, and a reduction 

in apoptotic index, implying that increased NF-κB activation may contribute to survival during CRC progression 

(Yu et al., 2003).  

A number of studies have also reported constitutive NF-κB activation in certain CRC cell lines (Dejardin et al., 

1999; Sakamoto et al., 2009; Lin et al., 2012). However, the data is unreliable as there are numerous 

inconsistencies regarding the exact cell lines that have been shown to exhibit constitutive activation and the 

extent to which they do so. Absence of widespread constitutive NF-κB activation in CRC cell lines is perhaps 

unsurprising, given that the primary mechanism of aberrant NF-κB activation in colon cancer is thought to be 

interaction with the pro-inflammatory microenvironment. 
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Various studies have attempted to stratify CRC into discrete subtypes with distinct biological characteristics to 

identify biomarker gene expression signatures predictive of the clinical characteristics of each subtype. In one 

such study, a subtype with poorer disease free survival demonstrated overexpression of a number of genes 

involved in activation of the NF-ᴋB pathway (Oh et al., 2012). Another genome wide analysis of patient samples 

identified five distinct CRC tumour subtypes (Schlicker et al., 2012). One of the poorer prognosis, treatment 

refractory subtypes exhibited activation of a large number of pathways involved in inflammation, including many 

that active NF-κB, such as the TNF-α, Toll-like receptor and IL-1 pathways. A recent largescale approach, 

combined six independent classification systems to generate four consensus molecular subtypes with 

distinguishing features (Guinney et al., 2015). The contribution of NF-κB gene signatures to these subtypes was 

not addressed specifically, but both the CMS1 and the CMS4 subtypes, accounting for 14% and 23% of tumour 

samples, respectively, were characterised by high levels of immune/stromal cell infiltration and immune 

signalling activation, as well as worse relapse-free and overall survival.   

The first evidence for NF-κB signalling as the link between inflammation and colorectal cancer came from work 

with a CAC mouse mode, where IKKβ-driven NF-κB activation within intestinal epithelial cells (IECs) was shown 

to provide premalignant progenitor cells with a survival advantage through activation of antiapoptotic genes, 

such as BCl-XL, whereas IKKβ-driven NF-κB activation in tumour-associated myeloid cells promoted tumour 

growth and progression through expression of pro-inflammatory cytokines and growth factors (Greten et al., 

2004). Subsequent studies demonstrated that these tumour-promoting NF-κB-induced cytokines include IL-6, 

TNFα, IL-1β, IL-11, IL-22 and IL-23. For example, NF-κB-dependent IL-6 secretion by tumour associated 

macrophages and dendritic cells has been found to be important in the activation of STAT3-mediated 

proliferative and survival signalling in IECs and development of CAC (Grivennikov et al., 2009). STAT3 and NF-κB 

transcription factors can synergise to enhance expression of survival genes (Greten et al., 2002).  

NF-κB has also been shown to be important in the pathogenesis of sporadic colon cancer. Chronic IKKβ activation 

(using a constitutively active IKKβ mutant) in intestinal epithelial cells accelerated APC loss of heterozygocity and 

tumour initiation when crossed with mice expressing an IEC-specific mono-allelic deletion of APC, possibly 

through enhanced expression of inducible nitric oxide synthase (iNOS) and nitrosative DNA damage (Shaked et 

al., 2012). NF-κB is also extensively involved in another pro-inflammatory cytokine signalling network in sporadic 

CRC that switches T cells in the tumour microenvironment from a T helper 1 (Th1) anti-tumourigenic phenotype 

to a pro-tumourigenic T helper 17 (Th17) phenotype. Th17 cells secrete large quantities of cytokines such as IL-

17A, IL-17F, IL-21, IL-22, TNFα and IL-6, which have been shown to synergistically activate STAT3 and NF-κB in 

IECs to promote CRC growth (Simone et al., 2015). IL-17A mainly signals within transformed IECs to promote 

their growth and survival during early phases of CRC development through activation of NF-kB, ERK and p38 

signalling (Wang et al., 2014b). High IL-17A expression in stage I/II human colon cancer has also been shown to 

be associated with poor clinical outcome due to rapid progression to lethal metastasis (Tosolini et al., 2011). 

Interestingly, the mechanism of Th17 cell activation may involve microbial products from the commensal 

microflora activating NF-κB signalling in TME cells. In a mouse model of sporadic colon cancer, microbial products 

have been proposed to access the tumour microenvironment due to a defective intestinal barrier, whereupon 

they activate Toll-like receptor (TLR)-dependent NF-κB signalling in tumour-associated macrophages to stimulate 
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production of IL-23, which in turn acts on T cells to induce Th17 cell activation (Grivennikov et al., 2012). This is 

consistent with the separate observation that deletion of the TLR adaptor protein, Myd88, significantly reduces 

spontaneous APC-loss-driven colon cancer in mice (Rakoff-Nahoum & Medzhitov, 2007). The importance of NF-

κB signalling in tumour-associated macrophages has been further emphasised by the observation that high levels 

of p50 expression in macrophages promote a pro-tumourigenic M2 phenotype, whereas inhibition of NF-κB 

signalling in macrophages induces an M1-like macrophage phenotype to promote tumour killing, reduce 

angiogenesis, and reduce peritoneal metastasis in vivo (Hagemann et al., 2008; Ryan et al., 2015). 

NF-kB may also be involved in the initiation of intestinal tumourigenesis through the reprogramming of post-

mitotic IECs into stem cells with tumour-initiating capacity; p65 was proposed to enhance Wnt signalling during 

stem cell expansion through recruitment of CBP to DNA-bound β-catenin (Umar et al., 2009; Schwitalla et al., 

2013). 

However, as is typically the case with NF-κB signalling, there are seemingly contradictory layers of complexity. 

NF-κB has been proposed to function in intestinal epithelial cells to control gut epithelial layer and immune 

homeostasis. Deletion of either IKKβ or NEMO in IECs has been shown to lead to chronic inflammation and 

spontaneous colitis (Zaph et al., 2007; Nenci et al., 2007). The mechanism has been proposed to involve 

protection from inflammation induced cell death in IECs that leads to invasion of commensal bacteria into the 

mucosa (Vlantis et al., 2016). However, this mechanism was not proposed to contribute to inflammation-induced 

carcinogenesis.  

1.4.5 The NF-κB pathway as a target in cancer therapy 

The demonstrable role of constitutive or treatment-induced NF-κB signalling in various aspects of tumour 

initiation, progression and drug resistance in multiple different cancer types strongly suggests that inhibitors of 

NF-κB function would be of benefit in cancer therapy, either as a monotherapy or in combination with general 

chemotherapeutics. Almost every node in the NF-κB signalling pathway, from cell surface receptor down to the 

DNA binding of NF-κB proteins themselves, has been investigated as a target of pathway inhibition (Gilmore et 

al., 2006). Hundreds of natural and synthetic compounds have been reported as NF-kB inhibitors (Gupta et al., 

2010). The IKK kinases, however, are perhaps the most attractive targets: they have a druggable, ATP-binding 

site; the similarity of the kinase domains of IKKα and IKKβ with other protein kinases has facilitated large screens 

of known compounds; and at least one of the IKK family members is required for the vast majority of NF-κB 

functions (Miller et al., 2010).  

The focus of drug development has historically been IKKβ, owing to its purportedly dominant function in 

canonical NF-κB signalling over IKKα. Currently, no IKKα selective inhibitors have been developed, partly due to 

a lack of pharmaceutical interest, and partly due to an intrinsic difficulty to develop inhibitors displaying 

selectivity over IKKβ (Gamble et al., 2012), although this situation is soon to change following the publication of 

the first potent and selective IKKα selective inhibitors (Anthony et al., 2017).  Several reports have documented 

the efficacy of IKK inhibition in triggering apoptosis in cancer cells as single agents, and in combination either 

with death-inducing cytokines or chemotherapeutic drugs (Godwin et al., 2013).  
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Despite promising successes in preclinical models, so far no IKK inhibitors have been clinically approved. The 

reasons for this lack of clinical application is two-fold; a lack of clinical efficacy and concerns over both real and 

perceived toxicity issues associated with the chronic inhibition of IKK. The former issue possibly attests to both 

the lack of highly selective, nanomolar potent IKK inhibitors, and the significant NF-κB activity that is likely to 

remain in certain clinical settings when IKKβ is the sole target of inhibition. In these regards, the recent high 

resolution X-ray crystallographic structure of IKKβ will likely help facilitate the rational design of novel, highly 

selective IKKβ inhibitors (Liu et al., 2013). Furthermore, more preclinical work is needed to identify relevant 

clinical settings for the use of dual, or selective IKKα or IKKβ inhibition. A recent example of this is the discovery 

that IKKα-dependent non-canonical NF-κB signalling is an important driver of castrate-resistant prostate cancer 

and therefore is the more attractive therapeutic target of the two IKK kinases (Luo et al., 2007; Ammirante et al., 

2010). 

The latter issue relates to the known toxicity that arises in mouse models following sustained IKKβ inhibition. 

Myeloid-specific deletion of IKKβ or sustained pharmacological IKKβ inhibition in mice leads to a striking increase 

in susceptibility to endotoxin-induced shock due to excessive release of IL-1β and related cytokines; a 

consequence of an unexpected role for IKKβ-dependent NF-κB activation in the negative control of 

inflammasome activation (Greten et al., 2007). Myeloid-specific ablation of IKKβ has also been observed to lead 

to lethal IL-1β-driven neutrophilia and generalized inflammation (Hsu et al., 2010). These effects of IKKβ 

inhibition on innate immune function have clear ramifications for the use of sustained IKKβ inhibition in the clinic. 

It might be possible to mitigate these effects by simultaneously modulating IL-1 receptor function (Hsu et al., 

2010), although this is likely to have a severe impact on innate immunity and lead to a high risk of infection 

(Genovese et al., 2004).  Furthermore, another solution to this issue might be the careful evaluation of dosing, 

scheduling and delivery strategies to ensure transient and reversible IKKβ inhibition and to avoid long-term 

immunosuppression and cytotoxicity.  

Another promising strategy to overcome issues of sustained IKK inhibition and systemic toxicity is to target 

signalling components downstream of chronic IKK/NF-κB activity that are selectively required for cancer cell 

survival. Such targets might be downstream components of the NF-κB pathway, or some of the growing number 

of NF-κB-independent substrates of IKKα/IKKβ that have been shown in some cases to contribute to 

tumourigenesis (see Section 1.3.2.4). An example of the former is the recent demonstration that highly cancer-

selective targeting of the NF-κB pathway is possible in multiple myeloma through the use of inhibitors of the 

interaction between the pro-survival NF-κB-dependent target, GADD45β and MKK7, which releases the inhibition 

of pro-apoptotic JNK activity to kill cancer cells (Tornatore et al., 2014).  

Another issue that must be addressed before NF-κB inhibition can achieve clinical success is rapidly acquired 

resistance to IKK/NF-κB inhibition. Such mechanisms of resistance have not been explored, but will likely be a 

considerable barrier to clinical success. This was highlighted by a study in a mouse mutant-KRAS/p53-driven non-

small cell lung cancer (NSCLC) model, where acquired resistance quickly followed an initial period of potent 

therapeutic efficacy subsequent to administration of the IKK inhibitor, Bay-117082 (Xue et al., 2011).  
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1.5 Aims 

It has evidently been a challenge to manipulate the activity of this pleiotropic and complex pathway. A greater 

level of insight into the relative functions of IKKα and IKKβ in NF-κB signalling in human cancer cells may help 

reveal novel avenues for cancer therapy. With this in mind, we have undertaken a study of the relative functions 

of IKKα and IKKβ in a human colorectal cancer cell line using CRISPR-Cas9 gene editing and small molecule 

inhibition approaches.  

We intended to utilise these cell lines for the following purposes: 

1. To comprehensively characterise the relative importance of IKKα and IKKβ in canonical NF-κB signalling 

within a human cancer setting (Chapter 3). 

2. To attempt to identify novel NF-κB-independent functions of IKKα and IKKβ (see Chapter 4). 

3. To attempt to identify genes regulated in an IKKα- or IKKβ-dependent manner (see Chapter 6). 

4. To investigate the selectivity of novel and commercially available IKKβ inhibitors (see Chapter 5). 
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2 Materials and methods  

2.1 Equipment and reagents 

2.1.1 Laboratory suppliers 

Equipment and reagents were procured from the following companies: 

Agilent 
2100 Bioanalyzer 
RNA 6000 Pico Kit 
BD Biosciences 
LSRII Flow Cytometer 
Aria III Cell sorter 
BioRad 

20% Sodium dodecyl sulphate (SDS) 
30% v/v acrylamide/bis 
BioRad mini transblot 
Bradford reagent 
Freeze ‘N Squeeze DNA gel extraction 
spin columns 

Gel electrophoresis apparatus 
N,N,N’,N’-Tetramethylethylenediamine 
(TEMED) 
Precision Plus protein markers 
Protein G-horseradish peroxidase 

BMG Labtech 
PHERAstar microplate reader 
Calbiochem 
Q-VD-OPh
Epicentre 
QuickExtract DNA extraction solution 
GE Healthcare 
Enhanced chemiluminescence system 
IN Cell Analyzer 6000 
Hoefer 
Gel casting apparatus 
Mighty small II gel apparatus 
Life Technologies 

Dulbecco’s Modified Eagles Medium 
L-glutamine
Lipofectamine 2000
Lipofectamine RNAiMax
OptiMEM

Penicillin/Streptomycin 
Secondary antibodies for immunofluorescence 
Sodium bicarbonate 
SYBR green PCR master mix 
Trypsin 

Marvel 
Non-fat powder milk 
Melford 

4-(2-hydroxyethyl)-1- piperazineethanesulfonic 
acid (HEPES) 
Tris 

5-Bromo-4-chloro-3-indolyl-β-D-
galactoside [X-gal]

Millipore 
Immobilon Western Chemiluminescent HRP substrate 
Immobilon P PVDF membrane 
Nikon 
Nikon AR-1 confocal microscope 
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PerkinElmer Appliec Biosystems 
CellCarrier-96 microplates 
Emulsifier scintillator plus 
1600 TR liquid scintillation analyser 
[methyl-3H] thymidine 37MBq 
EasyTag™ Express [35S] –L-methionine/L-cysteine mix 
Qiagen 
Plasmid plus mini kit 
Plasmid plus midi kit 
Plasmid plus maxi kit 

Qiaquick PCR purification kit 
QuantiTect reverse transcriptase kit 
RNAeasy Minielute Cleanup kit 

Roche 
PhosSTOP™ phosphatase inhibitor tablets 
cOmplete™ mini protease inhibitor cocktail tablets 
Sanyo 
CO2 incubator 
Sartorius 
150 ml and 500 ml 0.22 μm filter bottles 
Sigma-Aldrich 

Aprotinin 
Bovine serum albumin (BSA) 
Bromophenol blue 
Coomassie brilliant blue 
Dimethyl sulphoxide (DMSO) 
Ethanol BioUltra 
Ethidium bromide 
Ethylene glycol bis(2-aminoethyl ether)- N,N,N’N’-
tetraacetic acid (EGTA) 
Ethylenediaminetetraacetic acid (EDTA) 
Kanamycin 
Leupeptin 
Goat serum 

Magnesium chloride 
β-Mercaptoethanol 
Phenylmethylsulfonyl fluoride 
(PMSF) 
Propidium iodide 
Rabbit serum 
Ribonuclease A 
RIPA buffer 
Sodium fluoride 
Sodium orthovanadate 
Triton X-100 
TRI reagent 
Thymidine 
Tween-20 

 

Thermo Scientific 
All tissue culture plasticware (Nunc) 
ND-1000 spectrophotometer (Nanodrop) 
Vector Labs 
VectaShield 
VWR 

Acetic acid 
Calcium chloride 
Coverslips 
Disodium hydrogen phosphate 
Ethanol 
Glycerol 
Glucose 
Haemocytometer 
Magnesium chloride 
Methanol 

Microscope slides 
Propan-2-ol 
Potassium chloride 
Potassium dihydrogen phosphate 
Sodium azide 
Sodium bicarbonate 
Sodium chloride 
Sodium hydroxide 
Trichloroacetic acid 

 

Zymogen Research 
Direct-zol™ RNA Miniprep kit 
 

                  Table 2.1. Sources of general laboratory equipment and reagents.  
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2.1.2 Pharmacological inhibitors 

Inhibitor Targets Mechanism of action Supplier Catalogue 
number 

AZD2230 IKKβ, IKKα ATP competitive AstraZeneca N/A 

Bafilomycin 
Vacuolar-type H+-
ATPase, Ca-
P60A/dSERCA 

Targets ATP6VOC/VO subunit 
c Enzo Life Sciences 

BML-
CM110-
0100 

BIX02514 IKKβ ATP competitive Professor Sir Philip 
Cohen/AstraZeneca N/A 

BMS-
345541 IKKβ, IKKα Allosteric Tocris 4806 

CHIR 99021 GSK3β and α ATP-competitive Selleckchem S2924 

Chloroquine 
Phosphate Endosomes/lysosomes 

Diprotic weak base that 
accumulates inside acidic 
cytoplasmic vesicles 
(endosomes/lysosomes) 
causing elevation of pH and 
inhibition of acid hydrolases 

Sigma-Aldrich PHR1258-
1G 

Emetine Ribosome Binds 40S subunit to inhibit 
translation Sigma-Aldrich E2375 

Flavopiridol CDK9, CDK1,CDK2, 
CDK4/6 ATP competitive Cayman Chemical 10009197 

MG-132 Proteasome Competitive inhibitor at 
chymotrypsin-like site Sigma-Aldrich C2211 

Roscovitine CDK7, CDK9, CDK1, 
CDK2, CDK5 ATP competitive Stratech S1153 

Selumetinib MEK1, MEK2 
ATP and substrate 
uncompetitive allosteric 
inhibitor 

AstraZeneca N/A 

SNS-032 CDK9, CDK7, CDK2 ATP competitive Stratech 
S1145-SEL 

 
Table 2.2 Source, target and mode of action of pharmacological inhibitors. 
 
 

2.1.3 Solutions 

All solutions were dissolved in MilliQ deionised water unless specified otherwise. 

Solution Components 

Phosphate-buffered saline (PBS) 

137 mM NaCl  
2.7 mM KCl  
1.47 mM KH2PO4  
8.1 mM Na2HPO4  

Tris-buffered saline with Tween (TBST)  
 

50 mM Tris-HCl, pH 7.6  
150 mM NaCl  
0.1% v/v Tween 20  

Coomassie Brilliant Blue solution  
50% v/v methanol  
0.05% w/v Coomassie Brilliant Blue  
10% v/v acetic acid  

Western Blot Destain Solution 7% v/v acetic acid  
5% v/v methanol  

siRNA buffer (GE Dharmacon) 60 mM KCl, 
6 mM HEPES pH 7.5 
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0.2 mM MgCl2 

Luria Broth (LB) 
10g/L Tryptone 
10g/L NaCl 
5g/L Yeast extract 

Tail Lysis Buffer 

100 mM Tris-HCl pH 8.0 
5 mM EDTA 
0.2% SDS 
200 mM NaCl 

Annexin assay binding buffer 
10 mM HEPES/NaOH pH 7.4 
140 mM NaCl 
2.5 mM CaCl2 

                                Table 2.3 General laboratory solutions. 

Solution Components 

SDS running buffer pH 8.3 
 

192 mM glycine 
25 mM Tris base 
0.1% w/v SDS 

Western blot transfer buffer 
 

192 mM glycine 
25 mM Tris base 
20% v/v methanol 

Blocking buffer – 5% milk/TBST 
 

10 mM Tris-HCl, pH 8.0 
150 mM NaCl 
0.1% v/v Tween 20 
5% w/v Marvel dried milk powder 

Blocking buffer – 5% BSA/TBST 

10 mM Tris-HCl, pH 8.0 
150 mM NaCl 
0.1% v/v Tween 20 
5% w/v BSA 

Western Blot Destain Solution 7% v/v acetic acid 
5% v/v methanol 

4 x Laemmli buffer 

200 mM Tris-HCl, pH 6.8 
8% w/v SDS 
40% v/v glycerol 
4% v/v β-mercaptoethanol 
0.04% w/v bromophenol blue 

TG Lysis Buffer 
 

20 mM Tris-HCl, pH 7.5 
137 mM NaCl 
1 mM EGTA 
1% v/v Triton X-100 
10% v/v glycerol 
1.5 mM MgCl2 
1 mM Na3VO4 
1 mM PMSF 
10 μg ml-1 aprotinin 
10 μg ml-1 leupeptin 
50 mM NaF 

Lysis Buffer (Magalef et al., 2012)  

1 x PBS 
0.5% v/v Triton x-100 
1 mM EDTA 
100 mM Na3VO4 

0.25 mM PMSF 
Roche cOmplete protease inhibitors 

Buffer A 

10mM Hepes pH7.9 
1.5mM MgCl2 
10mM KCl 
0.1 mM EDTA 

                                     Table 2.4. Solutions used for SDS-PAGE and Western blotting. 
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Solution Components 

Blocking buffer 
 

1 x PBS 
5% v/v goat serum 
0.2% Tween 20 
0.02% w/v sodium azide 

Permeabilisation buffer 1 x PBS 
0.1% v/v Triton x-100 

Antibody dilution buffer 
1 x PBS 
2% w/v BSA 
0.2% v/v Tween 

                                                          Table 2.5. Solutions used for immunocytochemistry. 

 

2.1.4 Antibodies  

The following primary and secondary antibodies were used for Western blotting, immunocytochemistry and 

other immunofluoresence procedures: 

Antibody Blocking 
Solution Dilution Species of 

origin Supplier Catalogue 
Number 

β-actin 5% milk/TBST 1:10000 Mouse Sigma A5441 
β-catenin 5% BSA/TBST 1:1000 Mouse BD Biosciences 610154 

p-β-catenin 5% BSA/TBST 1:1000 Rabbit Cell Signalling 
Technology 9561 

β-Tubulin 5% BSA/TBST 1:5000 Rabbit Abcam Ab6046 

AKT1 5% milk/TBST 1:1000 Mouse Cell Signalling 
Technology 2967 

p-AKT1 (S473) 5% BSA/TBST 1:1000 Rabbit Cell Signalling 
Technology 9271 

p-AKT1 (T308) 5% BSA/TBST 1:1000 Rabbit Cell Signalling 
Technology 13038 

Aurora A 5% BSA/TBST 1:1000 Rabbit Cell Signalling 
Technology 3092 

Aurora B 5% BSA/TBST 1:1000 Rabbit Cell Signalling 
Technology 3094 

Cdc2 (CDK1) 5% BSA/TBST 1:500 Rabbit Santa Cruz Sc-747 

p-Cdc2 (Y15) 5% BSA/TBST 1:1000 Rabbit Cell Signalling 
Technology 9111 

Cdc20 5% BSA/TBST 1:1000 Rabbit Cell Signalling 
Technology 4823 

CDCD25C 5% milk/TBST 1:500 Rabbit Santa Cruz Sc-327 
CDH1 (E-
cadherin) 5% milk/TBST 1:1000 Rabbit Cell Signalling 

Technology 3195 

cIAP1 5% BSA/TBST 1:1000 Rabbit Cell Signalling 
Technology 7065 

cIAP2 5% BSA/TBST 1:1000 Rabbit Cell Signalling 
Technology 3130 

c-Jun 5% BSA/TBST 1:1000 Rabbit Cell Signalling 
Technology 9165 

c-Rel 5% BSA/TBST 1:1000 Rabbit Cell Signalling 
Technology 4727 

Cyclin B1 5% BSA/TBST 1:250 Mouse Neomarkers MS-868 
Cyclin D1 5% milk/TBST 1:200 Mouse Calbiochem CC12 
FLAG 5% milk/TBST 1:2000 Mouse Sigma-Aldrich F-3165 
GSK-3β 5% milk/TBST 1:1000 Rabbit BD Transduction 610201 
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p-GSK-3αβ 
(S21/S9) 5% BSA/TBST 1:1000 Rabbit Cell Signalling 

Technology 9331 

Histone H3 5% milk/TBST 1:1000 Mouse Abcam ab24834 

IκBα 5% milk/TBST 1:1000 Rabbit Cell Signalling 
Technology 9242 

IκBα (N-
terminal 
epitope) 

5% milk/TBST 1:1000 Mouse Cell Signalling 
Technology 4814 

p-IκBα 
(S32/36) 5% BSA/TBST 1:1000 Mouse Cell Signalling 

Technology 9246 

IKKα (N-
terminal 
epitope) 

5% BSA/TBST 1:1000 Rabbit Cell Signalling 
Technology 2682 

IKKα (C-
terminal 
epitope) 

5% BSA/TBST 1:1000 Rabbit Abcam ab109749 

IKKβ (C-
terminal 
epitope) 

5% BSA/TBST 1:1000 Rabbit Cell Signalling 
Technology 2684 

IKKβ (N-
terminal 
epitope) 

5% BSA/TBST 1:1000 Rabbit Abcam ab124957 

p-IKKα/β (IKKα 
S176/180 and 
IKKβ 
S177/S181) 

5% BSA/TBST 1:1000 Rabbit Cell Signalling 
Technology 2697 

p-IKKα/β (IKKα 
S176/IKKβ 
S177) 

5% BSA/TBST 1:1000 Rabbit Cell Signalling 
Technology 2078 

JNK1 5% milk/TBST 1:500 Rabbit Santa Cruz Sc-474 
p-JNK 
(T183/Y185) 5% BSA/TBST 1:1000 Mouse Cell Signalling 

Technology 9255 

Lamin A/C 5% milk/TBST 1:400 Mouse Santa Cruz Sc-7292 
LC3B 5% milk/TBST 1:4000 Mouse Sigma SAB4200361 
MCL1 5% milk/TBST 1:500 Rabbit Santa Cruz Sc-819 
NEMO 5% milk/TBST 1:1000 Rabbit Abcam ab178872 

NEMO 5% milk/TBST 1:1000 Mouse Cell Signalling 
Technology 2695 

NIK 5% BSA/TBST 1:1000 Mouse Cell Signalling 
Technology 4994 

p21CIP1 5% BSA/TBST 1:500 Mouse BD Biosciences 556431 
p38 5% milk/TBST 1:2000 Rabbit In house N/A 
p-p38 
(T180/Y182) 5% BSA/TBST 1:1000 Rabbit Cell Signalling 

Technology 9211 

p53 5% milk/TBST 1:200 Mouse Calbiochem OP43 

p65 5% BSA/TBST 1:1000 Rabbit Cell Signalling 
Technology 8242 

p-p65 (S468) 5% BSA/TBST 1:1000 Rabbit Cell Signalling 
Technology 3039 

p-p65 (S536) 5% BSA/TBST 1:1000 Rabbit Cell Signalling 
Technology 3033 

p100/p52 5% BSA/TBST 1:2000 Mouse Millipore 05-361 

PARP 5% milk/TBST 1:1000 Rabbit Cell Signalling 
Technology 9542 

PTEN 5% milk/TBST 1:1000 Rabbit Cell Signalling 
Technology 9552 
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p-Rb (S795) 5% BSA/TBST 1:1000 Rabbit Cell Signalling 
Technology 9301 

p-Rb 
(S807/11) 5% BSA/TBST 1:1000 Rabbit Cell Signalling 

Technology 9308 

RelB 5% BSA/TBST 1:1000 Rabbit Sigma Aldrich HPA040506 

RIP1 5% milk/TBST 1:1000 Rabbit Cell Signalling 
Technology 9493 

RNA Pol II 5% milk/TBST 1:200 Rabbit Santa Cruz Sc-9001 
p-RNA Pol II 
(S2) 5% BSA/TBST 1:1000 Rabbit Abcam Ab5095 

p-RNA Pol II 
(S5) 5% BSA/TBST 1:1000 Mouse Abcam Ab5408 

TRAF1 5% milk/TBST 1:1000 Rabbit Cell Signalling 
Technology 4715 

TRAF2 5% milk/TBST 1:1000 Rabbit Cell Signalling 
Technology 4724 

TRAF3 5% milk/TBST 1:1000 Rabbit Cell Signalling 
Technology 4729 

Securin 5% milk/TBST 1:1000 Rabbit Cell Signalling 
Technology 13445 

               Table 2.6. Antibodies, blocking solution and dilutions used for Western blotting. 

 

Antibody Blocking Solution Dilution Supplier Catalogue Number 

Goat anti-mouse IgG-HRP 
conjugate 
 

5% milk/TBST 1:3000 BioRad 170-6516 
 

Goat anti-rabbit IgG-HRP 
conjugate 
 

5% milk/TBST 1:3000 BioRad 170-6515 
 

Protein G-HRP conjugate 5% milk/TBST 1:3000 BioRad 170-6425 
                Table 2.7. Secondary antibodies used for Western blotting. 

 

Antibody Blocking Solution Dilution Supplier Catalogue Number 

c-Rel 
 

ICC Blocking buffer 
 1:100 Cell Signalling Technology 4727 

Ki67 
 

ICC Blocking buffer 
 1:400 Cell Signalling Technology 9129 

p65 ICC Blocking buffer 
 1:400 Cell Signalling Technology 8242 

IKKα ICC Blocking buffer 
 1:100 Cell Signalling Technology 2682 

               Table 2.8. Primary antibodies used for immunocytochemistry.  
 

Antibody Blocking Solution Dilution Supplier Catalogue 
Number 

Alexa Fluor 488 goat 
anti-rabbit IgG 
 

ICC Blocking buffer 
 1:1000 Life technologies 

 A-11008 

Alexa Fluor 488 goat 
anti-rabbit IgG 
 

ICC Blocking buffer 
 1:1000 Life technologies 

 A-11008 

                  Table 2.9. Secondary antibodies used for immunocytochemistry.  
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2.1.5 siRNA oligo’s 

The following siRNA oligonucleotide sequences were used for RNA interference: 

siRNA Supplier Catalogue Number Sense oligonucleotide 
sequence (5’ → 3’)  

IKKα Dharmacon (GE 
LifeSciences) 

siGENOME 
SMARTpool 
IKKα siRNA 
M-003473-02-005

CAAAGAAGCUGACAAUACU 
CCAGAUACUUUCUUUACUA 
GAAGUUCGGUUUAGUAGCC 
AAAUAUGGCAUCUCCUUAA 

IKKβ Dharmacon (GE 
LifeSciences) 

siGENOME 
SMARTpool 
IKKβ siRNA 
L-003473-00-0005

GGAAGUACCUGAACCAGUU 
CCAAUAAUCUUAACAGUGU 
GGAUUCAGCUUCUCCUAAA 
GUGGUGAGCUUAAUGAAUG 

IKKβ Dharmacon (GE 
LifeSciences) 

ON-TARGETplus 
SMARTpool 
IKKβ siRNA 
L-003473-00-0005

AUGAAUGCCUCUCGACUUA 
GAAGAGGUGGUGAGCUUAA 
GAGCUGUACAGGAGACUAA 
CCGAUAAGCCUGCCACUCA 

KRAS Dharmacon (GE 
LifeSciences) 

siGENOME 
SMARTpool KRAS 
siRNA 
M-005069-00

AUGAAUGCCUCUCGACUUA 
GAAGAGGUGGUGAGCUUAA 
GAGCUGUACAGGAGACUAA 
CCGAUAAGCCUGCCACUCA 

NEMO Dharmacon (GE 
LifeSciences) 

ON-TARGETplus 
SMARTpool 
NEMO siRNA 
L-003473-00-0005

AUGAAUGCCUCUCGACUUA 
GAAGAGGUGGUGAGCUUAA 
GAGCUGUACAGGAGACUAA 
CCGAUAAGCCUGCCACUCA 

NIK Dharmacon (GE 
LifeSciences) 

siGENOME 
SMARTpool 
NIK siRNA 
M-003580-04-0005

UCUCAAAGCUCGCGGGACA 
GGGAAAGCGUCGCAGCAAA 
CGCCAAAUCAAGCCAAUUA 
GAUCCUGAAUGACGUGAUU 

Non-
Targeting 

Dharmacon (GE 
LifeSciences) 

siGENOME Non-
targeting siRNA pool 
(D-001206-13-20) 

UAGCGACUAAACACAUCAA 
UAAGGCUAUGAAGAGAUAC 
AUGUAUUGGCCUGUAUUAG 
AUGAACGUGAAUUGCUCAA 

Table 2.10. Sequences of oligonucleotides used for siRNA. 

2.1.6 qPCR primers 

The following primers were used for quantitative real-time PCR. 

Target Sequence 

IKKα FWD: 5’- TGTACACAGAGTTCTGCCCG-3’ 
REV: 5’- TGAAGTCTCCCCATCTTGAGG-3’ 

IKKβ FWD: 5’-CTTGGGACAGGGGGATTTGG-3’ 
REV: 5’-ATTGGGGTGGGTCAGCCTTC-3’ 

NEMO FWD: 5’-GACAACCACATCAAGAGCAGC-3’ 
REV: 5’-CTTGTAGATATCCGCCTGGG-3’ 

UBC FWD: 5’-CTGGAAGATGGTCGTACCCTG-3’ 
REV: 5’-GGTCTTGCCAGTGAGTGTCT-3’ 

YWHAZ FWD: 5’-TGATCCCCAATGCTTCACAAG-3’ 
REV: 5’-GCCAAGTAACGGTAGTAATCTCC-3’ 

B2M FWD: 5’-TGCTGTCGCCATGTTTGATGTA-3’ 
REV: 5’-TCTCTGCTCCCCACCTCTAAGT-3’ 

AKT1 FWD: 5’- CTTCTTTGCCGGTATCGTG-3’ 
REV: 5’- TGCTGTCATCTTGGTCAGG-3’ 
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               Table 2.11. Primers used for quantitative reverse-transcription PCR. 

2.1.7 Plasmids 

HA-RelA and pGL4.32[luc2P/NF-κB-RE were a kind gift from Prof Neil Perkins (Institute for Cell and Molecular 

Biosciences, Newcastle University, UK). Wild-type FLAG-IKKα and kinase inactive FLAG-IKKα (K44A) plasmids were 

kind gifts from Prof Lienhard Schmitz (Department of Biochemistry, Justus-Liebig-Universität Gießen, Germany). 

Wild-type pCMV2TAG IKKβ and kinase inactive pCMV2TAG IKKβ (K44M) were purchased from Addgene (Plasmid 

#11103 and 11104, respectively). Wild-type pCMVTAG2B NEMO and mutant pCMVTAG2B NEMO (L329P) were 

purchased from Addgene (Plasmid # 11970 and #11971, respectively). pD1301-AD Cas9 expression vector was 

supplied by Horizon Discovery™. 

2.2 Cell Lines and culture 

2.2.1 Colorectal cancer cell lines 

DLD1 

DLD-1 cells are an epithelial colorectal adenocarcinoma cell line established between 1977-1979. These cells 

harbour an activating KRAS mutation (G13D) and an activating PIK3CA mutation (E545K). They were kindly 

provided by Paul Coffer (University Medical Center, Utrecht, The Netherlands). 

HCT116 

HCT116 cells are an epithelial colorectal carcinoma cell line established in 1981. These cells harbour an activating 

KRAS mutation (G13D) and an activating PI3KCA mutation (H1047R). They also harbour mutations in β-catenin 

(S45del), MLH1 (S252*) and p14ARF (E74fs*). They were kindly provided by Prof Bert Vogelstein (John Hopkins 

University, Baltimore, USA). 

HT-29 

HT29 cells are an epithelial colorectal adenocarcinoma cell line established in 1964 from a 44 year old female 

Caucasian patient. These cancer cells harbour an activating BRAF mutation (V600E), a PI3KCA mutation (P449T), 

a SMAD4 mutation (Q311*), a TP53 mutation (R273H) and APC mutations (E853* and T1556fs*3). They were 

purchased from ATCC. 

LoVo 

LoVo cells are an epithelial colorectal adenocarcinoma cell line This cell line was established from a metastatic 

site (lymph node). These cells harbour an activating KRAS mutation (G13D), an FBXW7 mutation (R505C), and 

MSH2 mutation and APC mutations (R1114* and M1431fs*42). They were purchased from ATCC. 

SK-CO1 

CSF1 FWD: 5’- TGGCGAGCAGGAGTATCACC-3’ 
REV: 5’- AGGTAGCACACTGGATCTTTCAAC-3’ 

USP43 FWD: 5’- CTGCAAGGTGGGCATTACAC-3’ 
REV: 5’- AGCTGGTAGAGCCTCTCATGG-3’ 
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SK-CO1 cells are an epithelial colorectal adenocarcinoma cell lines. This cell line was established in 1972 from a 

metastatic site (ascites) in a 65-year-old Caucasian male with colorectal adenocarcinoma These cancer cells 

harbour an activating KRAS mutation (G12V) and mutations in the APC gene (F1089fs*37 and P1443fs*30). They 

were purchased from ATCC. 

SW620 

SW620 cells are an epithelial colorectal adenocarcinoma cell line established in 1976 from a metastatic site in 

the lymph node of a 51 year old Caucasian male. These cancer cells harbour an activating KRAS mutation (G12V) 

and were purchased from ATCC. 

SW837 

SW837 cells are an epithelial colorectal adenocarcinoma cell line established from a 53 year old Caucasian male. 

These cancer cells harbour an FBXW7 mutation (L403fs*34), a TP53 mutation (R248W), a FAM123B mutation 

(R497*), a KRAS mutation (G12C) and APC mutations (R1450* and R213*). They were purchased from ATCC 

2.2.2 Lung cancer cell lines 

A549 

A549 cells are an epithelial-like lung carcinoma cell line established in 1972 from a 58 year old Caucasian male. 

These cancer cells harbour an activating G12S mutation, an LKB1 mutation (Q37*) and a CDNKA mutation 

(M1*). They were purchased from ATCC. 

2.2.2 Cell culture medium 

The following medium was used for routine cell culture: 

Cell line Culture Medium Supplementation 

HCT116 
Isogenic HCT116 
CRISPR IKK KO cell lines 
SK-CO1 
LoVo 
A549 

DMEM (Life 
Technologies 41966) 

10% (v/v) foetal bovine serum 
2mM L-glutamine 
100U/ml penicillin 
100 μg/ml streptomycin 

DLD1 
DMEM (Life 
Technologies 11880) 

10% (v/v) foetal bovine serum 
1.75 g Glucose  
1mM L-glutamine  
100 U/ml penicillin  
100 μg streptomycin  

HT29 
McCoy’s 5A (Life 
Technologies 22330) 

10% (v/v) foetal bovine serum 
2 mM L-glutamine  
100 U/ml penicillin  
100 μg/ml streptomycin  

SW620 
SW837 

Leibovitz’s L-15 
Medium (Life 
Technologies 11415) 

10% (v/v) foetal bovine serum 
2 mM L-glutamine  
100 U/ml penicillin  
0.075% (v/v) sodium 
bicarbonate  
100 μg/ml streptomycin  
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                           Table 2.12. Cell culture medium and medium supplements for each cell line. 

 

2.2.3 Routine cell culture 

Cells were cultured at 37°C in a humidified incubator with 95% air and 5% CO2 and passaged at ~80% confluency, 

typically every 3-4 days. For passaging, growth medium was aspirated, cells were washed with pre-warmed 0.05% 

trypsin/EDTA solution and then incubated at 37°C with fresh 0.05% trypsin/EDTA solution for 5 minutes. 

Detached cells were resuspended in fresh, pre-warmed culture medium to generate a single-cell suspension, 

prior to dilution into new tissue culture flasks.  

2.2.4 Cell line storage 

Cells were trypsinised as above, resuspended in fresh medium and cell pellets collected by centrifugation. The 

medium was then aspirated and cells were resuspended in 10% v/v FBS/DMSO to yield a cell density of ~1-2 × 

106 cells/ml. The resulting suspension was then aliquoted (1 ml per cyrovial) and frozen slowly in an insulating 

box at -80°C. For longer term storage of cells, cyrovials were transferred to liquid nitrogen. As required, cells 

were rapidly thawed at 37°C and placed into a fresh 75 cm2 culture flask containing 20 ml pre-warmed medium. 

The following day, this medium was replaced to remove traces of DMSO. 

2.3 Cell treatments 

2.3.1 Drug treatments 

Stock solutions of drugs were diluted in cell culture medium as appropriate to yield the final drug concentrations. 

All treatments were adjusted so as to contain the same volume of vehicle (e.g. DMSO or ethanol). Vehicle-only 

containing medium was used as control. Treated cells were incubated at 37°C, 5% CO2/95% air for the length of 

time indicated in the figure legend. 

2.3.2 RNA interference 

siRNA oligonucleotides were resuspended in 1 x siRNA buffer to generate 20 μM stock solutions. siRNAs were 

mixed with Optimem media (Invitrogen), and an equivalent volume of Optimem was combined with an 

empirically determined volume of Lipofectamine RNAiMax (Invitrogen), and both mixtures incubated separately 

for 5 minutes at room temperature (RT). The two solutions were combined, mixed and incubated at RT for 20 

minutess. Cells were trypsinised and plated at the required density in antibiotic-free media, together with siRNA--

lipid complexes, to give a final concentration of 5-50 nM siRNA (experiment dependent, see figure legends for 

details). 

2.4 DNA and RNA manipulation 

2.4.1 Plasmid recovery and transformation 

Plasmid solutions spotted onto 3MM chromatography paper were excised with a sterile razor blade and placed 

in a sterile tube. 20 μl nuclease free H2O (Ambion) was added to the paper, tubes vortexed and left to stand for 
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5 minutes, prior to centrifugation to recover solubilised DNA. 5 μl of this solution was added to 50 μl DH5α 

competent E.coli cells (New England Biolabs) and incubated on ice for 30 minutes. Cells were heat shocked for 

30 seconds at 42°C, incubated for 15 minutes on ice, mixed with 950 μl Luria Broth (LB) and then grown for 1 h 

at 37°C shaking at 220 rpm. Transformed bacteria were then streaked onto LB-agar plates containing 100 μg/ml 

ampicillin or 50 μg/ml kanamycin and incubated overnight at 37°C. Plasmids acquired from Addgene were 

supplied as transformed bacteria in stab culture format. Bacteria from the stab were streaked onto an agar plate 

to isolate single colonies. 

2.4.2 Plasmid preparation 

Individual transformed DH5α colonies were picked and used to inoculate a 5ml LB starter culture containing 100 

μg//ml ampicillin or 50μg/ml kanamycin, which was subsequently incubated at 37°C in a shaking (220 rpm) 

incubator for 8 h. The culture was then diluted 1:1000 in 500ml LB containing appropriate antibiotic and 

incubated overnight at 37°C in a shaking (220 rpm) incubator. Plasmid DNA was purified with Qiagen Plasmid 

Plus Midi kit according to the manufacturer’s instructions. DNA concentration and A260/A280 ratio were 

subsequently determined using a NanoDrop spectrophotometer. DNA was stored at -20°C.  

2.4.3 Genomic DNA isolation 

For routine genomic DNA isolation cells were lysed with Tail Lysis Buffer and 200 μg/ml Proteinase K added to 

the lysate prior to incubation at 55°C overnight. An equivalent volume of phenol/chloroform/isoamyl alcohol 

25:24:1 v/v saturated with 10 mM Tris. pH 8.0, 1 mM EDTA (Sigma-Aldrich) was added and tubes mixed by 

inversion. After centrifugation the DNA-containing aqueous phase was collected and precipitated by adding 0.8 

volumes of 100% isopropanol (Sigma-Aldrich). The precipitated DNA was pelleted by centrifugation, washed with 

70% ethanol and solubilised in nuclease-free water. QuickExtract DNA extraction was used, according to 

manufacturer’s instructions, to isolate PCR-ready genomic DNA from CRISPR clones growing in 96-well plate 

format. 

2.4.4 Genomic RNA isolation 

Cells were lysed with 1 ml of TRI reagent per 10 cm2 of culture dish surface area and a homogenous lysate 

generated by pipetting and vortexing. Samples were incubated for 5 minutes at RT to permit complete 

dissociation of nucleoprotein complexes. Lysates were transferred to sterile Rnase-free tubes, and genomic RNA 

was isolated using Direct-zol RNA MiniPrep kit according to manufacturer’s instructions. Genomic DNA was 

removed from samples through an in-column DNase I digestion. RNA eluted with DNase/RNase-free water was 

stored at -80°C for short-term storage.  

2.4.5 cDNA preparation 

cDNA for qRT-PCR was synthesised from 1 μg of purified RNA using the Quantitech Reverse Transcription kit, 

according to manufacturer’s instructions. cDNA was diluted 1:20 in RNase-free water and stored at -20°C. 

2.4.6 Site-directed mutagenesis 
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S468A and S468D mutant versions of a HA-RelA plasmid were generated using the QuikChange II XL site-directed 

mutagenesis kit according to manufacturer’s instructions. The following primers were used: 

Mutant Primer Sequence 

P65 S468A F – agttgtcgacggctgccaggtctgtgaacac 
R – gtgttcacagacctggcagccgtcgacaact 

P65 S468D F - cggagttgtcgacgtctgccaggtctgtgaacacag  
R – ctgtgttcacagacctggcagacgtcgacaactccg  

  Table 2.13. Primer sequences used for site-directed mutagenesis. 

2.5 Preparation of whole cell lysates 

The culture medium was either discarded or kept depending on whether non-adherent/floating cells was 

present. Cells were washed twice in PBS and scraped from the dish in TG lysis or RIPA buffer. To harvest cells 

from the culture medium, the medium was centrifuged (500 x g), the resulting pellet washed in PBS and then 

lysed in lysis buffer. Lysates were cleared of non-soluble material by centrifugation (13 000 x g at 4°C for 10 

minutes). Supernatant protein concentration was estimated either using the Bradford protein assay (Biorad, in 

the case of lysis with TG lysis buffer) or the Pierce BCA protein assay kit (Invitrogen, in the case of lysis with RIPA 

buffer). For the Bradford assay, 5 μl cleared lysate was mixed with 795 μl distilled water and 200 μl Bradford 

reagent, and absorbance determined at 595 nm using a spectrophotometer. The BCA assay was performed 

according to manufacturer’s instructions and absorbance determined at 562 nm using a spectrophotometer. 

Samples were prepared for Western Blotting by boiling in 4 x Laemmli sample buffer (SB) for 5 minutes and 

stored at -20 °C. 

2.6 SDS-PAGE and Western Blotting 

Resolving and stacking SDS-PAGE gels were assembled as in Tables 2.14 and 2.15. 

Component Resolving gel percentage (%) 

8 10 12 14 
30% Acrylamide/Bis (ml) 16.2 19.8 24 27.6 
1.5 M Tris pH 8.8 (ml) 15 15 15 15 
ddH2O (ml) 27.6 24 19.8 16.2 
20% SDS (ml) 0.6 0.6 0.6 0.6 
10% APS (ml) 0.6 0.6 0.6 0.6 
TEMED (μl) 60 60 60 60 

 Table 2.14. Resolving gel composition 

Component 
Stacking gel percentage (%) 

4 5 6 
30% Acrylamide/Bis (ml) 2.67 3.33 4 
1.5 M Tris pH 8.8 (ml) 5 5 5 
ddH2O (ml) 11.93 11.27 10.6 
20% SDS (ml) 0.2 0.2 0.2 
10% APS (ml) 0.2 0.2 0.2 
TEMED (μl) 25 25 25 

  Table 2.15. Stacking gel composition 
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Equivalent quantities of protein were resolved by SDS-PAGE (Hoefer Mighty Small system) at 25 mA per gel, with 

protein standards run in one lane as a molecular weight reference. Proteins were subsequently transferred to 

methanol-activated Immobilon P PVDF membrane at 300 mA for 90 minutes using the Mini Trans-Blot Cell wet 

blotting system. Membranes were blocked in 5 % (w/v) powdered milk/TBST or 5% (w/v) BSA/TBST for 30 

minutes and probed with primary antibodies at 4°C overnight with gentle agitation. Primary antibodies, their 

origin, and dilution used for Western blotting are shown in Table 2.6. Membranes were washed three times in 

TBST and probed with appropriate HRP-conjugated secondary antibody diluted at 1:3000 in 5 % (w/v) powdered 

milk (Table 2.7) for 1 h at RT. Following three TBST washes, antibody-antigen complexes were detected by the 

enhanced chemiluminescence (ECL) system coupled with an autoradiographic film developer. 

2.7 Subcellular fractionation 

Cells were harvested by gently scraping in PBS-EDTA (10mM). Cells were then pelleted, and the pellet washed 

with PBS. The washed cell pellet was subsequently gently resuspended in 5 pellet volumes of ice cold Buffer A, 

which had been supplemented with 1 mM DTT and protease (cOmplete, Mini, EDTA-free protease inhibitor 

cocktail, Roche) and phosphatase (PhosSTOP, Roche) inhibitors. Cells were incubated on ice for 15 minutes, then 

0.1 % (v/v) NP-40 added to release the cytoplasmic contents. A 1 ml dounce homogeniser was used to ensure 

complete cell lysis. Nuclei were subsequently pelleted at 800 x g for 10 minutes at 4°C and the cytoplasmic 

fraction (supernatant) transferred to a fresh tube. This supernatant was centrifuged again 10 000 x g for 5 

minutes to pellet any contaminating nuclei. NaCl and glycerol were added to the cytoplasmic fraction to final 

concentrations of 137 mM and 10% (v/v), respectively. The nuclei pellet was washed at least three times in ice 

cold buffer A, prior to addition of 0.7 pellet volumes of RIPA buffer (Sigma), supplemented with >250 U 

benzonase nuclease (Sigma-Aldrich). Samples were incubated at 4°C for 4 h with end-over-end inversion, with 

occasional vortexing. The nuclear fraction was subsequently cleared by centrifugation. 

2.8 Immunoprecipitation 

Cells were lysed in TG lysis buffer and the lysates precleared with Protein A-Sepharose beads for 1 h at 4°C. A 

fraction of this lysate was retained for input blots. Rabbit anti-NEMO monoclonal antibody (ab178872) was 

subsequently added to the remaining lysate, to a final dilution of 1:100, and antibody-antigen complexes formed 

during a 3 h incubation at 4°C with end-over-end rotation. Protein A-Sepharose beads were then added to the 

lysate for a further 4 h incubation at 4°C. Following centrifugation, the beads were washed three times in TG lysis 

buffer, before elution of the beads in 4 x SB with boiling. The lysate was retained for unbound blots. Eluents and 

input/unbound fractions were then subjected to SDS-PAGE and Western blotting. To minimise heavy and light 

chain interference, a mouse anti-NEMO primary antibody and Protein G-HRP secondary antibody (Bio-Rad 

Laboratories) were used for immunoblotting. 

2.9 Flow cytometry  

2.9.1 Propidium Iodide staining and DNA content analysis 
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Following harvest, cells were pelleted by centrifugation (1,500 rpm, 4°C, 5 min), washed in PBS, and then 

resuspended in 0.2 ml PBS. Cells were fixed in 70% (v/v) ethanol/PBS, and stored at 4°C.  On the day of analysis, 

samples were centrifuged (1,500 rpm, 4°C, 5 min), washed with PBS, and resuspended in 0.25 ml PBS containing 

25 μg RNase and 12.5 μg of the DNA-intercalating agent propidium iodide (PI). Following 30 minutes incubation 

at 37°C, samples were passed through a 25-gauge needle to reduce cell clumping. Cell cycle profiles were 

acquired with an LSRII flow cytometer (BD Biosciences), using a 488 nm excitation laser line and a 670 nm long 

pass emission filter to measure binding of PI to DNA, and counting 10,000 cells per sample. Data was analysed 

using FlowJo v10.  

2.9.2 Annexin V staining  

Seeded and floating cells were briefly trypsinised and pelleted by centrifugation (1,500 rpm, 5 min). Pelleted cells 

were washed once in PBS and once in 1x binding buffer (see Table 2.3). After pelleting of cells and aspiration of 

buffer, cells were resuspended in 200 μl of 1 x binding buffer containing 0.25 μl (1:800) Annexin-FITC conjugate 

and 2 μl DAPI (final concentration 100 μg/ml). Cells were incubated for 10 min at RT in the dark. Annexin staining 

was analysed with an LSRII flow cytometer (BD Biosciences), using a 488 nm excitation laser line and a 670 nm 

long pass emission filter to measure binding of PI to DNA, and counting 10,000 cells per sample. Data was 

analysed using FlowJo v10.  

 

2.10 Radioactivity based assays 

2.10.1 Tritiated thymidine Incorporation assay 

Seeded cells were incubated at 37°C, 5% (v/v) CO2 for 24h, then treated with fresh medium containing the 

appropriate drug concentrations. Cells were incubated at 37°C, 5% (v/v) CO2 for a further 24 hours, with the 

addition of 5 μM thymidine containing 0.5 μCi [3H-methyl]thymidine for the final 6 hours. Medium was aspirated 

and cells fixed in 5% trichloroacetic acid (TCA) at 4°C overnight. Fixed cells were then washed in H2O, DNA 

solubilised with 0.1 M NaOH, and solutions transferred to scintillation vials containing 4 ml scintillation fluid 

(0.4% TCA), prior to scintillation counting on a Packard Tricarb 4000 series counter. 

2.10.2 Radioactive pulse-chase assay 

Cells were plated in 10 cm dishes to reach ~75% confluency the following day. Media was aspirated and cells 

washed three times with prewarmed PBS. PBS was thoroughly aspirated and 1 ml methionine/cysteine-free 

DMEM, supplemented with 10% dialyzed foetal calf serum, 2mM glutamine and 1 mM sodium pyruvate was 

added. Cells were incubated at 37°C fo 1 h, with occasional shaking. Subsequently, 125 μCi [35S]-L-

methionine/[35S]-L-cysteine mixture (EasyTag express protein labelling mix, PerkinElmer) was added to each 

plate and cells incubated for 40 minutes at 37°C, with occasional shaking, to radioactively label newly synthesised 

protein. Radioactive media was removed, and for time 0 plates, cells washed once with prewarmed PBS, and 

lysed in TG lysis buffer. For all other timepoints, cells were washed with prewarmed PBS, and 2.5 ml prewarmed 

DMEM, supplemented with 10% normal foetal calf serum, 2 mM L-methionine (Sigma-Aldrich) and 2 mM  L-

cysteine (Sigma-Aldrich) added. At subsequent timepoints, cells were washed with PBS and lysed. NEMO 
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immunoprecipitation was performed as described in section 2.8. PVDF membrane containing radioactively 

labelled protein was dried and exposed to a BAS-IP storage phosphor screen (GE LifeSciences) for 72 h. The screen 

was imaged using a phosphor imager (Typhoon FLA 7000 IP). 

2.10.3 In vitro 20S proteasomal degradation assay 

In vitro transcription and translation was performed in the presence of [35S]-methionine using the TnT Quick 

Coupled Transcription/Translation System (Promega), according to manufacturer’s instructions. Plasmids 

employed were pCDNA3.1-NFLAG_NEMO, pcDNA3.1-NFLAG_IKKα, pcDNA3.1-CFLAG_IKKβ. Purified 20S 

proteasomes were generated based on a method described in Beyette, Hubbell, & Monaco, 2001. [35S]-

methionine-labelled proteins translated in vitro were incubated with 0.35 or 1 μg of purified 20S proteasomes in 

150 mM NaCl, 50 mM Tris HCl pH 7.5 and 1 mM DTT at 37°C for a defined time period. Reactions were then 

resolved by SDS-PAGE and visualized by autoradiography. Experiments kindly performed by Nadav Myers, The 

Weizmann Institute, Israel. 

2.11 Quantitative Reverse-transcription PCR 

cDNA was prepared as described in section 2.4.5. Relative mRNA levels within samples were determined by real-

time PCR using SYBR green master mix (InVitrogen) and a CFX96 real-time PCR detection system (BioRad), 

according to manufacturer’s instructions. The primer sequences used are detailed in Table 2.11 For each new 

pair of primers PCR efficiency was calculated from the slope of a calibration curve generated using a dilution 

series of a pool of all relevant sample cDNAs:  

𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 =  10
[−1

𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠]�  

Relative quantitation of mRNA levels was performed using the Pfaffl method with normalisation of target-gene 

expression to two non-regulated reference genes: UBC (Ubiquitin C) and YWHAZ (Tyrosine 3-

Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein Zeta): 

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  
(𝐸𝐸𝑡𝑡𝑎𝑎𝑡𝑡𝑡𝑡𝑠𝑠𝑡𝑡)∆𝐶𝐶𝑡𝑡 𝑡𝑡𝑎𝑎𝑡𝑡𝑡𝑡𝑠𝑠𝑡𝑡 (𝑐𝑐𝑠𝑠𝑐𝑐𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠−𝑡𝑡𝑡𝑡𝑠𝑠𝑎𝑎𝑡𝑡𝑠𝑠𝑡𝑡)

(𝐸𝐸𝑡𝑡𝑠𝑠𝑟𝑟𝑠𝑠𝑡𝑡𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠)∆𝐶𝐶𝑡𝑡 𝑡𝑡𝑠𝑠𝑟𝑟𝑠𝑠𝑡𝑡𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠 (𝑐𝑐𝑠𝑠𝑐𝑐𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠−𝑡𝑡𝑡𝑡𝑠𝑠𝑎𝑎𝑡𝑡𝑠𝑠𝑡𝑡)

Statistical analysis was performed within the REST 2009 software package using an applied two-sided pair-wise 

fixed reallocation randomization test. 

2.12 Cellular imaging 

2.12.1 Light microscopy 

Light microscopy images of cellular morphology were captured using an Olympus BX41 light microscope. 

2.12.2 Immunocytochemistry 
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Cells were seeded in 6-well plates containing sterilised glass coverslips and treated as indicated in the Figure 

legends. Media was aspirated and cells fixed with either 4% v/v paraformaldehyde/PBS for 15 minutes at RT or -

20°C 100% methanol for 5 minutes on ice, depending on the antigen. Following three washes in PBS, cells were 

permeabilised with 0.1% v/v Triton X-100/ PBS for 10 minutes. Cells were washed once in PBS and blocked for 

one hour in blocking buffer (see Table 2.5) at RT. Cells were incubated with primary antibody diluted (as indicated 

in Table 2.8) in antibody dilution buffer at 4°C overnight. Cells were washed three times in PBS and then 

incubated with secondary antibody (Table 2.9) diluted in blocking solution for 1 hour at room temperature in the 

dark. Cells were washed three times in PBS, before being mounted onto microscope slides with VectaShield 

antifade mounting medium (Vectorlabs) and sealed with nail varnish. Slides were left to dry for 1 hour at room 

temperature in the dark and imaged using a Nikon A1R confocal microscope. Image analysis was performed using 

the Fiji X Image J distribution. 

2.12.3 High-content confocal image acquisition and analysis 

Cells were seeded in triplicate in CellCarrier 96 well plates (PerkinElmer) for 48 h prior to fixation and 

immunostaining as described in section 2.11.2. High-content image acquisition was performed using an In Cell 

Analyzer 6000 (GE Healthcare). Confocal images were analysed using the CellProfiler software package.  

2.13 CRISPR-Cas9 gene knock-out 

2.13.1 guide RNA design and selection 

Five different target guide RNA (gRNA) sequences (Table 2.16.) targeted to each of either the CHUK or IKBKB 

genes were designed using the gUIDEbookTM software (Desktop Genetics). The exons targeted by each gRNA are 

highlighted in Figure 2.1. Each gRNA sequence was cloned into a pD1301-AD mammalian Cas9 (double stranded 

nuclease Steptococcus pyrogenes Cas9) genome editing vector (see Figure 2.2) by DNA 2.0 (now ATUM). gRNA-

directed target cutting efficiency was assessed using the Surveyor Mutation detection assay (Transgenomic) 

according to manufacturer’s instructions. On the basis of these results (data not shown), guide RNAs g24 g25 and 

g27, and g76, g82 g87 were selected to target IKKα and IKKβ, respectively. 

Target gRNA 
identifier gRNA sequence Position in genomic 

sequence targeted  
Exon 
targeted 

IKKα 

g24 5’ - AGCCGCTCCCGCATCTCCCA - 3’ 121 – 140 1 

g25 5 ‘ –ACAGACGTTCCCGAAGCCGC - 3’ 149 - 168 1 

g26 5’ – TGTACCAGCATCGGGTGAGG - 3’ 170 - 189 1 

g27 5’ – TCTTCATAATCTGGATTTCA - 3’ 3668 - 3687 2 

g28 5’ - AGGCCTTTACAACATTGGC - 3’ 6639 - 6659 3 

IKKβ 

g76 5’ – AGCCGCTCCCGCATCTCCCA - 3’ 5873-5892 1 

g79 5’ - ACAGACGTTCCCGAAGCCGC - 3’ 5904-5923 1 

g82 5’ – TGTACCAGCATCGGGTGAGG - 3’ 23847 – 23866 3 

g85 5’ – TCTTCATAATCTGGATTTCA - 3’ 23876 – 23895 3 

g87 5’ – AGGCCTTTACAACATTGGC - 3’ 23931 - 23950 3 
 Table 2.16. gRNA sequences designed to target IKKα and IKKβ. 
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2.13.2 CRISPR-Cas9 plasmid transfection 

Two pools of 2.5 x 106 early passage (p7), healthy HCT116 cells were each electroporated with 3.75 μg of either 

the IKKα-targeted Cas9 plasmid DNA, the IKKβ-targeted Cas9 plasmid DNA or empty-vector GFP Cas9 plasmid 

DNA before being combined and incubated at 37°C, 5% (v/v) CO2 for 48 h. For the double knockout of IKKα and 

IKKβ, 1.875 μg of each plasmid was transfected. Electroporation was performed with NucleofectorTM Kit V 

(Lonza) using program D-032 on a NucleofectorTM device (Lonza). 

2.13.3 FACS sorting 

48 h after transfection, cells were harvested by trypsinisation, spun down and resuspended in an appropriate 

volume of 2% (v/v) FBS in PBS. The cell suspension was subsequently filtered through a 40 μm cell strainer 

(CellTrics). GFP-positive cells were single-cell sorted into 96-well plates containing 100 μl complete growth media 

(containing 25% conditioned media) using a FACS Aria III cell sorter (BD) configured with an 85 μm nozzle. 
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Figure 2.2. Vector map for mammalian pD1301-AD CRISPR-Cas9 expression plasmid. Cas9, S. pyogenes Cas9 nuclease gene. 
NLS, nuclear localisation sequence. CHYSEL_TAV, sequence enabling cleavage of downstream GFP. DasherGFP, IP-Free© 
green fluorescent reporter protein that is used as a selectable marker for expression monitoring of Cas9 protein. pA_GH-Bt, 
bovine growth hormone polyadenylation (bgh-PolyA) signal is a specialized termination sequence for protein expression in 
eukaryotic cells. P_hU6.1-Hs, a type 3 core promoter for RNA expression. Chimeric gRNA scaffold, consists of a ~20-nt target 
specific complementary region (specific to gene of interest), a 42-nt Cas9-binding RNA structure and a 40-nt transcription 
terminator derived from S. pyogenes that directs Cas9 nuclease to the target site for genome modification. E_CMV_IE1_Hs, 
strong CMV enhancer. P_CMV_IE1_Hs, strong constitutive mammalian promoter. Ori_pUC, E.coli-derived origin of 
replication. 

 

2.13.4 Mutant clone screening 

Single-cell derived colonies were allowed to grow over a 10-14 day period, with fresh media added every 4 days. 

Upon reaching confluency, cells were split into two 96-well plates: one for clone genotyping and the other for 

clonal expansion. Genomic DNA for genotyping was extracted as described in section 2.4.3. A PCR-based 

screening strategy was employed to identify candidate clones with mutated gRNA target sequences (Figure 2.3). 

Candidate clones were expanded and knockout verified via Western blotting. 

2.13.5 Sequencing gRNA binding site of candidate KO clones 

The final clones selected for study were sequenced across the guide RNA target sequence to confirm the 

presence of biallelic Cas9-cleavage-induced indel mutations. In short, genomic DNA was extracted as described 

in section 2.4.3 and used as a template to PCR amplify an approximately 1 kb region spanning the guide RNA 

target sequence. Phusion High-Fidelity DNA polymerase (Invitrogen) was used to reduce PCR error. Purified PCR 

product containing 3’ adenosine overhangs was cloned into a pCR 2.1 TOPO vector and plasmid DNA transformed 

into XL1 blue competent cells (Agilent). Multiple individual bacterial colonies were picked, and plasmid insert 

DNA sent for Sanger sequencing (Beckman-Coulter genomics). 
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Figure 2.3. PCR screening strategy for identifying single cell clones containing indel mutations in gRNA target site. Involved 
design of external primers well outside the mutated region and an internal primer whose 3’ end spanned the Cas9 cleavage 
site within the gRNA target sequence. 

2.14 RNA Sequencing 

2.14.1 RNA isolation and quality control 

Total genomic RNA was isolated from each sample on the same day in one batch, as described in section 2.4.4. 

The quality of each RNA prep was confirmed by measuring A260/A280 and A260/A230 ratios on a Nanodrop 

spectrophotometer and by measuring RNA integrity number (RIN) using a Bioanalyzer 2100 (Agilent). Each 

sample sent for sequencing had A260/A280 and A260/A230 ratios above 2 and RIN values >9.5 

2.14.2 3’ mRNA library preparation and sequencing 

RNA library preparation was performed by Cambridge Genomic Services (CGS). A QuantSeq 3’ mRNA-Seq Library 

Prep Kit FWD (Lexogen) was used to generate Illumina compatible, indexed, strand-specific libraries of sequences 

close to the 3’ end of polyadenylated RNA. Libraries were quantified and assessed using an RNA ScreenTape 

assay (4200 TapeStation, Agilent). Indexed libraries were sequenced with a 75bp single-end protocol on one lane, 

by the NextSeq 500 system (Illumina). 

2.14.3 Bioinformatic analysis 

Quality control of reads was done using FastQC v0.11.4. Reads were trimmed using TrimGalore v0.4.1. Reads 

were mapped using STAR v2.5.2a. Ensembl Homo_sapiens. GRCH38.dna.primary_assembly.fa (release 90) 

reference genome file was used to do the mapping of reads, using the annotated transcripts from the ensemble 

Homo_sapiens.GRCH38.90.gtf. The number of reads that mapped to protein-coding genomic features was 

calculated using HTSeq v0.6.0. Reads with a mapping quality less than 10, that map to multiple loci or to 

overlapping gene regions were discarded to avoid ambiguity and false positives. Differential gene expression 

analysis was performed using the counted reads and the R package edgeR v3.16.5 (R version 3.3.3). Genes not 

gRNA target sequence

Cas9

Double-stranded DNA cleavage
Repair via NHEJ

Flanking FWD primer Flanking REV primerInternal primer
overlapping Cas9
cleavage site

INDEL



70 

having more than 10 counts per million (cpm) in at least 1 sample were filtered from analysis. Gene ontology 

analysis was performed using Panther v12.0.  

2.15 Luciferase-reporter assay 

Cells were seeded in antibiotic-free media in 96 well plate format. The following day cells were transiently 

transfected with 0.1 μg/well pGL4.32[luc2P/NF-κB-RE luciferase experimental-reporter plasmid DNA and 0.01 

μg/well constitutively-expressed pCMV renilla plasmid DNA (used to normalise for inter-well differences in 

transfection efficiency or cell viability). The following day, the relevant treatments were performed. Luciferase 

activity was measured using the Dual-Luciferase Reporter Assay System (Promega), and on a MicroLumatPlus 

LB96V reader, according to manufacturer’s instructions.  

2.16 Cyquant proliferation assay 

Cells in phenol red-free DMEM were seeded in quadruplicate into eight 96 well plates at a density of 2.5 x 103/ml. 

Half the culture media was replenished with fresh media every other day during the 8 day incubation. At each 

24 h interval following seeding, a 96 well plate was frozen at -80°C. At the end of the 8 days, plates were thawed 

to RT and 200 μl cell-lysis buffer (containing CyQUANT GR dye at a 2 x final concentration) was added to each 

well. After a 5 minute incubation in the dark, the sample fluorescence was measured using a 480 nm/520 nm 

excitation/emission filter set on a PHERAstar plate reader (BMG Labtech). 

2.17 Bioinformatic analysis 

2.17.1 Disorder prediction tools 

2.17.1.1 D2P2 database consensus tools 

D2P2 database contains disorder prediction annotations of all protein sequences from 1765 complete proteomes. 

Consensus predictions were derived using the following predictors: PONDR VL-XT, PONDR VSL2b, PV2, Esprtiz 

(all variants) and IUPred (all variants). PONDR VL-XT integrates three trained neural network predictors of 

disordered regions on the basis of various sequence factors, including hydropathy, coordination number, 

flexibility and local amino acid composition (Li et al., 1999c; Romero et al., 2001). PONDR VSL2 is a combination 

of trained neural network predictors for short and long disordered regions that applies a sequence profile and 

the weighted result of secondary structure prediction from PHD and PSIPRED, and sequence alignments from 

PSI-BLAST (Peng et al., 2006). PV2 is a meta-predictor composed of five prediction methodologies: a neural 

network, a support vector machine, logistic regression, a conditional random field, and the VSL2b predictor 

(Ghalwash et al., 2012). Espritz uses three variant bidirectional recursive neural networks trained on different 

datasets: PDB crystallography data of short disorder (Espritz-X), NMR mobility (Espritz-N) and long disorder data 

from DisProt (Espritz-D) (Walsh et al., 2012). Different probability cut-offs are used for each variant to yield 5% 

false positive rate. IUPRED vairants –S (short) and –L  (long) uses amino acid pair-wise interaction energy 

estimates to predict those stretches of amino acids not significantly contributing to stable, globular structure, 

and thus likely to be disordered (Dosztányi et al., 2005).  
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2.17.1.2 DisEMBL 

DisEMBL uses two different neural networks trained on different data sets: one enriched in sequences containing 

coils/loops as defined on DSSP secondary structure assignments, and one enriched in sequences containing 

missing X-ray coordinates (REMARK 465) (Linding et al., 2003). Probability cut-offs are used for each variant to 

yield 5% false positive rate. 

2.17.1.3 PrDOS 

PrDOS makes uses a combination of the results of two predictors (Ishida et al., 2007). The first is a support vector 

machine with a position-specific profile of local amino acid sequence. The second predictor uses PSI-BLAST and 

assumes conservation of intrinsic disorder in homologous protein domain families. 

2.17.1.4 DISOPRED3 

DISOPRED3 uses two independent predictors – a neural network and a nearest neighbour classifier, both trained 

on evolutionarily conserved sequence features of disordered regions from missing residues in X-ray crystal 

structures to identify long intrinsically disordered regions. The results are integrated by an addition neural 

network (Jones et al., 2015). 

2.17.1.5 MFDp2 

MFDp2 combines residue-level and sequence-level disorder prediction with post-processing filters and sequence 

alignment via PSI-BLAST (Mizianty et al., 2013).  

2.17.2 PEST motif finder 

Epestfind uses an algorithm that scans for hydrophilic stretches of at least 12 amino acids, with a high local 

concentration of proline, glutamate, serine and threonine and an absence of positively charged motifs (arginine, 

lysine and histidine) (Rogers et al., 1986). Epest find also stringently defines PEST motifs as those flanked by 

positively charged amino acids. The quality of such identified sequences is refined by means of a scoring 

parameter based on the local enrichment of critical amino acids, as well as the motifs overall hydrophobicity. 

PEST scores above the threshold score of + 5.0 are considered biologically significant.   

2.17.3 mORF prediction tools 

2.17.3.1 DISOPRED3 

DISOPRED3 predicts protein-binding sites using a support vector machine (SVM) learning algorithm with 

classifiers based on sequence profile features that was trained on a positive set of 840 peptides, the structures 

of which have been solved in complex with globular protein domains and a negative set of unbound protein 

linker regions in known protein structures (Jones et al., 2015). 

2.17.3.2 ANCHOR 

ANCHOR predicts mORFs by identifying sequential residues within disordered regions that are unlikely to form 

enough favourable intrachain interactions with local neighbours to fold on their own. It also tests the feasibility 

that a given reside can form enough favourable, stabilizing interactions with folded proteins upon binding. The 
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approach relies on pairwise amino acid interaction energy estimations (Mészáros et al., 2009; Dosztányi et al., 

2009).  

2.17.3.3 mORFpred 

MoRFpred converts an input sequence into a sliding-window feature vector, representing relevant sequence 

characteristics, such as amino acid indices, predicted disorder (IUPred), solvent accessibility and B-factor 

flexibility, which is inputted into a linear SVM algorithm trained on a large data set of protein complexes. 

Propensities are then merged with alignment results of the input protein against the MoRF-annotated proteins 

in the training dataset (Disfani et al., 2012). 

2.17.3.4 MoRFCHIBI SYSTEM 

MoRFCHIBI SYSTEM performs a Bayes integration of two SVM algorithms input with local sequence 

physicochemical properties and sequence similarity, a protein disorder (Espritz/DisProt) prediction score and a 

range of PSI-BLAST derived conservation scores (Malhis et al., 2016). 

2.17.3.5 DisoRDPbind 

DisoRDPbind utilizes three logistic regression models inputted with features generated from information from 

the physiochemical properties of amino acids, putative secondary structure and disorder, sequence complexity 

and sequence alignment to generate propensity scores for each residue. PSI-BLAST annotations are then merged 

with these scores (Peng et al., 2015).  

2.17.4 ChemMapper 

ChemMapper is an online drug-interaction prediction platform that assembles a large repertoire of bioactive 

chemical database annotated with pharmacological target information (Gong et al., 2013). The chemical 

structures of AZD2230 and BMS-345541 (in canonical SMILES format) were used as query for a 3D similarity 

search using the SHAFTS algorithm, which calculates similarity based on molecular shape and chemotype 

features (Liu et al., 2011). A list of potential protein targets is returned that are ranked based on the number and 

overall degree of 3D similarity of hits that have annotated binding activity against the target. 
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3 Generation, validation and characterisation of CRISPR-Cas9 IKKα, 
IKKβ and IKKα/β knockout HCT116 cell lines 

3.1 Introduction 

Early genetic studies identified distinct and non-redundant biological functions for the IKK kinases, IKKα and IKKβ, 

within the context of NF-κB activation. IKKb-/- mice die during embryonic development at approximately day E13, 

largely as a result of catastrophic liver damage (Li et al., 1999a; Li et al., 1999d). This is highly similar to the 

phenotype of rela-/- (Beg et al., 1995) and nemo-/- mice (Rudolph et al., 2000). Crossing IKKb-/ mice with tnfr-/- mice 

rescued this lethality until after birth, suggesting the lethal hepatocyte apoptosis is due to TNF signalling during 

embryogenesis (Li et al., 1999d). IKKα appeared to have insufficient functional redundancy within the canonical 

NF-κB pathway to prevent this lethality. This finding was reflected by work with IKKb-/- mouse embryonic 

fibroblasts (MEFs) (Li et al., 2002). These cells are highly defective in the phosphorylation and degradation of 

IκBα, NF-κB DNA binding activity and NF-κB-dependent transcription following treatment with TNFα or IL-1 

(Sizemore et al., 2002). Conditional knockouts have also shown that IKKβ protects against apoptosis triggered by 

TLR signals in macrophages (Park et al., 2005), gut epithelium (Chen et al., 2003) and osteoclasts (Ruocco et al., 

2005), while conditional deletion of IKKb in gastric epithelial cells accelerates Helicobacter-dependent gastric 

apoptosis and carcinogenesis (Shibata et al., 2010).  

In contrast, the phenotype of IKKa-/- mice is less severe; they survive until a month post-birth, but develop 

distinct morphological defects affecting epidermal and skeletal development (Hu et al., 1999; Li et al., 1999b; 

Takeda et al., 1999). However, using a catalytically inactive IKKα mouse model these defects were shown to be 

independent of both IKKα kinase activity and NF-κB activity (Cao et al., 2001). A similar, yet more severe 

phenotype was later observed in patients with autosomal recessive loss-of-function mutations in Chuk (encoding 

IKKα) (Lahtela et al., 2010). The essential role of IKKα in non-canonical NF-κB activation for the development of 

lymphoid organs and B cell maturation was subsequently demonstrated using the catalytically inactive IKKα 

mouse model, IKKa-/-  chimeras  and IKKa-/- MEFs (Senftleben et al., 2001; Kaisho et al., 2001; Dejardin et al., 2002; 

Bonizzi et al., 2004).  

Whilst IKKa-/- MEFs did show defective NF-κB transcriptional activity and p65 phosphorylation in response to 

TNFα and IL-1, IKKβ homodimers were still capable of phosphorylating IκBα and inducing NF-κB nuclear 

translocation and DNA binding, leading to the conclusion that IKKβ is sufficient for canonical NF-κB pathway 

activation (Li et al., 1999b; Li et al., 1999d; Hu et al., 2001). Furthermore, the interaction between IKKα and 

NEMO was shown to be weaker than with IKKβ (May et al., 2000; Miller & Zandi., 2001), while IKKβ was shown 

to be a more effective kinase in vitro in the phosphorylation of IκBα (Huynh et al., 2000).  

From such studies, a consensus emerged that IKKβ is the predominant kinase activating the canonical NF-κB 

pathway in a NEMO-dependent manner, while the primary function of IKKα is to act as the regulator of the 

noncanonical NF-κB pathway, in a NEMO-independent manner. As such, the primary focus of drug design for 

targeting the canonical NF-κB pathway in human disease has been IKKβ (Gilmore et al., 2006). No selective IKKα 

inhibitors are currently commercially available, although this also appears to reflect a greater difficulty in 

designing potent inhibitors of the IKKα catalytic site (Gamble et al., 2012). 
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However, a range of evidence suggests that IKKα may play a more significant role in canonical NF-κB pathway 

activation than initially appreciated. Although exhibiting defective IκBα degradation and NF-κB DNA binding, an 

appreciable level of NF-κB dependent gene expression in response to TNFα and IL-1 is still observed in IKKb-/- 

MEFs (Li et al., 1999a; Li et al., 2002). Furthermore, in contrast to the developing liver in IKKb-/- mice, mature 

hepatocytes are not sensitized to TNFα-induced apoptisis following deletion of IKKβ, suggesting that IKKα is able 

to compensate within the canonical NF-κB pathway of adult mice (Luedde et al. 2005). IKKα has also been 

reported to be obligatory for receptor activation of NF-κB (RANK)-induced canonical NF-κB activation in 

mammary epithelial cells, where it promotes cyclin D1 expression (Cao et al., 2001).  

In contrast to earlier studies, IL-1 but not TNFα was later shown to be able to promote IκBα degradation and NF-

κB nuclear translocation in IKKb-/- MEFs in a NEMO-dependent manner (Solt et al., 2007). Catalytically inactive 

IKKβ blocked TNFα but not IL-1-induced IκB degradation, suggesting that the nature of the stimulus may 

determine the absolute requirement of IKKβ for canonical NF-κB activation. Subsequent work by the same lab 

demonstrated that TNF-α and IL-1 induced NF-kB transcriptional activity was completely defective in IKKα-/- 

MEFs, and that this could be rescued by an IKKα mutant defective for NEMO binding, suggesting that IKKα 

activates canonical NF-kB independently of NEMO (Solt et al., 2009), possibly through direct phosphorylation of 

p65.   

IKKα was shown to be able to mediate a compensatory activation of the canonical NF-κB pathway in response to 

CARD11 and TNFα signalling to overcome inhibition of IKKβ in some, but not all, activated B-cell-like (ABC) diffuse 

large B-cell lymphoma (DLBCL) cells (Lam et al., 2008b). Furthermore, Adli et al., showed that in contrast to MEFs, 

both IKKα and IKKβ contribute to TNFα-induced IκBα phosphorylation and NF-κB activation in HeLa cells, raising 

the possibility that IKKα may play a more important role in canonical NF-κB signalling in humans than it does in 

mice (Adli et al., 2010).  

In support of this, patients with homozygous null mutations of IKBKB exhibit significantly less severe phenotypes 

than IKKb-/- mice (Pannicke et al., 2013; Mousallem et al., 2014). Such patients are normal at birth and exhibit 

none of the liver damage or developmental defects of IKKb-/- mice, suggesting perhaps that IKKα is better able to 

compensate within the canonical NF-κB pathway of human cells. They do, however, develop severe combined 

immunodeficiency (SCID) due to a lack of T- and B-cell activation (naïve phenotype) and low T-cell and NK-cell 

numbers. B cells from these patients exhibited defective phosphorylation and degradation of IkB and defective 

nuclear p65 translocation in response to PMA (Mousallem et al., 2014). Primary skin fibroblasts from these 

patients exhibited stimulus-dependent differences in IkB phosphorylation and NF-kB DNA binding; responses 

were drastically reduced in response to TNFα, and only marginally affected in response to IL-1β (Pannicke et al., 

2013). Wild-type response to TNFα was reconstituted by restoring IKKβ expression in patient cells. 

Overall, these contradictory studies indicate that the IKK subunits might have species-/cell-type-/developmental 

stage- and stimulus-specific roles in activating the canonical NF-kB pathway. 

 

Aberrant activation of the canonical NF-κB pathway contributes to each of the hallmarks of cancer to promote 

the initiation and progression of various types of cancer (Chapter 1, Section 1.4.3). For instance, there is growing 

evidence for a connection between chronic inflamma tory conditions within the tumour microenvironment and 
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tumour development, with the NF-κB pathway potentially acting as a key mechanistic link between the two. This 

link is well demonstrated in cancers of the gastrointestinal tract, including esophageal, gastric and colorectal. 

Colorectal cancer (CRC) can be divided into hereditary, sporadic and colitis-associated carcinoma (CAC) forms. 

The role of NF-κB as a mechanistic link between chronic inflammation and cancer is most apparent in the 

progression of two forms of inflammatory bowel disease (IBD), ulcerative colitis and Crohn disease, to CAC (Rubin 

et al., 2012). For example, intestinal epithelial cell-specific deletion of IKKβ decreased tumour incidence, in the 

case of enterocytes, and tumour size in the case of myeloid cells in a mouse model of CAC (Greten et al., 2004). 

Furthermore, NF-κB has been shown to be constitutively active in human tumour samples, representative of 

both CAC and sporadic CRC (Lind et al., 2001; Kojima et al., 2004). Higher nuclear expression of p65 and p50 has 

been observed in primary CRC tumour and liver metastases than normal mucosa and is prognostic of worse 

outcome (Puvvada et al., 2010). Constitutive NF-κB pathway activation has also been observed in various CRC 

cell lines, suggesting that cell autonomous mechanisms may lead to aberrant pathway activation, in addition to 

chronic inflammatory conditions within the tumour microenvironment (Dejardin et al., 1999; Sakamoto et al., 

2009).  

Interest in IKK and NF-κB function in colorectal cancer was recently enhanced by a series of studies by the 

Espinosa/Bigas labs. They initially identified a novel NF-κB-independent role for constitutively active, nuclear 

IKKα in colorectal cancer cells (Fernandez-Majada et al., 2007). Nuclear IKKα associates with the chromatin of 

specific Notch target genes leading to the phosphorylation and release of the nuclear corepressor, SMRT, and 

the transcriptional activation of these genes. Subsequently, the predominant form of active, nuclear IKKα was 

demonstrated to be a truncated 45 kDa form of IKKα, which retains the kinase domain but lacks C-terminal 

regulatory domains (Margalef et al., 2012). p45-IKKα is thought to be phosphorylated downstream of mutant 

BRAF in CRC cells through an ill-defined mechanism involving endosomal compartment-associated TAK1 

(Margalef et al., 2015). 

Given the lack of clarity regarding the relative importance of IKKα and IKKβ in human canonical NF-κB signalling, 

the known importance of inflammatory signalling in driving colorectal tumorigenesis, and the apparent NF-κB-

independent functions of IKKα in colorectal cancer cell lines, we were motivated to generate IKKα, IKKβ and 

IKKα/β double CRISPR-Cas9 knockouts in a HCT116 colorectal cancer cell line background.  

3.2 Results

3.2.1 Generation and characterisation of CHUK (IKKα) and IKBKB (IKKβ) knockout and 

IKKα/β double knockout HCT116 CRISPR-Cas9 cell lines 

IKKα and IKKβ knockout (KO) and IKKα/β double knockout (DKO) CRISPR-Cas9 HCT116 cell lines were generated 

as described in detail in Chapter 2. The rationale for choosing HCT116 cells as the parental cell line was both 

technical and biological in nature. HCT116 cells are well-characterised, relatively easy to transfect and readily 

grow out from single cell clones. Furthermore, this cell line was chosen as it has a KRASG13D mutation and is 

dependent on this mutation for its malignant properties. It was therefore hoped that this might provide insight 

into the reported requirement for NF-κB signalling in KRAS transformation. However, it should be noted that in 

our hands the NF-κB pathway was minimally active in HCT116 cells, both at the level of IKK phosphorylation, IκB 
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phosphorylation, p65 nuclear localisation and NF-κB transcriptional activity (Figure 3.12 and Figure 3.6, 

respectively). The question of whether HCT116 cells are in any way reliant on NF-κB signalling for cell growth or 

survival, as is the case for various other cancer cell types (Bhat-Nakshatri et al., 2002; Garner et al., 2013; Abdel-

Latif et al., 2015), was, therefore, an interesting one. 

In brief, five guide RNAs (gRNAs) targeted to exons N-terminal to the kinase domain and common to all known 

transcripts of each of both the CHUK and IKBKB genes were designed using gUIDEbook TM software (Desktop 

Genetics) and cloned into a pD1301-AD-GFP Cas9 (double-stranded nuclease Cas9 from Streptococcus 

pyrogenes) mammalian expression vector. Three guide RNAs specific to each gene were selected on the basis of 

highest cutting efficiency, as assessed by a preliminary Surveyor mutation detection assay, and transfected into 

early passage HCT116 colorectal cancer cells, alongside a control transfection with empty vector (EV) Cas9 DNA 

to generate matched EV clones. High Cas9 expressing cells were single cell cloned on the basis of GFP expression. 

Clones containing homozygous indel (insertion/deletion) mutations within the gRNA target sequence were 

identified via a PCR screen and expanded, prior to Western blotting to identify knockout clones. A number of 

wild type EV clones were also expanded (labelled subsequently as clones A3, A8, C4 and E10). Only two out of 

the three guide RNA sequences specific to IKK (g24 and g25) and two of the three specific to IKK (g76 and g87) 

gave rise to knockout clones. From these, three clones of each of IKKα KO, IKKβ KO and IKKα/β DKO were selected 

for further validation and characterisation; IKKα KO clones, F6 (g25), C7 (g25) and A2 (g24); IKKβ KO clones, G9 

(g87), A7 (g87) and A4 (g76); and IKKα/β DKO clones, C8 (g87 + g25), G1 (g87 + g25) and E9 (g87 + g24). For each 

of these clones the region surrounding the gRNA target sequence was sequenced via Sanger sequencing and the 

presence of homozygous frameshift mutations confirmed, and likely premature stop codons identified (data not 

shown).   

Each of the final KO clones selected for further analysis were null for full-length protein expressed from the IKK 

gene(s) targeted (Figure 3.1A). This was confirmed with two different antibodies against IKKα and IKKβ, specific 

for an N-terminal and C-terminal epitope, respectively. No compensatory changes in the expression of the 

remaining IKK subunit were observed in any of the targeted clones. The knockouts were also validated at the 

mRNA level (Figure 3.1B and C). There was on average a greater than 2-fold reduction in IKKα mRNA in the IKKα 

KO clones and the DKO clones, and, similarly, a greater than 2-fold reduction in IKKβ mRNA in the IKKβ KO clones 

and the DKO clones. A statistically significant reduction in IKKβ mRNA in the IKKα KO clones was also observed 

(Figure 3.1C). However, this evidently did not translate into a reduction in IKKβ protein in the IKKα KO clones 

(Figure 3.1A). That a greater reduction in IKK mRNA was not observed was not of great concern; significant 

amounts of prematurely terminated mRNA can remain in the cell following CRISPR-Cas9 gene editing. The more 

important observation was the absence of IKK protein in these KO cells.  

Colorectal cancer cell lines, including HCT116, have been reported to express a catalytically active, C-terminal 

proteolytically cleaved form of IKKα, p45-IKKα (Margalef et al 2012). This truncated form lacks the C-terminal 

scaffold/dimerization regulatory domain (SDD) and the NEMO-binding domain (NBD) but retains the N-terminal 

kinase domain. p45 IKKα is reported to be constitutively phosphorylated at Serine 176/180 and hence 

constitutively active and localises almost exclusively to the nucleus. The cell lysis buffer used routinely in this 

work was a relatively gentle 1% (v/v) Triton X-100-based lysis buffer (TG lysis buffer, see Chapter 2 for  



Figure 3.1. Generation of CRISPR-Cas9 IKK knockout HCT116 cells. (A)  Best candidate clones were expanded 
and whole-cell lysates generated for independent, single-cell derived WT, IKKα KO, IKKβ KO and IKKα/β DKO 
CRISPR clones. Lysates were fractioned by SDS-PAGE and Western blotted with the indicated antibodies to 
confirm absence of expressed protein corresponding to targeted gene. Clones A3, C4, A8 and E10 were confirmed 
as WT. Clones F6 and C7, derived from cells expressing gRNA 24 and clone A2, derived from cells expressing 
gRNA 25, were confirmed as IKKα KO. Clones G9 and A7, derived from cells expressing gRNA 87 and clone A4, 
derived from cells expressing gRNA 76, were confirmed as IKKβ KO. Clones C8 and G1, derived from cells 
expressing both gRNA 25 and gRNA 87, and clone E9, derived from cells expressing both gRNA 24 and gRNA 87, 
were confirmed as IKKα/β DKO.  Data are from a single experiment representative of three independent Western 
blots giving similar results. (B and C) Three independently derived WT clones and three clones each of IKKα single, 
IKKβ single and IKKα/β double knockout were seeded in normal growth medium for 48 hours prior to RNA extrac-
tion. Relative IKKα (A) and IKKβ (B) mRNA expression was determined by RT-qPCR, with normalisation to the 
geometric mean of the reference gene (YWHAZ and UBC) expression. Expression ratios are plotted on a logarith-
mic scale as median IKK expression ratios relative to the WT control samples. Boxes represent the interquartile 
range. Whiskers represent the minimum and maximum observations. N, N-terminal specific antibody. C, C-terminal 
specific antibody. 
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composition) that efficiently solubilises soluble nucleoplasmic proteins, but which is less stringent than other 

whole cell lysis buffers such as RIPA, and so is less effective at solubilising chromatin bound proteins. To confirm 

that the clones were completely absent of IKK protein, and to rule out any residual nuclear expression of p45 

IKKα, the most commonly used clones in subsequent analysis were lysed in both TG lysis buffer and RIPA buffer 

(Figure 3.2). The resulting Western blots confirmed that the clones were entirely absent of full-length and 

intermediate forms of IKKα and IKKβ protein. Efficient whole cell lysis by RIPA buffer was confirmed by the 

increased Histone H3 protein detected. In addition to an IKKα species of approximately 45 kDa, numerous other 

putative truncated IKKα species were detected by the N-terminal and C-terminal specific IKKα antibodies in WT 

and IKK KO cells, all of which were absent in IKKα KO and IKKα/β DKO cells. No other IKKα truncation forms 

besides p45-IKKα have been reported. At this stage it cannot be confirmed that these are functionally relevant 

forms of IKKα, and not, for example, degradation artefacts of the cell lysis.  

Surprisingly, attempts to detect phosphorylated p45-IKKα in either HCT116 or HT-29 cells with the same antibody 

used by Margalef et al failed when either TG lysis buffer or RIPA buffer was used (Supplementary Figure S1A and 

B). Only the precise 0.5% (v/v) Triton-X-100-based lysis buffer recipe employed by Margalef et al was capable of 

resolving a band corresponding to 45 kDa. This buffer is highly similar to the TG lysis buffer used predominantly 

in this work, except for the use of a markedly higher concentration (100 mM vs 1 mM) of the general 

phosphotyrosyl phosphatase inhibitor, sodium orthovanadate, which is 100-1000 fold more concentrated than 

routinely used. Other papers published by the same lab confirmed that this high concentration was not wrongly 

reported. It is difficult to understand how a higher concentration of a phosphotyrosyl phosphatase inhibitor, such 

as sodium orthovanadate, might enhance the detection of a phosphoserine site on IKKα. Vanadate has been 

shown to induce NF-κB through activation of IKKβ kinase activity as quickly as 15 minutes post treatment with a 

concentration as low as 30 μM (Chen et al., 1999). However, the characterisation of p45-IKKα was relatively 

thorough, so it is not possible on this basis alone to call into question the findings of Margalef et al. The evidence 

for phosphorylated p45-IKKα was most convincing in BRAF mutant colorectal cancer cells, such as HT-29. KRAS 

mutant cell lines, such as HCT116, exhibited far less phosphorylated p45-IKKα in their hands. Indeed, in a follow-

up study Margalef et al proposed that p45-IKKα is phosphorylated downstream of mutant BRAF in an ill-defined 

mechanism involving endosomal localised TAK1 (Margalef et al., 2015). Given the uncertainty surrounding the 

detection of phosphorylated p45-IKKα, no further efforts were made to repeat the findings of Margalef et al. 

Regardless of the validity of the reported phosphorylation state of p45-IKKα, no truncated IKKα forms were 

detected in the IKK KO clones, thus confirming their applicability in the study of IKKα function.  

HCT116 cells are an adherent cell type with epithelial morphology. The morphology of IKK and IKK KO clones was 

largely comparable with WT clones (Figure 3.3A). Some subtle heterogeneity between the different clones was 

apparent, with IKK KO clone F6 subjectively growing in more compact, epithelial-like colonies compared to clones 

C7 and A2, while the same was true of IKK KO clone A4 relative to clones G9 and A7. These morphological 

differences were not correlated with the different guide RNA sequences used to generate the clones, and so are 

unlikely to be due to off-target effects of Cas9 gene editing. There is natural cell morphological heterogeneity 

within the parental HCT116 cell population, so this heterogeneity amongst the clones could be the result of the 

single cell cloning process (Singh et al., 2014). Meanwhile, all three of the DKO clones, C8, G1 and E9, appeared  
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Figure 3.3 IKKα/β DKO cells appear to grow in more compact, epithelial-like colonies than WT or IKKα KO 
and IKKβ KO cells. (A) WT, IKKα KO, IKKβ KO and IKKα/β DKO HCT116 cells were seeded in normal growth 
medium so as to be at similar levels of confluency (~70%) after 48 hours, subsequent to capture of representative 
light microscopy images. Scale bar, 20 μm. (B) WT, IKKα KO, IKKβ KO and IKKα/β DKO HCT116 cells were seeded 
in normal growth medium so as to be at similar levels of confluency (~70%) after 48 hours, subsequent to immuno-
fluorescence staining of cells with anti-CDH1 (E-cadherin, red) and nuclei with DAPI (blue). Scale bar, 10 μm.  
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substantially more epithelial in nature, growing in tightly packed colonies. In support of this more pronounced 

epithelial morphology, DKO clone C8 exhibited greater immunofluorescence staining for the epithelial cell-type 

marker, E-cadherin than WT cells or single IKK KO cells. (Figure 3.3B). However, given the morphological 

heterogeneity of the IKK KO clones in general, additional DKO clones would need to be examined to confidently 

conclude that this more epithelial morphology is due to IKK knockout. Whilst this apparent phenotype of the 

DKO clones is consistent with the known role of NF-κB transcriptional activity in promoting epithelial-to-

mesenchymal transition (EMT) through Snail-dependent repression of E-cadherin expression (Zhang et al., 2011; 

Pires et al., 2017), no further investigations were made into this observation.  

Subsequently, the growth of the KO clones was assayed via a fluorescent, DNA-binding dye-based assay (Figure 

3.4A and B). In this assay, DNA content is used as an indirect measure of cell number. The relationship between 

DNA-binding dye fluorescence and cell number is approximately linear (R2=0.991) over the range of fluorescence 

intensities observed (Figure 3.4A inset). There were small differences in the exponential phase (day 4 to 6) growth 

rate of individual clones, but no overall significant difference between the average growth rates of the different 

genotypes. As with the subtle morphological differences between clones, three independent clones were 

insufficient to statistically distinguish between clonal heterogeneity and any genuine small effects of IKK 

knockout on cell growth rate.  

Consistent with the lack of an effect of IKK knockout on cell growth, IKK knockout had no significant impact on 

the cell cycle distribution of the clones (Figure 3.4B). A consistent, small increase in G1 phase content and 

decrease in S phase content was observed in the IKKα/β DKO clones, but this could reflect the growth of these 

clones in more compact colonies; cells at the centre of such compact colonies might be more likely to undergo 

G1 arrest due to nutrient deprivation.  

3.2.2 Validation of IKK knockout reveals a prominent role for IKKα in canonical NFκB 

signalling downstream of TNFα 

Western blotting indicated that the clones were knockout for IKK protein. However, a more important 

consideration was whether the clones represented genuine functional knockouts. The single cell cloning process 

might have favoured clones with re-wired cell signalling pathways that compensated for the loss of IKK protein. 

To investigate this the cell signalling response to TNFα was examined in IKK KO clones (Figure 3.5 and Figure 3.6A 

and B). Each of the three IKKα/β DKO clones exhibited no observable IKK kinase activity, as assessed by the 

phosphorylation of known IKK substrates, including IκBα and p65. The absence of p65 phosphorylation at Serine 

536 in DKO clones indicated that in the absence of IKK kinases this site cannot be phosphorylated in response to 

TNFα by other kinases, such as TBK1 and IKKε, which have been shown to phosphorylate this site under certain 

circumstances (Buss et al., 2004). In addition to the NF-κB pathway, TNFα activates the JNK and p38 signalling 

cascades. Compared to WT clones, IKKα/β DKO clones exhibited a similar phosphorylation of JNK at T183/Y185 

in response to TNFα. However, the DKO clones exhibited a small increase in basal p38 phosphorylation at 

T180/Y182, and a higher level of p38 phosphorylation after 30 minutes treatment with TNFα. A longer time 

course comparison would be necessary to determine if this reflects a more sustained p38 signalling response in 

the DKO clones relative to WT.  
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Meanwhile, western blotting following treatment of IKKα KO and IKKβ KO clones with TNFα indicated a degree 

of functional redundancy between IKKα and IKKβ (Figure 3.6A and B). As expected, in WT cells IκBα was rapidly 

phosphorylated at Serine 32/36 and targeted for proteasomal degradation within 10 minutes of TNFα treatment. 

By 60 minutes, downstream activation of NF-κB transcriptional activity increased the expression of IκBα to 

restore IκBα protein levels as part of the well-characterised negative feedback loop that inhibits the pathway. 

Two different IκBα antibodies were used; IκBα 9242, which binds preferentially to the unphosphorylated form; 

and IκBα L35A5, which recognises both phosphorylated and unphosphorylated forms of the protein. IKKα and 

IKKβ are themselves maximally phosphorylated within their activation loops at Serine 176/180 and Serine 

177/181, respectively, less than 10 minutes after TNFα treatment. The antibody used (described as S176/180) 

detects IKKα only when phosphorylated at Ser176/180 and IKKβ only when phosphorylated at Ser177/181. The 

NF-κB subunit, p65, was also rapidly phosphorylated at the two sites examined, Serine 468 and Serine 536. The 

NF-κB pathway was minimally basally activate in WT HCT116 cells. A very low basal IKKα and IκBα 

phosphorylation was detectable upon overexposure of blots, whereas basal phosphorylation of p65 at Serine 

536 was more routinely detected. 

Whilst it is normally undesirable to directly compare blots run on separate gels, an effort was made to make the 

blots from IKKα KO (Figure 3.6A) and IKKβ KO (Figure 3.6B) clones as comparable as possible by loading the same 

amount of lysate for each, and exposing the blots for identical lengths of time. The WT clones may also be used 

as a frame of reference for comparison between each set of blots. With this caveat in mind, the IKKα KO and IKKβ 

KO clones exhibited a similar small defect in the degradation of IκBα following TNFα treatment relative to WT 

cells. After 10 and 30 minutes TNFα treatment, there was more IκBα remaining in IKKα KO and IKKβ KO clones 

than in WT cells. IκBα was restored after 60 minutes in both IKKα KO and IKKβ KO indicating that the negative 

feedback loop and NF-κB transcriptional activation was intact. The KO clones highlighted the specificity of the 

phospho-IKK antibody; the upper band being specific to IKKβ (Serine 177/181) and the lower band specific to 

IKKα (Serine 176/180). The remaining IKK kinase was phosphorylated in both the IKKα KO and IKKβ KO clones. 

Interestingly, IKKβ appeared to be phosphorylated to a greater extent in the IKKα KO clones relative to WT at 

each of the time points examined. Whether this indicates enhanced upstream IKK phosphorylation loop kinase 

activity or weaker phosphatase activity remains to be determined. Conversely, the phosphorylation of IKKα in 

the IKKβ KO clones was largely similar to that observed in WT cells.  

As described in Chapter 1, both IKKα and IKKβ have been demonstrated to phosphorylate p65 at Serine 536, with 

IKKβ thought to be the more efficient kinase (Sakurai et al., 1999; Sizemore et al., 2002; O’Mahony et al., 2004). 

Meanwhile, IKKβ is thought to be the dominant kinase phosphorylating p65 at Serine 468 in response to 

inflammatory cytokines, such as TNFα and IL-1, with very little if any contribution from IKKα in vivo (Schwabe et 

al., 2005). The TNFα-induced phosphorylation of p65 at Serine 536 was unaffected in either of the IKKα KO or 

IKKβ KO clones, suggesting that both IKKα and IKKβ can fully compensate for the loss of the other kinase with 

regard to phosphorylation at this site. Interestingly, the basal phosphorylation of p65 at Serine 536 was absent 

in IKKα KO clones but was unaffected in IKKβ KO clones, suggesting that basal IKKα kinase activity might be 

responsible for this phosphorylation. In direct contrast with the literature, p65 phosphorylation at Serine 468 

was strongly diminished in IKKα KO clones, but largely unaffected by IKKβ KO, suggesting that IKKα, but not IKKβ 
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is necessary for phosphorylation at this site in response to TNFα in these cells. Whether IKKα activity is sufficient 

for phosphorylation at this site will be discussed shortly.   

Phosphorylation of p38 was unaffected by knockout of either IKKα or IKKβ, indicating that the enhanced p38 

phosphorylation observed in DKO clones was due to either: a combined effect of loss of any IKK kinase activity; 

loss of NF-κB activity in response to stimulus; or a gene expression change in DKO clones that was not present in 

IKKα KO or IKKβ KO clones that predisposes DKO clones to enhanced p38 activation downstream of TNFα 

signalling. Meanwhile, stimulatory phosphorylation of JNK1/2 at Threonine 183/Tyrosine 185 in response to 

TNFα was unaffected by IKKα KO but was enhanced relative to WT cells by IKKβ KO.  

To examine the effect of IKK KO on downstream NF-κB transcriptional activity three independent clones of each 

genotype, WT, IKKα KO, IKKβ KO and IKKα/β DKO were transfected with a luciferase reporter construct under 

the control of a tandem NF-κB promoter and treated with TNFα for various time periods (Figure 3.6C and D). A 

plot of luciferase activity normalised to the expression of constitutively induced renilla activity demonstrated 

that both the basal and stimulus induced NF-κB transcriptional activity was substantially reduced in IKKα KO 

clones relative to WT (Figure 3.6C). The fold induction of NF-κB activity above basal levels was significantly 

reduced in IKKα KO clones relative to WT (Figure 3.6D). However, there was no significant difference in the basal 

or TNFα induced fold change in NF-κB activity in IKKβ KO clones relative to WT. IKKα/β DKO clones exhibited no 

TNFα-induced NF-κB activity, consistent with the complete absence of IKK activity observed in these cells. As 

with the prior observations of heterogeneity between clones at the level of cell morphology and growth rate, 

both the WT and IKK KO clones exhibited a degree of heterogeneity regarding the absolute level of NF-κB 

transcriptional induction in response to TNFα. However, this heterogeneity was largely matched by an equivalent 

degree of heterogeneity in the basal level of NF-κB activity, such that the fold changes in activity were more 

consistent between clones of the same genotype. Despite this heterogeneity, the differences between WT and 

IKK KO clones were of sufficient magnitude to reach statistical significance, thus highlighting the biological 

significance of this observation.  

Given the overlapping functions of IKKα and IKKβ it was impossible to rule out any residual expression and activity 

of the targeted IKK kinase in the single IKK KO clones from the data described up until this point. To confirm that 

the IKK KO clones were genuinely functionally null for the targeted IKK subunit, IKKα KO and IKKβ KO clones were 

treated with siRNA targeted to the remaining IKK subunit; to knockdown IKKβ in the IKKα KO clone and to 

knockdown IKKα in the IKKβ KO clone (Figure 3.7A and B). A knockdown of approximately >60 % was achieved 

for both IKKα and IKKβ. This was sufficient to almost completely block the degradation of IκBα observed after 10 

minutes TNFα treatment in both the IKKα and IKKβ KO clones, indicating that the IKK activity observed in these 

clones was due to the redundant IKK kinase remaining after IKK knockout. The enhanced phosphorylated IκBα 

detected under these conditions was potentially due to the residual IKK activity that had escaped siRNA-

mediated knockdown, and the accumulation of non-degraded IκBα in an intermediate phosphorylated form. The 

phosphorylation of p65 at Serine 536 and Serine 468 was also diminished following the knockdown of the 

remaining IKK subunit in both the IKKα and IKKβ KO clones, although again IKK kinase activity was clearly not 

entirely abolished. The corresponding luciferase assay demonstrated that knocking down the remaining IKK 

subunit caused a significant reduction in the TNFα-induced NF-κB transcriptional activation (Figure 3.7B); by  
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approximately 4-fold in the IKKα cells and 3-fold in the IKKβ cells. The greater fold reduction observed in IKKα 

cells likely reflects the superior siRNA-mediated knockdown of IKKβ compared to IKKα.  

To further validate the single IKK KO clones, WT, IKKα KO and IKKβ KO clones were treated with the highly 

selective IKKβ inhibitor, BIX02514, and the effect on the phosphorylation status of IKK substrates and NF-κB 

transcriptional activity examined (Figure 3.8A and B). BIX02514, at a concentration that had been shown 

previously to maximally inhibit IKKβ (10 μM) in IKKα KO cells (Chapter 5 Figure 3.6A), had only a small inhibitory 

effect on the TNFα-induced degradation of IκBα in WT cells. It also had no effect on the phosphorylation of p65 

at Serine 536 or Serine 468, suggesting that a kinase other than IKKβ, perhaps IKKα, phosphorylates these sites 

in response to TNFα in the wild type state. Nevertheless, the small inhibitory effect of BIX02514 on IκBα 

degradation was apparently sufficient to result in a significant decrease in the TNFα-induced NF-κB activity 

(Figure 3.8B). The approximately 2-fold reduction in NF-κB activity when IKKβ is maximally inhibited implies that 

IKKα and IKKβ contribute equally to the induction of NF-κB in the wild-type state. Meanwhile, BIX02514 

completely inhibited IκBα phosphorylation and degradation in IKKα KO cells with the corresponding effect of fully 

inhibiting the induction of NF-κB transcriptional activity. BIX02514 treatment also markedly inhibited the 

phosphorylation of p65 at Serine 536 and the residual phosphorylation of Serine 468 observed in IKKα KO cells 

following TNFα stimulation. These results strongly suggest that the IKK activity observed in IKKα KO cells is due 

to IKKβ activity. Furthermore, BIX02514 had no noticeable effect on the TNFα-induced phosphorylation and 

degradation of IκBα, or the phosphorylation of p65 in IKKβ KO cells, confirming that the IKK activity observed in 

IKKβ KO cells is not due to residual IKKβ activity. Indeed, BIX02514 had no significant effect on the induction of 

NF-κB transcriptional activity in IKKβ KO cells (Figure 3.8B). The small decrease that was observed is likely to be 

due to off-target inhibition of IKKα at this high concentration of BIX02514.   

Two different antibodies specific to phosphorylated IKK were used to investigate TNFα inducible IKK 

phosphorylation within this experiment. The S176/180 antibody as described earlier detects IKKα 

phosphorylated on S176/180 and IKKβ on S177/181. In other words it detects all phosphorylation events on IKK. 

The S176/177 specific antibody, on the other hand, only detects IKKα phosphorylated on S176 and IKKβ 

phosphorylated on S177. Interestingly, TNFα treatment in the presence of the IKKβ selective inhibitor resulted 

in a higher level of IKK phosphorylation detected by the S176/177 specific antibody. Whether this represented 

an increase in the phosphorylation of IKKα or IKKβ or both was impossible to tell. Unfortunately, the blot was 

less clear with the S176/180 antibody. As previously described, the S176/180 antibody detects a higher level of 

TNFα-induced IKKβ activity in IKKα KO cells. Interestingly, this was completely abolished by the IKKβ selective 

inhibitor, suggesting that this phosphorylation was due to IKKβ autophosphorylation. However, the S176/177 

specific antibody did not detect an enhanced level of IKKβ phosphorylation, and no change was observed after 

treatment with BIX02514; a band shift was detected, however, possibly reflecting the lower overall level of IKKβ 

phosphorylation. This suggests that it is phosphorylation of IKKβ at Serine 181, but not Serine 177 that is 

enhanced in IKKα KO cells, and that Serine 177 is phosphorylated by an ‘upstream’ kinase in an IKKβ independent 

manner, while Serine 181 is phosphorylated by IKKβ itself in IKKα KO cells. Interestingly, the phosphorylation of 

IKKα at Serine 176 was considerably weaker in IKKβ KO cells compared to WT cells. 
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The cell death inducing effects of TNFα on WT, IKKα KO, IKKβ KO and IKKα/β DKO cells were examined as a final 

form of functional validation of the knockout cell lines (Figure 3.9). The suppression of TNFα-induced cell death, 

both apoptotic and necrotic in nature, by concomitant NF-κB-dependent survival signalling is a well observed 

effect (Beg & Baltimore, 1996). Conversely, inhibition of NF-κB activation sensitises cells to the cell death inducing 

effects of TNFα (Sumitomo et al., 1999 and Chaisson et al., 2002). In agreement with the complete absence of 

TNFα-induced NF-κB activation observed, an IKKα/β DKO clone (C8) underwent a pronounced cell death response 

after 24 hours treatment with TNFα, as indicated by a significant increase in sub-G1 DNA content (Figure 3.9A) 

and PARP cleavage (Figure 3.9B). This cell death was caspase-dependent and hence apoptotic in nature as it could 

be significantly inhibited by treatment with the pan-caspase inhibitor, Q-VD-OPh. Neither the IKKα KO (F6) nor 

IKKβ KO (G9) clones exhibited a significant difference in the extent of TNFα-induced cell death compared to the 

WT clone, consistent with the fact that NF-κB transcriptional activation is intact in these cells.  

However, sub-G1 % DNA content is a relatively crude measure of late-stage cell death. A superior assay for 

distinguishing early and late apoptosis is the Annexin-V assay. Annexin V binds with high affinity to surface-

exposed phosphatidylserine (PS), the presence of which is an early indication of apoptosis, and which precedes 

the loss of membrane integrity (measured by DAPI staining) that accompanies cell death (Figure 3.9C). Therefore, 

cells that are considered viable (live) are both Annexin V and DAPI negative, while cells that are in early apoptosis 

are Annexin V positive and DAPI negative, and cells that are in late apoptosis or already dead are both Annexin 

V and DAPI positive. Late apoptotic cells are broadly distinguished from necrotic cells on the basis of higher 

Annexin V-staining intensity, although further assays would be needed to more accurately distinguish apoptosis 

from necrosis. The Annexin V assay was performed for three independent clones representative of WT, IKKα KO, 

IKKβ KO and IKKα/β DKO treated with TNFα for 24 hours. In agreement with the sub-G1% content results, DKO 

cells exhibited a marked increase in the percentage of early and late apoptotic cells compared to WT cells. There 

was a considerable degree of heterogeneity amongst the WT, and particularly the IKKα KO and IKKβ KO clones 

regarding the level of TNFα-induced early and late-phase apoptotic cell death. However, unexpectedly, this 

heterogeneity at the level of TNFα-induced cell death did not correlate with heterogeneity at the level of TNFα-

induced NF-κB-dependent transcriptional activity (Figure 3.6). For example, WT clone A8 consistently exhibited 

the highest NF-κB-dependent transcriptional activation out of the WT clones, but also exhibited the highest level 

of TNFα-induced cell death. The opposite was true of IKKα KO clone F6, which exhibited the lowest NF-κB-

dependent transcriptional activation of the IKKα KO clones, but also exhibited the smallest increase in cell death 

(also as observed in Figure 3.9A). The heterogeneity observed in this assay did not appear to be the result of 

technical issues, as the results for the DKO clones were highly consistent.  

The cell death response induced by TNFα in IKKα/β DKO cells was rapid in onset, with significant DNA 

fragmentation, effector caspase-cleavage and PARP cleavage within 4 hours of treatment (Figure 3.9D and E). 

This data informed the choice of time points used for RNA sequencing analysis of the response of IKK KO cells to 

TNFα (as described in Chapter 6); an early time point of 2 hours and a late time point of 8 hours was chosen.  
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Figure 3.9. IKKα/β DKO cells exhibit a much greater sensitivity to TNFα-induced apoptosis than single IKK 
KO cells. (A) WT (A3), IKKα KO (F6), IKKβ KO (G9) and IKKα/β DKO (C8) HCT116 cells were seeded in triplicate 
in normal growth medium for 24 hours prior to treatment with 10 ng/ml TNFα for the indicated timepoints (24 and 48 
hours). Caspase-dependent cell death was blocked by pretreating cells for 30 minutes with 10 μM of the 
pan-caspase inhibitor, QVD-OPh. Cells that were subconfluent at the point of harvest, were fixed, stained with 
propidium iodide and percentage sub-G1 population (as a crude marker of cell death) assessed by flow cytometry. 
Results are mean ± SD of the three independent experiments. (B) The same clones were treated as in (A) and 
whole lysates prepared and Western blotted with the indicated antibodies. Data are from a single experiment repre-
sentative of two showing similar results. (C) Three independent clones of each of WT, IKKα KO, IKKβ KO  and IKK
α/β DKO HCT116 cells were seeded in duplicate in normal growth medium for 24 hours prior to treatment with 10 
ng/ml TNFα or vector control (UT) for 24 hours. Cells that were subconfluent at the point of harvest, were gently 
trypsinised, then stained with Annexin V-FITC conjugate and DAPI prior to assessment of populations of live, early 
apoptotic, late apoptotic and necrotic cells via flow cytometry. Annexin-FITC (488 excitation, 530/30 nm emission), 
DAPI (355 excitation, 450/50 nm emission). (D) WT (A3) and IKKα/β DKO (C8) HCT116 cells were seeded in 
triplicate in normal growth medium for 24 hours prior to treatment with 10 ng/ml TNFα for the indicated timepoints 
(4, 8, 10, 12, 16, 20, 24 and 48 hours). Cells that were subconfluent at the point of harvest, were fixed, stained with 
propidium iodide and percentage sub-G1 population (as a crude marker of cell death) assessed by flow cytometry. 
Results are mean ± SD of a single experiment performed in technical triplicate. (E) The same clones were treated 
as in (D) and whole lysates prepared and Western blotted with the indicated antibodies. Data are from a single 
experiment. Significance testing was performed using two-way ANOVA (repeated measures) with Tukey post-hoc 
test. P < 0.0001 (***). Qvd, QVD-OPH. p-, phospho- 
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Collectively, these results indicate that CRISPR-Cas9 mediated IKKα, IKKβ and IKKα/β knockout was successful in 

the clones examined and that IKKα plays a significant role in canonical NF-κB signalling in response to TNFα in 

HCT116 cells.  

3.2.3 Re-expression of either IKKα or IKKβ in IKKα/β DKO cells restores TNFα-inducible NF-

κB transcriptional activity 

To investigate whether NF-κB transcriptional activity could be restored to IKKα/β DKO cells, DKO cells were 

transfected with WT or catalytically inactive (kinase-dead, KD) IKKα or IKKβ constructs and the effect of TNFα 

treatment examined via a luciferase reporter assay (Figure 3.10A). TNFα-dependent NF-κB transcriptional activity 

was restored by the expression of either WT IKKα or IKKβ, but not KD forms of these constructs. An additive 

effect of re-expression of both WT IKKα and IKKβ was also observed. No conclusions could be made regarding 

the relative magnitudes of the NF-κB responses restored by expression of IKKα and IKKβ because the relative 

expression levels of IKKα and IKKβ within this experiment were unknown given the lack of a corresponding set of 

Western blots. Attempts were made to generate lysates from cells transfected in 96 well plates, in a manner 

analogous to the experimental setup of the luciferase assay, however, it proved difficult to generate sufficient 

quantities of protein to run Western blots. The relative amounts of the different constructs transfected into the 

cells in 96 well format in Figure 3.10A were proportionally scaled down from equivalent experiments performed 

in 6-well plates, such as Figure 3.10B, which demonstrated a similar level of overexpression of IKKα and IKKβ 

relative to their expression in WT cells, and an equal expression of WT relative to KD constructs. WT IKKα re-

expression also rescued the reduced TNFα-induced NF-κB activation observed in IKKα KO cells, whilst 

overexpression of WT IKKβ had no effect. This further highlights the importance of IKKα in activating the 

canonical NF-κB in response to TNFα in these cells.  

Previous results in WT cells demonstrating a dominant negative effect of kinase inactive IKKβ on the stimulus-

induced activation NF-κB have been used as evidence of the dominant involvement of IKKβ over IKKα in canonical 

NF-κB signalling. More recent evidence in IKK KO MEFs has demonstrated that kinase inactive IKKβ also has a 

dominant negative effect on TNFα-induced canonical NF-κB signalling in IKKβ KO MEFs (Adli et al., 2010), 

indicating that kinase inactive IKKβ can block TNFα-induced IKKα activity. Consistent with these results, KD IKKβ 

strongly inhibited TNFα-induced NF-κB activation in WT cells and IKKβ KO cells, and also inhibited the restored 

TNFα-inducible NF-κB activation in DKO cells when co-expressed with WT IKKα. KD IKKβ also inhibited the 

induction of NF-κB in IKKα KO cells, indicating that KD IKKβ acts in a dominant negative fashion towards both WT 

IKKβ and IKKα. Interestingly, similar effects were also seen with KD IKKα. Kinase inactive IKKα inhibited the 

induction of NF-κB in WT cells, albeit not to the same extent as KD IKKβ. Remarkably, KD IKKα also inhibited the 

induction of NF-κB in IKKα and IKKβ KO cells, indicating that kinase inactive IKKα also acts in a dominant negative 

manner to inhibit the activity of both IKKα and IKKβ. However, KD IKKα was repeatably unable to inhibit the NF-

κB activity induced in DKO cells by co-expressed WT IKKβ following TNFα treatment. This is difficult to reconcile 

with the observed inhibitory effect of KD IKKα on NF-κB activation in IKKα KO cells, which is a seemingly analogous 

set of conditions. Why KD IKKα should be able to inhibit endogenous but not exogenously expressed IKKβ is 

difficult to ascertain at this point. This result could be explained by a significantly higher overexpression of WT 

IKKβ relative to KD IKKα, such that sufficient active WT IKKβ homodimers were present to induce NF-κB even in  



WT
IKKα KO
IKKβ KO
DKO

400

300

200

100

EV W
Tα

K
D

α
W

Tβ
K

D
β

EV W
Tα

K
D

α
W

Tβ
K

D
β

EV W
Tα

K
D

α
W

Tβ
K

D
β

EV W
Tα

K
D

α
W

Tβ
K

D
β

TNF TNF

EV W
Tα

K
D

α
W

Tβ
K

D
β

EV W
Tα

K
D

α
W

Tβ
K

D
β

TNF
EV W

Tα
K

D
α

W
Tβ

K
D

β

W
Tα

 +
 K

D
β

EV W
Tα

K
D

α
W

Tβ
K

D
β

TNF

W
Tα

 +
 W

Tβ

W
Tβ

 +
 K

D
α

K
D

α 
+ 

K
D

β

W
Tα

 +
 K

D
β

W
Tα

 +
 W

Tβ

W
Tβ

 +
 K

D
α

K
D

α 
+ 

K
D

β

N
or

m
al

is
ed

 lu
ci

fe
ra

se
 a

ct
iv

ity
 (R

LU
)

0

A

IKKα

IKKβ

p-IκBα (S32/36)

Actin

p65

p-p65 (S536)

p-p65 (S468)

p-IKKα/β
(S176/180)
IκBα (9242)

IκBα (L35A5) 

B

IKKα

IKKβ

p-IκBα (S32/36)

Actin

FLAG

 0       10     10     0     Time + TNFα (min)  

WT DKO

5     0     10     10     10     0      5        0       10     0     

KDβKDαWTα WTβEV

p65

p-p65 (S536)

p-p65 (S468)

p-IKKα/β
(S176/180)

IκBα (9242)

IκBα (L35A5) 

C

 0       10     0     30    Time + TNFα (min)  

IKKα KO

30    10     0     0     30     10 30        10       0     10     

WTαEV KDα

WT

α
β α

β

95



Figure 3.10. Reexpressing WT IKK restores WT-like NF-κB transcriptional activity to IKK KO HCT116 cells, 
while kinase-dead (KD) IKKα and KD IKKβ both act in a dominant-negative fashion. (A) WT (A3), IKKα KO 
(F6), IKKβ KO (G9) and IKKα/β DKO (C8) HCT116 cells were transiently transfected with the indicated constructs: 
empty vector (EV), WT IKKα (WTα), KD IKKα (KDα), WT IKKβ (WTβ) and KD IKKβ (KDβ), in addition to 0.1µg 
pGL4.32[luc2P/NF-κB-RE firefly luciferase (reporter) plasmid DNA and 0.01 µg renilla luciferase (internal control) 
plasmid DNA. The following day, cells were treated with 10 ng/ml recombinant TNFα for 4 hours. Firefly luciferase 
luminescence was normalised relative to renilla luciferase luminescence and data expressed as relative luciferase 
activity (luciferase/renilla activity), RLU (relative light units). Results are mean ± SD of two independent experiments 
performed in technical triplicate. (B) WT and IKKα/β DKO HCT116 cells were  transiently transfected with the follow-
ing quantities of plasmid DNA: 0.28 µg pCMV-Tag2B empty vector (EV), 0.19 µg pCMV-Tag2B-WT IKKα, 0.28 µg 
pCMV-Tag2B-KD IKKα (K44A), 0.15 µg pCMV-Tag2B-WT IKKβ and 0.26 µg pCMV-Tag2B-KD IKKβ (K44M). Total 
transfected plasmid DNA was equalized to 0.28 µg with EV. 24 hours later, cells were treated with 10 ng/ml TNFα 
for 5 or 10 minutes. Whole-cell lysates were fractioned by SDS-PAGE and Western blotted with the indicated 
antibodies. Data are from a single experiment representative of two showing similar results. (C) WT and IKKα KO 
HCT116 cells were  transiently transfected with the following quantities of plasmid DNA: 0.25 µg pCMV-Tag2B 
empty vector (EV), 0.15 µg pCMV-Tag2B-WT IKKα, 0.25 µg pCMV-Tag2B-KD IKKα (K44A).Total transfected 
plasmid DNA was equalized to 0.25 µg with EV. 24 hours later, cells were treated with 10 ng/ml TNFα for 10 or 30 
minutes. Whole-cell lysates were fractioned by SDS-PAGE and Western blotted with the indicated antibodies. Data 
are from a single experiment. p-, phospho-. 

Figure 3.11. Overexpressed S468A p65 induces a moderately increased transcriptional response relative to 
WT p65. WT HCT116 cells were transiently transfected with increasing amounts (5 ng, 10 ng, 25 ng, 50 ng) of the 
indicated constructs: empty vector (EV), WT p65, S468A p65 and S468D p65, in addition to 0.1µg 
pGL4.32[luc2P/NF-κB-RE firefly luciferase (reporter) plasmid DNA and 0.01 µg renilla luciferase (internal control) 
plasmid DNA. The following day, cells were treated with 10 ng/ml recombinant TNFα for 2 hours. Firefly luciferase 
luminescence was normalised relative to renilla luciferase luminescence and data expressed as relative luciferase 
activity (luciferase/renilla activity), RLU (relative light units). Plotted in (A) are mean normalised RLU ± SD of one 
experiment performed in technical triplicate. Plotted in (B) are the same data, but showing the TNFα-induced fold 
changes in luciferase activity relative to the untreated state, which for each condition is represented by a dashed 
line at fold change = 1. 
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the presence of KD IKKα. Further experiments with better control of the relative expression levels of transfected 

constructs will be needed to investigate this.  

Collectively, these results indicate that both IKKα and IKKβ contribute to the induction of NF-κB in response to 

TNFα under WT conditions, and that the activity of both IKKα and IKKβ homodimers can be disrupted by either 

kinase-dead IKKα or IKKβ.  

IKKα/β DKO cells were transfected with equivalent amounts of IKKα and IKKβ constructs as used in Figure 3.10A 

to examine the downstream signalling rescued by IKK re-expression (Figure 3.10B). Under these conditions, IKKβ 

was overexpressed to a greater degree than IKKα. These levels of overexpression were sufficient to trigger the 

autocatalytic phosphorylation of both WT IKKα and IKKβ in the absence of stimulus, an effect that has been 

previously reported (Li et al., 2001). Despite this IKK autophosphorylation, no downstream IKK activity was 

observed in the absence of TNFα stimulation, either in the form of IκBα or p65 phosphorylation. Surprisingly, 

upon TNFα treatment, both the re-expressed WT IKKα and IKKβ phosphorylated IκBα, however, no concomitant 

IκBα degradation was observed. In fact, total IκBα protein levels appeared completely unchanged. IκBα 

phosphorylated at Serine 32/36 is normally tightly coupled to its ubiquitylation by the SCF-β-TRCP E3 ligase 

complex, which targets it for rapid proteasomal degradation, enabling its NF-κB transcription factor binding 

partners to accumulate in the nucleus and activate transcription. This apparent uncoupling of IκBα 

phosphorylation and degradation observed here was difficult, therefore, to reconcile with the observed 

induction of NF-κB activity under these same conditions (Figure 3.10A), which indicated that transfected WT IKKα 

and IKKβ constructs were capable of activating the NF-κB pathway. The luciferase assay reports only on those 

cells that have been successfully transfected with constructs, both luciferase reporter and IKK, whereas the 

Western blot represents lysate from the entire population of cells, both transfected and untransfected. 

Therefore, it could be that the proportion of untransfected cells outweighs the proportion of transfected cells 

with degraded IκBα, such that no significant difference is observed in the Western blot. However, the 

transfection efficiency under these conditions was confirmed to be approximately 60 %, which should be 

sufficient to observe some change in total IκBα protein levels. Further experiments described in Chapter 4 

examined the ubiquitylation of IκBα under these conditions. 

Re-expressed WT IKKα and IKKβ also phosphorylated p65 at Serine 536 following TNFα treatment. The level of 

phosphorylation was higher in the case of IKKβ, however, this could simply reflect the greater overexpression of 

IKKβ compared to IKKα. Both WT IKKα and IKKβ were able to partly restore TNFα-inducible phosphorylation of 

p65 at Serine 468, but the levels were much lower than those seen in WT cells. Furthermore, whereas the results 

described in Figure 3.6 suggested that IKKα might be the predominant kinase phosphorylating this site, re-

expressed IKKα did not have a noticeably greater impact than IKKβ on TNFα-inducible Serine 468 

phosphorylation. To explore the sufficiency of IKKα for phosphorylation of Serine 468 further, WT or KD IKKα was 

expressed in IKKα KO cells (Figure 3.10C). Surprisingly, re-expressed WT IKKα had no effect on the 

phosphorylation of p65 at Serine 468, or on the phosphorylation and degradation of IκBα. This again contrasts 

with the results of the NF-κB-driven luciferase reporter assay, which indicated that re-expressed IKKα increases 

TNFα-inducible NF-κB activation in IKKα KO cells. The only indications that the transfected WT IKKα construct 
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was catalytically active in this experiment was an increased basal phosphorylation of IKKα itself, and p65 at Serine 

536, neither of which were observed following transfection with KD IKKα.  

As we were unable to rescue the phosphorylation of Serine 468 with IKKα reexpression, we are currently only 

able to conclude that IKKα activity is necessary for efficient phosphorylation of p65 at Serine 468. Proof of 

sufficiency will require further experiments. What is clear, however, is that in HCT116 cells IKKβ makes only a 

very small contribution to phosphorylation of this site in response to TNFα and IL-1α. 

The function of stimulus induced p65 phosphorylation at S468 is not as well characterised as that of Serine 536. 

Its IKKβ-mediated phosphorylation was shown to have no effect on p65 nuclear translocation, but a small 

inhibitory effect on TNFα-induced NF-κB activation was reported (Schwabe et al., 2005). In a preliminary effort 

to explore the function of S468 phosphorylation in HCT116 cells, the effect of increased expression of WT, S468A 

and S468D p65 on untreated and TNFα-induced NF-κB-dependent transcription was measured (Figure 3.11). All 

three forms of p65 increased transcription of the luciferase reporter in the absence of TNFα stimulus in a dose 

responsive manner (Figure 3.11A). However, the mutant forms induced a moderately increased transcriptional 

response, particularly at the highest amount of transfected DNA. The intended ‘phospho-mimetic’ S468D mutant 

exhibited similar results to the non-phosphorylatable S468A mutant, suggesting that S468D is actually behaving 

as a non-phosphorylatable mutant also. The mutant forms also potentially exhibited a slightly higher TNFα-

induced fold change than WT p65 (Figure 3.11B). These results are from a single experiment, and we have not 

yet confirmed that these mutants express at similar levels to WT p65 in the cell, so the results are preliminary 

and not conclusive. However, the results are consistent with those of Schwabe et al., 2005. 

3.2.4 IKKα KO cells exhibit a greater defect in TNFα-induced p65 nuclear translocation than 

IKKβ KO cells 

IKKα KO cells exhibited a weaker TNFα-induced NF-κB transcriptional response than WT or IKKβ KO cells. To 

examine whether these differences were due to defects in the nuclear translocation of NF-κB subunits, 

immunostaining for p65 and c-rel was performed in WT, IKKα KO, IKKβ KO and IKKα/β DKO cells (Figure 3.12A 

and B, and Figure 3.13A and B). Representative confocal images demonstrated that in WT HCT116 cells, the vast 

majority of p65 was localised to the cytoplasm under basal conditions. Although, such static snapshots do not 

accurately represent the dynamic shuttling of inactive IκBα:p65 complexes between the cytoplasm and nucleus 

(Huang et al., 2000). Treatment with TNFα led to the rapid accumulation of p65 within the nucleus, with a peak 

nuclear localisation after around 30 minutes, followed by a progressive decline. Consistent with the results of 

the NF-κB-driven luciferase reporter assay, IKKβ KO cells exhibited a comparable p65 nuclear localisation 

response to TNFα stimulation as WT cells, whereas IKKα KO cells were severely defective at each of the time 

points examined. Meanwhile, IKKα/β DKO cells exhibited no p65 nuclear localisation in response to TNFα. These 

observations were quantified across three independent clones of each of the four genotypes; WT, IKKα KO, IKKβ 

KO and IKKα/β DKO, through high-content image analysis (Figure 3.12B). The results confirmed what could be 

seen by eye; IKKα KO clones exhibited a strong statistically significant reduction in the TNFα-induced nuclear 

localisation of p65 compared to WT clones. The analysis also indicated that IKKβ KO clones exhibited a less 

pronounced, but nonetheless statistically significant, defect relative to WT clones. 
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Figure 3.12. IKKα KO HCT116 cells exhibit a greater defect in TNFα-induced p65 nuclear translocation than 
IKKβ KO cells. (A)  WT, IKKα KO, IKKβ KO and IKKα/β DKO HCT116 cells were seeded in normal growth medium 
for 48 hours, prior to treatment with 10 ng/ml recombinant TNFα for the indicated timepoints (15, 30, and 120 min). 
Immunofluorescence staining of cells was performed with anti-p65 (green) and nuclei with DAPI (blue). (B) WT, IKK
α KO, IKKβ KO and IKKα/β DKO HCT116 cells were seeded in 96 well plates in normal growth medium for 48 hours, 
prior to treatment with 10 ng/ml recombinant TNFα for the indicated timepoints (15, 30, and 120 min).  Cells were 
stained with anti-p65 and nuclei with DAPI and confocal images captured across 30 non-overlapping fields-of-view 
per well using the In Cell Analyzer 6000 high-content imaging system (20x objective). p65 staining intensity analysis 
was performed using CellProfiler software. Data presented as the log2 transformed fold change in nuclear:cytoplas-
mic p65 staining intensity. Data are mean ± SD of three independent CRISPR-Cas9 KO clones. Significance testing 
performed using two-way ANOVA (repeated measures) with Dunnett post-hoc test. P < 0.0001 (***). Scale bar, 10 
μm
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Interestingly, when the analysis was repeated with an antibody specific to another NF-κB subunit, c-Rel, the 

defect in TNFα-induced nuclear localisation relative to WT clones was comparable between IKKα KO and IKKβ KO 

clones (Figure 3.13A and B). Once again, IKKα/β DKO cells exhibited no c-Rel nuclear localisation in response to 

TNFα.  

Subcellular fractionation was performed to gain more insight into this apparent differential effect of IKK KO on 

TNFα-induced nuclear localisation of p65 and c-Rel (Figure 3.14A and B). The cytoplasmic and nuclear fractions 

were well resolved, as judged by the enrichment of the cytoplasmic and nuclear fraction markers, β-tubulin and 

Lamin A/C, respectively. Consistent with the p65 immunofluorescence analysis, IKKα KO cells exhibited a 

drastically reduced TNFα-induced nuclear translocation of p65 relative to WT cells. In contrast, the p65 nuclear 

translocation observed in IKKβ KO cells was more comparable to that seen in WT cells. As before, the caveat here 

is that the lysates were not run on the same gel. However, the same amount of protein was loaded on each set 

of gels, the exposure times were identical between the two set of experiments, and the relative protein 

differences are large enough to be confident that they reflect a genuine biological difference. On the other hand, 

the TNFα-induced nuclear translocation of c-Rel was defective to approximately the same level in IKKα KO and 

IKKβ KO cells relative to WT, thus confirming the immunofluorescence results. The greater defect in p65 nuclear 

translocation in IKKα KO cells relative to IKKβ KO cells did not appear to be a consequence of a greater defect in 

IκBα degradation; as previously observed the defect in TNFα-induced IκBα degradation was comparable between 

the two different IKK KO cells. Some other factor, such as reduced IKKα-dependent p65 phosphorylation must 

explain this difference.  

Previous studies have reported a significant proportion of full length IKKα localised to the nucleus of HCT116 cells 

(Margalef et al., 2012), while others have reported TNFα-inducible nuclear translocation of IKKα (Anest et al., 

2003). A proportion of full length IKKα was detected in the nucleus of WT HCT116 cells, but only after over 

exposure of the blot (Figure 3.15A). This nuclear localisation was confirmed, however, through immunostaining 

(Figure 3.15B). However, no increase in nuclear translocation of IKKα after TNFα treatment was observed (Figure 

3.15A).  

Collectively, these results demonstrate that IKKα and IKKβ KO cells are similarly defective in TNFα-induced 

nuclear translocation of c-Rel, whereas IKKα KO cells exhibit a greater defect in p65 nuclear translocation. This is 

likely to be a major factor accounting for the reduced TNFα-inducible NF-κB transcriptional activation observed 

in IKKα KO cells.  

3.2.5 Loss of IKKα is also more detrimental to IL-1α induced NF-κB signalling than loss of 

IKKβ 

The relative importance of IKKα and IKKβ in the activation of canonical NF-κB signalling has been shown to 

depend, under certain circumstances, on the cytokine stimulating the pathway (Sizemore et al., 2002; Solt et al., 

2007). To investigate the generality of the apparent importance of IKKα in canonical NF-κB signalling in HCT116 

cells, the effect of IKK knockout on the response to another inflammatory cytokine, IL-1α, was examined (Figure 

3.16). As with TNFα, both IKKα and IKKβ KO cells, but not IKKα/β DKO, cells responded to IL-1α to activate the 

canonical NF-κB pathway. The degradation of IκBα in response to IL-1α was less effective in IKKα KO cells  
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Figure 3.13. IKKα KO and IKKβ KO cells HCT116 cells exhibit similar defects in TNFα-induced c-Rel nuclear 
translocation. (A)  WT, IKKα KO, IKKβ KO and IKKα/β DKO HCT116 cells were seeded in normal growth medium 
for 48 hours, prior to treatment with 10 ng/ml recombinant TNFα for the indicated timepoints (15, 30, and 120 min). 
Immunofluorescence staining of cells was performed with anti-c-Rel (red) and nuclei with DAPI (blue). (B) WT, IKKα 
KO, IKKβ KO and IKKα/β DKO HCT116 cells were seeded in 96 well plates in normal growth medium for 48 hours, 
prior to treatment with 10 ng/ml recombinant TNFα for the indicated timepoints (15, 30, and 120 min).  Cells were 
stained with anti-c-Rel and nuclei with DAPI  and confocal images captured across 30 non-overlapping fields-of-view 
per well using the In Cell Analyzer 6000 high-content imaging system (20x objective). c-Rel staining intensity analysis 
was performed using CellProfiler software. Data presented as the log2 transformed fold change in nuclear:cytoplas-
mic p65 staining intensity. Data are mean ± SD of three independent CRISPR-Cas9 KO clones. Significance testing 
performed using two-way ANOVA (repeated measures) with Dunnett post-hoc test. P < 0.0001 (***). Scale bar, 10 μ
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Figure 3.14. IKKα KO and IKKβ KO have differential effects on TNFα-induced nuclear translocation of p65 
and c-Rel. (A) WT and IKKα KO, and (B) WT and IKKβ KO HCT116 cells were seeded in normal growth medium 
for 48 hours prior to treatment with 10 ng/ml TNFα for the indicated timepoints (10 and 30 minutes). Cytoplasmic 
(cyt) and nuclear (nuc) lysate fractions were prepared and Western blotted with the indicated antibodies. β-tubulin 
and Lamin A/C were used as markers of the cytoplasm and nucleus, respectively. Data are from a single experiment 
representative of two showing similar results. p-, phospho-  *unknown band. 
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Figure 3.15. A proportion of IKKα localises to the nucleus of WT HCT116 cells. (A) WT and IKKα KO HCT116 
cells were seeded in normal growth medium for 48 hours prior to treatment with 10 ng/ml TNFα for the indicated 
timepoints (10 and 30 minutes). Cytoplasmic (cyt) and nuclear (nuc) lysate fractions were prepared and Western 
blotted with the indicated antibodies. (B) WT and IKKα KO HCT116 cells were seeded prior to treatment of WT cells 
with 20 nM siRNA targeted against IKKα. Immunofluorescence staining of cells was performed with anti-IKKα 
(N-terminal Ab) (red) and nuclei with DAPI (blue). Scale bar, 10 μm.
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Figure 3.16. IKK KO has similar effects on the signalling response to IL-1α as it does for TNFα. (A) WT (A3), 
IKKα KO (F6), IKKβ KO (G9) and IKKα/β DKO (C8) HCT116 cells were seeded in their normal growth medium for 
48 h, prior to treatment with 25 ng/ml recombinant IL-1α for the indicated timepoints (10, 30 and 60 minutes). Whole 
cell extracts were prepared, fractionated by SDS-PAGE and Western blotted with the indicated antibodies. Data are 
from a single experiment. (B and C) The same clones as in (A) were seeded in antibiotic-free growth medium 
overnight prior to transient transfection with 0.1µg pGL4.32[luc2P/NF-κB-RE firefly luciferase (reporter) plasmid 
DNA and 0.01 µg renilla luciferase (internal control) plasmid DNA. The following day, cells were treated with 25 
ng/ml recombinant TNFα for the indicated time periods (2, 4 and 6 hours). Firefly luciferase luminescence was 
normalised relative to renilla luciferase luminescence and data expressed as log2(fold change in IL-1α-induced 
luciferase activity relative to the relevent, matched untreated condition). Results are mean ± SD of three independ-
ent experiments, each of which was performed with the same clones as in (A), seeded in technical triplicate. Signifi-
cance testing was performed using two-way ANOVA (repeated measures) with Tukey post-hoc test. p values relate 
to comparison with corresponding timepoint(s) of WT control. P < 0.0001 (***) p-, phospho-.
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compared to WT or IKKβ KO cells, although the difference was marginal. Similar to TNF-α, the IL-1α induced 

phosphorylation of p65 at Serine 536 was largely unaffected by either IKKα or IKKβ KO, while basal 

phosphorylation at this site was reduced in IKKα KO cells. Furthermore, IL-1α induced a lower level of p65 Serine 

468 phosphorylation in IKKα KO cells, while IKKβ KO cells were largely unaffected. Unlike TNFα, however, IKK KO 

had no effect on the phosphorylation of JNK or p38 in response to IL-1α.    

IKKα KO also had a similar effect on IL-1α induced NF-κB transcriptional activation (Figure 3.16B and C); the fold 

increase in NF-κB transcriptional activity was significantly lower in IKKα KO cells relative to WT. Unlike TNFα, 

however, the transcriptional response to IL-1α was significantly enhanced in IKKβ KO cells relative to WT. As 

expected, IKKα/β DKO exhibited no response to IL-1α stimulation. Consistent with these results, IKKβ KO cells 

exhibited no apparent defect in IL-1α induced p65 nuclear translocation, whereas IKKα KO cells were severely 

defective relative to WT cells (Figure 3.17). 

Collectively, these results indicate that, in a manner similar to TNFα, IKKα is less dispensable than IKKβ for the 

induction of canonical NF-κB signalling in response to IL-1α in HCT116 cells.  

3.2.6 IKK knockout has differential effects on the activation of AKT signalling following 

sustained TNFα treatment 

The NF-κB pathway has been shown to promote EMT in a range of cancers, including colorectal (Huber et al., 

2004; Wu et al., 2009; Wang et al., 2014a; Pires et al., 2017). A hallmark of EMT is loss of E-cadherin expression 

(Chapter 1, Section 1.1.3). One of the numerous mechanisms by which the NF-κB pathway may induce EMT is 

through the transcriptional upregulation and stabilisation of the transcription factor, Snail; which is a key 

transcriptional repressor of E-cadherin (Julien et al., 2007; Wu et al., 2009). NF-κB has also been shown to induce 

the EMT-promoting transcription factors Zeb1 and TWIST, and to directly repress E-cadherin expression itself 

(Chua et al., 2007; Li et al., 2012). In colorectal cancer specifically, cross-talk between the AKT pathway and the 

NF-κB pathway appears to be important in coordinating the EMT process (Julien et al., 2007; Wang et al., 2013; 

Suman et al., 2014). GSK3β has been shown phosphorylate Snail and target it for ubiquitin-dependent 

proteasomal degradation. AKT-dependent phosphorylation (at Serine 9) and inhibition of GSK3β results in the 

stabilisation, nuclear localisation and hence activation of Snail, which in turn represses E-cadherin to promote 

EMT (Zhou et al 2004). NF-κB has also been proposed to be activated downstream of AKT, via phosphorylation 

and activation of IKKα, providing an additional mechanism by which Snail is upregulated and stabilised (Julien et 

al., 2007). Conversely, TNFα has been shown to activate AKT/GSK3β signalling in gastric and colorectal cancer 

cells (Oguma et al., 2008; Wang et al., 2013), and in the case of the latter this has been shown to lead to the 

stabilisation of Snail (Wang et al., 2013). However, the mechanism by which TNFα activates AKT under these 

circumstances has not been elucidated. Indeed, other than in endothelial cells, the AKT pathway is not recognised 

as a classic downstream target of TNFα signalling in most cell types (Madge et al., 2000). 

The known involvement of TNFα signalling in the induction of EMT provided a rationale to investigate the effects 

of sustained (96 hours) TNFα treatment on IKKα and IKKβ KO cells; of particular interest were potential NF-κB-

independent effects of IKKα and/or IKKβ on the induction of EMT (Figure 3.18A). Consistent with its more 

epithelial-like morphology and increased E-cadherin immunostaining (Figure 3.3A and B), the IKKα/β DKO clone  
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Figure 3.17. IKKα KO cells exhibit a greater defect in IL-1α-induced p65 nuclear translocation than IKKβ KO 
cells. WT (A3), IKKα KO (F6), IKKβ KO (G9) and IKKα/β DKO (C8) HCT116 cells were seeded in normal growth 
medium for 48 hours, prior to treatment with 25 ng/ml recombinant IL-1α for the indicated timepoints (15, 30, and 
120 min). Immunofluorescence staining of cells was performed with anti-p65 (green) and nuclei with DAPI (blue). 
Scale bar, 10 μm.  
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(C8) expressed higher levels of E-cadherin protein. The IKKβ clone examined (G9) exhibited a lower expression 

of E-cadherin than the WT (A3) or IKKα KO (F6) clones, again consistent with the E-cadherin immunostaining 

results. Interestingly, the IKKβ clone also exhibited higher basal expression of Twist and Zeb1, two transcription 

factors that regulate the transcription of E-cadherin. Similar levels of Twist and Zeb1 expression were observed 

in the mesenchymal-like breast cancer cell line, A549. In response to TNFα, the WT clone exhibited a decrease in 

the expression of E cadherin, consistent with the induction of EMT. However, the expected stabilisation of Snail 

was marginal, if present at all. The IKKα KO clone exhibited a lower basal expression of Snail than the WT cells 

and also failed to induce Snail in response to TNFα. The TNFα-induced repression of E-cadherin was also less 

pronounced in IKKα KO cells than WT cells. An increase in Snail and concomitant decrease in E-cadherin 

expression was, however, observed in IKKβ KO cells. The expression of Twist and Zeb1 was unaffected by TNFα. 

N-cadherin and vimentin are two mesenchymal markers that are commonly induced during EMT (Nieman et al.,

1999; Mendez et al., 2010). Indeed, the switch from E-cadherin to N-cadherin expression is a hallmark of EMT

(Tomita et al., 2000; Hazan et al., 2004). Contrary to previous reports in colorectal cancer cells, no induction of

these markers was observed in response to TNFα (Wang et al., 2013).

Interestingly, the WT and IKK KO clones exhibited differences in TNFα-induced activation of AKT (Figure 3.18A). 

AKT is activated in part by activation loop phosphorylation at Threonine 308 by PDK1 (Alessie et al., 1996), and 

phosphorylation at Ser473 by mTORC2 (Sarbassov et al., 2005; Jacinto et al., 2006). In turn, activated AKT 

phosphorylates GSK3β at Serine 9 to inhibit its activity (Cross et al., 1995). AKT was phosphorylated at Thr308 

and Ser473 in WT cells following TNFα treatment, which in turn led to an increased phosphorylation of GSK3β. 

The activation of AKT was drastically reduced in the IKKα KO clone and no increase in GSK3β phosphorylation 

was observed, although a higher basal phosphorylation of GSK3β was observed relative to WT cells. In contrast, 

the phosphorylation of AKT was dramatically enhanced in the IKKβ KO clone relative to WT cells. The basal 

phosphorylation of GSK3β was again higher in IKKβ KO cells than WT, but an increase was clearly observed 

following TNFα treatment.  

One caveat with this data is that the effect of long-term TNFα treatment has only been explored for one 

independent clone representative of each genotype; WT, IKKα KO and IKKβ KO. Given the morphological 

heterogeneity of the KO clones, further work will be needed to confirm the generality of these observations to 

other KO clones and to rule out clone-specific effects. 

To assess the kinetics of the activation of AKT downstream of TNFα signalling, a timecourse of TNFα treatment 

over 72 hours was performed in WT, IKKα KO and IKKβ KO clones (Figure 3.18B and C). TNFα treatment led to an 

increased, and more sustained, phosphorylation of IKKβ in the IKKα KO clone compared to in the WT clone; it 

took between 6 and 24 hours for the phosphorylation of IKKβ observed in IKKα KO cells to decrease to the level 

observed after 30 minutes in WT cells. Although less striking, a somewhat enhanced and more sustained 

phosphorylation of IKKα was also observed in the IKKβ clone compared to the WT clone.  

In WT cells the TNFα-induced degradation of IκBα occurred in biphasic manner. There was a rapid TNFα-induced 

degradation phase, before IκBα protein levels were restored after 1 hour post-treatment. A second slower phase 

of IκBα degradation between 1 and 72 hours was also observed. This has been observed before in colorectal 

cancer cells (Colleran et al., 2011). The first phase of degradation is proteasome-dependent, while the second is 
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Figure 3.18. IKKα KO and IKKβ KO have differential effects on AKT signalling induced by TNFα. (A) WT (A3), 
IKKα KO (F6), IKKβ KO (G9) and IKKα/β DKO (C8) HCT116 cells were seeded in normal growth medium for 24 
hours, prior to treatment with 10 ng/ml recombinant TNFα or vehicle control (-) for 96 hours. A549 cells were includ-
ed as a positive control for a mesenchymal-like cell type. Whole cell extracts were prepared, fractionated by 
SDS-PAGE and Western blotted with the indicated antibodies. Data are from a single experiment. (B) WT (A3) and 
IKKα KO (F6) or (C) WT (A3) and  IKKβ KO (G9) HCT116 cells were seeded in normal growth medium for 24 hours, 
prior to treatment with 10 ng/ml recombinant TNFα for the indicated timepoints (10 min, 30 min, 1, 6, 24 and 72 
hours). Whole cell extracts were prepared, fractionated by SDS-PAGE and Western blotted with the indicated 
antibodies. Data are from a single experiment. (D) Three independently derived WT clones and three clones each 
of IKKα single, IKKβ single and IKKα/β double knockout were seeded in normal growth medium for 48 hours prior 
to RNA extraction. Relative AKT1 mRNA expression was determined by RT-qPCR, with normalisation to the 
geometric mean of the reference gene (YWHAZ and UBC) expression. Expression ratios are plotted on a logarith-
mic scale as median AKT1 expression ratios relative to the WT control samples (expression of which is represented 
by dotted line at expression ratio = 1). Boxes represent the interquartile range. Whiskers represent the minimum 
and maximum observations. NS, no significant difference between sample and control group.  p-, phospho-
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proposed to be autophagosome-dependent. Interestingly, the second phase of IκBα degradation was less 

apparent in IKKα or IKKβ KO cells. Furthermore, less IκBα was in the phosphorylated form at timepoints later 

than 1 h in IKKα or IKKβ KO cells compared to WT. This indicates, that both phases of IκBα degradation and NF-

κB activation are defective in IKKα and IKKβ KO cells. In addition, the phosphorylation of p65 at Serine 536 in 

response to TNFα was more transient in IKKα and IKKβ KO cells than in WT cells. This is despite the prolonged 

phosphorylation of the IKK subunits in the KO cell lines. 

Surprisingly, both the IKKα KO and IKKβ KO cells expressed higher levels of AKT1 protein than the WT cells; an 

observation that was clearer here than in Figure 3.18A. This observation was not pursued any further, beyond 

confirming that this did not reflect a reduction in AKT1 mRNA expression in IKK KO cells (Figure 3.18D). Regarding 

the phosphorylation status of AKT, TNFα induced an initial rapid decrease in the phosphorylation of AKT at 

Threonine 308 and Serine 473 below basal levels in WT and IKKβ cells, but not IKKα KO cells. This then rebounded 

back to basal levels, before increasing drastically after 72 hours TNFα treatment. As observed in Figure 3.18A, 

the level of phosphorylation was higher after 72 hours in IKKβ KO cells than in WT cells. Indeed, the level of AKT 

phosphorylation was higher at all timepoints measured in IKKβ KO cells. This could reflect the apparent higher 

expression of AKT1 in IKKβ KO cells relative to WT cells. The expression of AKT was also higher in IKKα KO cells 

than WT cells, yet no TNFα-dependent change in the phosphorylation status of AKT from its basal level was 

observed (Figure 3.18B).  

The effects of TNFα on AKT phosphorylation status were mirrored in the phosphorylation status of GSK3β. In WT 

and IKKβ KO cells, TNFα induced an increase in GSK3β inhibitory phosphorylation at Serine 9 between 6 and 72 

hours post-treatment. No such increase was observed in IKKα KO cells. GSK3β phosphorylates cyclin D1 at 

Threonine 286, which induces its nuclear export and proteasomal degradation (Diehl et al., 1998; Alt et al., 2000). 

Indeed, an increase in cyclin D1 protein expression was observed between 24 and 72 hours TNFα treatment in 

WT and IKKβ KO cells that correlated with the increase in GSK3β phosphorylation, and hence inhibition. This 

increase in cyclin D1 expression was not observed in IKKα KO cells; expression of cyclin D1 actually decreased 

gradually below basal levels. These observations are complicated by the fact that IKKα has also been shown to 

induce the degradation of cyclin D1 via Threonine 286 phosphorylation (Kwak et al., 2005). Indeed, basal cyclin 

D1 expression appeared marginally higher in IKKα KO cells than WT cells.   

AKT was activated between 24 and 72 hours following stimulation with TNFα. The delayed kinetics of AKT 

phosphorylation suggests that such phosphorylation is unlikely to be mediated by a kinase directly activated in 

response to TNFα. TNFα more likely induced gene expression changes that indirectly induced the activation of 

AKT. For example, NF-κB might have induced the expression of a chemokine/cytokine that activates AKT 

signalling in an autocrine manner. One mechanism by which TNFα has been demonstrated to activate AKT is 

through the transcriptional repression of the lipid phosphatase, PTEN (Kim et al., 2004). PTEN antagonises 

phosphatidylinositol 3 kinase (PI3K) signalling by catalysing the conversion of phosphatidylinositol (3,4,5) 

trisphosphate (PIP3) to phosphatidylinositol (4,5) bisphosphate (PIP2), which thus inhibits PIP3-dependent 

processes, such as the membrane recruitment and activation of AKT. Kim et al., observed significant 

downregulation of PTEN expression between 9 and 24 hours treatment with TNFα in HT 29 colorectal cancer 

cells. A small decrease in PTEN expression was observed in WT cells after treatment with TNFα for 24 hours 
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(Figure 3.18A). The effect in IKKβ KO cells was made less clear by a possible edge effect within the SDS-PAGE gel 

(Figure 3.18B). No decrease was observed in IKKα KO cells, indicating that perhaps IKKα activity is important in 

the repression of PTEN expression. Alternatively, it might be that the weaker induction of NF-κB transcriptional 

activity in IKKα KO cells is insufficient to downregulate PTEN.  

The absence of AKT activation downstream of TNFα stimulation in IKKα KO cells may have reflected a more 

general defect in PI3K/AKT signalling in these cells. To examine this, WT, IKKα KO, IKKβ KO and IKKα/β KO cells 

were treated with insulin growth factor-1 (IGF-1), an activator of PI3K/AKT signalling (Figure 3.19). IGF-1 induced 

the phosphorylation of AKT and GSK3β in each of the clones, including IKKα KO cells, thus confirming that the 

PI3K/AKT signalling pathway was intact in these cells. A number of other interesting observations were made, 

however. Lower amounts of IGF-1 receptor β (IGFR1β) protein were detected in IKKα and IKKβ KO clones relative 

to the WT and DKO clones. This correlated with a higher level of IGFR1Rβ phosphorylation at Tyrosine 1316 and 

1131 in the WT cells and DKO clones. Three tyrosine residues within the kinase domain of IGF1Rβ (Y1131, Y1135, 

and Y1136) are the earliest major activation loop autophosphorylation sites and are required for kinase activation 

(Li & Miller, 2006). The autophosphorylation site, Y1316 is important for assembly of signal transduction 

complexes at the receptor (Tennagels et al., 2000). The higher expression of AKT1 in IKK KO clones compared to 

WT cells was again observed. Interestingly, the level of phosphorylation of AKT at T308 in response to IGF-1 

differed, whereas the level of phosphorylation at S473 was similar between the WT and IKK KO cells. The higher 

level of T308 phosphorylation in the KO clones likely reflects the higher level of AKT1 protein in these cells 

compared to WT. The equivalent level of S473 phosphorylation, meanwhile, indicates that a higher proportion 

of the AKT1 present in the WT cells is in the active, phosphorylated form compared to the IKK KO cells. A third 

AKT phosphorylation site, Threonine 450 (T450) was examined. T450 is thought to be constitutively 

phosphorylated on nascent AKT polypeptides by mTORC2 to promote proper protein folding and stabilisation of 

AKT (Oh et al., 2010). A higher proportion of AKT was phosphorylated at this site in IKKα KO cells compared to 

WT, IKKβ KO or DKO cells. The functional relevance of these observations is currently unclear, but it appears that 

expression changes induced by knockout of IKK subunits might have contributed to differential alterations in the 

PI3K/AKT signalling pathway. Importantly, the generality of these observations will need to be extended to other 

WT and IKK KO clones.  

3.2.7 Colorectal cancer cell lines exhibit basal NIK/IKKα-independent p100 processing 

The canonical NF-κB pathway is activated by inflammatory cytokines, involves NEMO-containing IKK kinase 

complexes and is the predominant mechanism of activation of NF-κB transcription factor dimers– typically 

p50/p65 and p50/c-rel - in epithelial cells (Chapter 1, Section 1.3.2). Meanwhile, the noncanonical NF-κB pathway 

is activated by a subset of TNFSFR ligands, such as CD40 and BAFF, is NEMO-independent and principally activates 

p52/RelB dimers is predominant in cells of the immune system (Chapter 1, Section 1.3.5). Central to activation 

of the non-canonical NF-κB pathway are the kinases, NIK and IKKα. In the basal, inactive state, NIK is constitutively 

targeted for degradation through K48-linked ubiquitylation mediated by cIAP1/2, which is part of a complex with 

TRAF2 and TRAF3. Receptor ligation and recruitment of this complex switches the K48-linked ubiquitylation 

activity of cIAP from NIK to TRAF3. This destabilises the TRAF:cIAP complex and enables the accumulation of NIK, 



Figure 3.19. IKKα KO cells are capable of responding to IGF-1, an activator of PI3K/AKT signalling. WT (A3), 
IKKα KO (F6), IKKβ KO (G9) and IKKα/β DKO (C8) HCT116 cells were seeded in normal growth medium for 24 
hours, prior to treatment with 50 ng/ml recombinant IGF-1 or vehicle control (C) for the indicated timepoints. Whole 
cell extracts were prepared, fractionated by SDS-PAGE and Western blotted with the indicated antibodies. Data are 
from a single experiment. 
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Figure 3.20. Colorectal cancer cell lines exhibit basal NIK- and IKKα-independent p100 processing. (A) 
Whole cell extracts from a panel of colorectal cancer cell lines were fractionated by SDS-PAGE and Western blotted 
with the indicated antibodies. Data are from a single experiment. (B) HCT116 cells were reverse-transfected with 
20 nM of the indicated siRNA (NT, NIK and IKKα) for 48 hours prior to treatment with 10 μM MG-132 or vehicle 
control (DMSO) for 6 hours. Whole cell extracts were generated and fractionated by SDS-PAGE and Western 
blotted with the indicated antibodies. Data are from a single experiment. (C) WT (A3), IKKα KO (F6), IKKβ KO (G9) 
and IKKα/β DKO (C8) HCT116 cells were seeded in normal growth medium for 24 hours, prior to treatment with 10 
ng/ml recombinant TNFα or vehicle control (-) for 96 hours. Whole cell extracts were prepared, fractionated by 
SDS-PAGE and Western blotted with the indicated antibodies. Data are from a single experiment. 
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which is constitutively expressed and constitutively active. In turn, NIK phosphorylates and activates IKKα, which 

then phosphorylates the NF-κB subunit precursor, p100, targeting it for proteolytic processing, and releasing 

active, processed p52 to interact with RelB and translocate into the nucleus to regulate a subset of NF-κB-

dependent genes. 

The processing of p100 is tightly regulated to ensure a minimal expression of active p52 in the cell. Indeed, when 

p100 is expressed in mammalian cells, p52 is barely detectable (Xiao et al., 2001). The importance of maintaining 

tight control over p100 processing is highlighted by the various lymphomas and leukemias associated with 

chromosomal translocations of the nf-κb2 gene encoding p100. In almost all cases studied these rearrangements 

lead to the expression of p100 truncation mutants lacking the C-terminal processing inhibitory domain (PID) that 

undergo constitutive processing. The constitutive processing of these p100 mutants is associated with their 

active nuclear shuttling (Liao & Sun, 2003). Furthermore, multiple myeloma is associated with the aberrant 

accumulation of NIK resulting from cleavage of TRAF-binding sequences by the API2-MALT1 fusion oncoprotein 

(Rosebeck et al., 2011). Constitutive activation of the non-canonical NF-κB pathway has also been observed in 

some solid tumours. For example, a subset of pancreatic cancer cell lines exhibit constitutive NIK stabilisation, 

p100 phosphorylation and degradation, and expression of non-canonical NF-κB target genes (Wharry et al., 

2009).  

During the characterisation of the basal NF-κB activation status of HCT116 cells it was observed that these cells 

expressed significant amounts of processed p52 (Figure 3.20A). This was also observed in a number of other 

CRCs, including SK-CO1, DLD1, LoVo, SW837 and HT-29. The non-canonical NF-κB has not been reported to be 

constitutively active in colorectal cancer. Despite this apparent basal processing of p100, NIK protein was not 

observed to be constitutively stabilised in these cell lines. Full-length NIK protein is typically resolved on an SDS-

PAGE gel at an apparent molecular weight of ~100-125 kDa. No species of this size was detected in the cell lines 

examined. Bands of ~60 kDa were detected by the NIK antibody in each of the cell lines, but the expression of 

these species did not correlate with the amount of p100 processing, and so were unlikely to be functionally 

relevant. Treatment of HCT116 cells with the proteasome inhibitor, MG-132, induced the expression of two 

species detected by the NIK antibody, one of ~80 kDa in size and the other of ~110 kDa (Figure 3.20B). This 

suggested that NIK mRNA was constitutively expressed and translated in these cells, and that NIK protein was 

basally turned over by the proteasome. It will be interesting to investigate how the expression of NIK in HCT116 

cells compares with other CRC lines as well as normal, untransformed colon tissue. MG-132-induced expression 

of NIK protein had no effect on the processing of p100, which is unsurprising as the processing of p100 itself 

requires proteasomal activity. siRNA-mediated knockdown of NIK had no effect on the basal processing of p100. 

Neither did siRNA-mediated knockdown of IKKα, or combined knockdown of IKKα and NIK. Basal p100 processing 

was also detected at similar levels in IKKα KO cells relative to WT (Figure 3.20C). Collectively, these results 

indicated that the basal processing of p100 to p52 in CRCs is independent of NIK or IKKα activity.  

Unfortunately, colorectal cancer cells were completely unresponsive to any non-canonical NF-κB pathway 

activators tested, including LPS or CD40L, regardless of pre-stimulation with interferon-gamma (data not shown). 

As such, it was not possible to compare the level of basal p100 processing observed with the level induced upon 



117 

activation of the pathway. As such, whether the level of basal p52 expression is biologically relevant remains 

unclear.  

One of the mechanisms through which there is cross-talk between the canonical and non-canonical NF-κB 

pathways is the induction of the nfkb2 gene. In the case of non-canonical ligands that induce both canonical and 

non-canonical NF-κB activity, such as lymphotoxin-β receptor (LTβR), this positively regulates non-canonical 

signalling by supplying more precursor for p52 generation (Dejardin et al., 2002). In the case of ligands such as 

TNFα that induce only the canonical NF-κB pathway, the accumulated p100 functions as an IκB inhibitor to inhibit 

both canonical and non-canonical NF-κB transcription factors, including RelB and p65 (Sun et al., 1994; Derudder 

et al., 2003). Consistent with this, long-term TNFα treatment increased the expression of p100 in WT and IKKβ 

KO HCT116 cells (Figure 3.20C). An approximately proportional increase in the processed p52 form was also 

observed. However, this increase in p100/p52 expression was markedly reduced in IKKα KO cells. This provides 

further evidence of the significant defect in NF-κB dependent transcription in IKKα KO cells relative to IKKβ KO 

cells. 

3.2.8 IKKα KO and IKKβ KO cells exhibit differences in the TNFα-dependent regulation of 

non-canonical NF-κB pathway signalling components 

Under normal circumstances, soluble TNFα binding to TNFR1 activates the canonical but not the non-canonical 

NF-κB pathway (Kim et al., 2011). To confirm that this was the case, lysates from WT, IKKα KO and IKKβ KO cells 

treated with TNFα were blotted for NIK. As expected, TNFα treatment had no effect on the levels of NIK protein 

in WT cells (Figure 3.21A and B). Surprisingly, however, TNFα induced a delayed increase in the expression of NIK 

protein in IKKα KO, and to a lesser extent, IKKβ KO cells. Whether this reflected an increase in NIK mRNA 

expression, or an increase in NIK protein stability has yet to be confirmed. However, RNA sequencing data, 

described in Chapter 6, suggested that TNFα treatment for 8 hours had no effect on the expression of the 

map3k14 gene encoding NIK in WT, IKKα KO or IKKβ KO cells. Furthermore, the functionality of this stabilised NIK 

protein is difficult to assess. No phosphorylation is needed for NIK activation, such that newly synthesised and 

stabilised NIK is constitutively active (de Leon-Boenig et al., 2012). However, activation of the non-canonical 

pathway downstream of NIK stabilisation requires IKKα-mediated phosphorylation of p100 that targets it for 

proteasomal processing. This function cannot be mediated by NIK alone. As such, the stabilisation of NIK in IKKα 

KO cells is potentially of no consequence for the activation status of the non-canonical pathway. Indeed, no 

increase in p100 processing was observed following NIK stabilisation. Nevertheless, this result hinted at a 

possible involvement of IKKα in inhibiting the induction of NIK expression downstream of TNFα signalling.  

To investigate the possible mechanism of TNFα-induced NIK accumulation in IKKα KO cells, Western blots were 

performed for the key components of the non-canonical NF-κB signalling machinery (Figure 3.20C and D). IKKα/β 

DKO cell lysates were blotted alongside those of WT and single IKK KO cells as a control for TNFα stimulation in 

the complete absence of IKK or canonical NF-κB signalling. The strong cell death response induced by prolonged 

TNFα stimulation necessitated the treatment of DKO cells with the pan-caspase inhibitor, QvD-OPh. 

Unfortunately, WT and single IKK KO cells were not treated in an equivalent manner, therefore, the results are 

not directly comparable and caution must be taken when interpreting these results. Nevertheless, the  
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observation of TNFα-induced NIK accumulation in DKO cells, but not IKKβ KO cells, to a level comparable to that 

in IKKα KO cells was interesting. It indicated three main possible explanations; that TNFα-induced NIK 

accumulation is normally suppressed by an NF-κB-independent function of IKKα, which is more effective when 

IKKα is part of a WT IKKα:IKKβ heterodimer;  that IKKα-dependent gene expression is required to limit TNFα-

induced NIK accumulation; or that a certain threshold of canonical NF-κB-dependent gene expression is required 

to suppress TNFα-induced NIK accumulation, which is met in WT cells, but not in IKKα KO cells, and to a lesser 

extent IKKβ KO cells.  

Interestingly, whereas inhibition of the proteasome induced the accumulation of two NIK species of 80 and 120 

kDa in size, TNFα stimulation of IKK KO cells induced a single 110 kDa form of NIK protein. The functional 

differences between these different NIK species warrants further investigation. The expression of RIP1 was 

similar in the untreated state between WT, IKKα KO, IKKβ KO and DKO cells. TNFα treatment for 24 and 48 hours 

induced a decrease in RIP1 protein expression in WT, IKKα KO, IKKβ KO and DKO cells. Although the mechanism 

behind this decreased expression was not confirmed here, RIP1 has been shown to undergo K48-linked 

polyubiquitylation and proteasomal degradation following prolonged TNFα stimulation in a manner dependent 

on the NF-κB inhibitory protein, A20 (Wertz et al., 2004). This acts as part of a series of negative feedback 

mechanisms to restrain canonical NF-κB activation. The TNFα-induced decrease in RIP1 protein expression was 

slightly enhanced in IKK KO cells relative to WT, but this did not correlate with the induction of NIK. 

In WT cells, TNFα strongly induced the expression of the known NF-κB targets; TRAF1, TRAF3 and cIAP2, all of 

which are involved in the cross-talk with non-canonical NF-κB signalling. In contrast, the induction of TRAF1, 

TRAF3 and cIAP2 was absent in IKKα KO or DKO cells, and was severely reduced in IKKβ KO cells. Furthermore, 

whereas in WT cells the expression of TRAF2 and cIAP1 was maintained following sustained TNFα stimulation, in 

IKKα KO, IKKβ KO and DKO cells their expression was reduced. TRAF2 and cIAP1 are involved in the constitutive 

turnover of NIK. Their downregulation in IKK KO cells following TNFα stimulation thus likely contributes to the 

observed accumulation of NIK protein. Furthermore, the marginally higher induction of cIAP2 and TRAF3 in 

response to TNFα stimulation in IKKβ KO cells compared to IKKα KO cells potentially explains their lower 

accumulation of NIK protein (Figure 3.21D). Collectively, these results indicate that a functional IKK heterodimeric 

complex is more effective than either IKKα or IKKβ homodimers at inducing and/or maintaining the expression 

of signalling components that act to limit the accumulation of NIK protein in response to TNFα stimulation.  

The moderate stabilisation of NIK in IKKβ KO cells following TNFα treatment raised the possibility that the non-

canonical NF-κB pathway may be more active in these cells. Unlike IKKα KO cells, these cells expressed functional 

IKKα and thus expressed all of the components required to activate the non-canonical pathway.  To investigate 

the activation status of the non-canonical NF-κB pathway, the nuclear localisation of the non-canonical NF-κB 

subunits, RelB and p52, was examined following treatment with TNFα for 24 hours (Figure 3.22). 24 hours was 

chosen as it reflected the timepoint after which NIK was stabilised in IKK KO cells treated with TNFα (Figure 3.21). 

Over a short time course of TNFα treatment, IKKα KO cells had exhibited a much greater defect in p65 nuclear 

translocation than IKKβ KO cells relative to WT (Figure 3.12). Interestingly, after 24 hours treatment the level of 

nuclear p65 was lower, relative to WT, to a similar degree in both IKKα and IKKβ KO cells. This suggests that IKKα 

and IKKβ KO cells are both defective in maintaining sustained canonical NF-κB activation in response to TNFα.  
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This is consistent with the weaker ‘second phase’ of IκB phosphorylation and degradation observed in IKKα and 

IKKβ KO cells relative to WT (Figure 3.18B and C).  

RelB and p100 were strongly induced in response to TNFα in WT cells as part of the well-characterised cross-talk 

between the canonical and non-canonical NF-κB pathways (Sizemore et al., 2002). This induction was weaker in 

IKKα KO cells, consistent with their weaker NF-κB transcriptional response. In WT cells under basal conditions, 

RelB was exclusively cytoplasmic, as was the vast majority of p100 and p52. Therefore, despite a constitutive 

level of p100 processing, the non-canonical pathway was inactive under basal conditions in WT cells. Treatment 

with TNFα had no effect on the cytoplasmic localisation of RelB, whilst a small increase in the nuclear localisation 

of both p100 and p52 was observed. Interestingly, the banding pattern of RelB in the untreated state was 

different in IKKα and IKKβ KO cells compared to WT cells. IKKα KO cells expressed a greater proportion of lower 

molecular weight RelB species than WT or IKKβ KO cells. Whether these represent different RelB phosphorylation 

states, isoforms or degradation products will be the subject of future investigation.  

Surprisingly, despite a lower level of TNFα-induced RelB expression, IKKα KO cells exhibited a greater level of 

TNFα-induced RelB nuclear translocation than WT or IKKβ KO cells. In other words, a greater proportion of total 

RelB was localised to the nucleus in IKKα KO cells following TNFα treatment. This was the direct opposite of our 

hypothesis; IKKβ KO cells exhibited only a small increase in RelB nuclear translocation relative to WT cells. 

Interestingly, the slower migrating RelB species was the predominant form that translocated into the nucleus.  

No difference was observed in the level of p100/p52 nuclear translocation between WT and IKK KO cells following 

TNFα treatment. Of note, however, was an approximately 40 kDa species detected by the p100/p52 antibody 

that was expressed at a higher level in IKKα KO and IKKβ KO cells relative to WT cells (arrow, Figure 3.22). The 

expression of this species was induced by TNFα in WT and IKK KO cells. Interestingly, IKKα KO but not IKKβ KO 

cells, exhibited basal nuclear localisation of this 40 kDa species, and a striking TNF-induced nuclear translocation. 

The biological relevance of this previously undescribed species and the mechanism behind its selective nuclear 

translocation in IKKα KO cells will be a source of further investigation. It will be important to determine whether 

this species is present in a complex with RelB in the nucleus of IKKα KO cells.  

Collectively, these results indicate that IKKα might play an important role in restricting the nuclear translocation 

of RelB and p52-related NF-κB transcription factor subunits in response to TNFα in WT cells.  

3.3 Discussion 

3.3.1 IKK knockout has no effect on the growth or survival of HCT116 cells. 

We have successfully knocked out IKKα, IKKβ and the combination of both in a human cancer cell line; the first 

time such human IKK KO cells have been reported. Furthermore, these cell lines were thoroughly validated as 

true knockouts. Neither the IKKα KO, IKKβ KO nor IKKα/β DKO cells exhibited an obvious growth defect or reduced 

viability. This was perhaps surprising, given that various reports have suggested IKKα and IKKβ have both NF-κB-

dependent and NF-κB independent roles in cell cycle progression. For example, NF-κB can promote the G1/S 

progression through regulation of cyclin D1 expression (Hinz et al., 1999; Guttridge et al., 1999). Furthermore, 

both IKKα and IKKβ have been proposed to promote the mitotic cell cycle phase by regulating the 
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phosphorylation and degradation of Aurora A, respectively (Prajapati et al., 2006; Irelan et al 2007). In these 

same studies, depletion of IKKα and IKKβ was shown to lead to G2/M arrest and cell-cycle delay, respectively. 

Although the progression of IKK KO cells through mitosis was not specifically examined, the absence of any 

obvious growth defect, difference in cell cycle phase distribution or difference in ploidy compared to WT cells 

suggested that cell cycle progression was largely unperturbed in the KO cells. However, synchronisation 

experiments will be necessary to confirm that the KO cells exhibit normal progression through different cell cycle 

phases. The lack of significant basal NF-κB activity in HCT116 cells might provide an explanation for the absence 

of a growth defect in IKK KO cells; HCT116 cells may not be ‘addicted’ to IKK/NF-κB activation, and thus might 

not rely on these pathways for sustained proliferation. While there is a possibility these cells adapted in culture 

to the loss of IKK expression, we find this unlikely given that siRNA-mediated knockdown of IKKα and IKKβ also 

showed no significant impact on HCT116 cell cycle progression (Chapter 5). However, it should be mentioned 

that all experiments were performed in 10% fetal bovine serum (FBS), where growth factors are not limiting. It 

would be interesting to investigate whether a greater dependence on NF-κB signalling for growth or survival is 

revealed in these cells when growth factor signalling is limited.    

A consistent theme throughout the characterisation of both the WT and IKK KO clones was an inherent small 

degree of clonal heterogeneity. This was observed at the level of clonal morphology, growth rate, the magnitude 

of NF-κB transcriptional induction and the magnitude of TNFα-induced cell death. The fact that this heterogeneity 

was seen at an equal level in the WT, single-cell derived clones suggested that this heterogeneity arose as a by-

product of the single-cell cloning process and was not related to differences in the extent of on-target or off-

target gene editing. However, this heterogeneity limited the power to observe subtle IKK knockout-induce 

phenotypes, as will be discussed in relation to RNA sequencing analysis in Chapter 6. To account for this 

heterogeneity, wherever possible the phenotypes of IKK knockout were confirmed in multiple clones generated 

using independent guide RNA sequences. Future work will benefit from increasing the number of clones of each 

genotype examined to help mitigate against this clonal heterogeneity and improve the power of statistical 

analysis.  

3.3.2 IKKα plays a major role in canonical NF-κB signalling in response to TNFα and IL-1α 

in HCT116 cells 

One of the central dogma’s of the NF-κB signalling pathway that is repeatedly stated within the literature is that 

IKKβ is the dominant kinase for the canonical pathway and that IKKα plays a marginal role, with a greater 

importance in the non-canonical NF-κB pathway. However, we have demonstrated that IKKα plays a significant 

role in the phosphorylation and degradation of IκBα, the phosphorylation of p65 at Serine 536 under basal 

conditions, the phosphorylation of p65 at Serine 468 in response to stimulation, the nuclear translocation of p65 

and the NF-κB-dependent transcriptional response to both TNFα and IL-1α. IKKβ homodimers were far less 

efficient at compensating for the loss of IKKα than IKKα homodimers were able to compensate for the loss of 

IKKβ. Experiments using a highly selective IKKβ inhibitor and kinase dead IKKα confirmed that these observations 

were not specific to KO cells, and that IKKα plays a significant role in canonical signalling in the WT state. Future 

work with IKKα selective inhibitors could confirm this further.  
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Other studies have demonstrated that IKKα plays a role in canonical NF-κB signalling under certain circumstances 

and in response to certain stimuli, but this work demonstrates a fundamental role for IKKα in the response to 

both TNFα and IL-1α in these cells. A limitation of this work, imposed by the nature of CRISPR-Cas9 experiments 

and the lack of IKKα selective inhibitors, was that these observations have only been made in HCT116 cells. Future 

work will therefore attempt to confirm this importance of IKKα in other CRC cells.  

One of the interesting observations from this work was the higher level of stimulus-induced activation loop 

phosphorylation of the remaining IKK subunit in both IKKα and IKKβ KO cells. This higher level of phosphorylation 

did not seem to reflect a compensatory increase in the expression of the remaining IKK subunit. Not only was 

the level of phosphorylation higher, but it was also sustained for a longer period of time after treatment. The 

deubiquitinases CYLD and A20 inducibly cleave K63-linked polyubiquitin chains of signalling intermediates 

upstream of IKK to terminate the NF-κB signalling response. A20 KO MEFs exhibit more sustained TNFα induced 

IKK activity. Interestingly, IKKα has been shown to play an important role in this feedback inhibition by 

phosphorylating the regulatory molecule, TAX1BP1 in response to TNFα/IL-1α, which promotes the assembly of 

the A20 ubiquitin-editing complex (Shembade et al., 2011). Determination of the basal and stimulus-induced 

expression of A20 in WT and IKK KO cells will inform whether this mechanism might be relevant to the results 

observed. A20 is typically expressed at very low levels in most cell types, but is induced within 30-60 minutes 

upon NF-κB activation (Dixit et al., 1990; Krikos et al., 1992). If this is the case in IKK KO cells, it is unlikely that 

reduced feedback inhibition will explain the higher initial phosphorylation of the remaining IKK subunits.  

The greater stimulus induced phosphorylation of the remaining IKK subunit in IKK KO cells could reflect a different 

IKK activation mechanism for IKK homodimers compared to the wild type IKK heterodimer. The mechanism of 

IKK activatory phosphorylation has been a source of controversy for many years. It has been found to require 

phosphorylation by one or multiple upstream kinases, including TAK1, in some studies (Wang et al., 2001; 

Ninomiya-Tsuji et al., 1999), and by IKK autophosphorylation in others (Xia et al., 2009). Crystal structures of IKKβ 

suggested that such autophosphorylation might proceed through IKKβ oligomerisation and trans-

autophosphorylation. A more recent study proposed to tie together these seemingly disparate observations by 

demonstrating that TAK1 phosphorylation of IKKβ at Serine 177 primes the subsequent autophosphorylation of 

IKKβ on Serine 181 (Zhang et al., 2014). Our observations with an IKKβ selective inhibitor are consistent with this 

study (Figure 3.8). The observation of enhanced IKKβ-dependent autophosphorylation at Serine 181 in IKKα KO 

cells might reflect the fact that IKKβ is more active in the absence of IKKα, or it could reflect a simple 

stoichiometry effect. However, the observation that IKKβ Serine 177 phosphorylation does not increase in IKKα 

KO suggests that IKKβ was not phosphorylated more readily by TAK1 in the absence of IKKα. The lower level of 

TNFα-induced IKKα Serine 176 phosphorylation in IKKβ KO cells also warrants further investigation. 

Serine 468 of p65 has been characterised as an IKKβ-dependent phosphorylation site (Schwabe et al., 2005). 

Schwabe et al demonstrated that recombinant IKKβ phosphorylated this site with a much higher efficiency than 

IKKα in a GST-p65 kinase assay. Furthermore, a dominant negative IKKβ construct, but not an equivalent IKKα 

construct, inhibited the TNFα and IL-1α induced phosphorylation of this site in HeLa cells. It was surprising, 

therefore, that we observed a much greater defect in the TNFα and IL-1α induced phosphorylation of this site in 

IKKα KO cells compared to IKKβ KO cells. This suggested that IKKα homodimers were better able to compensate 
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for the loss of IKKβ in terms of the phosphorylation of this site than IKKβ homodimers were for the loss of IKKα. 

The minimal role for IKKβ in phosphorylating this site in WT HCT116 cells in response to TNFα was also 

demonstrated with a highly selective IKKβ inhibitor. Unfortunately, although knockout and siRNA-mediated 

knockdown of IKKα interfered with the phosphorylation of this site, we were unable to convincingly demonstrate 

sufficiency by rescuing the phosphorylation with IKKα re-expression. This could simply reflect a technical 

limitation of the transient transfections; transiently transfected FLAG-tagged IKKα and endogenous IKKα may not 

be functionally equivalent. Alternatively, perhaps IKKα facilitates the recruitment of another kinase to 

phosphorylate p65 at Serine 468 in response to TNFα. Indeed, other kinases such as GSK3β and IKKε, have been 

shown to phosphorylate this site under certain circumstances (Buss et al., 2004; Mattioli et al., 2006). An attempt 

was made to answer the uncertainties surrounding the results of these transient transfections through the 

generation of WT and KD IKKα and IKKβ stable cell lines in an IKKα/β DKO background. Unfortunately, however, 

this experiment failed to generate successful stable cell lines. First in class IKKα selective inhibitors have recently 

been described (Ho et al., 2014) and may be made commercially available in the near future. Such inhibitors 

would be a valuable tool to help resolve the importance of IKKα in the direct phosphorylation of Serine 468 in 

response to TNFα and IL-1α.  

It will also be interesting to characterise the function of this phosphorylation site in more detail in these cells. 

Phosphorylation of this site by IKKβ has been shown to occur in the cytosol while p65 is bound to IκBα and 

appears to moderately inhibit TNFα and IL-1β induced NF-κB activation of certain genes (Schwabe et al., 2005). 

This has been proposed to reflect the fact that phosphorylation of p65 at this site enhances binding of the histone 

deacetylase, GCN5, which in turn recruits a COMMD1 containing E3 ligase complex that targets p65 bound to 

specific genes for proteasomal degradation (Mao et al., 2009; Geng et al., 2009). Consistent with this, a 

preliminary experiment did suggest that a non-phosphorylatable S456A mutant form of p65 was able to induce 

a moderately greater activation of NF-κB-dependent transcription in WT HCT116 cells. These results also suggest 

that the reduced phosphorylation of p65 S468 probably does not account for the reduced nuclear translocation 

of p65 in IKKα KO cells.  

The markedly reduced TNFα-induced nuclear translocation of p65 in IKKα KO cells is likely to have made a 

significant contribution to the observed lower NF-κB transcriptional activation in these cells. However, there are 

other factors that could have influenced the lower NF-κB transcriptional activation observed, which we have yet 

to explore. It would be informative, for example, to define the relative DNA binding activities of different NF-κB 

dimers in IKKα and IKKβ KO cells using electrophoretic mobility shift assays (EMSA). Furthermore, the promoter 

occupancy of different NF-κB dimers on specific genes could be defined using chromatin immunoprecipitation 

(ChIP). Given that the IKKα KO cells exhibit reduced p65 S468 phosphorylation, which has been suggested to 

promote the proteolytic removal of p65 from the promoters of certain genes, it would be interesting to define 

the kinetics of promoter occupancy in these cells relative to WT. The overall level of p65-driven expression of 

certain genes might be lower but perhaps more sustained in these cells for this reason. Furthermore, IKKα has 

been proposed to have various nuclear-specific roles in both the enhancement and termination of NF-κB-

dependent gene expression, such as the phosphorylation of Histone H3 at S10 and CBP at the promoters of 

specific genes. The contributions of these proposed nuclear functions of IKKα to the observations made here 
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have yet to be explored. However, an RNA sequencing approach was undertaken to explore the effect of IKKα 

and IKKβ KO on global gene expression in response to TNFα at an early (2h) and a late (8h) timepoint to attempt 

to address the impact of each kinase subunit on NF-κB-dependent transcription (Chapter 6).  

Kinase inactive variants of IKKβ have been used in many previous studies to propose that IKKβ is highly dominant 

in canonical NF-κB activation. Indeed, we observed that kinase inactive IKKβ inhibited TNFα-induced NF-κB 

activation in a dominant negative manner in WT, IKKα KO and IKKβ KO cells (Figure 3.10A). However, we observed 

that kinase inactive IKKα also inhibited TNFα-induced NF-κB activation in a dominant negative manner in WT, 

IKKα KO and IKKβ KO cells. This is consistent with the hypothesis that IKKα and IKKβ are both integral to the 

activation of the canonical NF-κB pathway. 

3.3.3 The cross-talk between NF-κB and AKT signalling pathways is altered by knockout of 

the IKK kinases 

TNFα is capable of activating AKT via the PI3K pathway in a cell-type specific manner (Ozes et al., 1999; Sandra 

et al., 2002; Gustin et al., 2004). We observed an activation of AKT upon treatment with TNFα, but it was so 

delayed, occurring between 24 and 72 hours post-stimulation, that it was highly unlikely to be a direct effect of 

the TNFα signalling cascade. Rather, the activation of AKT was likely indirectly induced following NF-κB-

dependent gene expression changes. This could explain the absence of AKT activation in IKKα KO cells, which we 

have characterised to exhibit significantly weaker TNFα-induced NF-κB dependent gene expression. The absence 

of TNFα-induced AKT activation in IKKα KO cells was shown not to be due to a general defect in PI3K signalling in 

these cells. We observed a small TNFα-stimulated decrease in the expression of PTEN at the protein level in WT 

and IKKβ KO cells, consistent with a previous study that identified this as a possible mechanism of feedforward 

activation of AKT signalling by TNFα (Kim et al., 2004). Whether this small decrease in PTEN was sufficient to 

account for the observed activation of AKT will require further investigation. It may also be interesting to 

characterise the TNFα-induced cytokine/growth factor secretion profile of IKKα KO cells in comparison to WT 

and IKKβ KO cells. NF-κB is capable of inducing the expression of a host of growth factors, such as EGF, IGF-1, 

MET, FGF etc, that could activate PI3K signalling in an autocrine fashion (Yang et al., 2016). 

Interestingly, tumour-associated macrophage (TAM)-derived IL-1β has been proposed to activate AKT signalling, 

and downstream Wnt signalling (due to inactivation of GSK3β) in an NF-κB-dependent manner (Kaler et al., 

2009a; Kaler et al., 2009b). The authors demonstrated that co-culture with HCT116 cells induced the release of 

IL-β from macrophages, which in turn activated AKT/Wnt signalling in the HCT116 cells in a manner dependent 

on NF-κB-dependent signalling. Activated macrophages have also been shown to promote Wnt signalling in 

gastric tumour cells in a TNFα-dependent manner (Oguma et al., 2008). The data presented here is consistent 

with these findings. The delayed activation of AKT observed in WT and IKKβ KO cells in response to TNFα may 

reflect the slow secretion and accumulation of factors (such as IL-1β) expressed in an NF-κB-dependent manner 

that are capable of activating AKT in an autocrine signalling mechanism. Wnt signalling is an important tumour-

promoting pathway in colorectal cancer. Although Wnt signalling was not specifically assessed in the IKK KO cells, 

the absence of AKT activation in IKKα KO cells might predict that AKT-driven Wnt signalling is also reduced in 
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these cells. This will be investigated in future experiments. Provided this assumption is correct, IKKα inhibition 

may be a therapeutic approach to block TAM-driven Wnt signalling and tumour progression in colorectal cancer. 

The higher protein expression of AKT1 in IKK KO cells compared to WT cells was puzzling. This observation will 

first need to be replicated in additional WT clones to rule out any confounding clonal effects. Taken at face value, 

however, this observation suggests that an intact IKKα/β heterodimer may play some role in the stability of AKT1. 

The regulation of AKT1 degradation and stability is a relatively understudied aspect of AKT biology. AKT1 is a 

client protein of the HSP90 chaperone. Dissociation of AKT from the HSP90 complex enhances its 

dephosphorylation and subsequent degradation (Basso et al., 2002). Indeed, the stability of AKT is particularly 

sensitive to the HSP90-specific inhibitor, 17-AAG (Basso et al., 2002). The IKK kinase subunits are also client 

proteins of the HSP90 chaperone (Chen et al., 2002). One can speculate, therefore, that in the absence of IKK 

subunits, as in IKK KO cells, there might be a greater pool of HSP90 chaperone available to bind to and stabilise 

AKT1. However, as yet we have no evidence to support this hypothesis.  

3.3.4 IKKα knockout results in aberrant TNFα-induced NIK expression 

Basal processing of p100 in colorectal cancer cells has been observed before (Dejardin et al 1999; Arabi et al., 

2012), but the mechanism and functional significance of this processing has not been investigated. Constitutive 

p100 processing is classically due to chromosomal rearrangements that lead to the expression of p100 

truncations that undergo basal proteolytic processing. This is highly unlikely to be the case in CRC cells as they 

expressed p100 of the expected full-length size; C-terminal truncation mutants that undergo constitutive 

processing are typically resolved at an apparent molecular weight of < 80 kDa (Qing et al., 2005). Constitutive, 

pathogenic processing of p100 truncation mutants has been shown to be independent of NIK and β-TrCP, but 

requires IKKα and nuclear shuttling of p100 (Qing et al., 2005). Basal processing of p100 in HCT116 cells was 

shown to be IKKα-independent. The nuclear shuttling of p100 was not explored. Despite this basal level of p52 

expression, the expression of p100 was still significantly higher than p52, and thus likely sufficient to maintain 

the basal cellular pool of RelB within the cytoplasm. Indeed, nuclear fractionation studies demonstrated that 

there was minimal RelB and p52 present in the nucleus in the unstimulated state, suggesting that the 

noncanonical pathway was inactive despite this basal p52 processing.  

TNFα induced the expression of p100 in HCT116 cells. This is a well-characterised mechanism of crosstalk 

between the canonical and noncanonical NF-κB pathways. However, this induction of p100 is typically not 

accompanied by a concomitant increase in p52 (Mordmüller et al., 2003; Kim et al., 2011). It is interesting 

therefore that the expression of p52 increased approximately proportional to that of p100 in HCT116 cells 

treated with TNFα. Whatever the mechanism of p100 basal processing in HCT116 cells, it was not inhibited by 

increases in p100 expression.  

Multiple species of varying molecular weight were detected by the p100 antibody in HCT116 cells and the 

expression of most of these species were increased upon TNFα stimulation. These species could reflect a high 

level of non-specific partial processing by the proteasome. Interestingly, an approximately 40 kDa species was 

highly expressed in IKKα and IKKβ KO cells, but not WT cells, and translocated into the nucleus of IKKα KO cells 
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following TNFα stimulation. This was accompanied in IKKα KO cells by an increase in the nuclear localisation of 

RelB. It will be important to validate this apparent TNFα-induced nuclear translocation of RelB by other means. 

Attempts were made to follow RelB translocation via immunofluorescent staining, but a suitable, specific 

antibody was not found. Provided the TNFα-induced nuclear translocation of RelB and the unidentified p52-like 

species are confirmed, it would be interesting to determine if they form a functional complex and bind to 

promoters.  

The differing banding patterns of RelB in IKKα and IKKβ KO cells relative to WT was intriguing. The faster migrating 

bands present in IKK KO but not WT cells could represent different phospho-forms of RelB. Indeed, both IKKα 

and IKKβ have been shown to phosphorylate nuclear RelB at Serine 472 in response to TNFα leading to its 

dissociation from IκBα and binding to promoters of migration-associated genes (Authier et al., 2014). 

Furthermore, RelB undergoes phosphorylation-dependent degradation in lymphoid cells (Marienfield et al., 

2001; Neumann et al., 2011), although the identity of the kinase is unknown. Interestingly, such degradation 

proceeds first through an N-terminal cleavage intermediate that resolves at a similar molecular weight to the 

species detected in IKKα KO cells (Neumann et al., 2011). Numerous other putative phosphorylation sites exist 

throughout RelB but none have been validated (Baud & Collares, 2006).  

It should be noted that the contribution of p105 processing to the phenotypes observed in IKK KO cells has not 

yet been explored. p105 is an IκB-like inhibitor of NF-κB transcription factors that is constitutively processed by 

the proteasome to p50. IKKβ phosphorylates p105 at multiple sites (Ser921, 923, 927, and 932) in response to 

TNFα. This enhances the targeting of p105 to the proteasome, but favours the complete degradation of p105 

rather than the increased generation of processed p50. Whether this is also the case in HCT116 cells will need to 

be confirmed.  

The TNFα-induced expression of NIK in IKKα KO and IKKα/β DKO cells was unexpected. Although it does not 

typically activate the non-canonical NF-κB pathway, TNFR1 has been shown to have an intrinsic capability to do 

so, which is normally suppressed by the adapter kinase, RIP1 (Kim et al., 2011; Gentle et al., 2011). RIP1 inhibits 

TNFα-stimulated proteasomal degradation of TRAF2 and cIAP1, which normally promote the destabilisation of 

NIK protein, in an ill-defined mechanism that is independent of its kinase activity. The TNFα-induced degradation 

of TRAF2 and cIAP1 in the absence of RIP1 leads to the accumulation of NIK and subsequent processing of p100. 

However, the level of RIP1 downregulation in WT and IKK KO cells did not correlate with the level of NIK protein 

induced, suggesting a different mechanism of NIK expression/stabilisation from the RIP1-dependent mechanism 

identified by Kim et al. The expression patterns of TRAF1, TRAF3 and cIAP2 inversely correlated with the 

expression of NIK and the importance of each in the observed NIK expression will be worthwhile investigating. 

There are conflicting reports on the function of TRAF1 in NF-κB activation. It appears to have a dual role as a 

negative or positive modulator downstream of different TNF family receptors, possibly in a cell-type dependent 

manner (Lee & Choi et al., 2007). It has been proposed that following its induction by TNFα TRAF1 stabilises NIK 

by disrupting its association with the TRAF2:cIAP2 complex to facilitate a feedforward coupling between the 

canonical and non-canonical pathways (Choudhary et al., 2013). However, our data is entirely inconsistent with 
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this model. TRAF1 has also been shown to protect TRAF2 from cIAP2-mediated degradation downstream of 

membrane-bound TNFα signalling through TNFR2 (Wicovsky et al., 2009). Furthermore, a crystal structure of 

TRAF1 in a complex with TRAF2 and cIAP2 indicated that TRAF1 would be more optimally positioned for cIAP2-

mediated ubiquitination within this complex, providing a potential mechanism for TRAF1-dependent inhibition 

of TRAF2 degradation (Zheng et al., 2010). Whether the absence of TNFα-dependent TRAF1 induction in IKKα KO 

cells explains the greater reduction in TRAF2 and TRAF3 expression, and hence the stabilisation of NIK will be the 

subject of future investigation. The drastically reduced TNFα-dependent induction of TRAF1 and cIAP2 in IKKβ 

KO cells is surprising given the apparently normal NF-κB transcriptional response in these cells suggested from 

NF-κB reporter experiments. qRT-PCR of TRAF1 and cIAP2 over a timecourse of TNFα treatment will clarify 

whether this reflects a defect at the transcriptional or protein stability level.  

Key to understanding the mechanism behind the greater NIK expression in IKKα KO cells will be to determine 

whether it is the absence of TNFα-induced IKKα kinase activity or the absence of TNFα-induced NF-κB gene 

expression that is most significant. Following sustained non-canonical NF-κB signalling IKKα has been shown to 

phosphorylate NIK in a manner that promotes its proteasomal degradation, thus terminating the signal (Razani 

et al., 2010). The absence of such inhibitory phosphorylation could contribute to the NIK stabilisation in IKKα KO 

cells, but is unlikely to be the sole explanation given that is does not explain the other observations, such as 

reduced TRAF/cIAP expression. Interestingly, classical NF-κB activity has been shown to play a crucial role in the 

suppression of basal noncanonical NF-κB signalling; IKKβ KO, NEMO KO and p65 KO MEFs as well as NEMO 

defective human peripheral blood mononuclear cells exhibit enhanced basal NIK stabilisation (Gray et al., 2014). 

How these findings relate to the canonical stimulus induced increase in NIK expression described here is difficult 

to say, but clearly NIK is subject to multiple layers of regulation by IKK kinases that are only beginning to be 

elucidated. 

In summary, this is the first report of IKKα KO, IKKβ KO and IKKα/β DKO human cells. Our results challenge the 

prevailing dogma by showing that IKKα is equally, if not more, important than IKKβ for mediating the activation 

of canonical NF-κB signalling in response to TNFα and IL-1α. These results were confirmed by the use of selective 

IKK siRNA and IKKβ selective small molecule inhibition and should refocus efforts towards the development of 

IKKα selective inhibitors. Furthermore, these cells will provide a valuable research tool for future studies into 

both NF-κB-dependent and NF-κB-independent functions of IKKα and IKKβ.  
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4 NEMO undergoes rapid proteasomal degradation in the absence 
of the IKKs 

4.1 Introduction 

The canonical IKK complex is the master regulator of the NF-κB signalling pathway. It is minimally composed of 

the three components: the homologous kinases IKKα and IKKβ, and a regulatory protein, NF-κB essential 

modulator (NEMO/IKKγ) (Rothwarf et al., 1998; Yamaoka et al., 1998; Mercurio et al., 1999). Although 

catalytically inactive, cell lines lacking NEMO fail to induce the canonical NF-κB pathway in response to almost all 

pro-inflammatory, immune regulatory and pro-survival stimuli (Schmidt-Supprian et al., 2000). NEMO-deficient 

mice die early in embryogenesis due to substantial liver apoptosis resulting from their inability to activate NF-κB 

in response to TNFα stimulation (Rudolph et al., 2000). Furthermore, point mutations and deletions in the IKBKG 

gene encoding NEMO cause a number of X-linked genetic disorders, including; incontinentia pigmenti, a severe 

form of dermatitis (Schmidt-Supprian et al., 2000; Smahi et al., 2000); and anhydrotic ectodermal dysplasia with 

immunodeficiency (EDA-ID) (Döffinger et al., 2001), characterised by severe bacterial infections of the 

respiratory, gastrointestinal tracts, bones, soft tissues and skin. Collectively, these studies highlight the 

fundamental importance of NEMO in facilitating activation of canonical NF-κB signalling. 

NEMO is a 48 kilodalton (kDa) multi-domain polypeptide (Rothwarf et al., 1998). Early structural predictions, 

recently confirmed by X-ray crystallography structures, indicated that NEMO is predominantly an elongated, 

parallel intermolecular coiled coil (Rothwarf et al., 1998; Tegethoff et al., 2003; Rushe et al., 2008). NEMO 

contains two coiled coil (CC) domains, CC1 and CC2, two small α-helical regions (αH1, αH2) located either side of 

the CC1 domain, a leucine zipper (LZ), a proline rich region (PRR) and a zinc-finger domain (ZNF) at the extreme 

C-terminus (Figure 4.1). In addition, parts of CC2 and LZ, together with a conserved ubiquitin binding sequence

(amino acids (aa) 285 – 315), make up the so-called ubiquitin binding in ABIN and NEMO (UBAN) domain (Rahigi

et al., 2009). The ZNF domain of NEMO is also thought to mediate interactions with polyubiquitin chains (Cordier

et al., 2009; Ngadjeua et al., 2013), in addition to IκBα (Schrofelbauer et al., 2012).  A region spanning the αH1

and CC1 domains, known as the IKK-binding domain (IBD) and minimally defined as aa 44-111, mediates

interaction with IKKα and IKKβ (May et al., 2000, Marienfeld et al., 2006). The interaction with NEMO is mediated

by a short C-terminal sequence in IKKα and IKKβ known as the NEMO-binding domain (NBD), and is required for

IKK activation (May et al., 2000).

Figure 4.1. Domain organisation of NEMO. NEMO contains several domains essential for its function as a regulatory hub of 
the NF-κB signalling pathway. The N-terminus contains an α-helical region (αH1) and a coiled-coil domain (CC1) that function 
as the binding site for numerous interaction partners, including the canonical IKKs (IKKα and IKKβ), ATM, PIASy, PARP1, TRAF6 
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and cIAP1. There are a number of putative IKK phosphorylation sites (S31, S43, S68 and S85) within this region. Another α-
helical region (αH2) forms a binding interface for TANK, RIP, A20 and ABIN-2. A coil-coiled domain (CC2) and the adjacent 
leucine zipper (LZ) forms the ubiquitin-binding domain (UBAN). At the far C-terminus NEMO contains a proline-rich region, 
containing an additional IKKβ phosphorylation site (S376) and a zinc-finger (ZNF) domain that may be involved in interaction 
with IκBα, as well as certain polyubiquitin chains.  

The precise in vivo composition of the IKK complex and the stimulus-dependency of this composition are areas 

of continued investigation and debate. Biochemical assays with purified IKK complexes suggest the minimal 

canonical IKK complex is composed of an IKKα:IKKβ heterodimer bound to a dimer of NEMO subunits 

(Krappmann et al., 2000; Miller and Zandi., 2001). Multiple forms, however, including IKKα or IKKβ homodimers, 

associated with or distinct from NEMO may be possible in vivo (Khoshnan et al., 1999; Huynh et al., 2000; 

Senftleben et al., 2001). NEMO-dependent functionality of IKKβ in IKKα KO cells is evidence of this (Li et al., 

1999b; Hu et al., 2001). A region spanning the αH1 and CC1 domains that overlaps the IKK binding domain has 

been implicated in NEMO dimerization (Tegethoff et al., 2003), while a region spanning CC2 and the LZ has been 

described as a minimal oligomerization domain (Agou et al., 2004). Mutations in this domain greatly reduce NF-

κB activation, highlighting the importance of NEMO oligomerisation for function of the NF-κB pathway 

(Marienfeld et al., 2006). The full-length NEMO protein has been described as existing in a dimeric, trimeric or 

tetrameric state (Fontan et al., 2007). The latter, whereby the canonical IKK complex would be predicted to 

consist of two IKKα, two IKKβ and four NEMO molecules, is consistent with early biochemical studies indicating 

the apparent molecular mass of endogenous, basal IKK complexes to be in the 700-900 kDa range (Tegethoff et 

al., 2003). However, this large apparent mass may be an overestimate caused by the elongated nature of NEMO 

and the IKK complex as a whole (Ivins et al, 2009). Indeed, recent hydrodynamic studies have proposed that apo-

NEMO (in the absence of IKK) is a dimeric protein that is in weak equilibrium with a tetrameric assembly, and 

that interaction with IKK is mutually exclusive with tetramerization (Ivins et al., 2009).  

The recent crystallisation of Xenopus and human IKKβ has provided new insights into the possible composition 

of IKK complexes (Xu et al., 2011; Liu et al., 2013; Polley et al., 2013). The structures indicated IKKβ forms a stable 

dimer, with dimerization required for IKKβ activation (via phosphorylation) but not activity. However, different 

higher-order oligomeric states, including tetramers, trimers and dimers of IKK dimers, were observed in the 

asymmetric unit of the crystal lattice through specific contacts between kinase domains (Liu et al., 2013; Polley 

et al., 2013). Dimerization of IKKβ dimers was proposed as a mechanism of IKK activation via trans auto-

phosphorylation, and a potential explanation for the high level of signal amplification observed within the 

pathway (Liu et al., 2013; Polley et al., 2013). Subsequently, a recent study attempted to characterise putative 

higher-order IKK structures using super-resolution microscopy (Scholefield et al 2016). A higher order NEMO 

lattice extending from 400 nm to over 1 μm was observed in untreated cells, and was speculated to be composed 

of NEMO dimers linked through dimeric IKK subunit and polyubiquitin chain binding. Consistent with this model, 

abrogation of non-covalent polyubiquitin chains or IKK:NEMO binding lead to collapse of the lattice. IL-1 

stimulation altered the arrangement of this lattice, resulting in dense, smaller NEMO aggregates visible by 

conventional confocal microscopy.  
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NEMO is the regulatory hub of the IKK complex, integrating multiple signals and acting as a scaffold to bring 

various proteins into the IKK signalosome; protein microarrays have identified over 100 NEMO interactors 

(Fenner et al., 2010). Indeed, this scaffold function of NEMO has been shown to be important in directing the 

stimulus-specific substrate specificity of IKKβ; otherwise a functionally pleiotropic kinase (Schröfelbauer et al., 

2012). Two characteristics of NEMO are vital for this role as a central scaffold: its ability to bind to non-

degradative ubiquitin chains, and its elongated, modular structure.   

Regarding the former, NEMO interacts with linear Met1-linked ubiquitin chains via its UBAN domain (Lo et al., 

2009; Rahigi et al., 2009), and K63-linked ubiquitin chains via both the UBAN and the ZNF domains (Cordier et 

al., 2009; Ngadjeua et al., 2013). Such interactions are important for induction of the canonical IKK complex, 

because IL-1 and TNFα fail to robustly activate IKKα or IKKβ in cells expressing NEMO mutants that are incapable 

of binding ubiquitin chains (Ea et al., 2006; Wu et al., 2006a; Windheim et al., 2008). Multiple explanations for 

the mechanistic importance of ubiquitin binding have been proposed. They include; facilitating the stimulus-

induced recruitment and colocalisation of upstream signalling components (such as TAK1) to promote IKK 

activation (Wang et al., 2001; Xu et al., 2009); inducing allosteric conformational changes in NEMO that promote 

the activity of bound IKK (Bloor et al., 2008; Rahigi et al., 2009; Catici et al., 2015); and, as previously discussed, 

facilitating the formation of higher-order NEMO-dependent structures that promote IKK trans-activation (Fujita 

et al., 2014).   

To date, a handful of partial NEMO solution structures have been determined, summarised in Figure 4.2. (Rushe 

et al., 2008; Bagneris et al., 2008; Cordier et al., 2008; Lo et al., 2009; Yoshikawa et al., 2009; Cordier et al., 2009). 

Collectively, they suggest a structural model whereby NEMO subunits within the IKK complex form two entwined 

predominantly helical rods that act as an extended linear platform for the binding of multiple interaction partners 

along its length (Zheng et al., 2011). However, no structure for the full-length form of NEMO has yet been solved, 

and only two structures of fragments of apo-NEMO (in the absence of bound interaction partners), that of a CC2-

LZ fragment and the ZNF domain, have been determined (Cordier et al., 2008; Lo et al., 2009). This likely reflects 

both the elongated nature and conformational heterogeneity of full-length NEMO, as well as a high degree of 

conformational flexibility in the absence of binding partners (Catici et al., 2015). For example, apo-NEMO 

constructs of any length encompassing the IKK-interaction domain produce nuclear magnetic resonance (NMR) 

spectra that are poor in quality, indicating structural instability and conformational heterogeneity (Rushe et al., 

2008). In support of this, the crystal structure of a NEMO-IBD/IKK complex fragment demonstrated that 

hydrophobic residues in the IKK-binding specificity pocket of NEMO would be water-exposed if the IKK peptides 

were stripped from the structure, suggesting that the aa44–111 region (minimal IKK binding sequence) could be 

disordered, in a different conformation, or masked in the absence of IKK (Rushe et al., 2008).  
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Figure 4.2. Structures of NEMO and its complexes. (A) Simplified domain organisation of human NEMO with highlighted 
binding sites of interaction partners, the complexes of which have been structurally characterised. (B) Crystal structure of 
NEMO IKK-binding domain (IBD, purple) in complex with an IKKβ peptide (cyan) (PDB code 3BRT). Two orthogonal views of 
the NEMO dimer are shown. (C) Crystal structure of NEMO αH2 (green) in complex with vFLIP (brown) (PDB code 3CL3). (D) 
Crystal structure of NEMO CC2-LZ domain (orange-yellow) in complex with linear di-Ub (magenta) (PDB code 2ZVN). (E) NMR 
structure of NEMO ZNF (pink) (PDB 2JVX). Zinc ion shown as grey sphere. (F) Proposed model of full-length NEMO as an 
elongated coiled coil dimer. (Rushe et al., 2008; Bagneris et al., 2008; Cordier et al., 2008; Lo et al., 2009; Yoshikawa et al., 
2009; Cordier et al., 2009). Figure adapted from Zheng et al., 2011. 

Despite these indications, the potential conformational flexibility of NEMO has been an understudied aspect of 

its function as a signalling platform. Three studies, have attempted to address this problem using various 

biophysical techniques (Catici et al., 2015; Bagnèris et al., 2015; Catici et al., 2016). Collectively, they suggest that 

NEMO has a significant degree of native structural disorder and is in a dynamic equilibrium between well-folded 

(coiled coil) and locally unfolded (random coil) states, which can be differentially stabilized upon ligand (IKK, IκBα, 

polyubiquitin chains) binding.  

Although poorly studied in the case of NEMO, there is an increasing general realization that the molecular 

mechanism of many proteins, particularly those involved in signalling or protein-interaction networks, is 

governed by molecular flexibility and protein structural disorder (Haynes et al., 2006; Cortese et al., 2008). These 

so-called intrinsically disordered proteins (IDPs), examples of which include p53 and p21CIP1, are proteins 

containing extensive disorder that is important for function (Bell et al., 2002; Asher et al., 2005; Yoon et al., 

2012). Some of the physical characteristics of well-defined IDPs that benefit their central role as signalling hubs 

include; conformational flexibility, enabling promiscuous interactions with numerous targets; accessible sites for 

post-translational modifications; conserved sequence motifs and recognition elements that fold upon partner 
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binding; high-specificity, low-affinity transient and dynamic protein interactions; and allosteric regulation of 

binding partner activity (van der Lee et al., 2014). 

Another characteristic feature defining many IDPs is a susceptibility to ubiquitin-independent degradation by the 

core 20S proteasome, so-called ‘degradation by default’ (Tsvetkov et al., 2009). The common consensus is that 

proteins must undergo prior ubiquitin modification in order to be targeted to and degraded by the 26S 

proteasome, which consists of the 20S proteolytic core and two 19S regulatory capping complexes (Hochstrasser 

et al., 1996). A range of accumulating evidence, however, suggests that ubiquitin-independent proteasomal 

degradation has been greatly underestimated and is an important regulatory process, particularly in the 

destructive removal of ‘aged’, oxidised or unfolded proteins (Erales et al., 2014). IDPs represent the predominant 

targets of the ubiquitin-independent pathway identified to date, and is thought to be because uncapped 20S 

proteasome particles exhibit basal degradative activity towards protein substrates with complete or regionally 

localised intrinsic disorder, without the requirement of prior modification (Tsvetkov et al., 2008). A ‘nanny’ model 

has been proposed to explain the protection of newly synthesised IDPs from ‘degradation by default’ via the 20S 

proteasome (Tsvetko et al., 2009). An interaction partner(s), the ‘nanny’ would bind to recognition motifs within 

intrinsically disordered segments of newly synthesised IDPs, shifting the conformational equilibrium to a more 

discrete, ordered state and thus protecting the IDP from recognition and degradation by the 20S proteasome. 

For example, the protein NQO1 has been described as a general 'nanny’ that protects numerous regulatory 

proteins, such as p53, p73, p33, c-Fos and eIF4GI from 20S-mediated ubiquitin-independent degradation in vivo 

(Asher et al., 2002; Asher et al., 2005; Adler et al., 2010; Alard et al., 2010; AT Dinkova-Kostova et al., 2010).  

During the characterisation of IKKα KO, IKKβ KO and IKKα/β DKO CRISPR-Cas9 HCT116 cells, an IKK KO-selective 

decrease in NEMO protein was observed. Here, preliminary evidence is presented that this decrease in NEMO 

protein reflects enhanced proteasome-dependent degradation and may reflect the fact that NEMO is an IDP that 

is unstable in the absence of IKK interaction partners.  

4.2 Results 

4.2.1 Loss of IKK subunits cause a reduction in NEMO expression at the protein, but not 

mRNA, level. 

WT, IKKα KO, IKKβ KO and IKKα/β DKO isogenic HCT116 CRISPR-Cas9 cell lines were generated as described in 

Chapter 3. Whilst examining the effect of IKK knockout on the function of the NF-κB pathway it was observed 

that the expression of NEMO protein was significantly lower in IKKα and IKKα/β DKO clones than WT clones 

(Figure 4.3A). This was observed with two different specific monoclonal antibodies against NEMO, so was unlikely 

to be due to an epitope-masking effect. Densitometry analysis of the blots confirmed what could be seen by eye 

(Figure 4.3B and C). IKKα knockout resulted in an approximately 50-60% decrease in NEMO protein, while 

knockout of both IKKα and IKKβ caused a striking >90% decrease in NEMO protein. A small, but significant, 

decrease in NEMO protein was also seen in IKKβ KO cells with one of the antibodies tested.  
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One potential issue with inferring protein function from the phenotype of knockout cells is the possibility of 

adaptation to loss of the knocked out protein over a period of time by rewiring gene expression. To confirm that 

the decreased NEMO expression observed in IKK KO cells was a direct result of loss of IKK, the effect of siRNA-

mediated knockdown of IKK subunits on NEMO expression was investigated (Figure 4.3D). The results were 

consistent with those seen with the KO cells. IKKα knockdown caused a greater reduction in NEMO expression 

than IKKβ knockdown, while knockdown of both IKKα and IKKβ caused a reduction in NEMO that was greater 

than the effect of the single KOs combined. Collectively, the data suggest that IKK is necessary for continued 

expression of NEMO protein, and that IKKα is of greater importance than IKKβ for maintaining wild-type levels 

of NEMO expression. 

Reverse-transcription quantitative PCR (RT-qPCR) was used to determine if the reduced NEMO expression in IKK 

KO cells was the result of decreased mRNA expression or a post-transcriptional effect (Figure 4.4). IKK knockout 

had no significant effect on NEMO mRNA levels. In contrast to the levels of NEMO protein, IKKα/β DKO cells 

exhibited a small increase in NEMO mRNA expression relative to WT. Although, this difference did not reach 

significance for the three DKO clones examined. The effect of IKK knockdown on NEMO mRNA expression was 

not examined. 

IKK appeared, therefore, to be necessary for normal NEMO protein expression. To examine whether IKK was also 

sufficient to promote NEMO expression, and the requirement of IKK kinase activity, WT and kinase dead (KD) 

IKKα and IKKβ constructs were re-expressed in IKKα/β DKO cells. Re-expression of either WT IKKα or IKKβ led to 

a partial, but significant, restoration of NEMO expression back towards WT levels (Figure 4.5A and B). The same 

effect was seen with KD IKKα or IKKβ, indicating that kinase activity was not necessary for IKK to promote an 

increase in NEMO protein. Interestingly, treatment with TNFα had the effect of reducing NEMO expression back 

towards the level observed prior to IKK re-expression. This was not observed in WT cells. More repeats are 

needed to gain statistical power and hence confidence in the significance of the subtle differences in NEMO 

expression observed between timepoints for WT compared to KD IKK.  

Co-expression of KD IKKα and IKKβ had a greater effect on NEMO expression than expression of either construct 

alone, suggesting that both IKKα and IKKβ normally act to promote NEMO expression in the WT state (Figure 

4.5C and D). However, the increase in NEMO following re-expression of either or both IKKα and IKKβ was 

relatively modest, and did not come close to restoring WT levels of NEMO expression. Despite the apparent 

overexpression of IKKα and IKKβ, the transfection efficiency achieved in HCT116 cells was typically relatively low; 

approximately 50 – 60% after optimization (data not shown). Therefore, approximately 50% of cells might have 

remained IKK DKO after transfection, and hence 50% of the lysate might have contained NEMO protein 

expression representative of DKO cells. Unfortunately, initial attempts to generate stable WT and KD IKK-

expressing cell lines failed. However, this approach will be necessary to confirm the sufficiency of IKK in 

promoting NEMO expression.   

NEMO expression decreased following TNFα treatment in cells transfected with a single IKK subunit (Figure 4.5B). 

The same effect was also observed in IKKβ and IKKα KO cells treated with TNFα (Figure 4.6A). NEMO protein 

decreased in WT cells following treatment with TNFα, but the decrease was more pronounced in IKKβ and IKKα  



Figure 4.4. IKK KO has no statistically significant effect on NEMO mRNA expression. Three independently 
derived WT clones and three clones each of IKKα single, IKKβ single and IKKα/β double knockout were seeded in 
normal growth medium for 48 hours prior to RNA extraction. Relative NEMO mRNA expression was determined by 
RT-qPCR, with normalisation to the geometric mean of the reference gene (YWHAZ and UBC) expression. Data are 
plotted on a logarithmic scale as median NEMO expression ratios relative to the WT control samples (expression of 
which is represented by dotted line at expression ratio = 1). Boxes represent the interquartile range. Whiskers repre-
sent the minimum and maximum observations. NS, no significant difference between sample and control group. 
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KO cells (Figure 4.6B). This data is preliminary in nature due to the lack of replicates, but the trend is apparent 

and worthy of further investigation.  

4.2.2 NEMO protein has a shorter half-life in IKK DKO cells, potentially due to enhanced 

proteasomal degradation 

By definition, the steady state expression of a protein is reached when its rate of synthesis (mRNA translation) 

and degradation are balanced, and unchanging with respect to time. The lower steady state NEMO protein 

abundance in the absence of lower mRNA expression indicated that IKK knockout might have shifted the 

equilibrium between the rates of NEMO mRNA translation and protein degradation. Protein degradation occurs 

mainly through the ubiquitin-dependent or ubiquitin-independent proteasome system, and autophagic 

pathways, including autophagosome-dependent macroautophagy, autophagosome-independent chaperone-

mediated autophagy (CMA) and endosomal microautophagy (Dunn 2003). Other proteases also play a minor role 

in protein degradation, including calpains and caspases. 

MG-132 is a tripeptide aldehyde inhibitor of the catalytic core of the 26S proteasome (Rock et al., 1994). At 

concentrations of 50-100 μM it inhibits all three proteasomal peptidase active sites: chymotrypsin-like (ChT-L), 

trypsin-like (T-L) and postacidic. Concentrations of ≤ 10 μM are sufficient to specifically inhibit the ChT-L activity, 

which is considered to be the most important proteolytic activity (Patterson et al., 2005). Treatment of IKK DKO 

cells with 10 μM MG-132 for 6 hours led to a modest increase in steady state NEMO protein (Figure 4.7A). This 

effect was not as clear in the IKKα KO cells. Accumulation of phosphorylated IκBα due to decreased basal turnover 

of IκBα was used as a positive control for inhibition of the proteasome. Increasing the concentration of MG-132 

to 20 μM or 50 μM had no additional stimulatory effect on steady state NEMO protein abundance over that 

observed with 10 μM. In fact, NEMO abundance appeared lower in WT, IKKα KO and DKO cells treated with 50 

μM MG-132. The concomitant decreased in phosphorylated IκBα and IKKα abundance could indicate a toxicity 

effect at this high MG-132 concentration. Unfortunately, no quantitative assessment of cell viability was made.  

To explore the contribution of autophagosome-dependent autophagy and endosomal/lysosomal degradation 

pathways to decreased steady state NEMO protein, WT, IKKα KO, IKKβ KO and IKKα/β DKO cells were treated 

with bafilomycin A1, chloroquine and ammonium chloride (NH4Cl). Bafilomycin A1 is an inhibitor of the vacuolar 

H+ ATPase (V-ATPase) that blocks fusion between autophagosomes and lysosomes and hence inhibits delivery of 

proteins targeted for lysosomal degradation (Yoshimori et al., 1991; Yamamoto et al., 1998). Chloroquine is a 

lysosomotrophic agent (Steinman et al., 1983). It accumulates in acidic compartments of the cell, including 

endosomes and lysosomes where it causes acidification that inhibits lysosomal hydrolases and prevents fusion 

of lysosomes and autophagosomes/endosomes. Ammonium chloride causes a similar acidification of the 

lysosomes/endosomes (Gordon et al., 1980). These inhibitors had no effect on the steady state level of NEMO 

protein (Figure 4.7B). The activity of these inhibitors was confirmed by treatment-induced accumulation of LC3B-

II.  

The partial accumulation of NEMO observed following MG-132 treatment (Figure 4.7A) might indicate that the 

rate of nascent NEMO protein synthesis is slow, such that only a small amount of protein accumulated within the 

6 hour period that proteasomal degradation was inhibited. As such, inhibition of lysosomal degradation for 6  
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hours may not have been sufficient to observe a substantial increase in NEMO protein. To attempt to address 

this, the effect of MG-132 and chloroquine on NEMO abundance over a 16 hour period was examined (Figure 

4.7C). To mitigate against effects on cell viability, the concentrations of both inhibitors were lowered. MG-132 

again induced the accumulation of NEMO protein in both the IKKα KO and IKK DKO cells. Interestingly, whereas 

chloroquine treatment decreased the expression of NEMO further in DKO cells, it induced a small increase in the 

IKKα KO cells. Whether this observation is significant awaits further repeats.  

GSK3β has been proposed to stabilise NEMO protein through the phosphorylation of residues at the N-terminus 

of the protein; S8, 17, 31 and 43 (Medunjanin et al., 2016). Although a convincing mechanism by which GSK3β 

phosphorylation protects NEMO from degradation was not proposed, Medunjanin et al claimed to rule out 

proteasomal degradation. It is possible, therefore, that in the absence of IKK, GS3Kβ is no longer able to interact 

with and phosphorylate NEMO to promote its stability. To investigate whether GSK3β phosphorylation 

contributes to the stability of NEMO in this context, WT, IKKα KO and DKO cells were treated with the highly 

selective GSK3α/β inhibitor, CHIR 99021 for 4 or 8 hours. (Figure 4.7D). Potent inhibition of GSK3β was confirmed 

through blotting for phosphorylation of β-catenin at the GSK3β phosphorylation sites, S33, S37 and T41. In direct 

contrast to the conclusions made by Medunjanin et al, inhibition of GSK3β kinase activity actually appeared to 

promote a moderate stabilisation NEMO in WT, IKKα KO and DKO cells, suggesting that the reduced NEMO 

protein in IKK KO cells is not due to reduced GSK3β function. All experiments performed by Medunjanin et al to 

investigate NEMO stability and degradation were performed using GFP-tagged NEMO constructs, rather than 

endogenous NEMO. This is of concern because multiple studies have demonstrated that tagged proteins, 

particularly those fused to large tags such as GFP and TAP, have artificially shorter half-lives than the untagged 

form of the protein (Belle et al., 2006; Yewdell et al., 2011). Multiple mechanisms have been proposed to account 

for this. For example, GFP expressed alone or as fusion proteins has been shown to inhibit K48 and K63 

polyubiquitylation, resulting in NF-κB and JNK pathways being less responsive to activation (Baens et al., 2006).  

A new steady-state level of a protein after treatment with a proteasome inhibitor can be reached kinetically by 

changes in its degradation rate with a constant rate of protein synthesis, by changes in its rate of protein 

synthesis, or by both changes in synthesis and degradation (Alvarez-Castelao et al., 2012). Therefore, in the 

absence of measuring the effect of MG-132 on NEMO mRNA expression it was not possible to conclude with any 

certainty that the lower steady state NEMO protein observed in IKKα KO and DKO cells was due to a greater rate 

of proteasomal degradation. The observed trend, however, was sufficient to explore the effect of proteasome 

inhibition on NEMO protein half-life in a series of emetine-chase and radioactive pulse-chase kinetic experiments. 

Emetine dihydrochloro hydrate (hereafter described as emetine), is an alkaloid that blocks protein synthesis in 

eukaryotic cells by binding to the 40S ribosomal subunit and inhibiting the translocation step of the elongation 

cycle (Grollman, 1968). WT cells treated with 10 μM emetine for up to 8 hours exhibited a small decrease in 

existing NEMO protein by Western blot that could be reversed by treatment with MG-132 (Figure 4.8A and C). 

MCL1 is a protein with a short half-life of approximately 30 minutes (Yang et al., 1996). The complete depletion 

of MCL1 protein over the 8 hour timecourse indicated that protein synthesis had been fully inhibited at this 

saturating emetine concentration. MG-132 treatment alone induced a marked accumulation of MCL1 protein. 

The partial reduction in MCL1 observed following 8 hours combined treatment with emetine and MG-132  
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indicated that the proteasome may not have been completely inhibited under these conditions, although this 

could also reflect a toxicity effect or an effect at the mRNA level.  

NEMO protein decayed at a small but significantly faster rate in the IKKα KO cells than the WT cells (Figure 4.8A 

and B). The emetine-induced depletion of NEMO protein in both the WT and IKKα KO cells could be significantly 

reversed through treatment with MG-132. As seen earlier, IKKα/β DKO cells under steady state conditions 

exhibited considerably less NEMO protein than WT cells. NEMO in DKO cells also decreased in abundance at a 

significantly faster rate than in WT cells upon perturbation of the steady state with emetine; NEMO protein 

decayed to almost undetectable levels after 8 hours (Figure 4.8C and D). The rate of decay of NEMO protein in 

DKO cells could be significantly reversed through treatment with MG-132. As with MCL1, the absence of 

complete rescue by MG-132 could reflect incomplete inhibition of the proteasome, reduced cell viability, changes 

in mRNA synthesis/degradation, or the effect of additional non-proteasome dependent degradation pathways. 

As before, further experiments are needed to rule out contributions of changes at the mRNA level to the 

observed effects on NEMO protein. In addition, it is important to note that additional timepoints will be required 

to more accurately compare half-lives. Nevertheless, the data is consistent with a reduced NEMO protein half-

life in IKKα KO and DKO cells compared to WT, and suggests that a contributing factor to such reduced half-lives 

might be enhanced proteasomal degradation.  

A limitation of emetine-chase experiments is that the disruption of global protein synthesis may affect the 

stability and abundance of proteolytic enzymes themselves or regulators of the transcription/translation/post-

translational modification of the protein of interest. As such, the protein half-life is measured under conditions 

that may not accurately reflect normal growth conditions. Radioactive pulse-chase labelling is an alternative 

method for estimation of protein half-life that imposes minimal perturbation on normal cell growth or 

metabolism. However, it does only measure the turnover rate of newly synthesised protein, which may or not 

be identical to the rate of degradation of the pre-existing protein in the cell. The two rates will be similar when 

the rate of protein folding, post-translational modifications, protein interactions and subcellular localization (all 

of which modulate protein stability) are significantly faster than the rate of protein degradation. Although 

preliminary in nature due to the absence of replicates, a [35S]-methionine/cysteine pulse chase experiment 

indicated that the half-life of newly synthesised NEMO protein was considerably reduced in DKO cells compared 

to WT (Figure 4.9B and C). Unfortunately, due to technical issues the data for IKKα KO was incomplete (Figure 

4.9A and B). The available data points, however, indicated that the half-life of newly synthesised NEMO in IKKα 

KO cells might be approximately close to that in WT cells. The effect of proteasomal inhibition was not examined 

and so no conclusions could be made about the cause of this apparent shorter half-life in DKO cells.  

4.2.3 NEMO is predicted to contain substantial regions of intrinsic disorder, a proportion 

of which may be stabilised upon protein binding 

The factors that determine the half-life of a protein are complex and varied. Although an oversimplification, the 

rate at which a protein undergoes proteasomal degradation will be considered here as the dominant factor 

influencing protein half-life (Belle et al., 2006). The degron model of ubiquitin-dependent proteasomal 

degradation suggests that the signal for degradation consists of three parts: a primary degron (peptide motif)  
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that confers substrate recognition by E3 ubiquitin ligases; a reversibly attached ubiquitin tag that is recognised 

by adaptor proteins that deliver the protein to the 26S proteasome; and an unstructured initiation site within 

the target protein that facilitates recognition by the proteasome and subsequent unfolding and proteolysis of 

the entire polypeptide chain (Guharoy et al., 2016a). Regarding the former, the minimal signal necessary for 

proteasome targeting is a chain of four K48-linked ubiquitin molecules, although numerous other ubiquitin 

linkages have also been shown to target proteins for degradation (Thrower et al., 2000; Ciechanover et al., 2014). 

However, ubiquitin modification of a folded protein alone is not sufficient for rapid proteasomal degradation; an 

intrinsically disordered region (IDR), either terminal or internal, to which the proteasome binds and initiates 

degradation, is also required (Prakash et al., 2004). This initiation region must be of a certain minimal length and 

must be sufficiently separated in space from the proteasome-binding tag (Prakash et al., 2004; Inobe et al., 2011). 

In the case of terminal IDRs, this length appears to approximately 20 – 40 aa for efficient targeting, which 

corresponds to a random coil conformation span of 50-70 Å (Miller et al., 1968; Inobe et al., 2011). This is similar 

to the predicted distance between the entrance to the ATPase ring of the 19S regulator cap (the motor of the 

proteasome thought to catalyse unfolding) and loops protruding into pore of the ring that are thought to bind 

and pull on the unstructured initiation region (Djuranovic et al., 2009). 

Although the physiological relevance remains unclear, many IDPs, such as p53, p21CIP1, Rb, c-Fos and BIMEL have 

been demonstrated to undergo ubiquitin/ATP-independent degradation by the 20S core proteasome both in 

vitro and, in some cases, in vivo (Kaletjea et al., 2003; Li et al., 2007; Baugh et al., 2009; Adler et al., 2010; Wiggins 

et al., 2011). Susceptibility to this form of proteolysis has been proposed as a general property of IDPs (Tsvetkov 

et al., 2008). Such proteins typically have IDRs at their termini, which can target the whole protein for 

degradation without the need for ATP-dependent unfolding (Peña et al., 2009). Indeed, the N-terminal 

unstructured domains of various IDPs, such as ornithine decarboxylase (ODC), Rpn4 and IκBα have been shown 

to function as transplantable ubiquitin-independent degrons to mediate degradation of otherwise globular 

proteins (Gödderz et al., 2011; Ha et al., 2012; Fortmann et al., 2015). The mechanism by which this occurs is 

poorly defined, but may involve unstructured termini entering through the narrow gate of the 20S catalytic core 

during stochastic gate openings (Osmulski et al., 2000; Religa et al., 2010). These unstructured termini may 

contain sequence/conformational features that allow them to function as particularly effective initiation sites 

(Suskiewicz et al., 2011).  

The presence of significant regions of intrinsic structural disorder appears, therefore, to be a common factor 

promoting both ubiquitin-dependent and ubiquitin-independent proteasomal degradation. Indeed, a recent 

large-scale analysis demonstrated that yeast, mouse and human proteins with terminal or internal IDRs had 

significantly shorter half-lives than proteins without such features (van der Lee et al., 2014). 

A range of protein disorder prediction algorithms were used to investigate the potential degree of intrinsic 

disorder in NEMO ((Figure 4.10, see Materials and Methods Section 2.17 for details). Such algorithms display a 

degree of inherent inaccuracy (5% false positive rate in trained data sets at the probability thresholds used) that 

can be partly mitigated through the use of a combination of predictors. Confidence in this common consensus 

can be further increased by using tools with different prediction strategies. Overall, the NEMO amino acid 

sequence predicted major regions of intrinsic structural disorder, with a striking level of agreement between the 
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various predictors. The consensus prediction indicated two long (> 30 aa) high confidence regions of disorder, 

one at the extreme N-termini, and one near the C-terminus. This pattern of disorder was reminiscent of that 

observed in the well-characterised IDP, p53, which has highly disordered termini (Figure 4.10G). A number of 

shorter, internal regions of disorder were also predicted, although there was less agreement on their location. 

However, seven out of the eleven predictors predicted a high confidence disordered region of approximately 20 

amino acids centred on aa 180, while  six out of the eleven predictors, predicted a high confidence disordered 

region of approximately 20 amino acids centred on aa 250. The structure/disorder consensus taken from the 

Protein data bank (PDB) structures available for NEMO indicated that the predicted regions of disorder were 

found approximately between the regions of solved structure (Figure 4.10Av). This is also reflected in the plot of 

non-assigned X-ray structure coordinates, as defined by REMARK-465 entries in the PDB (Figure 4.10B). The 

failure to date to crystallize full-length NEMO protein is perhaps due to these significant regions of intrinsic 

disorder.  

The predicted N-terminal disordered region partially overlapped the IBD of NEMO (Figure 4.10Ai). Furthermore, 

IKKβ phosphorylates two residues, Serine 31 and Serine 43, in vitro, that lie within this N-terminal disordered 

region (Carter et al., 2003). The function of these phosphorylation sites have not been identified. A third IKKβ 

phosphorylation site, Serine 376 sits within the predicted C-terminal disordered region, which aligned with the 

PRR of NEMO and is thought to be important in feedback inhibition of IKK activity (Prajapati et al., 2002). 

Interestingly, the PRR of NEMO was predicted to contain a potential PEST motif (Figure 4.10F). PEST motifs were 

originally identified as enriched sequences in proteins with short half-lives (Rogers et al., 1986). They are 

proposed to act as conditional proteolytic signals, although the mechanism by which they do so has remained 

elusive. PEST motifs lack a common consensus, but are typically C-terminal hydrophilic stretches of ≤ 12 residues 

rich in proline, glutamate, serine and threonine, flanked by lysine, arginine or histidine, and uninterrupted by 

positively charged residues (Rechsteiner and Rogers et al., 1996). A cross-species alignment of this sequence 

demonstrated a high degree of sequence conservation.   

As mentioned earlier, proteins with significant regions of intrinsic disorder are thought to be inherently sensitive 

to proteasomal degradation, but are often protected from ‘degradation by default’ by interaction with binding 

partners, which either promote order in, or mask, the IDRs. Such interactions typically occur with functional 

elements known as molecular recognition features (MoRFs) (Oldfield et al., 2005). These are short amino acid 

sequences within longer disordered regions that undergo disorder-to-order transitions (folding) upon binding to 

their interaction partners. A selection of the most accurate MoRF identification tools with differing prediction 

strategies were used to predict the location of potential MoRFs within NEMO (Figure 4.11. See Materials and 

Methods Section 2.21.3 for details). All of the prediction tools identified at least one high confidence mORF within 

the N-terminal 50 amino acids of NEMO. There was also strong agreement on the presence of at least one high 

confidence mORF within the C-terminal 50 amino acids. This pattern is also found in p53, which contains multiple 

validated mORFs within its terminal disordered regions (Figure 4.11G). There was less agreement between 

predictors on the location of other internal mORFs, possibly reflecting the different sensitivities of each 

algorithm; some are more accurate at predicting long mORFs than short mORFs and vice versa. However, there 

was agreement between two predictors, ANCHOR and moRFPred (Figure 4.11A and B), on the presence of a high 
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Figure 4.10. Protein disorder prediction methods identify common consensus regions of intrinsic disorder 
within NEMO. (A) NEMO domain structure is displayed with a selection of highlighted key known/predicted protein 
interaction sites and identified (either in vitro or in vivo) IKKβ-specific phosphorylation sites . On the same amino 
acid sequence scale are the results of a selection of protein disorder predictors (Espritz, IUPRED, PV2, PONDR 
VLXT and PONDR VSL2b) taken from the D2P2 database. Coloured blocks represent disordered regions having a 
confidence score higher than 0.5, with a 5% false positive rate. The level of agreement between all of the disorder 
predictors is shown as color (green) intensity in an aligned gradient bar below the stack of predictions. Directly 
beneath this is clear indication of sequence positions for which there is 75% agreement between all predictors in 
the database for the region being disordered. Below this is a representation of consensus regions of defined struc-
ture or disorder provided by the various X-ray and NMR structures of NEMO within the PDB (consensus data 
obtained from MobiDB database). (B) Intrinsic disorder probability plot for NEMO generated using DisEMBL. 
Loops/coils (in blue) as defined by DSSP - alpha-helix, 3-10 helix or beta-strand defined as ordered, and all other 
states as loops/coils. Missing X-ray coordinates (green), as defined by REMARK-465 entries in PDB. Dashed lines 
mark the threshold above which amino acids are regarded as disordered according to the two seperate prediction 
definintions. (C) Intrinsic disorder probability plot for NEMO generated using PrDOS. Threshold with 5% false 
positive rate shown as red dashed line. (D) Intrinsic disorder probability plot for NEMO generated using DISO-
PRED3. Blue line indicates residue disorder confidence levels. Threshold with 5% false positive rate shown as 
black dashed line. For disordered residues, the orange line shows the confidence of disordered residues being 
involved in protein-protein interactions. (E) Intrinsic disorder probability plot generated using MFDp2. Threshold 
with 5% false positive rate shown as black dashed line. (F) Potential PEST motifs in NEMO identified by epestfind 
and a cross-species alignment of the PEST motif (shown in bold) with a score of +8.49. Blue resiudes are flanking 
positively charged residues. Red highlights non-conserved residues. (G) DISOPRED3 prediction of intrinsic disor-
der and residues involved in protein binding for the well-characterised IDP, p53. CC, coiled coil. αH, alpha-helix. LZ, 
leucine zipper. ZNF, zinc-finger domain. PRR, proline rich region. P, phosphorylation  
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Figure 4.11. mORF predictors identify segments within intrinsically disordered regions of NEMO that might 
fold upon binding to interaction partners. (A) Plot of confidence scores derived from ANCHOR predictor that 
residues within NEMO are within molecular recognition features (mORFs). Residues with confidence scores above 
threshold = 0.5 are predicted to be within mORFs. (B) Plot of confidence scores derived from mORFpred predictor 
that residues within NEMO are within molecular recognition features (mORFs). Residues with confidence scores 
above threshold = 0.5 are predicted to be within mORFs.(C) Plot of confidence scores derived from mORFCHIBI 
SYSTEM predictor that residues within NEMO are within molecular recognition features (mORFs). Residues with 
confidence scores above threshold = 0.6 are predicted to be within mORFs. (D) Plot of confidence scores derived 
from DisoRDPbind predictor that residues within NEMO are within molecular recognition features (mORFs). 
Residues with confidence scores above threshold = 0.8 are predicted to be within mORFs. 

151



152 

confidence mORF within the leucine zipper (LZ) domain of NEMO. Interestingly, each of the prediction tools 

identified at least one potential, albeit relatively low confidence, mORF within the minimal IKK binding domain 

of NEMO (aa 44-111).   

4.2.4 NEMO is susceptible to rapid proteolysis in vitro by the 20S proteasome and is 

protected from degradation by interaction with IKKα or IKKβ 

It must be stressed that the in silico predictions of potential intrinsic disorder and mORFs in NEMO were 

performed in order to guide further investigation, and should not be taken as definitive. Collectively, the 

predictions indicated that NEMO is a candidate IDP, with significant regions of disorder at the extreme N terminus 

and within the PRR that might make NEMO susceptible to ‘degradation by default.’ The presence of mORFs within 

the N terminal disordered region suggested that this region might undergo folding upon interaction with binding 

partners, thus preventing recognition of this potentially effective proteasomal degradation initiation site. To 

investigate this, the susceptibility of NEMO to in vitro 20S-mediated proteasomal degradation was assessed 

(Figure 4.12). Sensitivity to 20S proteasomal degradation has been proposed as an operational definition for IDPs 

(Tsvetkov et al., 2008). [35S]-methionine labelled NEMO was synthesised in an in vitro coupled transcription and 

translation (T&T) reaction and incubated with purified 20S proteasomes. NEMO was rapidly degraded within 60 

minutes incubation with 20S proteasomes (Figure 4.12A, B and C). As described earlier, a ‘nanny’ model has been 

proposed to account for the protection of IDPs from degradation by default within the cell; interactions with 

partner proteins mask and/or induce folding of IDRs that would otherwise target IDPs for degradation by the 20S 

proteasome (Tsvetkov et al., 2009). The disorder predictions highlighted a potential N-terminal IDR overlapping 

the IKK binding site of NEMO. N-terminal IDRs are known to facilitate rapid 20S-dependent turnover of other 

well-characterised IDPs, such as P53. This N-terminal IDR was also predicted to contain at least one mORF, 

suggesting that this region may be stabilised through protein interactions. To investigate whether interaction 

with IKK might protect NEMO from degradation, NEMO was incubated with or without IKKα and/or IKKβ in the 

presence of purified 20S proteasomes. Both IKKα and IKKβ significantly protected NEMO from 20S-dependent 

degradation (Figure 4.12D and E). The greater protection mediated by IKKβ compared to IKKα was at odds with 

the observation that IKKα KO cells exhibited a greater reduction in NEMO protein than IKKβ KO cells. There are 

numerous technical explanations for why this might be the case. For example, the greater band smear observed 

when IKKα was expressed with NEMO compared to IKKβ may indicate that IKKα was also partially degraded by 

the 20S proteasome under these conditions. Further experiments are needed to confirm this. Also, the differing 

location of the FLAG-tags in IKKα (N-terminal) and IKKβ (C-terminal) might have had an impact on the results, 

particularly given that the NEMO-binding domain is located at the extreme C-terminus. These experiments will 

be repeated with un-tagged versions of IKK to test this.  

Collectively, the in silico predictions and in vitro 20S proteasome assay results highlighted that NEMO contains 

significant regions of intrinsic disorder that might act as highly effective initiation sites for proteasomal 

degradation in the absence of binding partners, such as IKKα and IKKβ. 



Figure 4.12. NEMO is rapidly degraded by the 20S proteasome in vitro, and protected from degradation by 
IKKα or IKKβ. (A) FLAG-NEMO was synthesized in vitro using a T&T reaction in the presence of [35S]-methionine, 
followed by incubation with purified 20S proteasomes for the indicated time intervals. Samples were subjected to 
SDS-PAGE and detected by autoradiography. (B) Quantification of this data is shown graphically, where the amount 
of protein is represented as a percentage of protein present at time zero. Data are from a single experiment. (C) 
Results quantified from three independent experiments in which FLAG-NEMO was incubated with 20S proteas-
omes for 2 hours. Statistical testing performed using unpaired, two-tailed Student’s t-test (*** = p < 0.001). (D) 
FLAG-NEMO, FLAG-IKKα and FLAG-IKKβ were synthesized in vitro using a T&T reaction and [35S]methionine. 
FLAG-NEMO was then incubated with purified 20S proteasomes for 1 hour with or without FLAG-IKKα or FLAG-IKK
β. The degradation reaction was stopped, samples were subjected to SDS-PAGE and detected by autoradiography. 
(E) Results quantified from three independent experiments. Statistical testing performed using one-way ANOVA
with Tukeys multiple comparisons test (*** = p < 0.001). Experiments performed by Nadav Myers, The Weizmann
Institute, Israel.
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4.2.5 Reduced NEMO expression does not account for the lower TNFα-induced NFκB 

activation observed in IKKα KO cells or the inability of re-expressed IKK to induce the 

degradation of IκBα in DKO cells. 

As discussed in Chapter 3, IKKα KO cells exhibited reduced induction of NF-κB transcriptional activity in response 

to TNFα compared to WT cells. This could be reversed by re-expressing WT, but not kinase-dead (KD), IKKα 

(Chapter 3, Figure 3.10). IKKα KO cells also exhibited reduced NEMO expression compared to WT (Figure 4.3A). 

To investigate whether the reduced NEMO expression might contribute to the weaker induction of NF-κB in 

response to TNFα, the effect of re-expression of WT or L329P mutant NEMO on TNFα-induced NF-κB activity in 

IKKα KO cells was examined (Figure 4.13A).  The L329P mutation within the leucine zipper (LZ) domain abrogates 

the ability of NEMO to bind to K63-linked polyubiquitin chains such that L329P NEMO is defective in mediating 

IKK and NF-κB activation (Wu et al., 2006a). As observed previously, re-expression of WT, but not kinase-dead 

(KD), IKKα, reversed the effect of IKKα knockout on the induction of NF-κB activity. However, the reduced NF-κB 

transcriptional activity in IKKα KO cells could not be reversed by overexpressing WT NEMO. WT NEMO, in fact, 

had a dose-responsive inhibitory effect on TNFα-induced NF-κB activation. This was even more pronounced for 

L329P mutant NEMO. A dominant negative effect of NEMO overexpression on NF-κB activation has been seen 

before (Krappmann et al., 2000; Ye et al., 2000). An equivalent Western blot was not performed to demonstrate 

the relative protein expression achieved in this experiment, however, the ratio of IKKα and NEMO constructs 

expressed were proportionally scaled down from amounts expressed in Figure 4.13B, which demonstrated 

approximately wild-type levels of IKKα and NEMO construct re-expression.  

As discussed in Chapter 3, IKK constructs re-expressed into DKO cells activated NF-κB transcriptional activity and 

phosphorylated IKK substrates, such as IκBα and p65, in response to TNFα, but were seemingly incapable of 

inducing IκBα degradation. To investigate if the low level of NEMO protein expression in DKO cells might explain 

these observations, WT and KD IKKα were re-expressed, with or without NEMO, in DKO cells, and cells treated 

with TNFα (Figure 4.13B). In WT cells, 10 minutes TNFα treatment induced the complete phosphorylation and 

degradation of IκBα. As seen previously, DKO cells exhibited no response to TNFα and expressed lower levels of 

NEMO protein. Re-expression of WT, but not KD, IKKα partially restored phosphorylation of p65 and IκBα, but 

had no effect on IκBα expression, as seen previously. Re-expressed IKKα was phosphorylated within its activation 

loop (S176/180) in response to TNFα, albeit to a lower level than observed in WT cells. Re-expressed WT or KD 

IKKα both moderately increased the expression of NEMO. NEMO was re-expressed to levels similar to those seen 

in WT cells. Interestingly, co-expression of WT IKKα and NEMO increased the expression of NEMO above that 

observed following transfection of an equal amount of NEMO construct alone. This is further evidence in support 

of the stimulatory effect of IKKα expression on NEMO protein levels. KD IKKα also had a stimulatory effect on the 

expression of the NEMO construct, although it is difficult to compare the magnitude of this effect with that of 

WT IKKα because the two IKKα constructs were not expressed to the same level. Expression of WT IKKα alone 

did not induce phosphorylation of IKKα, unlike in other similar experiments (Figure 4.14). This is most likely 

because a lower amount of IKKα plasmid DNA was transfected into cells in this particular experiment. 

Overexpressed IKK subunits are known to induce their autophosphorylation (Poyet et al., 2000). Interestingly, 

overexpressed NEMO had the effect of inducing the constitutive phosphorylation of WT, but not KD, IKKα in the 
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Figure 4.13. Reduced NEMO protein levels do not explain the reduced TNF-induced NF-ĸB transcriptional 
activity observed in IKKα KO cells or the absence of IκBα degradation observed upon TNFα stimulation in 
IKK DKO cells reconstituted with WT IKKα. (A) WT and IKKα KO HCT116 cells were seeded in antibiotic-free 
growth medium overnight prior to transient transfection with 0.1µg pGL4.32[luc2P/NF-κB-RE firefly luciferase 
(reporter) plasmid DNA and 0.01 µg renilla luciferase (internal control) plasmid DNA, in addition to the following 
quantities of plasmid DNA: 20 ng EV, 5, 10 and 20 ng WT IKKα, 5, 10 and 20 ng ng KD IKKα, 5, 10 and 20 ng WT 
NEMO and 5, 10 and 20 ng L329P NEMO. Total transfected plasmid DNA was equalized to 20 ng with EV. The 
following day, cells were treated with 10 ng/ml recombinant TNFα for 4 hours. Firefly luciferase luminescence was 
normalised relative to renilla luciferase luminescence  and data expressed as log2(fold change in TNFα-induced 
luciferase activity relative to the relevent matched untreated condition). Results are mean ± SD of two experiments 
performed in cell culture triplicate. (B) WT and IKKα/β DKO HCT116 cells were seeded in 6-well plates in antibiot-
ic-free growth medium for 24 hrs prior to transient transfection with the following quantities of plasmid DNA: 0.45 µg 
pCMV-Tag2B empty vector, 0.15 µg pCMV-Tag2B-WT IKKα, 0.25 µg pCMV-Tag2B-KD IKKα (K44A) and 0.2 µg 
pCMV-Tag2B-NEMO. Total transfected plasmid DNA was equalized to 0.45 µg with EV. 24 hours later, cells were 
treated with 10 ng/ml TNFα for 10 minutes. Whole-cell lysates were fractioned by SDS-PAGE and Western blotted 
with the indicated antibodies. Data are from a single experiment. WT, wild-type. KD, kinase dead. EV, empty vector. 
*unspecified band. p-, phospho-.
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absence of stimulus. This suggests that the IKKα phosphorylation observed was a result of IKKα kinase activity, 

possibly through trans-autophosphorylation. Overexpression of NEMO possibly activates IKK activity through an 

enforced oligomerization effect, also known as a ‘proximity activation effect’ as has been shown with RIP1 (Ting 

et al., 1996; Poyet et al., 2000). 

 This constitutively phosphorylated IKKα induced a higher level of p65 phosphorylation at Serine 536, but not 

Serine 468, in the absence of TNFα stimulation. However, no increase in basal IκBα phosphorylation or 

degradation was observed. TNFα treatment caused a negligible increase in IKKα phosphorylation. P65 and IκBα 

were phosphorylated to higher levels than observed with WTα single expression, however, degradation of IκBα 

was not restored.  

4.2.6 Overexpressed NEMO undergoes less polyubiquitylation when co-expressed with 

IKKα 

Collectively, the preliminary data described up until this point suggest that in the absence of IKKα or IKKβ NEMO 

protein has a shorter half-life, possibly due to enhanced proteasomal degradation. In vitro 20S proteasome 

assays suggest that in the absence of IKK interaction partners, NEMO undergoes enhanced ATP- and ubiquitin-

independent degradation, possibly due to greater exposure of terminal IDRs. Whether this is the case for 

endogenous NEMO remains to be seen. However, terminal IDRs are also known to be highly important for 

effective recognition and initiation of ATP- and ubiquitin-dependent degradation by the 26S proteasome; they 

are thought to facilitate interaction of the targeted substrate with the ATPase ring that initiates unfolding 

(Guharoy et al., 2016b). An overall higher degree of disorder may also shorten a proteins half-life due to a higher 

processivity of degradation upon engagement by the 26S proteasome; ATPase subunits may spend less time and 

energy unfolding IDPs compared to highly structured proteins of similar length (van der Lee et al., 2014). 

Furthermore, an analysis of 171 primary degrons showed that approximately 80% are present in disordered 

regions, while degradation-linked, ubiquitinated lysines are often predicted to fall into locally disordered regions 

(Guharoy et al., 2016a). In addition, IDPs are highly susceptible to ubiquitylation and degradation by the 26S 

proteasome following heat-shock induced misfolding stress (Ng et al., 2013). 

As such, it is plausible that interaction of NEMO with IKK subunits protects it from degradation by the ubiquitin-

dependent 26S proteasome pathway, either through sequestration of highly efficient disordered initiation sites, 

or through promotion of proper folding. In a preliminary step towards addressing this, the effect of IKKα 

overexpression on basal and TNFα-induced ubiquitylation of transiently transfected NEMO was examined using 

a GST-Dsk2 pulldown (Figure 4.14). Dsk2 is a UBA domain-containing protein from S. cerevisiae that acts as a 

‘shuttle factor’ by binding to K48-linked polyubiquitinated proteins and delivering them to the 26S proteasome 

for subsequent degradation (Rao et al., 2002). However, in vitro, Dsk2 has been shown to strongly interact with 

unanchored K48-, K63- and K29- linked polyubiquitin and monoubiquitin in a largely linkage-independent manner 

(Ohno et al., 2005; Raasi et al., 2005, Tsuchiya et al., 2017). The Dsk2 pull-down was thus used as a general 

indication of the ubiquitylation status of overexpressed NEMO in the presence or absence of overexpressed WT 

IKKα. As seen previously, co-transfection of IKKα and NEMO led to an increased expression of NEMO protein 

compared to transfection of NEMO alone. Interestingly, an increase in a NEMO species corresponding to a 
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molecular weight of approximately 110 kDa was also observed upon co-transfection of IKKα and NEMO. A species 

of this size has been demonstrated to represent dimeric NEMO (Marienfield et al., 2006). Whether NEMO 

dimerization was actually enhanced by co-expression of IKKα or whether the apparent increase in dimeric NEMO 

was due to a stoichiometric increase in monomeric NEMO expression is difficult to assess without additional 

controls. 

Interestingly, a greater amount of NEMO protein was pulled-down by GST-Dsk2 when WT IKKα and NEMO were 

co-expressed compared to NEMO alone, but less polyubiquitylated NEMO was detected, suggesting that 

interaction with IKKα might protect NEMO from polyubiquitylation. The greater overall pull-down of NEMO in 

the absence of IKKα might indicate that a greater fraction of the NEMO protein in the cell under these conditions 

is in a monoubiquitylated form, indicated by the thicker NEMO banding pattern. Although non-specific 

interaction of NEMO with GST-Dsk2 cannot currently be ruled out. An increase in the ubiquitylation of 

endogenous NEMO upon treatment with TNFα for 10 minutes was observed as expected. A similar increase was 

not observed for overexpressed NEMO, either alone or in the presence of co-expressed IKKα. The discrete 

banding pattern of ubiquitylated NEMO, separated by intervals of approximately 8 kDa (i.e. the molecular mass 

of ubiquitin), in contrast to the ‘smear’ of ubiquitylated material observed in the p-IκBα GST-Dsk2 pull-down, is 

more consistent with small homotypic ubiquitin oligomers of a particular chain type (Emmerich et al., 2015). 

However, these results are very preliminary in nature. The specificity of the pull-down for ubiquitylated NEMO 

will need to be confirmed using mutant Dsk2 that is unable to bind to ubiquitin. Furthermore, the linkage identity 

of the polyubiquitin chains will need to be confirmed. Various immobilised ubiquitin-binding domains (UBDs) 

with differing specificity for ubiquitin chains, as well as linkage-specific antibodies could be used to identify the 

specific ubiquitin chain linkages that IKKα appears to protect NEMO from receiving.  

The GST-Dsk2 pull-down was also blotted for phosphorylated IκBα (Serine 32/36) to understand why IκBα 

phosphorylated by IKKα re-expressed into IKK DKO cells did not appear to undergo degradation (as observed in 

Chapter 3 Figure 3.10B). Following 10 minutes TNFα treatment, polyubiquitylated p-IκBα was detected in WT 

cells. A larger amount of polyubiquitylated p-IκBα was detected after 10 minutes in IKKβ KO cells, consistent with 

the slightly defective degradation of IκBα observed in these cells. As observed previously, the phosphorylation 

of IκBα by overexpressed IKKα in DKO cells was not accompanied by the expected degradation of IκBα. However, 

the phosphorylation of IκBα was accompanied by an increase in the polyubiquitylation of p-IκBα. This leaves two 

explanations. Either the phosphorylated and ubiquitylated IκBα is somehow unable to be recognised by β-TrCP 

and degraded under these conditions, or as described in Chapter 3, the efficiency of IKKα transfection into DKO 

cells is not high enough to detect a significant decrease in total IκBα. The latter appears most likely, as a small 

decrease in overall expression of IκBα is consistently observed. 

As observed previously (Figure 3.10B and Figure 4.13B), IKKα expressed alone induced only a small increase in 

S468 phosphorylation of p65 following TNFα treatment. This observation had called in to question the sufficiency 

of IKKα activity for phosphorylation of this site. However, here we observed that the phosphorylation of p65 at 

S468 was significantly enhanced when IKKα was co-expressed with NEMO in IKK DKO cells, even in the absence 

of TNFα stimulation (Figure 4.14). The markedly enhanced phosphorylation and hence activation status of IKKα 

co-expressed with NEMO potentially explained this difference. IKKα activity alone, therefore, appeared to be  
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Figure 4.14. Overexpressed IKKα protects co-expressed NEMO from polyubiquitination. WT, IKKα KO and 
IKKα/β DKO HCT116 cells were seeded in 10 cm dishes for 24 hours prior to transient transfection with the following 
quantities of plasmid DNA: 8.5 µg pCMV-Tag2B empty vector, 4 µg pCMV-Tag2B-WT IKKα, 8.5 µg 
pCMV-Tag2B-KD IKKα (K44A) and 4 µg pCMV-Tag2B-NEMO. Total transfected plasmid DNA was equalized to 8.5 
µg with EV. 24 hours later, cells were treated with 10 ng/ml TNFα for 10 minutes. A proportion (input) of whole-cell 
lysates were fractioned by SDS-PAGE and Western blotted with the indicated antibodies. The remaining whole cell 
lysates were subject to pre-clearing with GST beads, followed by immunoprecipitation using GST-Dsk2 beads to 
pull-down ubiquitinated proteins. Eluted lysate was then fractionated by SDS-PAGE and Western blotted with the 
indicated antibodies. Data are from a single experiment. WT, wild-type. KD, kinase dead. EV, empty vector. NM, 
NEMO construct *cross-reactive FLAG bands. p-, phospho-. se, short exposure. le, long exposure.
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sufficient to phosphorylate this site. The much higher overexpression of IKKα and NEMO in this experiment may 

explain the discrepancy with Figure 4.13B, where a similar effect was not observed. As with the detection of IκBα 

degradation, the issue of poor transfection efficiency may have played a role in confounding the results of IKKα 

expression on S468 phosphorylation. 

4.3 Discussion 

4.3.1 IKK expression is necessary for wild type NEMO protein expression. 

The evidence presented here suggested that in the absence of IKK kinase expression the steady-state expression 

and half-life of NEMO protein were substantially reduced; in the case of IKK DKO NEMO protein expression was 

approximately 90% lower than in WT cells. Preliminary evidence was presented that the shorter half-life in the 

absence of IKK expression was due to enhanced proteasomal degradation. Labs working with IKKα and IKKβ 

knockout mouse embryonic fibroblasts (MEFs) have not reported a similar effect of IKK knockout on NEMO 

protein expression (Li et al., 2000; Kwak et al., 2005; Solt et al., 2009). A simple potential explanation for this 

discrepancy could be biological differences in the NF-κB pathway between MEFs and human cancer cell lines. 

Despite a remarkable degree of conservation of function between humans and mice that makes mice excellent 

preclinical models of human disease, there does exist significant biological differences, particularly in immune 

system development and activation (Mestas et al., 2004). Studies that have performed siRNA-mediated 

knockdown of IKKα and/or IKKβ in human cell lines have generally neglected to probe for NEMO expression 

(Huang et al., 2007, Adli et al., 2010, Jiang et al., 2010, Nottingham et al., 2014). Given that this work has focused 

on a single human cancer cell line - HCT116 cells - it cannot presently be ruled out that the observed phenotypes 

of IKK knockout are not cell line specific. Future experiments will probe the effect of IKK knockdown on NEMO 

protein expression in a range of human cell lines. However, evidence for the generality of our observations comes 

from the characterisation of the expression of IKK signalling components in patients with a rare form of severe 

combined immunodeficiency (SCID) caused by a loss of function mutation in the IKBKB gene encoding IKKβ 

(Pannicke et al., 2013). Fibroblasts and peripheral-blood mononuclear cells (PBMCs) from these patients 

exhibited a complete loss of IKKβ protein expression, accompanied by a significant loss of IKKα and NEMO protein 

expression. Pannicke et al., showed that this was not due to reduced mRNA expression, but did not explore this 

observation further. This provides great confidence in the physiological relevance of our results.  

The molecular basis of the apparent greater importance of IKKα in maintaining wild-type NEMO protein 

expression, implied from the differential effects of IKKα and IKKβ knock out, is currently unclear. The results of 

other experiments were not entirely consistent with this observation. For example, IKKα did not offer greater 

protection than IKKβ within an in vitro 20S proteasome assay. Although, this could reflect the fact that an in vitro 

transcription and translation system is far from a true reflection of the in vivo state. Within the cell, IKKα may 

enhance NEMO folding and/or stability through phosphorylation events or by mediating interaction with other 

proteins. In addition, IKK re-expression studies did not reveal a clear difference in the ability of IKKα or IKKβ to 

increase NEMO protein expression. Indeed, the sufficiency of IKK to promote NEMO protein expression was not 

conclusively proven, nor was the importance of interaction between IKK and NEMO. IKK subunits may promote 

NEMO expression through facilitating interaction with another protein, for example. Generation of re-expressed 
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IKKα and IKKβ stable cell lines will provide a clearer understanding of the relative importance of the IKK subunits, 

while the use of IKK NEMO-binding domain truncation mutants will provide insight into the importance of 

interaction with NEMO. Furthermore, compared to WT cells, IKKα KO cells exhibited only a small, albeit 

statistically significant, reduction in NEMO half-life following inhibition of protein translation. The half-life of 

NEMO in IKKβ KO cells was not examined. It remains to be determined, therefore, whether the magnitude of this 

decrease in half-life is sufficient to account for the lower steady state NEMO protein observed in IKKα KO cells 

compared to IKKβ KO cells.  

Nevertheless, the finding that NEMO protein expression is lower in IKKα KO cells compared to IKKβ KO cells is 

interesting in the context of what is known about the interaction between IKK subunits and NEMO. IKKα has 

been reported to bind NEMO with a weaker affinity in vitro than IKKβ (May et al., 2002). However, the crystal 

structures of NEMO in complex with either an IKKβ NBD peptide or an IKKα/β hybrid NBD peptide indicate a 

structurally equivalent binding mode of key IKKα and IKKβ NBD residues to the specificity pocket of NEMO (Rushe 

et al., 2008). Curiously, the authors did not solve the structure of a true NEMO:IKKα complex and so were left to 

speculate that the reduced affinity of IKKα might result from sequence differences in the helical region N-

terminal to the NBD residues. The vast majority of studies relating to interaction between NEMO and IKK have 

focused on IKKβ, with very little attention given to IKKα. This might be related to the historical greater importance 

placed on IKKβ for regulation of canonical NF-κB; a dogma that has been called into question in more recent 

years (Adli et al., 2010, and see Chapter 3). Differences in NEMO binding may be key to understanding differences 

in IKKα and IKKβ function in vivo because swapping the C-termini of IKKα and IKKβ confers IKKα with IKKβ-like 

activity (Kwak et al., 2000). Evidently, more work is needed to understand the functional consequences of 

structural differences in the interaction between IKKα/IKKβ and NEMO. 

Unlike the effect of IKK knockout on NEMO expression, this is not the first report of regulation of NEMO protein 

stability. A handful of studies have indicated that NEMO degradation is a mechanism by which the NF-κB can be 

regulated under certain circumstances (Ammirante et al., 2010; Fliss et al., 2012; Shibata et al., 2012; Medunjanin 

et al., 2016). Ammirante et al demonstrated that the HSP70 co-chaperone, BAG3, influences the levels of NEMO 

protein in human osteosarcoma and melanoma cell lines, possibly through inhibiting interaction of HSP70 and 

blocking HSP70-mediated delivery of NEMO to the proteasome, although this later conclusion was made without 

strong supporting evidence. Furthermore, the majority of the work by Ammirante et al relied on siRNA-mediated 

knockdown of Bag3 using a single siRNA olignonucleotide at 200 nM, a concentration at which off-target effects 

are highly likely. Nevertheless, HSP70 has been shown to interact with NEMO and to inhibit NEMO 

oligomerization in vitro (Agou et al., 2002; Ran et al., 2004), although HSP70-mediated delivery of NEMO to the 

proteasome has yet to be demonstrated.  Another co-chaperone, HSP90, has been shown to be required for IKK 

complex formation and NF-κB activation, and is believed to stabilize nascent IKKα and IKKβ during biosynthesis 

and prevent their proteasomal degradation (Chen et al., 2002; Broemer et al., 2004). However, Broemer et al 

found that HSP90 was not important for the stability of nascent or existing NEMO protein folding or stability. 

Meanwhile, Fliss et al., showed that murine cytomegalovirus inhibits NF-kB activation through interaction of the 

viral protein M45 with NEMO, which, via an undefined mechanism, targets NEMO to autophagosomes and 
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subsequent lysosomal degradation. This mechanism of NEMO degradation, however, is limited to the pathogenic 

state.  

NEMO has also been proposed to be targeted for lysosomal degradation during the normal function of the NF-

κB pathway (Shibata et al., 2012). Shibata et al demonstrated that the Golgi protein, p47 binds to K63-linked and 

linear chain polyubiquitylated NEMO following stimulation of cells with TNFα or IL-1. Unconvincing evidence was 

presented that p47 targets polyubiquitinated NEMO for lysosomal degradation, thereby inhibiting the NF-κB 

pathway. Proteasomal degradation of NEMO was ruled out on the basis of treatment with MG-132 for 2 hours, 

which is likely to be insufficient to observe a significant accumulation of proteasomally-degraded NEMO. p47 

also had no effects on the basal stability of NEMO. Nevertheless, IKK knockout might increase the susceptibility 

of NEMO to p47-mediated lysosomal degradation in the absence of stimulus. Furthermore, we observed a 

greater TNFα-induced reduction of NEMO expression in IKK KO cells compared to WT. It will be interesting to 

investigate whether this reflected enhanced lysosomal degradation of NEMO.  

The observation that NEMO protein is significantly less stable in the absence of both IKKα and IKKβ is potentially 

interesting in the context of the known role of NEMO in the response to genotoxic stress (Chapter 1, Section 

1.3.6). The observation that NEMO is unstable in the absence of IKKα or IKKβ raises the question of how ‘IKK-

free’ NEMO is able to perform its function during DNA damage repair and avoid rapid turnover. One possibility 

is hinted at by the fact that ATM, PIASy and PARP1 have all been shown to interact with NEMO within its 

disordered N-terminus, in a region overlapping the IKK binding domain of NEMO (Mabb et al., 2006; Wu et al., 

2008; Stilmann et al., 2009). Furthermore, the interactions between NEMO and ATM, PIASy and PARP1 have 

been shown to be mutually exclusive with interaction with IKKβ. This suggests that during ‘hand-over’ of NEMO 

from IKKβ to components of the DNA damage response machinery, the N-terminal disordered region of NEMO 

might remain masked through interaction with DNA damage response proteins. This may protect IKK-free NEMO 

from turnover, on the assumption that exposure of the N-terminal IDR is the signal for NEMO degradation. It will 

be interesting to determine whether ATM, PIASy and PARP1 protect NEMO from in vitro 20S-dependent 

proteasomal degradation in a similar manner to IKKα and IKKβ. 

Numerous other proteins have been shown to bind to the N-terminal region of NEMO, some in a mutually 

exclusive manner with IKKβ, including SENP2 (Lee et al., 2011), NESCA (Napolitano et al., 2009) cIAP1 (Jin et al., 

2009) and TRAF6 (Gautheron et al., 2010). The apparent conformational flexibility of the N-terminal region of 

NEMO may be important for mediating such promiscuous protein interactions.  

4.3.2 NEMO is a protein with significant regions of intrinsic disorder. 

Previous studies have highlighted that NEMO exhibits significant conformational flexibility (Agou et al., 2002; 

Catici et al.,2015; Catici et al., 2016). However, this is the first report that this structural disorder may be linked 

to turnover of NEMO protein. Agou et al first highlighted that recombinant monomeric NEMO has a circular 

dichroism profile consistent with a secondary structure of 44% α-helix, 0% β-sheet/turn and 56% random coil. 

Catici et al refined these estimates to 48% α-helix, 11% β-sheet/turn and 41% random coil, and extended this 

work to demonstrate that molecular flexibility and ligand-induced conformational change are central to the 

function of NEMO. Catici et al propose that NEMO exists in a broad equilibrium of interchangeable conformation 
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states, between well-folded (coiled coil) and locally unfolded (random coil) states, and this equilibrium can be 

differentially stabilized upon binding of ligands, such as IκBα, IKK and polyubiquitin chains. Intrinsic/extrinsic 

fluorescence measurements suggested that binding of an IκBα peptide was coupled to the burial of hydrophobic 

residues in NEMO, consistent with the adoption of a more ordered conformation. In contrast, binding of either 

an IKKβ NBD peptide or polyubiquitin was coupled to exposure of hydrophobic residues in NEMO, consistent 

with the adoption of a more disordered conformation. These conclusions appear difficult to reconcile with our 

hypothesis that IKK binding to the IBD of NEMO induces a more ordered conformation of the intrinsically 

disordered N-terminus, which protects NEMO from turnover by the proteasome. However, the fluorescence 

emissions measured by Catici et al were, by their nature, global metrics of NEMO conformational change. 

Therefore, IKK binding could, in principle, induce a local ordering of the disordered N-terminus concomitant with 

induction of a greater overall degree of conformational disorder elsewhere in NEMO. Furthermore, disordered 

termini generally function more effectively than internal IDRs as proteasomal initiation sites (Prakash et al., 

2004), such that masking of the disordered N terminus by IKK binding may be sufficient to inhibit proteasomal 

degradation irrespective of an enhanced structural disorder elsewhere in the protein. Finally, Catici et al did not 

investigate the effect of IKKα binding on the conformational heterogeneity of NEMO.    

The conclusions of Catici et al are also difficult to reconcile with other experimental evidence. For example, an 

apo-NEMO44-111 minimal IKK binding domain fragment displayed an NMR spectra indicative of a high level of 

conformational heterogeneity, whereas an NEMO44-111/IKK NBD peptide complex displayed a spectra more 

consistent with a single, folded species (Rushe et al., 2008). Furthermore, the crystal structure of this complex 

indicated that the hydrophobic residues present within the specificity pocket of the IBD would be exposed to 

water if the IKK peptides were stripped from the structure, suggesting that this N-terminal region of NEMO may 

be disordered, masked or in a different conformation in the absence of IKK binding (Rushe et al., 2008). However, 

recent evidence suggests that the structural instability of the short NEMO44-111 construct may be an artefact of 

construct truncation (Guo et al., 2014). Engineering of a homodimeric coiled-coil adaptor sequence from GCN4 

to the C-terminal end of the NEMO44-111 construct increased the stability of the NEMO IBD and increased IKKβ 

binding affinity.  

The predicted C-terminal disordered region aligned with the PRR of NEMO. This is perhaps not that surprising; 

well-characterised IDPs contain, on average, 1.7-1.8 times more prolines than other proteins in the Uniprot 

database (Theillet et al., 2013). This is a higher fold-enrichment than any other amino acid. Proline-rich motifs 

have high propensities for assuming non-classical conformations, such as the polyproline type II (PPII) helix, 

which are extended, open structures with no internal hydrogen bonding that often act as unique binding 

interfaces for protein-protein interactions within scaffolding proteins and/or linkers between structured domains 

(Adzhubei et al., 2013). Little is known about the function of the PRR of NEMO. To date, only CYLD, a 

deubiquitinase that cleaves K63 linked chains has been reported to bind within this region (Saito et al., 2004). 

NEMO mutants with deletions in this region were not defective for activation of NF-κB or binding to K63-linked 

polyubiquitin (Laplantine et al., 2009). The functional significance of intrinsic disorder in this region has not been 

investigated. The presence of numerous putative phosphorylation sites with unknown functions (Figure 4.15) 

suggest this region may be important for regulation of NEMO activity. The function of the putative IKKβ 
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phosphorylation site within the PRR, S376, has yet to be well-defined, although expression of S376A NEMO 

mutants has been shown to increase the ability of NEMO to simulate IKKβ activity. 

Figure 4.15. Putative phosphorylation sites in NEMO. All identified validated or putative phosphorylation sites on NEMO. 
Highlighted are those phosphorylation sites for which a putative kinase has been proposed. (Carter et al., 2003; Wu et al., 
2006b; Palkowitsch et al., 2008; Lee et al., 2012; Medunjanin et al., 2016). 

The significant regions of intrinsic disorder predicted from the NEMO protein sequence, particularly at the N- 

and C-termini, prompted us to examine the sensitivity of NEMO to in vitro degradation by the 20S proteasome. 

Susceptibility to degradation in this assay has been proposed as an operational definition for IDPs. Indeed, NEMO 

was a highly efficient substrate for 20S proteasomal degradation. Such was the efficiency with which NEMO was 

degraded that the amount of recombinant 20S proteasome had to be lowered for this assay relative to the 

amount typically used in such assays. Unfortunately, due to time constraints positive and negative controls for 

20S proteasomal degradation were not completed, so it is not possible to compare the rate of NEMO degradation 

to that of structured proteins, such as PCNA, which typically exhibit very little degradation, and highly disordered 

proteins, such as p21CIP1, which typically undergo levels of degradation comparable to the levels seen with NEMO. 

Nevertheless, IKKα and IKKβ were both shown to protect NEMO from 20S-dependent degradation, consistent 

with our hypothesis that interaction with IKK stabilises NEMO. Future work will seek to confirm the importance 

of the interaction with IKK subunits for this protection, through the utilisation of IKK constructs with 

mutant/deleted NBDs.  

4.3.3 The mechanism by which the IKK kinases promote NEMO stability remains to be 

determined. 

The preliminary nature of the data presented here makes it impossible to draw definitive conclusions about the 

mechanisms by which IKK kinase subunits might stabilise NEMO and protect it from rapid turnover. However, a 

number of testable, alternative hypotheses can be proposed (Figure 4.16). Firstly, the N-terminal disordered 

region of NEMO may serve as a highly efficient initiation sequence for proteasomal degradation that is 

sequestered and/or conformationally altered through binding of IKK to the IBD of NEMO, thus preventing 

recognition and targeting to the proteasome. NEMO, in the absence of IKK, is a highly efficient substrate of in 

vitro 20S proteasomal degradation, but further work is needed to determine the relative contributions of the 

20S and 26S proteasomes to the short half-life of NEMO in IKK KO cells. Indeed, terminal IDRs promote efficient 

degradation by both the 26S and 20S proteasome (Prakash et al., 2004). Proteins with IDRs have, on average, 

shorter half-lives than proteins lacking appropriate initiation regions (Erales et al., 2014). On the other hand, 

proteins with ubiquitin-like domains that bind to, but are not degraded by, the proteasome lack accessible 

disordered regions that permit the 26S proteasome to initiate degradation (Yu et al., 2016). For example, the 
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yeast proteasome ‘shuttling  factors’, Rad23 and Cdc34, escape degradation when targeted to the proteasome, 

but are rapidly degraded following the fusion of a disordered ~50 aa tail to their termini (Fishbain et al., 2015). 

It will be interesting to investigate whether the 50 aa N terminal region of NEMO is capable of destabilizing 

normally stable proteins, such as a GFP reporter. Not all IDRs influence half-life; disordered polypeptides with 

repetitive compositions, such as polyglutamine and glycine-alanine repeats, actually impede proteasomal 

degradation (Shapiro et al., 1998). However, this may be explained by a recent study that demonstrated a 

pronounced preference of the proteasome for initiation regions with unbiased sequences (Fishbain et al., 2015). 

Key to understanding the mechanism involved in NEMO degradation will be further characterisation of the effect 

of IKK interaction on the K48-linked polyubiquitylation of NEMO. Furthermore, use of IKK NBD mutants will be 

vital to confirm that interaction with IKK subunits rescues the shorter half-life of NEMO in vivo, and protects 

NEMO from degradation by the 20S proteasome. 

IKKβ has been shown to phosphorylate Serine 31 and 43 within the N-terminal disordered region in vitro (Carter 

et al., 2003). It will be interesting to investigate whether these phosphorylation events are absent in IKK KO cell 

lines and whether this may influence NEMO stability. Indeed, phosphorylation of these residues by GSK3β has 

previously been linked to NEMO stability (Medunjanin et al., 2016). The observation that re-expressed kinase 

dead IKK has a stabilising impact on steady state NEMO protein expression, however, suggests that this may not 

be the case.  

Alternatively, IKK may regulate the availability and/or conformation of the C-terminal disordered proline rich 

region, which was identified as containing a potential PEST motif. In some cases, deletion of PEST regions 

significantly affects protein half-life (Ramakrishna et al., 2011; Li et al., 2012). Typically, however, PEST motifs act 

as conditional proteolytic signals; the presence of a PEST motif alone is insufficient to target a protein for 

degradation (Rechsteiner et al., 1996).The mechanism by which PEST motifs conditionally confer rapid 

proteasomal degradation is unclear. Interestingly, PEST motifs appear to be enriched in disordered regions of 

proteins, compared to globular domains (Singh et al., 2006). One proposed mechanism therefore involves 

modulation of the conformational stability of the region containing the motif, through either protein interaction 

or phosphorylation, which might promote recognition of the motif by the U2/U3 ligase system, and lead to the 

subsequent rapid degradation of the protein containing it (García-Alai et al., 2006; Sandhu et al., 2006). The close 

proximity of the PEST motif to the potential IKKβ phosphorylation site, Serine 376, makes this region of NEMO 

worthy of further investigation.   
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Figure 4.16. Schematic illustrating possible mechanisms of enhanced proteasomal degradation of ‘IKK-free’ NEMO and 
mechanisms of protection from degradation by interaction with IKK kinase subunits. (A) ‘IKK-free’ NEMO protein exhibited 
a shortened half-life due to enhanced proteasomal degradation. Highly efficient proteasomal degradation of IKK-free NEMO 
might be mediated by either its intrinsically disordered N-terminus, or a putative PEST motif within its intrinsically disordered 
proline rich region (PRR), or a combination of both. Whether the 20S or 26S proteasome mediates degradation of NEMO in 
vivo has yet to be determined, however, IKK-free NEMO was a highly effective substrate of the 20S proteasome in vitro. Three 
non-mutually exclusive hypothetical mechanisms may be proposed to account for the stabilisation of NEMO by IKK subunits 
(B-D). (B) Through interaction-coupled folding, IKK may stabilise either the disordered N-terminus (which overlaps the IKK 
binding domain of NEMO) or the PEST-motif containing PRR, and thus mask the recognition of these sites by the proteasomal 
machinery. How IKK binding at the N-terminus might stabilise the PRR region at the C-terminus is unclear. However, IKK can 
clearly interact with this region as it is able to phosphorylate S376 within the PRR of NEMO. (C) The conformational state of 
the N-terminal region and/or the PRR may be altered through IKK-dependent phosphorylation events. IKKβ has been shown 
to phosphorylate S31 and S43 at the N-terminus and S376 within the PRR of NEMO. Such phosphorylation events could 
modulate the recognition of NEMO by the proteasomal machinery. This appears less likely than (B) given that re-expressed 
kinase-dead IKK rescued NEMO protein expression as effectively as WT IKK. (D) Interaction of NEMO with IKK subunits may 
protect NEMO from a higher basal rate of K48-linked polyubiquitylation that would target NEMO for 26S-dependent 
proteasomal degradation. 

The observation that NEMO in the absence of IKK has a shorter half-life might have important physiological 

relevance. NEMO is a scaffolding protein with an elongated structure that facilitates simultaneous interaction 

with numerous different protein interaction partners as well as different forms of ubiquitin chain (Ivins et al., 

2009; Schröfelbauer et al., 2012). Such interaction promiscuity is a primary characteristic of IDPs and benefits 

their common function as hubs within protein interaction networks (van der Lee et al., 2014). However, this 

interaction promiscuity can be harmful for the cell if it is not tightly regulated (Babu et al., 2011). Indeed, 79% of 

oncogenes contain predicted IDRs of 30 residues or longer (Iakoucheva et al., 2002), while an altered abundance 

of IDPs is commonly associated with several disease states; most notably α-synuclein and tau proteins in 

Parkinson’s and Alzheimer’s disease (Brion et al., 1986; Polymeropoulos et al., 1997; Xie et al., 2007). 

‘Degradation by default’ represents one mechanism by which the availability of proteins with significant IDRs 

that have become uncoupled from their normal functional complexes can be tightly controlled (Gsponer et al., 
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2008). In this context, the rapid turnover of ‘IKK-free’ NEMO would prevent any undesirable exogenous 

interactions with NEMO. It may also contribute to fine-tuning of NEMO protein stoichiometry in relation to the 

IKK subunits, such that a downregulation of IKK expression is quickly matched by an enhanced degradation of 

NEMO protein. This model would dictate that functional interactions with NEMO would necessitate protection 

of NEMO from basal degradation. It is intriguing, therefore, that numerous proteins, including ATM, PIASy and 

PARP1, have been shown to interact with the N-terminal disordered region of NEMO in a manner mutually 

exclusive with IKKβ.   

In summary, NEMO appears to be a protein with significant regions of intrinsic disorder that in the absence of 

interaction with IKK kinase subunits as part of the canonical IKK complex make NEMO an effective substrate of 

the proteasome and contribute to its short half-life.  



Chapter 5

Assessing the potency and selectivity of I kappa B 
kinase β inhibitors 
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5 Assessing the potency and selectivity of I kappa B kinase β 
inhibitors 

5.1 Introduction 

The NF-κB pathway plays a crucial role in the normal cellular response to environmental changes. However, there 

is abundant evidence that dysregulation of the pathway is associated with a multitude of disease states, including 

chronic inflammation, immunodeficiency and cancer (Smahi et al., 2002, Xia et al., 2014). Regarding the latter, 

the NF-κB pathway has been shown to be constitutively active in various lymphoid malignancies and solid 

carcinomas, including but not limited to: breast, lung, pancreatic, prostate and colon (Nakshari et al., 1997, 

Huang et al., 2001, Lind et al., 2001, Liptay et al., 2003, Tang et al., 2006). Such uncontrolled NF-κB activation 

contributes to tumour initiation, development and metastasis through the deregulation of genes involved in 

processes such as proliferation, survival, metabolism, angiogenesis and epithelial-to-mesenchymal transition 

(Hoesel et al., 2013). In addition, there is compelling evidence for a prominent role of both chronically active and 

therapy-induced NF-κB activity in modulating the efficacy of cancer therapies (Godwin et al., 2013). As such, 

inhibitors of NF-κB activity, either as stand-alone therapies or as adjuvants to existing treatments, have been 

actively pursued by the pharmaceutical industry (Lee et al., 2007). 

The focus of drug development to date has been IKKβ, owing to its purportedly dominant function in canonical 

NF-κB signalling over IKKα (Li et al., 1999, Gamble et al., 2012). More than 150 compounds that inhibit IKK activity 

thave been reported, although many have poorly defined mechanisms, only sub-micromolar potency, and/or 

poor selectivity profiles (Gilmore et al., 2006). Typically, such small molecule IKK inhibitors are of three general 

types: non-hydrolysable ATP analogs with selectivity for the IKK ATP-binding site, compounds that interact with 

a specific cysteine residue (C179) in the activation loop of IKKβ, and compounds with allosteric effects on IKK 

structure.  

An example of the latter is the synthetic compound, BMS-345541 (Burke et al., 2003) (Figure 5.1). BMS-345541 

exhibits approximately 10-fold selectivity for IKKβ (IC50 = 0.3 μM) over IKKα (IC50 = 4 μM) in in vitro kinase assays 

and inhibits the TNFα-induced phosphorylation of IκBα in THP-1 cells with micromolar potency (IC50 = 4 μM). A 

model has been proposed in which BMS-345541 binds to similar, as yet unidentified, allosteric sites on both IKKα 

and IKKβ, which differentially affects the ability of the active sites of the subunits to bind IκBα and ADP. This 

unique binding mechanism was proposed by the authors to explain the compounds apparent high selectivity; 

BMS-345541 failed to inhibit a panel of 15 other kinases, including p38, ERK1/2, PKC and PKA, at concentrations 

as high as 100 μM.     

BMS-345541 has been routinely employed to dissect the function of IKK/NF-κβ in numerous pre-clinical studies 

since it was made commercially available (Wu et al., 2013, Ping et al., 2016, Battula et al., 2017). Notably, in a 

study pointing towards a potentially novel role of IKK in cell cycle progression, BMS-345541 was shown to block 

entry into, and progression through, mitosis and cytokinesis in hTERT-RPE-1 and COS-7 cells (Blazkova et al., 

2007). The mechanism was poorly defined, but nonetheless shown to be independent of a direct inhibitory effect 

of BMS-345541 on mitotic kinases such as Cdk1, Aurora A/B, Plk1 or NEK2. 
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Despite some of the better-characterised compounds, such as BMS-345541, showing promising inhibitory effects 

in in vitro and in vivo studies, so far none have progressed beyond the pre-clinical development stage (Karin et 

al., 2004, Diwali et al., 2015). As such, there is still a need for the development of new, highly potent and selective 

IKK inhibitors. Here, the novel, ATP-competitive IKK inhibitor, AZD2230 (IKKβ IC50 = 6 nM, IKKα IC50 = 0.1 μM) 

(Figure 5.1), was examined for its potency, IKK-selectivity and effect on the viability of HCT116 colorectal cancer 

cells, alongside the structurally-independent inhibitor, BMS-345541. This also provided the opportunity to assess 

the reproducibility of the findings of Blazkova et al., and to extend upon this work to identify the mechanism 

underlying the importance of IKK activity in cell cycle progression through mitosis.  

Figure 5.1. 2D structure of IKKβ inhibitors utilised in this work. 

 

5.2 Results 

5.2.1 The novel, highly potent IKK inhibitor, AZD2230, and the structurally unrelated IKK 

inhibitor, BMS-345541, induce a proliferative arrest and cell death response in 

HCT116 cells. 

WT and IKKα KO isogenic HCT116 CRISPR-Cas9 cell lines (the generation and validation of which is described in 

Chapter 3) stimulated with TNFα were employed to assess the potency and IKK-selectivity of AZD2230 and BMS-

345541. TNFα-induced, NF-κB-dependent transcriptional activity was employed as an indirect measure of IKK 

activity (Figure 5.2A and B). AZD2230 inhibited such IKK-dependent activity with approximately 100-fold greater 

potency in IKKα KO cells (IC50 = 0.014 μM, 0.012 to 0.016 μM 95% CI) compared to WT cells (IC50 = 1.48 μM, 1.06 

to 2.06 μM, 95% CI). BMS-345541 inhibited TNFα-induced IKK activity with approximately 30-fold greater potency 

in IKKα KO cells (IC50 = 0.127 μM, 0.099 to 0.162 μM, 95% CI) compared to WT cells (IC50 ~ 3.6 μM). The ambiguous 

fit of the nonlinear regression to the BMS-345541 data in WT cells precluded an accurate estimation of the IC50 

and, as such, the confidence interval for the IC50 is undefined. However, from the data it is clear that AZD2230 

was the more potent IKK inhibitor, and that it exhibited a greater degree of selectivity for IKKβ over IKKα than 

BMS-34554. The enhanced sensitivity of IKKα KO cells to both AZD2230 and BMS-345541 observed here is 

consistent with the known greater in vitro kinase potency of both inhibitors for IKKβ over IKKα and is evidence in 

AZD2230 BMS-345541 BIX02514 
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support of significant TNFα-induced IKKα activation in the WT cells (in agreement with the results described in 

Chapter 3). 

AZD2230 and BMS-34541 inhibited both TNFα-induced IκBα degradation and p65 phosphorylation at the 

transcriptional transactivation site, Serine 536, over a similar dose range to the inhibition of NF-κB transcriptional 

activity in WT and IKKα KO cells (Figure 5.2C and D). Both AZD2230 and BMS-345541 also inhibited IKKβ 

phosphorylation at the kinase activation loop, on Serine 177/181, at a lower concentration in IKKα KO cells than 

in WT cells. This could indicate that IKKβ autophosphorylation is the more dominant mechanism of kinase 

activation in the absence of IKKα. Unlike AZD2230, BMS-345541 failed to inhibit IKKβ phosphorylation in WT cells 

at the highest concentration used in the assay.  

BMS-345541 has been observed to inhibit cell cycle progression (Blazkova et al., 2007). To assess the 

reproducibility of these observations, the effect of BMS-345541 and AZD2230 on the proliferation of HCT116 

cells was assessed using the [3H]-thymidine incorporation assay (Figure 5.3A and B). AZD2230 inhibited HCT116 

proliferation with an IC50 = 2.72 μM (2.30 to 3.27 μM, 95% CI), while BMS-345541 inhibited proliferation with an 

IC50 = 2.26 μM (1.96 to 2.61 μM, 95% CI). The dose-response curve fit to the data for BMS-345541 displayed a 

larger Hill slope (~-4.76) than that of AZD2230 (~-1.88). Given that the steepness of the Hill slope is an 

approximate measure of the cooperativity of a binding process, this difference could reflect the differing target 

inhibition mechanisms of AZD2230 and BMS-345541; ATP-competitive and allosteric, respectively. (Prinz., 2010). 

Alternatively, the large Hill slope may indicate that multiple inhibitor molecules bind to one enzyme molecule, 

or that the inhibitor undergoes a physical phase transition as its concentration is raised that promotes target 

inhibition, or that the enzyme concentration significantly exceeds the Kd value of the inhibitor (Shoichet et al., 

2006). A steeper Hill slope is also observed for the dose response curve fit to the IKK inhibition data for BMS-

345541 compared to AZD2230 in WT cells (Figure 5.3A and B).   

The proliferative arrest induced by both AZD2230 and BMS-345541 coincided with an accumulation of cells in 

the G2/M phase and a decrease in the proportion of replicating, S-phase cells. A greater proportion of cells in G1 

phase was observed following AZD2230 treatment, compared to BMS-34541. BMS-345541 induced a larger 

proportion of cells with sub-G1 DNA content than AZD2230. Sub-G1 content is a marker of cell death (Telford et 

al., 1991), but does not distinguish between apoptotic and necrotic cell death (Mattes., 2007). In support of 

apoptotic cell death, numerous cells with condensed, and/or fragmented nuclear DAPI staining were also 

detected following treatment with AZD2230 and BMS-345541 (asterix, Figure 5.3E). However, this effect was not 

quantified, and as such, it was not possible to conclude that AZD2230 and BMS-345541 induced apoptotic cell 

death. A specific assay of apoptotis, such as Annexin V staining, would be required to make this conclusion. 

Consistent with the findings of Blazkova et al., both inhibitors induced a significant decrease in the mitotic index 

(Figure 5.3E), suggesting that the increased proportion of cells with 4n DNA content reflected an arrest at the 

G2/M checkpoint. However, a specific assay to quantitate the proportion of mitotic cells, such as phospho-

Histone H3 Serine-10 flow cytometric staining, would be necessary to make this conclusion. In contrast to 

Blazkova et al., however, only a very small increase in the number of multinucleate cells (cells with >4n DNA 

content) in response to treatment with BMS-345541 was observed (Figure 5.3C and D).  
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Blazkova et al., employed a high concentration of BMS-345541 (25 μM) throughout their study, having observed 

that partial cell cycle inhibition started between 10 and 15 μM, whilst a complete block was seen between 20 

and 25 μM. The authors interpreted this as an indication that IKKα, rather than IKKβ, was the target through 

which the effects of BMS-345541 were induced. In contrast, we observed substantial proliferative arrest at 

concentrations as low 2 μM, and complete proliferative arrest at > 5 μM (Figure 5.3B and D).  

5.2.2 AZD2230 and BMS-345541 induce similar changes in the expression of cell cycle 

regulators 

To investigate the cause of the proliferative arrest induced by AZD2230 and BMS-345541, the expression of 

various proteins with known functions in regulating the G2/M checkpoint and progression through mitosis were 

measured (Figure 5.4). Largely identical expression changes were observed for AZD2330 and BMS-345541, with 

the exception of p21CIP1. The expression of p21CIP1 increased after 24 hours treatment with > 2.5 μM AZD2230, 

but was only induced within a narrow range of BMS-345541 concentrations (2.5 - 5 μM), above which it’s 

expression was not induced. However, the induction of p21 CIP1 also appeared to be weaker at 25 μM AZD2230 

compared to 10 μM, suggesting this paradoxical effect might also be seen at higher concentrations of AZD2230. 

For all other proteins examined, the dose ranges of AZD2230 and BMS-345541 over which expression changes 

were observed correlated closely with the dose ranges over which proliferation was inhibited.  

HCT116 cells express wild-type p53, and are thus capable of inducing a G2/M checkpoint following DNA damage 

(Taylor et al., 2001). The observed G2/M arrest and induction of p53 in response to AZD2230 and BMS-345541 

is consistent with the activation of a DNA-damage induced G2/M checkpoint. The Cyclin B1 and cdc25C genes 

are known targets of p53 transcriptional repression in response to DNA damage (Krause et al., 2000, Krause et 

al., 2001). Indeed, both Cyclin B1 and CDC25C protein expression was downregulated in response to AZD2230 

and BMS-345541. C-JUN protein expression also increased following AZD2230 and BMS-345541, consistent with 

the known role of c-Jun in regulating cell death following genotoxic stress (Picco & Pagésl, 2013). 

Interestingly, the protein expression of the essential mitotic regulators, CDC20, Securin, Aurora A and Aurora B 

were also decreased following AZD2230 and BMS-345541 treatment (Figure 5.4). P53 has been shown to 

transcriptionally repress Cdc20 following genotoxic stress (Banerjee et al., 2009). In addition, CDC20, Aurora A, 

Aurora B, Securin and Cyclin B1 have all been shown to be downregulated in HCT116 cells in response to 

sustained doxorubicin-induced genotoxic stress (Weibush & Hagemeier, 2010). This occurs because of premature 

activation in G2 of the ubiquitin ligase anaphase-promoting complex or cyclosome (APC/C)-Cdh1, which 

subsequently targets many of its substrates for degradation. Blazkova et al., also observed premature, anaphase 

degradation of Cyclin B1 and Securin in BMS-345541-treated cells released from a nocodazole-block, but did not 

attribute this to a DNA-damage response.  

An important step in initiation of the G2/M checkpoint is activation of Wee1, which phosphorylates CDK1 at the 

inhibitory Tyr15 site and prevents entry into mitosis until DNA damage has been repaired (Watanabe et al., 1995). 

It was surprising, therefore, to observe a decrease in this phosphorylation in response to AZD2230 and BMS-

345541 treatment. A similar observation was made by Weibush & Hagemeier who attributed the loss of Tyr15 

phosphorylation following sustained genotoxic stress to APC/C-Cdh1-dependent degradation of Wee1.  
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Unfortunately, we did not measure the expression of Wee1. Theoretically, loss of this inhibitory phosphorylation 

could permit inappropriate CDK1 activity. However, this is unlikely to occur in response to AZD2230 or BMS-

345541 given the observed concomitant decrease in Cyclin B1 expression, which would deprive CDK1 of the cyclin 

binding partner required for its activation. Nevertheless, it would be interesting to characterise the effect of 

AZD2230 and BMS-345541 on other determinants of CDK1 activity, such as Tyrosine 14 phosphorylation status, 

Myt1 kinase expression and the expression and cellular localisation of CDC25A and B.  

AZD2230 and BMS-345541 also inhibited the phosphorylation of RB at Serine-795 (Figure 5.4) and Serine-

807/811 (Figure 5 .13). As with p21CIP1, this effect occurred at lower concentrations of BMS-345541 (5 to 10 μM), 

but was partly reversed at higher concentrations (>25 μM). Rb is dephosphorylated as cells exit mitosis and 

hyperphosphorylated by CDK4/6-Cyclin D1 and CDK2-Cyclin E as cells progress through the G1/S checkpoint 

(Lundberg et al., 1998). Rb dephosphorylation is typically associated with a G1/S checkpoint arrest (Weinberg, 

1995), however, Rb hypophosphorylation has also been observed in HCT116 cells downstream of the p53-

dependent G2/M arrest after genotoxic stress (Flatt et al., 2000). 

In addition to their anti-proliferative effects, AZD2230 and BMS-345541 both induced a cell death response in 

HCT116 cells after 24 hours, as indicated by the increase in the proportion of sub-G1 DNA content (Figure 5.3C 

and D) and the cleavage of PARP (Figure 5.4). The level of cell death increased dramatically between 24 and 72 

hours treatment with AZD2230 and BMS-345541 (Figure 5.5A, B, C and D). Interestingly, the percentage cell 

death induced was highest at intermediate concentrations of both AZD2230 (5 μM) and BMS-345541 (5 μM), 

suggesting that the cell cycle arrest may be more stable at higher concentrations of inhibitor. 

5.2.3 The observed anti-proliferative and cell-death inducing effects of both AZD2230 and 

BMS-345541 are off-target effects. 

The results presented thus far appear largely to support the findings of Blazkova et al. In addition, the observation 

of the same effects with two structurally unrelated small molecule inhibitors was strong initial evidence that 

these effects were due to on-target inhibition of IKK. However, the disparity between the potencies of AZD2230 

and BMS-345541 determined in the proliferation assay (Figure 5.3A and B) and those determined in the IKK 

activity assays (Figure 5.2A, B, C and D) were of concern; AZD2230 is the more potent IKK inhibitor, yet BMS-

345541 appears to be the more potent inhibitor of proliferation. To attempt to resolve this discrepancy, and to 

determine the IKK kinase (IKKα or IKKβ) mediating the apparent effects on cell cycle progression, the effect of 

IKKβ siRNA-mediated knockdown on cell cycle distribution and cell cycle regulator protein expression was 

investigated (Figure 5.6A and B). The protein expression changes induced by IKKβ knockdown matched closely 

those induced by AZD2230 and BMS-345541 (Figure 5.6B). However, despite inducing a cell death response, IKKβ 

knockdown did not induce a G2/M arrest (Figure 5.6A). In addition, IKKβ siRNA had a dose-responsive effect on 

the expression of some of the proteins examined, including Cyclin B1, p-CDK1 (Y15), CDC25C, Cdc20, Securin and 

PRb, despite each concentration of the siRNA dose response knocking down IKKβ protein to comparable levels. 

This lack of correlation between the level of IKKβ knockdown and the expression of the proteins examined 

indicated that the siRNA might have had off-target effects that contributed to these expression changes.   
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Given such contradictory findings, it was important to further investigate the selectivity of the observed effects 

of AZD2230 and BMS-345541 on proliferation. The IKKβ-selective inhibitor, BIX02514 (Figure 5.1) has emerged 

as a class-leading compound in terms of selectivity (Clark et al., 2011). It inhibits IKKβ with an IC50 value of 0.38 

μM, and inhibited only IGF1 (insulin-like growth factor 1) receptor (IC50 = 7.6 μM) out of over 100 protein kinases 

tested in a large selectivity screen. Here, BIX02514 inhibited TNFα-induced IKKβ activity in IKKα KO cells with an 

IC50 = 0.198 μM, (0.1595 to 0.2466 μM, 95% CI, Figure 5.7A). Despite displaying a similar potency towards IKKβ 

as BMS-345541 (IC50 = 0.13 μM), BIX02514 had no effect on the proliferation of HCT116 cells (Figure 5.7C). 

Similarly, over a range of concentrations that fully inhibited IKKβ, BIX02514 had no effect on the cell cycle 

distribution of HCT116 cells (Figure 5.7D), and matched none of the effects of AZD2230 and BMS-345541 on the 

protein expression of cell cycle regulators. Such data strongly suggest that the effects of AZD2230 and BMS-

345541 are not due to direct inhibition of IKKβ.  

In light of this data, the IKKβ knockdown was repeated with a different siRNA pool (Figure 5.8). The data described 

in Figure 5.6 was generated with ‘siGENOME SMARTpool’ siRNA (Dharmacon), a pool of four unmodified siRNA 

designed to target IKKβ (Chapter 2 Table 2.10). The data described in Figure 5.7 was generated with 

‘ONTARGETplus’ siRNA (Dharmacon), a pool of four dual-strand modified siRNA designed to target IKKβ. The 

sense strand of ‘ONTARGETplus’ siRNA contains a 5’-O-methyl modification of the terminal ribose, which blocks 

the phosphorylation of this strand, preventing it’s uptake by RISC and favouring antisense strand loading, thus 

eliminating the off-target silencing signature of the sense strand (Chen et al., 2008). The antisense (guide) strand, 

meanwhile, contains a 2’-O-methyl modification of position 2 of the seed region, which reduces silencing of most 

off-target transcripts with complementarity to the seed region of the guide strand. (Jackson et al., 2006). In 

addition, ONTARGETplus’ siRNAs, unlike ‘siGENOME SMARTpool’ siRNAs, are filtered at the design stage to 

exclude siRNAs with common microRNA seed-region motifs or high frequency seed regions. This is informed by 

the finding that matches between an siRNA seed region (positions 2-7 of antisense strand) and an mRNA 3’ 

untranslated region (UTR) are associated with off-target silencing (Birmingham et al., 2006). The combined effect 

of these technological improvements is a reported drastic reduction in off-target silencing (Anderson et al., 

2008).  

IKKβ knockdown with this more selective ‘ONTARGETplus’ siRNA did not phenocopy any of the effects of 

AZD2230, BMS-345541 or the ‘siGENOME SMARTpool’ siRNA on cell cycle distribution or cell cycle regulator 

protein expression, despite a similar level of knockdown (Figure 5.8A and B) 

AZD2230 and BMS-345541 both exhibited substantially higher potency against IKK activity in WT HCT116 cells 

(Figure 5.2C and D) than BIX02514 (Figure 5.7A). This likely reflects the fact that TNFα activates both IKKα and 

IKKβ activity in WT cells and the greater selectivity of BIX02514 for IKKβ over IKKα. As a result, it was impossible 

to rule out the possibility that the anti-proliferative effects of AZD2230 and BMS-345541 were due to the 

inhibition of IKKα. However, siRNA-mediated knockdown of IKKα did not phenocopy the effects of AZD2230 or 

BMS-345541 (Figure 5.9). Nor did combined siRNA-mediated knockdown of IKKα and IKKβ (Figure 5.10A and B). 

To confirm the off-target nature of the effects of AZD2230 and BMS-345541, both inhibitors were tested on IKKβ 

KO and IKKα/β DKO CRISPR-Cas9 isogenic HCT116 cell lines (Figure 5.11), which lack the direct targets of these 

compounds. AZD2230 and BMS-345541 inhibited proliferation with similar potencies in WT, IKKβ KO and IKKα/β 
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Figure 5.7. The highly selective IKKβ inhibitor, BIX02514, does not phenocopy the effects of AZD2230 or 
BMS-345541 on HCT116 cell cycle progression. (A) WT and IKKα KO isogenic HCT116 CRISPR-Cas9 cells 
were seeded in antibiotic-free growth medium overnight prior to transient transfection with 0.1µg 
pGL4.32[luc2P/NF-κB-RE firefly luciferase (reporter) plasmid DNA and 0.01 µg renilla luciferase (internal control) 
plasmid DNA. The following day, cells were treated with the indicated concentrations of BIX02514 for 30 minutes, 
then treated with 10 ng/ml recombinant TNFα for 2 hours. Firefly luciferase luminescence was normalised relative 
to renilla luciferase luminescence  and data expressed as percentage activity relative to control cells treated with 
TNFα and vector control (DMSO). Results are mean ± CV  of single experiments performed in cell culture triplicate. 
(B) WT and IKKα KO cells were seeded in their normal growth medium, prior to treatment with the indicated concen-
trations of BIX02514 for 30 minutes. Indicated samples were then treated with 10 ng/ml recombinant TNFα for 10
minutes. Whole cell extracts were prepared, fractionated by SDS-PAGE and Western blotted with the indicated
antibodies. Data are from a single experiment representative of at least two giving similar results. (C) HCT116 cells
cultured in normal growth medium were treated with the indicated concentrations (0.1 to 30µM) of BIX02514 for 24
hours, and DNA synthesis assayed by [3H]thymidine incorporation. Results are mean ± CV of three independent
experiments performed in cell culture triplicate. (D).HCT116 cells seeded in normal growth medium were treated
with the indicated concentrations (0.3 to 30 µM) of BIX02514 or 10 μM AZD2230 (A) or 10 μM BMS-345541 (B) for
24 hours. Whole cell extracts were prepared, fractionated by SDS-PAGE and Western blotted with the indicated
antibodies. Data are from a single experiment representative of two giving similar results. (E) HCT116 cells cultured
in normal growth medium were treated with the indicated concentrations (0.3 to 30 µM) of BIX02514 for 24 hours,
and cells, which were subconfluent at the point of harvest, were fixed, stained with propidium iodide and cell cycle
distribution assessed by flow cytometry. Results are mean ± SD of two independent experiments, each performed
in cell culture triplicate.  C, DMSO vehicle control.
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Figure 5.9. IKKα knockdown does not phenocopy the effects of AZD2230 and BMS-345541. HCT116 cells 
were left untransfected (UT), transfected with 5 nM KRAS-specific siRNA (siK), 50 nM non-targeting (NT) siRNA or 
transfected with the indicated (5 to 50 nM) concentrations of  IKKα-specific siRNA (siIKKα). 48 hours after transfec-
tion whole cell lysates were prepared and Western blotted with the indicated antibodies. Lysates were also generat-
ed for HCT116 cells treated with 10 µM BMS-345541 (B) and 10 µM AZD2230 (A). Data are from a single experi-
ment representative of two giving similar results. p-, phospho-. UT, untreated.
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DKO cells (Figure 5.11A and B), confirming that this is an off-target effect of both compounds. The slight reduction 

in potency observed for AZD2230 here compared to that observed in Figure 5.3A is possibly due to the use of a 

batch of older compound, or the fact that the single-cell derived WT and IKK KO clones have a reduced sensitivity 

to AZD2230 compared to the parental HCT116 cell line. Both AZD2230 and BMS-345541 also induced similar 

changes in the cell cycle distribution of IKKβ KO cells and WT cells (Figure 5.11C and D). A similar increase in the 

proportion of cells in G2/M and cells with sub-G1 DNA was observed, as was the decrease in cells in S phase. 

However, there were interesting differences between the cell cycle distributions of WT and IKKα/β DKO cells. In 

response to both AZD2230 and BMS-345541, a smaller proportion of cells accumulated in the G2/M phase, and 

a larger proportion exhibited sub-G1 DNA, indicative of greater cell death. This may indicate that IKKα/β DKO 

cells underwent a more transient arrest that more quickly transitioned into a cell death response. However, this 

did not appear to be accompanied by a strikingly greater degree of PARP cleavage in the DKO cells (Figure 5.11E 

and F). The difference in the extent of drug-induced cell death between the IKKβ KO and DKO cells could indicate 

that residual DNA damage-induced IKKα kinase activity, and hence NF-κB transcriptional activity, was involved in 

promoting survival during inhibitor-induced G2/M arrest in IKKβ KO cells. This is consistent with reports that 

indicate that NF-κB activity, induced in response to ionizing radiation or etoposide, is important for promoting 

cell cycle re-entry and survival; cells that fail to activate NF-κB undergo transient arrest and extensive cell death 

(Wuerzberger-Davis et al., 2005). However, more evidence is needed to confirm this.  

The effects of AZD2230 and BMS-345541 on the protein expression of cell cycle regulators was highly similar in 

WT, IKKβ KO and IKKα/β DKO cells (Figure 5.11E and F). However, there was a small, but replicable, increase in 

basal p21CIP1 protein expression and a small decrease in Serine 795 phosphorylated Rb in the DKOs compared to 

WT. As neither is seen in the IKKβ KO cells, this could be a consequence of IKKα knockout, but this possibility has 

not been investigated in IKKα KO cells. 

5.2.4 AZD2230 and BMS-345541 both inhibit RNA Polymerase II C-terminal domain 

phosphorylation, possibly due to off-target inhibition of Cyclin-dependent kinases. 

The off-target protein(s) mediating the effects of AZD2230 and BMS-345541 inhibition remained an outstanding, 

and potentially interesting, question given the differing mechanisms of action of AZD2230 and BMS-345541: ATP-

competitive and allosteric, respectively.  

A search for BMS-3455541 kinase selectivity data revealed that it had been included in a comprehensive analysis 

of 72 kinase inhibitors tested against 442 kinases, covering >80% of the human kinome (Davis et al., 2011). 

Interestingly, BMS-345541 bound to numerous other CMGC group kinases (Figure 5.12A and B), albeit with 

approximately 3 to 15 fold weaker affinity compared to IKKβ (Kd = 130 nM). These included several cyclin-

dependent kinases, including CDK7 (Kd = 680 nM), CDK9 (Kd = 1900 nM), CDK11A (Kd = 390 nM), CDK11B (Kd = 

420 nM), CDK13 (Kd = 800 nM) and CDK16 (Kd = 890 nM). Only a small amount of selectivity data across a narrow 

set of kinases was available for the AstraZeneca developmental compound, AZD2230 (Figure 5.12C). However, 

CDK2 did feature within this list.  

The largest subunit Rpb1 of the RNA polymerase II (RNAPII) contains a C-terminal extension, termed the C-

terminal domain (CTD), which is composed of multiple heptad-repeat motifs, Y1S2P3T4S5P6S7, and acts as a binding 
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Figure 5.11. The effects of AZD2230 and BMS-345541 on cell cycle progression are due to off-target inhibi-
tion. (A and B) WT, IKKβ KO and IKKα/β DKO isogenic HCT116 CRISPR-Cas9 cells were seeded in their normal 
growth medium, prior to treatment with the indicated concentrations (0.1 to 30 μM) of AZD2230 or BMS-345541 for 
24 hours, and DNA synthesis assayed by [3H]thymidine incorporation. Results are mean ± CV of three independent 
experiments performed in cell culture triplicate. (C and D) WT, IKKβ KO and IKKα/β DKO isogenic HCT116 CRIS-
PR-Cas9 cells cultured in normal growth medium were treated with the indicated concentrations of AZD2230 or 
BMS-345541 for 24 hours, and cells, which were subconfluent at the point of harvest, were fixed, stained with 
propidium iodide and cell cycle distribution assessed by flow cytometry. Results are mean ± SD of two independent 
experiments, each performed in cell culture triplicate. (E and F) WT, IKKβ KO and IKKα/β DKO isogenic HCT116 
CRISPR-Cas9 cells seeded in normal growth medium were treated with the indicated concentrations of AZD2230 
or BMS-345541 for 24 hours. Whole cell extracts were prepared, fractionated by SDS-PAGE and Western blotted 
with the indicated antibodies. Data are from a single experiment representative of two giving similar results. p-, 
phospho-. C, DMSO vehicle control.    
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Figure 5.12. Available selectivity data for AZD2230 and BMS-345541. (A) Human kinome tree map with anno-
tated available kinase selectivity data for BMS-345541. Data compiled from Davis et al 2011. Circle diameter is 
proportional to Kd. Larger circles indicate higher affinity interaction. Kinase targets labelled according to HGNC 
gene nomenclature. (B) Tabulated form of Kd data presented in (A).(C) Available kinase selectivity data for 
AZD2230. Data provided by AstraZeneca. Values represent in vitro IC50’s dervied from various assays; ELISA, 
ADP-glo luminescence assay etc.    
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scaffold for transcription factors. The phosphorylation state of the three Serine residues within the CTD heptad 

motifs is closely linked to the phases of RNAPII-mediated transcription. Broadly speaking, phosphorylation of 

Serine 7 converts the pre-initation complex into a transcription-permissive complex, Serine 5 phosphorylation 

(S5P) is essential for transcription initiation and Serine 2 phosphorylation (S2P), which increases towards the 

transcription termination site, is required for maintenance of the elongation phase and 3’ RNA processing. 

Importantly, five mammalian CDKs have been described to date as transcription regulating kinases that 

phosphorylate the RNAPII CTD, three of which exhibit affinity for BMS-345541: CDK7, CDK9 and CDK13 (Figure 

5.12A and B). Furthermore, a number of the cell cycle regulators whose expression was inhibited by BMS-345541 

and AZD2230, such as Cyclin B1, Cdc20 and Securin (Figure 5.4) are proteins with short half-lives. The expression 

of such proteins would thus be expected to be highly sensitive to global inhibition of transcription. 

In light of this, the effect of AZD2230 and BMS-345541 on the expression of cell cycle regulators and the 

phosphorylation status of S2P and S5P of the RNAPII CTD was compared with that of three small molecule 

inhibitors, SNS-032, Flavopiridol and Roscovitine, each with varying potencies towards CDK7, 9 and 13 (Figure 

5.13A). SNS-032 inhibits CDK7, CDK9 and CDK2 with IC50 = 62 nM, 4 nM and 48 nM, respectively (Chen et al., 

2009; Conroy et al., 2009). Flavopiridol is a broad-spectrum CDK inhibitor with selectivity for CDK9 (IC50 = 6.4 

nM), and potent activity towards CDK1 (IC50 = 62 nM), CDK2 (IC50 = 40 nM), CDK4/6 (IC50 = 40 nM), CDK7 (300 

nM), CDK11 (IC50 = 57 nM) and CDK13 (IC50 = 430 nM) (Losiewicz et al., 1994; Senderowicz et al., 2000); Chao et 

al., 2001, Davis et al., 2011). Roscovitine is also a broad-spectrum CDK inhibitor with activity towards CDK1 (IC50 

= 65 nM), CDK2 (IC50 = 70 nM), CDK5 (IC50 = 70 nM), CDK7 (IC50 = 600 nM) and CDK9 (IC50 = 600 nM). (McClue et 

al., 2002). 

We have not tested the specific reactivity of the different antibodies used here against hyper- (IIo) and 

hypophosphorylated (IIa) forms of RPB1, the largest subunit of RNAP, and the CTD. However, the RNAPII antibody 

(clone H224) is reported to bind to the amino-terminus of RPB1 independently of phosphorylation status, and 

has been reported to detect IIo and IIa forms of RPB1 (Stock et al., 2007). The antibody against Serine 5P CTD 

(clone 4H8) is reported to recognise the IIo and intermediately phosphorylated forms of Serine 5P CTD, with no 

cross-reactivity against Serine 2P CTD, but some evidence of cross-reactivity with unphosphorylated CTD (IIa). 

The antibody against Serine 2P CTD is reported to recognise the IIo form of Serine 2P CTD, with no cross-reactivity 

against Serine 5P CTD but some evidence of cross-reactivity with unphosphorylated CTD (IIa). 

As expected, SNS-032, Flavopiridol and Roscovitine strongly inhibited phosphorylation of RNAPII CTD at Serine 2 

after 24 hours treatment (Figure 5.13A). Inhibition of S5P was also evident, but was less sensitive to the three 

inhibitors than S2P, consistent with previous reports (Stock et al., 2007). Both AZD2230 and BMS-345541 also 

strongly inhibited Serine 2 phosphorylation, while AZD2230, and to a lesser extent BMS-345541, inhibited Serine 

5 phosphorylation. Both inhibitors also decreased total RNA Pol II protein expression, an effect that was more 

clearly observed in Figure 5.14A and B & 5.15D and E. This could account for some of the observed decrease in 

S2P and S5P. MCL1 is frequently used as a protein marker of global transcriptional repression due to its short 

half-life of approximately 30 minutes (Adams & Cooper, 2007). MCL1 protein expression was strongly repressed 

by SNS-032, Flavopiridol and Roscovitine. Consistent with inhibition of global transcription and the observed  
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Figure 5.13. AZD2230 and BMS-345541 both inhibit RNA Pol II CTD phosphorylation. (A) HCT116 cells seeded 
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Results are mean ± SD of a single experiment performed in cell culture triplicate. (C) Overlay of representative 
histogram profiles of FACS data presented in (B). p-, phospho-. C, DMSO vehicle control.    
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inhibition of RNA Pol II phosphorylation, BMS-345541, and to a lesser extent, AZD2230, inhibited MCL1 

expression.  

Significantly, SNS-032, Flavopiridol and Roscovitine induced strikingly similar changes in the expression of cell 

cycle regulators that are induced by AZD2230 and BMS-345541. In particular, Roscovitine matched the effects of 

AZD2230 and BMS-345541 on all proteins examined. These results are consistent with microarray data for HT29 

colorectal cancer cells treated with 40 μM Roscovitine, which demonstrated decreased expression of mitotic 

genes, including Aurora A/B, Cdc25c, Cyclin B1, induction of c-Jun expression, decreased phosphorylation of Rb 

at Serine 795 and 807/11, and decreased phosphorylation of CDK1 at Tyrosine 15 (Whittaker et al., 2007). 

Interestingly, neither SNS-032, nor Flavopiridol induced p21CIP1 expression, despite the fact that both strongly 

inducted p53 expression. In fact, p21 CIP1 protein expression was decreased by SNS-032 and Flavopiridol to levels 

lower than the vehicle control. The same effect was seen for C-JUN.  

SNS-032, Flavopiridol and Roscovitine also induced changes in the cell cycle distribution of HCT116 cells that 

mirrored closely those induced by treatment with AZD2230 and BMS-345541 (Figure 5.13B and C). All three CDK 

inhibitors induced G2/M arrests and cell death responses of similar magnitudes to AZD2230 and BMS-345541. 

As seen previously (Figure 5.3C and D), the proportion of cells in G1 phase following treatment with AZD2230 

was higher than with BMS-345541. Here, it was also higher than observed with either of the CDK inhibitors. The 

cell cycle profiles of cells treated with Roscovitine and BMS-345541 were highly similar, consistent with previous 

reports demonstrating arrest of HT29 colorectal cancer cells in G2 following treatment with Roscovitine 

(Whittaker et al., 2007). This includes the presence in both of a distinct late S-phase peak (Figure 5.13C), which 

was also seen in other flow cytometry experiments with BMS-345541 (Figure 5.3D and 5.11D). The nature of this 

peak is unclear on the basis of propidium iodide cell cycle analysis alone. BrdU labelling is required to determine 

whether this population of cells represents replicating cells that have undergone an intra-S-phase arrest, or 

perhaps cells in G2/M phase that have lost a proportion of their DNA content due to DNA fragmentation during 

cell death or aberrant mitosis.    

Direct inhibition of RNA Pol II CTD phosphorylation by AZD2230 and BMS-345541 could explain the observed cell 

cycle arrest. However, RNA Pol II CTD phosphorylation status and transcriptional activity are also regulated during 

the cell cycle (Oelgeschläger, 2002). For instance, the CTD becomes hyperphosphorylated during mitosis 

(Akoulitchev & Reinberg, 1998). Furthermore, modulators of CTD phosphorylation are common to both the 

regulation of global transcription and the cell cycle. For example, the CDK-activating complex (CAK), which in 

vertebrates is composed of CDK7/cyclin H, regulates CTD phosphorylation and global transcription as part of the 

TFIIH complex, but also promotes cell cycle progression through phosphorylation of the activation loops of CDK1, 

CDK2, CDK4 and CDK6 (Wallenfang & Seydoux, 2002). Furthermore, CTD phosphorylation and RNAPII 

ubiquitination/degradation are regulated in response to transcription-coupled DNA repair (Ratner et al., 1998, 

Bregman et al., 1996). BRCA1, which plays an important role in DNA repair, has also been shown to inhibit RNAPII 

CTD phosphorylation levels (Moisan et al., 2004). Therefore, inhibition of RNAPII CTD phosphorylation by 

AZD2230 and BMS-345541 could be an indirect consequence of an off-target effect of these compounds on cell 

cycle control and/or DNA damage repair.  
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To investigate the kinetics of CTD dephosphorylation, a timecourse of AZD2230 and BMS-345541 treatment was 

performed (Figure 5.14). In response to both 10 and 25 μM AZD2230, the hyperphosphorylated form (IIo) of 

RNAPII was rapidly inhibited between 2 and 4 hours. A gradual decrease in the expression of the 

hypophosphorylated (IIa) form of RNAPII was also observed between 4 and 48 hours post treatment. Roscovitine 

treatment also decreased the level of RNAPII protein and induced the appearance of a lower molecular weight 

form of RNAPII, which may represent a degradation intermediate of Rpb1 (Wang et al., 2011). However, we did 

not confirm whether this band represented RNAPII that had undergone proteasome-dependent degradation. 

This lower molecular weight band was not seen in response to AZD2230. Serine 2 phosphorylated CTD decreased 

rapidly after 2 hours treatment with 10 μM AZD2230 to reach a minimum expression after 16 hours. Intriguingly, 

the IIo form subsequently increased between 16 and 48 hours. This correlated well with the expression pattern 

of MCL1 protein. The rebound of S2P was not observed to the same extent following treatment of 25 μM 

AZD2230. This was not due to differences in the expression of total RNAPII. Interestingly, the rapid inhibition of 

MCL1 was more pronounced after treatment with 25 μM compared to 10 μM AZD2230, but the increase of MCL1 

protein between 16 and 48 hours was still observed, despite the almost complete inhibition of S2P and low levels 

of total RNAPII. AZD2230 had similar effects on Serine 5 phosphorylation; an early decrease followed by a late 

rebound at the lower concentration of drug, and a permanent decrease at the higher concentration.  

The effects of BMS-345541 on RNAPII expression were quite different. 5 μM BMS-345541 induced a gradual 

increase in RNAPII expression over 24 hours, which subsequently decreased after 48 hours. A large increase in a 

slower migrating form of RNAPII between 16 and 24 hours was also observed. Whether this band reflects 

hyperphosphorylated or ubiquitinated RNAPII was not investigated. An increase in the lower molecular weight 

form of RNAPII was observed after 24 hours. It should be noted that inefficient protein transfer of RNAPII during 

Western blotting cannot be ruled out as a contributing factor to these observations, as this data was from a single 

experiment. However, similar, repeatable observations were made in other experiments (Figure 5.15E). 

Treatment with 10 μM BMS-345541 caused a substantial and sudden decrease in the IIa form of RNAPII between 

16 and 24 hours that was accompanied by a large increase in the lower molecular weight form of RNAPII. No full 

length RNAPII was detectable under these conditions after 48 hours treatment.  

Similar to AZD2230, the lower concentration (5 μM) of BMS-345541 induced a rapid, initial decrease in S2P. 

However, the rebound in S2P between 8 and 24 hours was even more pronounced for BMS-345541; the 

expression of S2P observed after 24 hours was higher than that in the vehicle control. This pattern of S2P 

expression again correlated well with MCL1 expression.  As with AZD2230, the higher concentration (10 μM) of 

BMS-345541 rapidly and permanently inhibited S2P. Unlike AZD2230, however, this was associated with a more 

permanent inhibition of MCL1 expression, although a small rebound in MCL1 expression was detected after 24 

hours. Interestingly, this pattern of MCL1 expression correlated with that of p21CIP1. BMS-345541 had similar 

effects on Serine 5 phosphorylation; an early decrease followed by a late rebound at the lower concentration of 

drug, and a permanent decrease at the higher concentration. 

The expression of the cell cycle regulators examined changed at earlier timepoints when cells were treated with 

a higher concentration of AZD2230 and BMS-345541. Significantly, the initial decrease in S2 phosphorylation 

observed after 2 to 4 hours treatment with AZD2230 and BMS-345541 proceeded the expression changes of the 
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majority of cell cycle regulators. Besides S2P and MCL1, the earliest expression changes observed were those of 

p53, PRB S795, PRb 807/11, p-CDK1 (Y15) and C-JUN. p21CIP1 induction between 8 and 16 hours was 

comparatively delayed. PARP cleavage was a relatively late event for both inhibitors, but occurred earlier at lower 

concentrations of both AZD2230 and BMS-345541. PRB displayed interesting changes in phosphorylation status 

in response to AZD2230 and BMS-345541. In the case of 10 μM BMS-34541, a four-phase response was observed; 

phosphorylation of Serine-795 and Serine-807/11 decreased rapidly in the first 4 hours of treatment, increased 

back to close to untreated levels after 8 hours, decreased again between 8 and 24 hours, before increasing back 

to untreated levels after 48 hours. The complexity of such expression changes complicate any conclusions that 

can be made about the mechanism of cell cycle arrest. Our understanding will be improved by correlating these 

expression changes with the kinetics of cell cycle arrest.  

The inhibition of RNAPII CTD phosphorylation was an off-target effect of AZD2230 and BMS-345541, based on 

several observations (Figure 5.15). No change in S2P or S5P was observed following treatment of cells with the 

IKKβ inhibitor, BIX02514 (Figure 5.15A) or following siRNA-mediated knockdown of IKKβ (Figure 5.15B). siRNA-

mediated knockdown of IKKα and combined siRNA-mediated knockdown of IKKα and IKKβ had no effect on S2P 

or S5P expression (Figure 5.15C). Finally, the same changes in S2P and S5P induced by AZD2230 and BMS-345541 

in WT HCT116 cells were also induced in IKKβ and IKKα/β DKO cells (Figure 5.15D and E).  

Global transcription inhibition results in significant changes in nuclear structure. For example, the CDK9 

inhibitors, Flavopiridol and Roscovitine disrupt early rRNA processing, which impairs ribosome biogenesis and 

causes nucleolar disintegration (Burger et al., 2010). Ki67 is constitutively expressed in cycling mammalian cells 

and localises to nucleoli during late G1, S and G2 phase of the cell cycle, where it promotes heterochromatin 

organisation (Kill, 1996, Sobecki et al., 2016). Disruption of nucleolar integrity following CDK9 inhibition results 

in Ki67 nucleoplasmic relocalisation (Kill, 1996). Ki67 expression and localisation was investigated in HCT116 cells 

treated with AZD2230 and BMS-345541 (Figure 5.16). In agreement with the findings of Blazkova et al., BMS-

345541 and AZD2230 induced a decrease in Ki67 staining intensity. Numerous cells expressed no detectable Ki67 

protein, consistent with their cell cycle exit. However, these conclusions are preliminary in nature in the absence 

of Ki67 staining quantitation. AZD2230 and BMS-345541 also induced Ki67 relocalisation from the nucleolus to 

the nucleoplasm. A similar effect was seen following Flavopiridol treatment. The IKKβ inhibitor, BIX02514 had no 

effect on the cellular localisation of Ki67. A positive control for G2/M arrest and/or DNA damage in the absence 

of CDK9 inhibition would be informative in defining the mechanism of cell cycle arrest induced by AZD2230 and 

BMS-345541.  Overall, however, the data is consistent with the anti-proliferative effects of AZD2230 and BMS-

345541 being due to off-target inhibition of global RNAPII-dependent transcription through inhibition of CDK7, 

CDK9 and/or CDK13. 

5.2.5 Bioinformatic analyses of AZD2230 and BMS-345541 chemical structure highlight 

additional possible targets of off-target inhibition. 

It is difficult to rationalise how AZD2230 and BMS-345541 might exhibit such a similar spectrum of off-target 

effects, given their differing mechanisms of action; ATP-competitive and allosteric, respectively. Indeed, the 

allosteric mechanism of BMS-345541 inhibition was proposed as an explanation for the apparent high selectivity 



p-RNA Pol II
(S5)

p-RNA Pol II
(S2)

Actin

RNA Pol II

Figure 5.15. The inhibition of  RNA Pol II CTD phosphorylation is an off-target effect of AZDD230 and 
BMS-345541 (A) HCT116 cells seeded in normal growth medium were treated with the indicated concentrations 
(0.3 to 30 µM) of BIX02514  or 10 µM BMS-345541 (B) and 10 µM AZD2230 (A) for 24 hours. Whole cell extracts 
were prepared, fractionated by SDS-PAGE and Western blotted with the indicated antibodies. Data are from a 
single experiment representative of two giving similar results. (B) HCT116 cells were left untransfected (UT), trans-
fected with 50 nM non-targeting (NT) siRNA or transfected with the indicated (5 to 50 nM) concentrations of on-TAR-
GETplus IKKβ-specific siRNA (siIKKβ). 48 hours after transfection whole cell lysates were prepared and Western 
blotted with the indicated antibodies. Lysates were also generated for HCT116 cells treated with 10 µM 
BMS-345541 (B) and 10 µM AZD2230 (A). Data are from a single experiment representative of two giving similar 
results. (C) HCT116 cells were left untransfected (UT), transfected with 40 nM non-targeting (NT) siRNA or trans-
fected with 20 nM IKKα-specific siRNA (siIKKα), 20nM onTARGET IKKβ-specific siRNA, or a combination of both 
(20 nM each). The total nM siRNA was made up to 40 nM in all samples with NT siRNA. 48, 72 or 96 hours after 
transfection whole cell lysates were prepared and Western blotted with the indicated antibodies. Data are from a 
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Whole cell extracts were prepared, fractionated by SDS-PAGE and Western blotted with the indicated antibodies. 
Data are from a single experiment representative of two giving similar results. p-, phospho-. C, DMSO vehicle 
control. UT, untreated.
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onto coverslips in normal growth medium were treated with the indicated concentrations  of AZD2230, 
BMS-345541, BIX02514 for 24 hours. Cells were treated with 3 µM Flavopiridol as a positive control for nucleolar 
disruption. Cells were fixed and stained with anti-Ki67 antibody (red) and nuclei with DAPI (blue). Confocal images 
were taken at 10 x objective magnification. Scale bar = 20 µm. C, DMSO vehicle control. 
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of this compound. How well-conserved the proposed IKKβ allosteric binding pocket is within the kinome is 

unclear. This also assumes that BMS-345541 interacts with all potential targets in the same manner; it might be 

able to inhibit other kinases in an ATP-competitive manner. Furthermore, despite inducing very similar effects 

on the cell cycle and expression of cell cycle regulators, it must be stressed that AZD2230 and BMS-345541 need 

not inhibit the exact same off-target kinase. As will be discussed shortly, the effects of AZD2230 and BMS-

3445541 are quite generic and could be explained by disruption of a range of cellular processes, including 

induction of DNA damage, inhibition of cell cycle CDKs and inhibition of transcriptional CDKs.  

Bioinformatics approaches can provide an indirect approach to examine structure-activity relationships for 

compounds with similar phenotypic effects. For example, as part of a supervised approach to assessment of 2D 

structure similarity, a set of pairwise compound similarity analyses using atom pair descriptors and Tanimoto 

coefficients were performed using a set of inhibitors chosen to reflect the possible off-target effects of AZD2230 

and BMS-345541 (Figure 5.17). BMS-345541 shared the greatest level of structural similarity with a CDK13 

inhibitor, whilst AZD2230 shared the greatest level of similarity with the pan-CDK inhibitor, PHA-793887 

However, overall AZD2230 and BMS-34551 did not share a substantial level of 2D structural similarity with each 

other, or with other CDK inhibitors.  

In an unbiased approach, the PubChem repository of chemical structures was searched for compounds with > 

80% Tanimoto similarity to AZD2230. This yielded 12391 compounds. The Pubchem database stores any available 

bioassay data for each of the compounds it contains. In other words, potency and selectivity data are available 

for any given compound wherever this compound has been utilised in a kinase screen. Analysis of the bioassay 

data for these compounds with structural similarity to AZD2230 is presented in Figure 5.17B. The identification 

of compounds exhibiting activity towards IKKβ is evidence of the structural similarity between AZD2230 and 

compounds within this list. These compounds also exhibited the highest potency within the bioassays identified. 

Interestingly, a number of the compounds with structural similarity to AZD2230 exhibited activity towards Chk1, 

in two independent bioassay screens. Chk1 coordinates the DNA damage response and cell cycle checkpoint 

activation in response to genotoxic stress. Inhibition of Chk1 is associated with induction of DNA strand breaks 

(Syljuasen et al., 2005). Half of the members of the list that were tested in a screen for CDK1 inhibitors exhibited 

micromolar activity, providing further indication of potential CDK inhibition by AZD2230. A similar analysis for 

BMS-345541 identified 8382 compounds with > 80% structural similarity. A number of these structurally similar 

compounds appeared as hits in screens for inhibitors of IKK or NF-κB activity, such as sensitizers of TRAIL-induced 

cell death. Many of the compounds assayed for inhibition of CDKs, including CDK1, CDK4, CDK6 and CDK5 were 

defined as active, again supporting the claim that compounds with structural similarity to BMS-345541 may 

inhibit a variety of CDKs. However, there are a number of issues with this sorts of analysis. For instance, it is 

difficult to know how many of the ‘structurally similar’ compounds identified are just a chemical series of 

essentially identical structures. Furthermore, it is likely that not all potential kinases mediating the off-target 

effects of AZD2230 and BMS-345541 have been screened with a large enough number of compounds to appear 

as results in this analysis.  

An independent approach to identification of potential protein off-targets was taken in the form of the 

ChemMapper online computational tool (Gong et al., 2013). ChemMapper hosts a database of over 300 000  
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Activity 
Concentration 

Range (μM) 
Inhibition of tyrosyl-DNA 
phosphodiesterase (TDP1) 

165 34 0.12 – 33  

Inhibition of Histone Lysine 
methyltransferase 

162 26 0.32 – 100  

Inhibition of Chk1 16 16 0.82 – 29  
Inhibition of PLK1 79 7 5.32 – 27  
Inhibition of JNK1 6 6 1.9 – 11.9  
Inhibition of Inflammasome 
signalling (Il-1β) 

79 5 N/A 

Inhibition of IKKβ 4 4 0.05 – 0.3 
Inhibition of CDK1 6 3 3.6 – 100  
Abrogation of DNA damage induced 
G2/M arrest (via Chk1 inhibition) 

7 3 0.017 – 12.5 

Inhibition of GST-IκBα 
phosphorylation 

2 2 0.05 – 0.302  

B

D
BioAssay Description  

No. 
Compounds 

Tested 

No. 
Compounds 

Active 

Activity 
Concentration 

Range (μM)  
Inhibition of Fibroblast 
growth receptor 3  

139 138 0.00046 – 4.1  

Inhibition of Vascular 
endothelial growth 
receptor 2  

132 128 0.00779 - 30 

Inhibition of  of CDK4  885 119 0.0501 - 36 
Inhibitors of IL -β 
signalling  

937 66 N/A 

Inhibition of CDK6  59 59 0.00036 – 
0.406 

Identification of TRAIL -
induced death sensitizers  

945 29 N/A 

Small molecule ac tivators 
of BRCA1 expression  

946 25 0.5012 - 35 

Inhibition of CDK5  25 25 0.05 – 2.3 
Inhibition of IRAK4  25 25 0.004-8.1 
Inhibition of PLK1  947 21 1.68 - 38 
Inhibition of JAK1  19 19 N/A 
Inhibition of DYRK1A  25 19 0.5 – 10  
Inhibition of Aurora A 13 13 0.079 - 10 
Inhibition of IKK β using 
GST-IκBα as a substrate  

11 11 0.00708 – 
0.046 

Inhibition of CDK1  10 10 0.085 – 0.7 

C

Target 
Top 

similarity 
Score 

Overall 3D 
similarity 

score 
Lck kinase 1.515 0.96 
Histamine H4 receptor 1.519 0.83 
PDE10A 1.466 0.819 
Adenosine receptor 
A3 

1.473 0.609 

PARP1 1.43 0.322 
IKKβ  1.624 0.307 
Neutrophil elastase 1.352 0.281 
Lyn kinase 1.395 0.211 
Chk1 1.59 0.193 
IKKα 1.624 0.176 

CDK1 1.341 0.115 
CDK2 1.345 0.041 
CDK9 1.329 0.03 
CDK5 1.301 0.014 

Target 
Top 

similarity 
Score 

Overall 3D 
similarity 

score 
Chk1 1.515 1 
PARP1 1.519 0.493 
IKKβ 1.466 0.406 
Adenosine receptor A2a 1.473 0.22 
Adenosine receptor A1 1.43 0.186 
Adenosine receptor A3 1.624 0.164 
JAK2 1.352 0.07 
CDK2 associated protein 1 1.395 0.063 
GSK3β 1.59 0.052 
GSKα 1.624 0.05 

CDK5 1.223 0.004 
CDK1 1.341 0.004 
CDK2 1.241 0.003 

E

Figure 5.17. Bioinformatics analyses of AZD2230 and BMS-345541 chemical structures (A) Hierarchical 
cluster map based on pairwise compound similarities between input compounds. The required distance matrices 
are calculated by all-against-all comparisons of compounds using atom pair similarity measures and transforming 
the generated similarity scores into distance values. (B) Table of Bioassay data hits for compounds with >80% 
similarity (as defined by Tanimoto coefficient) to AZD2230. (C) Top 10 hits from a ChemMapper search for candi-
date AZD2230-binding targets, based on 3D structure similarity to annotated drug-like molecules from the ChEMBL 
database.(D) Table of Bioassay data hits for compounds with >80% similarity (as defined by Tanimoto coefficient) 
to BMS-345541. (E) Top 10 hits from a ChemMapper search for candidate BMS-345541-binding targets, based on 
3D structure similarity to annotated drug-like molecules from the ChEMBL database. 
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chemical structures and their associated pharmacology annotations. For the user-provided chemical structure, 

3D structure similarity searching, ranking and superposition are performed against each compound in the 

database, and the top most similar structures are returned. A chemical-protein network is constructed from the 

pharmacology annotations of these top hits, and a random walk algorithm is used to compute the probabilities 

of interaction between the query structure and proteins associated with hit compounds. A set of similarity scores 

between the query and hit compounds are calculated, and scaled from 0 to 2; the closer to 2.0 the score the 

higher the potential of pharmacological association between the molecules. A threshold of 1.2 was used to report 

hits. The reported similarity scores in Figures 5.17C and E are those of the top hit. An overall 3D similarity score 

out of 1.0 is also generated, which factors in the highest 3D similarity score, the number of similar hits, and the 

average similarity scores of these hits. The list of target hits were filtered for those from Homo sapiens. The top 

10 hits are presented, along with any CDK’s that were hits.  

The identification of IKKβ amongst the top target hits and exhibiting the highest similarity score for its associated 

hit compounds, in the case of both AZD2230 and BMS-345541, is evidence that this approach generated 

meaningful results (Figure 5.17C and D). Interestingly, the top hit for AZD2230 was Chk1, which was also a top 

hit from the 2D structure similarity approach described earlier (Figure 5.17B). This is perhaps not that surprising, 

as an overlapping set of structural similar compounds was likely to be identified regardless of whether the search 

was based on 2D or 3D similarity. Nevertheless, it is additional evidence in support of a potential off-target effect 

of AZD2230 on Chk1. Chk1, PARP1 and Adenosine receptor A3 appeared in searches for compounds similar to 

AZD2230 and BMS-345541, potentially indicating a degree of functionally relevant structural similarity between 

these two inhibitors. The computational search also identified CDK-binding compounds with some structural 

similarity to AZD2230 and to BMS-345541, although the low number of identified compounds caused the overall 

similarity score to be low.  

Overall, these results indicate that whilst AZD2230 and BMS-345541 display a lack of structural similarity with 

each other, they both share structural similarity with other compounds that exhibit activity towards targets 

whose inhibition could account for the off-target effects of AD2230 and BMS-345541.  

5.3 Discussion 

5.3.1 AZD2230 and BMS-345541 have off-target effects on cell cycle progression. 

The novel IKK inhibitor, AZD2230, and siRNA-mediated knockdown of IKKβ had effects on proliferation and 

protein expression that appeared to confirm the role of IKKβ in cell cycle progression proposed in a study using 

the commercially available IKK inhibitor, BMS-345541 (Blazkova et al., 2007). However, the potencies of AZD2230 

and BMS-345541 towards IKK did not correlate with their potencies observed in assays of proliferation. 

Subsequently, the anti-proliferative effects of AZD2230 and BMS-345541 could not be phenocopied using either 

a highly selective IKKβ inhibitor, BIX02514, siRNA-mediated knockdown of IKKβ with a selective pool of siRNA, 

siRNA-mediated knockdown of IKKα, or siRNA-mediated knockdown of both IKKα and IKKβ. Furthermore, 

AZD2230 and BMS-345541 were equally potent in WT, IKKβ KO and IKKα/β DKO HCT116 cell lines. This confirmed 

that the effects of AZD2230 and BMS-345541 on cell cycle progression were off-target. IKKβ KO and IKKα/β DKO 

HCT116 cells exhibited no growth defects (Chapter 3, Figure 3.4A) and asynchronous populations exhibited highly 
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similar cell cycle profiles (Chapter 3 Figure 3.4B). Overall, these findings cast serious doubt on the role of IKKβ in 

cell cycle progression proposed by Blazkova et al. More generally, these findings call into question the validity of 

other studies that have utilised either BMS-345541 or IKKβ-targeted siGENOME SMARTpool siRNA. BMS-345541 

has been used as an inhibitor of IKK activity in over 100 publications since it was made commercially available in 

2003 and these publications have been cited over 2000 times (Figure 5.18). BMS-345541 was used at a 

concentration of 3 to 30 μM in all ten of the most-cited articles referencing this compound. At these 

concentrations, significant off-target inhibition was observed in HCT116 cells (Figure 5.10B). In some of these 

studies, BMS-345541 was used to confirm IKKβ or NF-κB activation in response to a given stimulus. Of more 

concern, however, a number of studies used high concentrations of BMS-345541 to propose novel functions of 

IKKβ or NF-κB. For example, BMS-345541 was used extensively at a concentration of > 5 μM in a study that 

proposed a novel role for IKKβ in regulating repair of ionizing radiation-induced DNA double-strand breaks (Wu 

et al., 2011), and in a study that proposed an important function for the IKK complex in interferon-induced gene 

expression and antiviral activity (Du et al., 2012).  

Figure 5.18. Publication statistics for the IKKβ inhibitor, BMS-345541. (A) Total yearly publications featuring BMS-345541. 
(B) Sum of times BMS-345541 cited by year. Data sourced from WebofScience

siGENOME SMARTpool siRNA-mediated knockdown of IKKβ phenocopied the off-target effects of AZD2230 and 

BMS-345541 on the protein expression of various cell cycle regulators. This was perhaps not as remarkable a 

coincidence as it first appeared. A growing body of evidence suggests that siRNA specificity is not absolute, and 

that there are various mechanisms of off-target gene silencing. For example, global, nonspecific, siRNA 

concentration-dependent stimulation and repression of gene expression has been observed in numerous RNAi 

genome-wide screens (Persengiev et al., 2004). Transfected siRNAs have also been shown to induce global 

upregulation of interferon-stimulated genes through direct activation of the dsRNA-dependent protein kinase, 

PKR (Sledz et al., 2003). siRNA-specific gene expression changes may also be induced by off-target mRNA 

degradation mediated by partial sequence complementation (Jackson et al., 2003). High concentrations of 

certain siRNAs have been shown to induce a ‘toxic’ phenotype through off-target effects that are independent 

of siRNA sequence (Fedorov et al., 2006). In addition, siRNAs with partial sequence complementarity to the 3’ 
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untranslated region (3’ UTR) of endogenous mRNAs can efficiently silence gene expression by repressing 

translation via a micro-RNA (miRNA)-like mechanism (Zeng & Cullen, 2003, Saxena et al., 2003). miRNA-like 

translation inhibition was proposed as the mechanism underlying off-target upregulation of p53 and p21CIP1 in 

response to siRNA-mediated knockdown of a functionally unrelated gene, MEN1 (Scacheri et al., 2003). 

Importantly, miRNA-like off-targets can be reduced by introducing modifications to the guide strand of the siRNA 

(Birmingham et al., 2006). Such modifications are made to ONTARGETplus siRNA. IKKβ knockdown with a pool of 

ONTARGETplus siRNA had no effect on the protein expression of cell cycle regulators, confirming the off-target 

nature of the effects of knockdown with siGENOME SMARTpool siRNA. This highlights the need for caution when 

interpreting results using high concentrations of unmodified individual or pooled siRNA. 

The data presented here is also inconsistent with reports of a role for IKKα in regulating progression through 

mitosis (Prajapati et al., 2006). Prajapati et al demonstrated that siRNA-mediated knockdown of IKKα in HeLa 

cells induced an accumulation of cells in the G2/M phase and proposed that IKKα regulates Aurora A activity 

through phosphorylation of Threonine 288 to promote progression through mitosis. In contrast, neither IKKα 

knockdown (Figure 5.8 and 5.9A) nor IKKα knockout (Chapter 3 Figure 3.4) had any effect on the cell cycle 

distribution or expression of cell cycle regulators in HCT116 cells. This may reflect differences in cell type specific 

functions of IKKα. 

5.3.2 AZD2230 and BMS-345541 may block global transcription through off-target 

inhibition of RNA Polymerase II C-terminal domain phosphorylation 

Publically available selectivity data showed that BMS-345541 binds to numerous CDKs in vitro with similar 

dissociation constants to IKKβ. This included three CDKs (CDK7, 9 and 13) with essential functions in controlling 

global RNA Pol II-dependent transcription through CTD phosphorylation. AZD2230 and BMS-345541 rapidly 

inhibited the phosphorylation of the RNAPII CTD at Serine-2 and Serine-5 with kinetics that preceded the changes 

in protein expression of cell cycle regulators. This was shown to be an off-target effect of both inhibitors. Pan-

CDK inhibitors with common activity towards CDK7 and CDK9 induced changes in protein expression and cell 

cycle distribution that were similar to AZD2230 and BMS-345541. Finally, both AZD2230 and BMS-345541 

induced pronounced nucleolar disruption, characteristic of CDK9 inhibition. Overall, these data suggest that 

CDK7, CDK9 and/or CDK13 may be the targets of AZD2230 and BMS-345541 mediating their inhibitory effects on 

cell cycle progression.  

Further evidence is needed to prove a causal link between off-target inhibition of CDKs and the observed cell 

cycle arrest. For example, it will be important to directly demonstrate drug induced inhibition of transcription 

and correlate this with the kinetics of decreases in RNAPII CTD phosphorylation and cell cycle regulator 

expression. This could be done through quantitation of 3H-uridine incorporation into nascent RNA over a 

timecourse of treatment with AZD2230 or BMS-345541. Another common method of measuring transcription 

inhibition is monitoring inducible reporter genes, such as luciferase. This calls into question the accuracy of the 

NF-κB-driven luciferase reporter assays used to estimate the IKK inhibition potencies of AZD2230 and BMS-

345541 (Figure 5.1C and D). Confounding off-target inhibition of luciferase reporter transcription may have led 
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to overestimation of the IC50’s for IKK inhibition of both AZD2230 and BMS-345541. However, the results of the 

luciferase assay correlated well with Western blots for markers of IKK activity (Figure 5.1A and B).  

The observed G2/M arrest and many of the protein expression changes caused by AZD2230 and BMS-345541 

treatment are consistent with DNA-damage induced G2/M checkpoint activation. For example, various sources 

of DNA damage in G2 phase trigger an ATM/ATR-protein response that stabilises p53, which in turn 

transcriptionally activates p21CIP1 and represses various genes, such as Cyclin B1, Cdc20 and CDC25C (El Deiry, 

1998; Krause et al., 2000; Krause et al., 2001; Taraswi et al., 2008). C-JUN is also activated in response to DNA 

damage, and is thought to promote expression of DNA repair genes and cell survival as part of AP1 transcription 

factor complexes (Potapova et al., 2001). Furthermore, genotoxic stress-induced long-term G2 arrest (over 12 

hours) is accompanied by premature activation of the APC/C, and results in a pattern of protein expression and 

degradation that closely matches that induced by AZD2230 and BMS-345541 (Weibusch et al., 2010). 

Furthermore, DNA damage has been reported to induce nucleolar disruption, independently of CDK9 inhibition 

(Rubbi et al., 2003). Some reports suggest that nucleolar disruption mediates stabilisation of p53 as a unifying 

response to DNA damage and other stresses, such as RNA Pol II inhibition (Boyd et al., 2011).  

It will be important, therefore, to determine if AZD2230 and BMS-345541 induce DNA damage directly, and the 

kinetics of any DNA damage response induced compared to the observed inhibition of RNAPII phosphorylation. 

Deciphering cause and effect will be complicated by the interconnectivity of DNA damage repair processes and 

global transcription; close coordination is critical for safeguarding genomic integrity. Following DNA damage 

within transcribed genes, global RNAPII-dependent transcription is arrested, providing the opportunity for DNA 

damage response (DDR) proteins to access and repair the damage. Interestingly, sustained RNAPII arrest is 

commonly associated with hyperphosphorylation of the RNAPII CTD, which may serve to inhibit new 

transcriptional initiation (Rockx et al., 2000).  There is some debate regarding the site of this phosphorylation 

and the kinase responsible; both seem to depend on the nature and extent of the DNA damage. In the case of 

UV-induced DNA damage, CDK9 has been shown to hyperphosphorylate Serine-5, while topoisomerase 

inhibitors, such as camptothecin, induce Serine-5 hyperphosphorylation via activation of CDK7. Regardless, 

hyperphosphorylation of stalled RNAPII elongation complexes appears to be a signal for polyubiquitylation and 

proteasome-dependent degradation of the RPB1 subunit. This ‘last-resort’ response to sustained transcriptional 

arrest results in disassembly of the stalled RNAPII complex, and facilitates access to and repair of damaged DNA. 

Importantly, RPB1 hyperphosphorylation, polyubiquitylation and degradation occur under a number of other 

conditions that lead to persistent transcriptional arrest, including nucleotide triphosphate (NTP) depletion and 

RNAP II inhibition. For example, the direct RNAPII inhibitor α-amanitin induces RPB1 ubiquitylation and 

degradation. As such, one can speculate that the lower concentrations of AZD2230 (10 μM) and BMS-345541 (5 

μM) may have partially inhibited transcriptional CDKs (CDK7, 9 and/or 13), leading to an initial dephosphorylation 

of RNAPII CTD. In turn, this may have caused stalling of RNAPII elongation complexes, which were subsequently 

hyperphosphorylated and targeted for degradation by CDKs that had escaped inhibition at these doses. The 

higher concentrations of AZD2230 and BMS-345541 may have fully inhibited transcriptional CDKs and thus 

prevented the late-phase hyperphosphorylation of RNAPII. This cannot explain, however, the apparent 

degradation of RNPII observed after 24 hours treatment with 10 μM BMS-345541.  
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Conversely, CDK inhibition itself may directly elicit a DNA damage response via a variety of mechanisms. For 

example, CDK2 inhibition during S-phase leads to DNA re-replication, which elicits an intra-S-Phase checkpoint 

that shares components of the pathway activated by DSBs. Reduced CDK activity may also slow or stall DNA 

replication forks – this block is detected by ATR, which primarily activates Chk1. However, sustained CDK 

inhibition has been shown to lead to downregulation of Chk1, perhaps part of a negative feedback loop 

promoting cell cycle recovery. As such, this may explain the increased frequency of DSBs and cytotoxicity 

observed when CDK inhibitors (such as Roscovitine) are combined with DNA damaging treatments such as 

topoisomerase inhibitors. Off-target CDK2 inhibition may contribute to the effects of AZD2230 and BMS-345541. 

Publically available kinase selectivity data shows that 60% CDK2 activity remains in an in vitro assay at 10 μM 

BMS-345541 (compared to 16% IKKβ activity).  

Of the binding targets identified in a broad kinase selectivity screen, CDK11A and CDK11B had BMS-345541 

dissociation constants most comparable to IKKβ (Kd = 130 nM): CDK11A Kd = 390 nM and CDK11B Kd = 420 nM 

(Davis et al., 2011). Cdk11a and Cdk11b are duplicated genes that encode highly homologous protein kinases of 

110 kDa, CDK11p110. CDK11p110 is expressed throughout the cell cycle and is involved in transcription regulation 

and mRNA splicing (Trembley et al., 2004). CDK11p110 activity is required for ovarian, liposarcoma, osteosarcoma 

and breast cancer cell growth and survival (Duan et al., 2012, Jia et al., 2014; Zhou et al., 2015; Liu et al., 2016). 

Interestingly, during G2 and M phases, activation of an internal ribosome entry site present in CDK11 mRNA, 

results in expression of the truncated kinase, CDK11p58, which has roles in centrosome maturation, centriole 

duplication and protection of sister chromatid cohesion at centromeres during mitosis (Rakkaa et al., 2014). 

Taken together, the antiproliferative effects of BMS-345541 observed here, and by Blazkova et al., could have 

been mediated, in part, by off-target inhibition of CDK11A and/or CDK11B. 

The synergistic effect of BMS-345541 and IKKα/β DKO on cell death is worthy of further investigation. The 

absence of synergy in response to AZD2230 likely reflects the different off-target profile of BMS-345541. Why 

this synergy is not observed in the IKKβ KO cells is unclear, however. The effect of AZD2230 and BMS-345541 on 

IKKα KO cells was not explored. The difference could be explained by a greater importance of IKKα over IKKβ in 

protecting against cell death induced by BMS-345541. Alternatively, it could reflect the importance of drug-

induced NF-κB pathway activation in protecting against cell death. Unlike IKKα/β DKO cells, IKKβ KO cells are 

capable of inducing NF-κB in response to stimulus due to the redundant activity of IKKα (Chapter 3 Figure 3.6). 

Both of these possibilities require that IKKα activity was not fully inhibited at 5 – 10 μM BMS-345541. The IKK 

activity data (Figure 5.1B) indicated that IKKα was likely to be significantly inhibited at these concentrations. As 

previously discussed, however, these results may not be entirely accurate due to off-target inhibition of 

luciferase expression by BMS-345541. Nonetheless, these results could reflect an important role for IKKα activity 

and/or NF-κB signalling in promoting survival following cell cycle arrest induced by CDK inhibition and/or DNA 

damage. Consistent with this, both IKKα- and IKKβ-mediated NF-κB pathway activation has been shown to 

protect against doxorubicin-induced cell death (Bednarski, 2008). Furthermore, Bortezomib, which inhibits the 

NF-κB pathway as part of its mechanism of action, synergises with Flavopiridol to induce apoptosis in chronic 

myeloid leukemia cells (Cosimo et al., 2013). It will be interesting to compare the sensitivity of WT, IKKα, IKKβ 

and IKKα/β DKO cells to CDK inhibitors such as SNS-032 and Flavopiridol. 
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In conclusion, it is likely that a combined off-target inhibition of multiple cell cycle and transcriptional CDKs, with 

a possible associated induction of DNA damage, explains the inhibitory effects of AZD2230 and BMS-345541 on 

cell cycle progression. This negates their use in assessing the effects of IKK inhibition on cell proliferation. 

Furthermore, since NF-κB is a major transcription factor in immune and inflammatory signalling, off-target 

inhibition of CDKs involved in RNA Pol II regulation also negates their use in studies of IKK- and NF-κB-dependent 

gene expression. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6 

RNA Sequencing defines IKK-dependent NF-κB 
gene expression profiles 
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6 RNA-sequencing analysis of TNFα-inducible, IKK-dependent gene 
expression profiles 

6.1 Introduction 

The CRISPR-Cas9 cell line data presented up until this point suggested that IKKα and IKKβ have both 

complementary and non-redundant functions in the activation of canonical NF-κB in response to pro-

inflammatory cytokines and in mediating cross-talk with other signalling pathways. On the basis of these results 

we decided to perform RNA-sequencing analysis on three independent clones of WT, IKKα KO, IKKβ KO and 

IKKα/β DKO cell lines treated with TNFα for 0, 2 and 8 hours to assess the impact of IKK knockout on basal and 

TNFα-induced gene expression. There were several reasons for taking this genome-wide approach. It was hoped 

that comparison of the expression profiles of WT, IKKα KO, IKKβ KO and IKKα/β DKO cells in the absence of 

stimulus might reveal novel functions of the IKK kinases, either in maintaining the basal expression of NF-κB-

dependent genes, or in NF-κB independent processes. In this way the RNA sequencing analysis might uncover 

phenotypes of the KO cell lines that had been missed during basic characterisation of the cells (Chapter 3). We 

were also seeking explanations for some of the observations we had made during the characterisation of these 

cell lines. For example, the greater epithelial morphology and E-cadherin expression in IKKα/β DKO cells (Figure 

3.3), as well as the greater basal activation of p38 in these cells (Figure 3.5).  

It was also hoped that characterisation of the expression profile of WT cells treated with TNFα might reveal 

potential novel NF-κB-dependent genes with significance in colorectal cancer progression. Numerous genome-

wide expression analyses have characterised thousands of NF-κB-dependent genes across different species, cell 

types and stimuli (Li et al., 2002; Schwamborn et al., 2003; Zhou et al., 2003; Andela et al., 2005; Massa et al., 

2005; Tian et al., 2005a; Tian et al., 2005b; Viemann et al., 2006; Bunting et al., 2007; Hao & Baltimore, 2009; 

Raskatov et al., 2012; Chen et al., 2016). Indeed, a thorough and up-to-date database of 1667 distinct NF-κB 

target genes has recently been compiled (Yang et al., 2016). However, the majority of the studies that have 

sought to identify NF-κB-dependent genes have employed DNA microarray approaches. Compared to microarray 

technologies, RNA sequencing is a more sensitive technique and enables a broader dynamic range of differential 

gene expression to be assessed. Furthermore, the majority of previous genome-wide expression analyses have 

been performed in MEFs or in HeLa cells. This is the first reported genome-wide approach to the identification 

of TNFα-inducible genes in a colorectal cancer cell line. Given the potential importance of TNFα signalling to the 

progression of colorectal cancer (Chapter 1, Section 1.4.4), it was hoped that this RNA sequencing approach 

would generate a clinically relevant profile of NF-κB-dependent genes. 

Most significantly, it was hoped that characterisation of the expression profiles of WT, IKKα, IKKβ KO and IKKα/β 

DKO cells treated with TNFα might address the relative contribution of IKKα and IKKβ to the expression of NF-

κB-dependent genes. On the basis of the data presented in Chapter 3, we had sufficient reason to believe that 

the expression profiles of IKKα KO and IKKβ KO cells might differ significantly from each other and from that of 

WT cells, both in terms of the identity of the differentially expressed genes themselves and the fold-changes in 

the expression of differentially expressed genes common to each cell type. For example, we had observed that 

IKKα KO and IKKβ KO cells exhibited differential defects in TNFα-induced fold-changes in nuclear translocation of 
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c-Rel and p65; IKKα KO cells exhibited a striking defect in the nuclear translocation of both p65 and c-Rel, while

IKKβ KO cells were primarily defective in c-Rel nuclear translocation (Figure 3.15). We were interested in how

this difference might manifest as differences in the expression pattern of genes that are regulated by p65- and

c-Rel-containing NF-κB dimers. In relation to this, a recent study proposed that TNFα-induced transcriptional

output, both in terms of fold expression changes and the identity of the genes induced, correlates most closely

with the fold change in nuclear NF-κB, not the absolute nuclear NF-κB abundance (Lee et al., 2014). We expected

that the expression of well-characterised NF-κB target genes would be, on average, lower in the IKKα KO clones

compared to WT and IKKβ KO cells, given that these cells had exhibited markedly reduced TNFα-induced

expression of an NF-κB-dependent reporter (Figure 3.6). But we were also curious as to how this weaker overall

induction of NF-κB gene expression might translate into differences in the profile of genes induced. Furthermore,

IKKα KO and IKKβ KO cells exhibited differences in the post-translational modification of p65; IKKα KO cells

exhibited reduced basal phosphorylation of S536 and reduced TNFα-induced phosphorylation of S468 compared

to IKKβ KO and WT cells (Figure 3.6). We were interested in how these, and other potential differences in the

post-translational modification of NF-κB subunits that we didn’t measure might impact the TNFα-induced

expression profile in IKKα KO and IKKβ KO cells. In addition, IKKα and IKKβ have been proposed to phosphorylate

other components of NF-kB signalling pathway to influence feedback inhibition (Chapter 1, Section 1.3.2.3). For

example, IKKα has been proposed to phosphorylate PIAS1 and TAX1BP1, while IKKβ has been proposed to

phosphorylate A20. Although we have not assessed the status of these specific phosphorylation events in our

IKK KO cells, we had reason to believe that feedback mechanisms might have been generally defective given the

more prolonged IKK phosphorylation and the weaker second phase of IκB degradation observed in the KO cells

compared to WT (Figure 3.18). This is significant given the apparent importance of feedback mechanisms in

setting the precise oscillations in NF-κB signalling that contributes to define the NF-κB target gene expression

profile (Nelson et al., 2004; Tian et al., 2005a).

A previous study described a similar approach to the one taken here in order to define the IKK-dependence of 

the NF-κB gene expression response to inflammatory cytokines (Li et al., 2002). The authors characterised gene 

expression patterns in IKKα and IKKβ KO MEFS treated with TNFα using DNA microarrays, and identified a subset 

of genes that were dependent on either IKKα or IKKβ for expression. Indeed, this was some of the earliest 

evidence to question the established dogma of the time that IKKβ is the predominant canonical NF-κB pathway 

kinase and IKKα is the non-canonical NF-κB kinase. We hoped to extend this work to a more clinically relevant 

human cancer cell model. Indeed, we have already observed numerous fundamental differences between the 

regulation of canonical NF-κB in human HCT116 cells compared to reports that relied on the use of IKK KO MEFs; 

the IKK dependence of p65 S468 phosphorylation being one example.  

Within the tumour microenvironment, colorectal cancer cells that are part of developed tumours are likely to be 

constantly exposed to pro-inflammatory cytokines, such as TNFα. We therefore examined cells continuously 

exposed to TNFα, rather than those treated with a short pulse of TNFα. This was also consistent with the 

treatment method employed in all other experiments we performed. The significance of this decision is that the 

NF-κB-dependent gene expression profile has been proposed to differ depending on the length of the stimulation 

interval (Ashall et al., 2009).  Furthermore, TNFα-induced genes have been shown to broadly segregate into three 
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kinetically distinct groups: an ‘early’-induced group whose expression peaks at ~ 0.5 hours, an ‘intermediate’-

induced group whose expression peaks at ~ 2 hours, and a ‘late’-induced group whose expression peaks at ~ 12 

hours (Hao & Baltimore, 2009). For this reason we decided to measure genome wide gene expression at two 

different timepoints. Budget constraints prevented the examination of further timepoints, so we opted for 2 

hours as the early timepoint to attempt to capture a proportion of both early and intermediate genes and 8 hours 

as the late timepoint as this was the latest timepoint at which IKK DKO cells had not undergone significant levels 

of caspase-cleavage and hence committed to apoptotic cell death (Figure 3.9C and D).  

It should be noted that the results of this RNA sequencing experiment await robust validation via qRT-PCR and 

chromatin immunoprecipitation (ChIP). Nevertheless, the results as they are presented confirm the importance 

of IKKα for canonical NF-κB-dependent gene expression, they highlight a number of potentially novel NF-κB-

dependent genes, and they also reveal unexpected consequences of IKKβ KO on the expression of genes involved 

in various cellular processes, including chromatin organisation, microtubule/actin cytoskeletal organisation, DNA 

damage and mitotic cell cycle progression.  

6.2 Results 

6.2.1 Assessment of RNA sample and sequencing quality 

High purity total RNA was isolated from three independent clones of WT (A3, A8, E10), IKKα KO (F6, C7, A2), IKKβ 

KO (G9, A7, A4) and IKKα/β DKO (C8, G1, E9) cells treated with 10 ng/ml recombinant, soluble human TNFα or 

vehicle control (0.2% BSA/PBS (w/v)) for 8 hours or TNFα for 2 hours, leading to a total of 36 samples. The 

individual cell clones represent the three biological replicates for each of the 12 conditions. Each of the clonal 

cell lines were from similar, early passages, and samples were generated in an identical manner with the same 

reagents, and on the same day. Efforts were made to prevent DNA contamination through the use of an on-

column DNase I digestion. RNA quality was confirmed by NanoDrop and Bioanalyser (Agilent) analysis. Each 

sample had A260/A280 ratios > 2.00 and A260/230 ratios > 1.9 indicated high purity RNA with very little 

contamination from protein, phenol or other contaminants. Furthermore each of the samples exhibited RNA 

integrity numbers (RIN) of ≥ 9.9 (out of 10), indicating exceptional RNA ‘intactness’, i.e. minimal RNA degradation 

(data not shown).  

Illumina-compatible RNA sequencing libraries were prepared using the QuantSeq FWD 3’ mRNA-Seq library 

preparation kit (Lexogen), which generates highly sense strand-specific next-generation sequencing (NGS) reads 

towards the poly(A) tail of RNA.  Double-stranded cDNA libraries were sequenced on a NextSeq 500 sequencing 

system using a high-output, single-end read protocol of 75 cycles (to generate 75 base pair reads). The quality 

control of reads was performed using FastQC, which assesses the distribution of sequencing quality scores (Phred 

scores) across reads at each base position for each sample. Phred scores have values ranging from 1-36. The 

score is defined as a property which is logarithmically related to the base-calling error probabilities, such that a 

quality score of 30 for a base means that the probability of an incorrect base call is 1 in 1000 (i.e. a base call 

accuracy of 99.9%). Figure 6.1A represents a plot of the distribution of the mean read scores across all bases 

within each sample. It is expected that reads have a mean quality score of 30 or greater. Indeed, the distributions 
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exhibited peaks of mean quality scores of approximately 34, indicating that the sequencing reads for each sample 

were of a very high quality. 

Generated reads were trimmed using TrimGalore, which trims low-quality base cells from the 3’end of reads and 

removes adaptor sequences. The per-sample number of sequencing reads after trimming is shown in Figure 6.1B. 

The average number of reads was close to the expected sequencing depth of 8-10 million reads per sample. 

There was a sharp drop in the number of sequencing reads at the 8 hr TNFα treatment timepoint for IKKα KO 

clones C7 and A2. However, the number of reads were still sufficient to detect a comparable number of genes 

across the samples (Figure 6.2B).  

Per sequence GC content distributions (Figure 6.1C) and per base sequence contents (Figure 6.1D) were also 

assessed for each sample. Non-biased libraries should show a normal distribution of GC content, with the 

distribution centered at the overall GC content of the underlying genome (~ 40-60%). Given that the QuantSeq 

3’ mRNA-Seq libraries have an increase in Adenosine nucleotide content at the 3’ end of the reads (Figure 6.1D), 

the GC content is often shifted below the overall GC content of the underlying genome, as was seen here. GC 

content bias resulting from technical variability in polymerase activity during library preparation can have a 

strong sample-specific effect on gene expression measurements that, if left uncorrected, can lead to false 

positives in downstream analysis (Pickrell et al., 2010). Although no significant GC content bias was immediately 

apparent from these initial QC assessments, we decided to perform conditional quantile normalisation to remove 

any potential systemic bias. Such normalisation has been shown to improve precision by up to 42% without loss 

of accuracy (Hansen et al., 2012).  

Sequence duplication levels were also assessed and confirmed to be within an acceptable range (Figure 6.1E). 

High levels of duplication may indicate some enrichment bias, such as PCR over-amplification of a particular set 

of reads, or contamination. However, RNA-Seq libraries will normally show sets of reads at higher duplication 

bins that either correspond to highly expressed transcripts, which provide a high number of templates from the 

same region that are amplified and sequenced, or reads with high polyA+ content, such as mitochondrial RNA 

and/or ribosomal RNA (particularly reads with > 1000 copies).  

6.2.2 Assessment of RNA sequencing mapping and counting quality 

Sequencing reads were mapped to the Ensembl Homo sapiens GRCh38 primary assembly (release 90) reference 

genome using the STAR alignment tool. Reads mapping to protein-coding genomic features (gene body) were 

counted using HTSeq. A feature was considered as the union of all gene exons whose genomic coordinates were 

determined from the annotated filtered protein-coding transcripts from the Ensembl Homo 

sapiens.GRCh38.90.gtf. An overview of the mapping quality is provided in Figure 6.2A. The reads exhibited a high 

enrichment within the exons of genes, as expected for a 3’ mRNA directed library. The libraries also exhibited 

minimal rRNA contamination, indicating that the polyA-selection was successful. Also, the libraries were highly 

sense-strand specific as expected. The percentage of uniquely mapped reads was high (> 80%) for each sample 

(Figure 6.2B). Reads mapping to multiple loci (approximately 10-15% for each sample) were discarded to avoid 

false positives in differential expression analysis. The number of genes detected from the uniquely mapped reads 

were comparable for each sample (Figure 6.2B). The gene body coverage was calculated for 10 000 random genes 
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Figure 6.1. RNA sequencing quality control. (A)  Per sequence read mean quality score for each sample (Phred 
score 1-36). (B) Number of reads per sample after trimming of low quality bases and adapters using TrimGalore. 
(C) Per sequence read percentage GC content for each sample. (D) Average percentage nucleotide composition
across reads for each sample (E) Sequence duplication plot showing percentage of reads with specific number of
copies. All plots generated using FastQC tool.
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Figure 6.2. RNA sequencing mapping and counting quality control. (A) Sequence mapping quality control 
summary for each sample from SeqMonk. (B) Table summarising the results of the mapping, describing the 
percentage of uniquely mapped reads, and the number of genes (after filtering genes to retain those having more 
than 1 counts per million in at least one sample) detected in each sample. (C) Plot of read coverage along the gene 
body for 10 000 random genes. Generated using RSeQC v2.6.4. Reads were mapped using STAR v2.5.2a aligner. 
Ensembl Homo sapiens GRCh38 (release 90) was used as reference genome for mapping of reads, using annotat-
ed transcripts from the Ensembl Homo sapiens GRCh38.90.gtf. Counting of reads that map to genomic features 
(protein coding genes) was performed using HTSeq v.0.6.0. Reads with a mapping quality less than 10, that map 
to multiple loci or to overlapping gene regions were discarded to avoid ambiguity and false positives.
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in each sample using RSeQC, and the plots exhibited the expected 3’ bias (given the 3’ enrichment within the 

library preparation protocol) (Figure 6.2C).  

Overall, the quality control assessments indicated that the RNA samples, library preparation, sequencing and 

mapping/counting were of a high quality. 

6.2.3 Assessment of sample clustering 

Principle component analysis (PCA) was performed to investigate the relationships between different groups of 

samples and identify any clustering of samples or sample outliers (Figure 6.3). PCA analysis is an unsupervised 

statistical procedure for reducing the multiple sources of variance within data sets into a set of orthogonal (i.e. 

that are unrelated to each other) dimensional variables, or ‘principle components,’ to reveal the simplified 

structures that underlie them.  Samples are projected onto the 2D plane such that they spread out in the two 

directions that explain most of the differences between them. Similarities between data sets are correlated to 

the distances in the projection of the space defined by the principle component, so PCA can be used to confirm 

predicted relationships between samples, identify unexpected relationships (such as batch effects), and identify 

sample outliers. The first two components, PC1 and PC2 typically account for the majority of the variability within 

a data set. PCA was performed on a normalised and regularized-logarithm (rlog) transformed data matrix of read 

counts per gene obtained with DESeq2. Taking the log scale stabilises the variance across the mean and mitigates 

for the contribution of the high random noise of low count data that might otherwise overly contribute to 

sample-sample distances in PCA plots. In this way the distance measure has a roughly equal contribution from 

all genes.  

The caveat with PCA analysis is that it can be difficult to identify defined clusters of samples when the data is 

highly dimensional, i.e. there a multiple sources of variation, both biological and technical in nature. Broadly 

speaking, this appears to be the case with the RNA sequencing data presented here, where there is variation 

resulting from IKK knockout, the effect of TNFα treatment, the length of TNFα treatment, clonal heterogeneity, 

and technical variation associated with the isolation of RNA and sequencing. Clustering according to genotype, 

length of TNFα treatment time or clonal identity was not readily apparent across the different samples. Overall, 

the DKO samples tended to cluster closer together than the WT or IKK KO samples (Figure 6.3A). This likely 

reflects the fact that TNFα treatment had a significantly reduced global impact on the expression of genes in DKO 

cells than WT and IKK KO cells, given the lack of NF-κB signalling in DKO cells. It could also reflect a lower level of 

heterogeneity between the DKO clones than the WT and IKK KO clones. The greatest degree of separation was 

seen in the PC1 vs PC4 plot between DKO and WT samples, with IKKα KO and IKKβ KO samples falling somewhere 

in between. The NT and TNFα treated samples were largely separated in the dimensions of largest variation: PC1 

vs PC2, PC1 vs PC3, and PC1 vs PC4, as one would expect (Figure 6.3B). The samples also did not cluster according 

to clonal identity either (e.g. samples derived from clone A3), although this is not surprising as TNFα treatment 

was expected to have a more dominant effect on gene expression than the identity of the clone.  

Subsequent PCA analysis for individual comparisons that were used to identify differential gene expression 

revealed that clonal heterogeneity made significant contributions to the variance within groups (e.g. Figure 6.4). 

Despite this apparent clonal heterogeneity there were no consistent outliers, and hence a strong case could not 



Figure 6.3. All-sample clustering analysis. Principle component analyses were based on normalised and  regu-
larized log (rlog) transformed counts obstained with DESeq2 and were performed for comparisons between geno-
type (A), treatment time (B) and clone identity (C). PC, principal components.
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be made for excluding any of the samples from the subsequent analysis. Furthermore, as observed in other 

experiments (e.g. Chapter 3, Figure 3.6C), this clonal heterogeneity was common to all genotypes, including the 

WT clones. Had the heterogeneity been restricted to one group of the CRISPR-Cas9 cell lines (such as the IKKβ 

KO clones) concerns might have been raised as to the validity of the KO’s. The clonal heterogeneity common to 

the WT clones, however, was evidence that this heterogeneity was a consequence of the single-cell cloning 

process, not differences in the efficacy or off-target effects of CRISPR-Cas9 gene editing. The consequence of this 

clonal heterogeneity, however, was a reduced statistical power to identify differentially expressed genes, 

particularly in comparisons between non-treated KO clones (e.g. WT vs IKKα KO, WT vs IKKβ KO and WT vs DKO) 

where there was no paired design to account for variance between clones as there was for comparisons between 

non-treated and TNFα-treated samples. As we shall see, this led to a reduced number of differentially expressed 

genes reaching statistical significance for the former comparisons.  

6.2.4 Differential gene expression analysis of WT TNFα-treated samples identifies well-

characterised patterns of gene expression and putative, novel TNFα-responsive 

genes 

Differential gene expression (DE) analysis comparing NT with TNFα treated conditions was performed on WT 

samples using the R package edgeR. First, genes with low counts were filtered to reduce noise; genes having 

more than 10 counts per million (cpm) in at least 1 sample were kept. The sequencing libraries were also 

normalised to account for differences in sequencing depth and RNA composition between the samples using 

scaling factors calculated using the trimmed mean of M-values (TMM) between each pair of samples. This 

process was repeated for all further DE comparisons. Data exploration was performed on these filtered and 

normalised libraries using multi-dimensional scaling (MDS) plots, which show distances between samples in 

terms of biological coefficient of variation (BCV). BCV represents the square root of the average dispersion across 

genes (common dispersion). The MDS plot is therefore a type of unsupervised sample clustering. As seen in Figure 

6.4A and D, the WT NT and WT TNFα treated samples exhibit a wide separation in the x-axis dimension of 

variation and cluster together in this dimension. Two of the three WT NT, WT 2h and WT 8h samples 

(corresponding to clones A8 and E10) cluster together in the y-axis of variation, with the third set of samples 

(corresponding to clone A3) showing a greater degree of separation. This likely reflects the heterogeneity 

between clones that has been discussed previously. One potential explanation for the observed differences 

between A3 and A8/E10 clones is the fact that A8 and E10 cell clones represent an earlier passage of cells than 

the A3 clone. A similar separation in clustering based on clonal passage is also observed for IKKα KO and IKKβ KO 

clones (Figure 6.7A and 6.11A).  

Irrespective of this apparent clonal heterogeneity, the variation between the samples was within the range 

considered reasonable to detect DE. This was highlighted in the plots of the estimated dispersion of each gene 

across the samples within each of the two comparisons (Figure 6.4B and E). In this plot each gene’s average 

logCPM across samples (x-axis) is plotted against its BCV (y-axis), so each point (referred to as tagwise in the plot 

legend) corresponds to a gene. The blue line represents the trend through the tagwise data while the red line 

represents the common dispersion, which is an indication of the overall variability within the dataset. A common 
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Figure 6.4. Characterisation of TNFα-induced gene expression profiles in WT HCT116 cells. (A) Biological 
coefficient of variation (BCV) multi-dimensional scaling (MDS) plot for comparison between WT non-treated (NT) 
and WT 2h TNFα treated samples. (B) Plot of biological coefficient of variation versus mean log counts per million 
(CPM) for each gene across samples within comparison from (A). Red line is the common dispersion (average 
dispersion across genes). (C) MA-plot of average logCPM plotted against the log fold-change (FC) for comparison 
between WT NT and WT 2h TNFα treated samples. Differentially expressed genes with FDR < 0.05 are highlighted 
in red. Blue lines are shown at logFC values of 1 and -1. (D) BCV MDS plot for comparison between WT NT and 
WT 8h TNFα treated samples. (E) Plot of biological coefficient of variation versus mean logCPM for each gene 
across samples within comparison from (D). Red line is the common dispersion (average dispersion across genes). 
(F) MA-plot of average logCPM plotted against the logFC for comparison between WT NT and WT 8h TNFα treated
samples. Differentially expressed genes with FDR < 0.05 are highlighted in red. Blue lines are shown at logFC
values of 1 and -1.(G) Heirarchical clustering heat map of differentially expressed genes (FDR < 0.05) from compar-
isons between WT, WT 2h TNFα-treated and WT 8h TNFα-treated clones. (H and I) Top 20 significantly differentially
expressed upregulated and downregulated genes and their logFC’s for WT 2h and 8h TNFα samples (ranked by
FDR p value).
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dispersion between 0.2 – 0.4 is typically considered reasonable, therefore for each of these two comparisons the 

variability was within the range necessary to detect differential gene expression.  

DE analysis was performed, involving fitting of a negative binomial generalized linear model to estimates of 

common dispersions, followed by statistical testing of the coefficients (quasi-likelihood (QL) F-test) to identify 

statistically significant differentially expressed genes. The WT NT and WT 2h TNF and WT NT and WT 8h TNF 

comparisons have a paired design (each independent clone is measured before and after TNFα treatment), which 

improves the power of statistical testing. EdgeR applies the Benjamni-Hochberg method to p-values to control 

the false discovery rate (FDR) for multiple testing correction. Only genes with FDR < 0.05 are considered 

differentially expressed in subsequent analysis. A total of 332 and 1094 differentially expressed genes (DEGs) 

were identified in the comparison between WT NT and WT 2h TNFα, and WT NT and WT 8h TNFα samples, 

respectively (red dots in Figure 6.4C and F). A hierarchical clustering heatmap of the normalised average CPM 

across replicates for these DEGs was plotted (Figure 6.4G) and the top 20 DE upregulated and downregulated 

genes (ranked by FDR p-value) at 2h and 8h TNFα treatment tabulated (Figure 6.4H and I). A number of well-

characterised TNFα-responsive, NF-κB-dependent genes were identified as being significantly DE, including the 

canonical NF-κB genes NFKBIA (encoding IκBα) and TNFAIP3 (encoding A20). The heatmap identifies seven 

clusters of genes with similar expression patterns across the samples. The mean log(fold change, FC) of a 

selection of representative well-characterised NF-κB-dependent genes from each cluster are plotted in Figure 

6.5 (left-hand panels). Also plotted are potential, novel NF-κB-dependent genes representative of each cluster 

(right-hand panels). Plotted are those novel genes whose logFC are > 1.0. Identification of potential novel genes 

was a multi-step process.  DEGs were first filtered against those DEGs from comparisons between DKO NT and 

DKO TNFα treated samples (Figure 6.15) to remove TNFα-responsive, non-NF-κB-dependent genes (e.g. JUN, 

ATF3, MAFF, JUND etc). DEGs were also filtered against a recently curated database of 1667 NF-κB-dependent 

genes (Yang et al., 2016) to remove known NF-κB-dependent genes. A literature search was then performed on 

remaining genes to remove other known TNFα-inducible genes. Of the 1215 unique, DEGs identified in WT 

samples, 220 genes were identified with no previously reported link to TNFα-dependent expression (to the best 

of the author’s knowledge at the time of writing).  

TNFα-induced NF-κB-dependent gene expression exhibits characteristic temporal profiles, broadly segregated 

into early genes (peak differential expression at ~ 1h), intermediate genes (peak differential expression >2h) and 

late genes (peak differential expression > 8h). Reassuringly, these same gene expression profiles were observed 

in WT cells treated with TNFα (Figure 6.4G and 6.5). Cluster 1 represents intermediate upregulated genes, whose 

expression plateaus at between 2 and 8 hours. Representative known genes in this cluster are RELB and NFKBIE 

(encoding IκBε) (Figure 6.5A). Cluster 2 represents late upregulated genes, whose expression peaks > 8 hours. 

Representative known genes in this cluster are NFKB2 (encoding p100), OPTN (encoding Optineurin) and IKBKE 

(encoding IKKε) (Figure 6.5C). Cluster 3 represents early upregulated genes, whose expression peaks < 2h and 

then decreases at later timepoints. Representative known genes in this cluster are NFKBIA (encoding IκBα) and 

the cytokines, CXCL8, CXCL1 and CXCL2 (Figure 6.5E). It is likely that at 2 hours the expression of these genes is 

already decreasing and their peak expression was missed. Cluster 4 represents a small subset of early 

downregulated genes, whose expression decreases at 2h, but increases above NT levels at 8h. Known genes in 
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this cluster are FOXO1 and ZIC2 (Figure 6.5G). Cluster 5 represents a large subset of late downregulated genes, 

whose expression progressively decreases between 2 and 8 hours. Known genes in this cluster are CITED2 and 

PIM1 (Figure 6.5I). Cluster 6 represents a very small subset of late downregulated genes, whose expression 

initially increases at 2 hours following TNFα stimulation. Known genes in this cluster are EGR1 and AMOTL2 

(Figure 6.5J). Finally, Cluster 7 represents early downregulated genes. Known genes in this cluster are the growth 

factors, BMP4 and BDNF (Figure 6.5K). The identification of these characteristic gene expression profiles gives us 

great confidence that the results obtained are of a high quality and are biologically relevant. 

Validation of the putative novel NF-κB-dependent genes awaits further work, but qRT-PCR validation of one of 

the identified genes, USP43, will be discussed in Section 6.2.5 Some of the genes identified may be TNFα-

inducible but NF-κB-independent; this will need to be investigated by ChIP experiments and promoter analysis 

of candidate genes. ID2, for example, was one of the most significantly downregulated genes in response to TNFα 

in WT, IKKα, IKKβ and DKO cells (Figure 6.4, 6.11, 6.13 and 6.15), although the level of downregulation was lower 

in DKO cells. TNFα has not previously been reported to regulate the expression of ID2. An inspection of the genes 

induced by TNFα in IKK DKO cells, however, points to a mechanism by which TNFα might be able to indirectly 

repress ID2. The stress-responsive gene Activating Transcription Factor 3 (ATF3) was strongly induced by TNFα 

in DKO cells, in addition to WT, IKKα and IKKβ cells (Figure 6.6E). This is consistent with the fact that the p38 

pathway has been shown to be important in the induction of ATF3 by stress signals (Lu et al., 2007). ATF3, in 

turn, has been proposed to cooperate with the AP-1 family TF, JunB, in the repression of ID2 expression 

downstream of TGF-β signalling during EMT (Gervasi et al.,2012). The involvement of JunB in repression of ID2 

in DKO cells in response to TNFα is unclear, however, given that TNFα-induced JUNB expression was completely 

absent in DKO cells (Figure 6.6D), suggesting that NF-κB activation was required for TNFα-induced JunB 

expression. Indeed, JunB has been shown to contain an NF-κB site within its promoter (Brown et al., 1995b) and 

has been shown to be induced by TNFα, even in the absence of JNK (Ventura et al., 2003). Interestingly, fellow 

members of the Id protein family, ID1 and ID3 were also downregulated in WT, IKKα and IKKβ KO cells, but not 

DKO cells. ID1 has also been proposed to be repressed by ATF3 downstream of TGFβ, in this case cooperating 

with SMAD3 (Kang et al., 2003). SMAD3 expression was upregulated by TNFα in WT, IKKα KO and IKKβ KO cells, 

but not DKO cells (Figure 6.6F). Confusingly, however, NF-κB has been proposed to repress the transcription of 

TGF-β responsive genes, such as SMAD3 and SMAD7 (Nagarajan et al., 2000). Future work will seek to 

characterise the signalling crosstalk that mediates the repression of Id family members. The downregulation of 

ID family expression in response to TNFα is of interest given the proposed role of ID proteins as tumour 

promoters in a range of cancers, including CRC (Lasorella et al., 2014). For example, ID1 and ID3 have been 

proposed to sustain cancer stem cell and tumour-initiating phenotypes in colon cancer cells (O’Brien et al., 2012). 



0 2 4 6 8 10
0

1

2

3

4

TNFAIP2
RELB
NFKBIE
NFKB1
SERPINA3
TRAF3
BIRC2
SDC4
SOD2
NFKBIB

0 2 4 6 8 10
0

1

2

S100A3
SYNGR3
N4BP3
ZBED2
HRH1
CDC42EP2
INSIG2
SEMA4B
ABTB2
ZFP36L1

2 4 6 8 10
0

1

2

KRTAP2-3
KRTAP3-1

NAV3
DTX3L
PARP14
SEMA3C
NMI
SBNO2
PARP9
SLC16A9
DDX58
FGD6
TAP2
ABR
DOC2B

2 4 6 8 10
0

2

4

6

8

10 CCL20
CXCL8
CXCL1
CXCL2
NFKBIA
NFKBIZ
TNFAIP3
IRF1
NUAK2
EDN1
ELF3

-1

BCL3

2 4 6 8 10
0

1

2

3

USP43
MAP3K8
RNF223
TMCC2
ANKRD33B
LAMB3
HIVEP2
HIVEP1
EHD1
SIX4

-1

HELB
PLK2

2 4 6 8 10

-0.5

0.0

0.5
FOXO1
ZIC2 2 4 6 8 10

-2

-1

0

ZNF503

Time + TNFα (hr) Time + TNFα (hr)

Time + TNFα (hr)
Time + TNFα (hr)

Time + TNFα (hr)
Time + TNFα (hr)

Time 
+ TNFα (hr)

Lo
g 2(F

ol
d 

ch
an

ge
)

Time + TNFα (hr)

Lo
g 2(F

ol
d 

ch
an

ge
)

Lo
g 2(F

ol
d 

ch
an

ge
)

Lo
g 2(F

ol
d 

ch
an

ge
)

Lo
g 2(F

ol
d 

ch
an

ge
)

Lo
g 2(F

ol
d 

ch
an

ge
)

Lo
g 2(F

ol
d 

ch
an

ge
)

Lo
g 2(F

ol
d 

ch
an

ge
)

Time + TNFα (hr)

BA

DC

FE

G

Cluster 1 Cluster 1

Cluster 3 Cluster 3

Cluster 4

0 2 4 6 8 10
0

2

4

6

PSMB9
IKBKE
NFKB2
OPTN

IFIH1

TAPBP

TAP1
SERPINE1

TNFRSF9

H Cluster 4

220



2 4 6 8 10

-2

-1

0

CITED2
PIM1

2 4 6 8 10

-1.0

-0.5

0.0

0.5 EGR1
AMOTL2

2 4 6 8 10

-1.0

-0.5

0.0

BMP4
BDNF

0 2 4 6 8 10

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

ID1
ID2

KLF2
ID3

ARL4D

Lo
g 2(F

ol
d 

ch
an

ge
)

Lo
g 2(F

ol
d 

ch
an

ge
)

Lo
g 2(F

ol
d 

ch
an

ge
)

Lo
g 2(F

ol
d 

ch
an

ge
)

Time + TNFα (hr) Time + TNFα (hr)

Time + TNFα (hr)

Time + TNFα (hr)
I

J

K L

Figure 6.5. Expression profiles of a cross-section of well-characterised NF-κB-dependent genes (A,C,E,G, 
I, J and K) and putative, novel TNFα-responsive genes (B, D, H, and L) from each of the clusters of differen-
tially expressed (DE) genes identified in WT cells. Plotted are the log2(Normalised, average fold change in gene 
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Figure 6.6. TNFα-dependent expression profiles of ID1, ID2, ID3, JunB, ATF3 and SMAD3 in WT, IKKα KO, 
IKKβ KO and DKO cells. Plotted are the log2(Normalised, average fold change in gene CPM) for the ID1 (A), ID2 
(B) and ID3 (C),  JunB (D) and ATF3 (E).
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6.2.5 IKKβ knockout causes the downregulation of genes involved in chromosome 

organisation, mitotic cell cycle progression and DNA damage repair in non-

stimulated cells 

To investigate the effects of IKK knockout on basal gene expression, DE analysis was performed for comparisons 

between WT and IKK KO NT samples. As alluded to earlier, the MDS plot for comparisons between WT NT and 

IKKβ KO NT samples highlighted that two of the IKKβ KO clones (A7 and A4) clustered close together in both 

dimensions of BCV, while the other (G9) exhibited separation in the BCV2 dimension (Figure 6.7A). Overall, 

however, the WT and IKKβ KO samples separated well in the BCV1 dimension, which represents a larger 

proportion of the overall variance (notice the scale of the axis). The common dispersion across the samples was 

again within the acceptable range for DE analysis (Figure 6.7B). Meanwhile, the MDS plot for comparisons 

between WT NT and DKO NT samples demonstrated that WT and DKO samples separated well in the BCV1 

dimension, but the DKO samples exhibited greater variance in the BCV2 dimension (Figure 6.7D). Despite this, 

the level of dispersion across the samples was again within the acceptable range for DE analysis. 

DE analysis identified 170 genes differentially expressed between WT and IKKβ KO NT samples and 652 genes 

differentially expressed between WT and DKO NT samples. The majority of these DEGs exhibited relatively small 

logFC relative to WT samples (Figure 6.7C and F). Of these genes, 136 were differentially expressed in both IKKβ 

and DKO samples (Figure 6.7H). It should be noted that the higher number of DEGs identified in DKO cells relative 

to IKKβ KO cells may reflect the reduced variance in the dispersion between the clonal replicates (Figure 6.7E) 

such that a greater number of DEGs were able to reach statistical significance (FDR p-value <0.05). 

A heatmap of DEGs demonstrates that the majority of the overlapping genes were those that were 

downregulated in IKKβ KO and DKO samples relative to WT (Figure 6.7G, Cluster 1). 11 of the top 20 DEGs 

downregulated relative to WT samples were common to both IKKβ KO and DKO samples: HIST1H1E, HIST1H2AM, 

HIST1H2AC, HIST1H2AH, APIP, CHRNA5, ARL14EP, ITGB3BP, THRA, RRBP1 and FAM53B (Figure 6.7I and J). 

Meanwhile, two of the top 20 DE upregulated genes were common to both IKKβ KO and DKO samples: DUSP5 

and MRPL12. Unfortunately, IKBKB (encoding IKKβ) was not detected in any of the samples analysed, WT, IKKβ 

KO or otherwise, and so could not be used as additional validation of IKKβ KO.  

The RNA sequencing library preparation method involved a polyA-enrichment to enrich mRNA from the total 

RNA pool. The identification of replication-dependent Histone-encoding mRNAs was surprising, therefore, given 

their lack of polyA+ tails (Marzluff et al., 2008). A total of 18 Histone genes were sequenced across the samples 

and exhibited a range of low to high read-counts, suggesting that Histone-encoding mRNAs were in abundance 

within the RNA libraries and were sequenced with comparable read-depths to other genes. In addition to the 

four histone genes within the top 20 DEGs in both IKKβ KO and DKO samples, an additional 5 (HIST1H2BD, 

HIST1H2AJ, HIST1H4C, HIST1H1C and HIST2H2AB) were significantly downregulated in IKKβ KO and DKO samples. 

There are circumstances under which Histone genes that typically produce mRNA’s lacking polyA+ tails may 

transcribe polyadenylated mRNAs. For example, several studies indicate that polyA+ histone mRNA levels may 

increase during various cellular processes including G1 arrest caused by p53 accumulation, differentiation and 

tumourigenesis (Abba et al., 2005; Pirngruber et al., 2010; Lyons et al., 2016). Furthermore, HCT116 cells have  
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Figure 6.7. Identification of DEGs in IKKβ KO NT and DKO NT cells relative to WT.  (A) Biological coefficient 
of variation (BCV) multi-dimensional scaling (MDS) plot for comparison between WT NT and . (B) Plot of biological 
coefficient of variation versus mean log counts per million (CPM) for each gene across samples within comparison 
from (A). Red line is the common dispersion (average dispersion across genes). (C) MA-plot of average 
log-counts-per-million plotted against the log fold-change (FC) for comparison between WT non-treated (NT) and 
WT 2h TNFα treated samples. Differentially expressed genes with FDR < 0.05 are highlighted in red. Blue lines are 
shown at logFC values of 1 and -1. (D) Biological coefficient of variation (BCV) multi-dimensional scaling (MDS) plot 
for comparison between WT non-treated (NT) and WT 8h TNFα treated samples. (E) Plot of biological coefficient of 
variation versus mean log counts per million (CPM) for each gene across samples within comparison from (D). Red 
line is the common dispersion (average dispersion across genes). (F) MA-plot of average log-counts-per-million 
plotted against the log fold-change (FC) for comparison between WT non-treated (NT) and WT 8h TNFα treated 
samples. Differentially expressed genes with FDR < 0.05 are highlighted in red. Blue lines are shown at logFC 
values of 1 and -1.(G) Heirarchical clustering heat map of differentially expressed genes (FDR < 0.05) from compar-
isons between WT NT, IKKβ KO NT and DKO NT samples. (H) Venn diagram showing the number of differentially 
expressed genes (FDR < 0.05) unique and common to IKKβ KO NT and DKO NT samples. (I and J) Top 20 signifi-
cantly differentially expressed upregulated and downregulated genes and their logFC’s for IKKβ KO and DKO 
samples relative to WT (ranked by FDR p value).      
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been shown to express significant levels of polyA+ HIST1H2BD; one of the identified DE Histone genes (Kari et 

al., 2013). RNA sequencing analyses using total RNA libraries have defined non-polyA+ RNAs that are typically 

underrepresented in polyA+ RNA libraries (Guo et al., 2015). These include histone mRNAs, small RNAs, lncRNAs, 

as well as a small subset of protein encoding transcripts. We compared the database of non-polyA transcripts 

sequenced in Guo et al., 2015 with the genes identified as DE in IKKβ KO and DKO samples and, apart from the 9 

Histone genes, observed no additional overlap in genes, suggesting that IKKβ KO and DKO samples are not biased 

to express lower levels of non-polyA transcripts. However, given that we have not been able to satisfactorily 

resolve this apparent contradiction, nor have we yet performed any validation of the DEGs identified in IKKβ KO 

and DKO samples, the following analyses should be regarded as preliminary.  

To identify functional relationships between DEGs, gene ontology (GO) term analysis was performed separately 

on the upregulated (54) and downregulated (116) DEGs in IKKβ KO NT samples using the PANTHER statistical 

overrepresentation test (Figure 6.8). A protein-encoding gene background list was used to make fold-enrichment 

comparisons as only protein-coding genes were counted and included in the DE analysis. Fold enrichment for 

identified GO terms were plotted, along with the FDR p-values (Bonferonni correction for multiple testing) and 

the number of genes representative of each GO term category in parentheses. Related ‘daughter-parent’ GO 

terms are grouped closer together within the bar chart (‘daughter’ refers to the more functionally specific term, 

and ‘parent’ to the more general parent term from which the daughter stems). 

It should be noted that the 8 Histone genes that were identified as DE in IKKβ KO samples have a large impact on 

the enrichment terms. For example, the Histone genes dominate the cell compartment and protein class GO 

term analyses of the DE downregulated genes. Interestingly, however, a number of other nucleic acid binding 

genes expressed at the chromosomes/nucleolus/nucleoplasm are also differentially downregulated (Figure 

6.8B). Furthermore, of the highest enriched Bioprocess term, ‘DNA conformation change’, four of the 12 genes 

are Histones, but the 8 other genes include; NCAPG2 (a Condensin subunit), CENPW (a centromere-associated 

protein), CCNB1 (Cyclin B1), BAHCC1 (a chromatin silencing protein), ASH1L (a histone lysine N-

methyltransferase), SETX (a DNA helicase), DHX9 (an RNA helicase) and ITGB3BP (a Centromere-associated 

protein. Furthermore, the parent GO term, ‘chromosome organisation’ was highly significantly (p = 2.9 x 10-11) 

enriched for 37 genes and included various other histone-lysine methyltransferases/demethylases (KDM1A, 

KDM4A, EHMT1 and NSD1) and genes involved in telomere maintenance (POLA1 and PRIM1, which make up the 

POLA/Primase complex required for lagging strand synthesis and telomere maintenance). A number of genes 

involved in the DNA damage response were also downregulated, including ATM, the DUB USP10, the 

phosphatase CDC14B, the base excision repair protein APEX1, the nucleotide excision repair protein RAD23A and 

the translesion synthesis pathway protein ATAD5. Another highly significant (p = 1.1 x 10-6) enriched Bioprocess 

GO term (and Reactome pathways GO term) was ‘mitotic cell cycle,’ which included genes such as the CDK 

phosphatase CDKN3, the kinesin motor protein KIF2A, the phosphatase CDC14B, CCNB1, the G2/M checkpoint 

regulator, GTSE1, the centrosomal protein, CEP55, the mitotic spindle organisation protein, PCNT (Pericentrin), 

and the mitotic kinase, PBK.  
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Figure 6.8. PANTHER GO:term analysis for downregulated (A, B, C, D, E) and upregulated (F) DEGs in IKK
β KO NT samples. (A) Fold enrichment plot of PANTHER Bioprocess GO-terms for DE genes downregulated in 
IKKβ KO NT samples relative to WT NT samples. (B) Fold enrichment plot of PANTHER Cell compartment 
GO-terms for DE genes downregulated in IKKβ KO NT samples. (C) Fold enrichment plot of PANTHER Molecular 
function GO-terms for DE genes downregulated in IKKβ KO NT samples. (D) Fold enrichment plot of PANTHER 
Protein class GO-terms for DE genes downregulated in IKKβ KO NT samples. (E) Fold enrichment plot of Reac-
tome pathways GO-terms for DE genes downregulated in IKKβ KO NT samples. (F) Fold enrichment plot of Cell 
compartment  GO-terms for DE genes upregulated in IKKβ KO NT samples. Bonferroni  method used to correct p 
values for multiple testing. Number of genes representative of each GO:term shown in parentheses.  
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GO:term analysis of the 62 upregulated genes in IKKβ KO NT samples did not result in significantly enriched 

GO:terms, other than for proteins localised to the mitochondrion and intracellular ribonucleoprotein complexes 

(Figure 6.8F).  

6.2.6 IKK DKO causes additional downregulation in the basal expression of genes involved 

in microtubule/actin cytoskeleton organisation, cell trafficking, cell junction 

regulation and cell differentiation 

GO:term analysis was also separately performed on the upregulated (260) and downregulated (392) DEGs 

identified in DKO cells (Figure 6.9). A large number of significantly enriched GO:terms within the downregulated 

gene set were identified, many of which were also identified as being enriched within the downregulated DE 

gene set from DKO cells, such as ‘mitotic cell cycle’, ‘cellular response to DNA damage stimulus,’ ‘DNA 

conformation change,’ and its ‘parent term ‘chromosome organisation.’ Furthermore, ‘mitotic cell cycle’ and 

‘chromosome organisation’ were again the most significant bioprocess GO:terms. This gave us greater 

confidence that the genes annotated with these terms that were commonly downregulated in both IKKβ KO and 

DKO cells are functionally relevant groups of genes that are repressed as a result of IKKβ KO. In addition, a number 

of GO:terms that were not identified in the IKKβ KO DE gene list were identified here. Interestingly, a number of 

these related to regulation of the cytoskeletal network, cell junctions/projections and regulation of organisation 

and transport membrane-bound (endo- and exo-membrane) vesicles. For example, 55 genes whose products 

localise to the microtubule cytoskeleton, 50 genes whose products localise to cell junctions, 61 genes whose 

products localise to cell projections and 84 whose products localise to extracellular exosomes were identified. It 

should be noted that there may be a degree of overlap of functionally diverse genes within the different 

GO:terms identified. However, the number of genes identified in each GO:term category is large enough that this 

redundancy was not of great concern.  

The most enriched Bioprocess GO:term was ‘actin filament-based transport,’ and was made up of the genes, 

FNBP1L, ACTN4, MTO5A, SYNE2 and SUN2. This represents over half of the known genes with annotated actin 

filament-based transport function in the human genome (5 out of 9).  All of these genes were also downregulated 

in IKKβ KO clones, but only FNBP1L passed the FDR p < 0.05 threshold. The parent GO:term to which actin 

filament-based transport belongs, ‘cellular localisation’ was signficantly enriched for 81 genes. Interestingly, 21 

of the downregulated genes in DKO cells fall within the Reactome pathway annotation of RHO GTPase effectors. 

RHO GTPases play a pivotal role in regulating the actin cytoskeleton, microtubule dynamics and membrane 

transport pathways. 

The second most enriched Bioprocess GO:term was ‘peptidyl-lysine dimethylation,’ and was made up of the 

genes, EHMT1 (KMT1D), ASH1L (KMT2H), KDM3A, SETD2 and KMT2A. This represents almost half of the known 

genes with annotated peptidyl-lysine demethylation function in the human genome (5 out of 12). Histone lysine 

methylation is controlled by lysine methyltransferases (KMTs) and lysine demethylases (KDMs) and is typically 

involved in transcriptionally inactive heterochromatin formation and transcriptional regulation. EHMT1, ASH1L 

and KMT2A were also significantly downregulated in IKKβ KO cells, with KDM3A narrowly missing the significance 
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threshold. In addition, a number of other histone lysine methylation regulators were downregulated in both DKO 

and IKKβ KO cells but narrowly missed the significance threshold, including KDM5C, KMT5A and KDN4B. 

Similarly to the IKKβ DE upregulated gene set, GO:term analysis of the DE upregulated genes in DKO cells was 

less revealing than for the downregulated genes (Figure 6.9F, G and H). The vast majority of upregulated genes 

were involved in ‘cellular metabolic processes’ (151 out of 260), although this reflected a marginally significant 

small fold enrichment over the reference gene set. Many of these genes expressed products that localised to the 

mitochondrion (62 out of 260), which represented a highly significant enrichment (FDR p = 1.6 x 10-12). 

Overall the GO:term analysis indicates a wide-spread reprogramming of gene regulation in IKKβ and IKK DKO 

cells, with downregulation of genes broadly split into the following categories: i) chromatin organisation, ii) cell 

cycle regulation (through mitotic spindle control) iii) DNA repair, iv) actin/microtubule cytoskeletal regulation of 

cell and vesicle migration and  v) upregulation of genes involved in metabolism.  

6.2.7 Minimal differential gene expression was detected in IKKα KO NT samples 

The MDS plot for comparisons between WT NT and IKKα KO NT samples highlighted a greater degree of variance 

between the IKKα clones than was present between IKKβ and DKO clones. This is reflected in the fact that none 

of the IKKα KO clones clustered together, and the fact that WT and IKKα KO samples did not separate well in the 

BCV1 dimension. There was some separation in the BC2 dimension, however, particularly for clones 1 (F6) and 2 

(C7). Questions might be raised about the other IKKα KO clone (3, A2), which clustered closer to the WT clones. 

Clone A2 was also a source of heterogeneity within other experiments (Figure 3.6). However, there was not 

sufficient evidence to label clone A2 an outlier and exclude it from subsequent analysis. Alternatively, the lack of 

separation in terms of BCV could simply reflect the fact that IKKα KO had minimal impact on basal gene 

expression relative to WT cells. Nevertheless, the result was that the common dispersion was slightly higher 

(closer to 0.2) within this comparison than for the comparisons between IKKβ KO/DKO and WT samples. 

Subsequent DE analysis identified only 5 DEGs that met the FDR p-value < 0.05 threshold in the comparison 

between IKKα KO and WT cells. These were RPS27A, DHRS2, ALDH3A2, SERINC5, and Conserved Helix-Loop-Helix 

Ubiquitous Kinase (CHUK, encoding IKKα) itself. This is not to say that the expression of many more genes were 

not affected by IKKα KO. Rather, the variance in gene expression between the three clones was too high for these 

genes to pass the significance threshold. To gain a rough idea of the identity of some of these DEGs, the 

significance threshold was lowered to a non-corrected p-value < 0.01 (equivalent to FDR p value < 0.41). This 

identified 220 genes, a large fraction of which (approximately 40%) are statistically likely to be false-positives. 

The results of subsequent analysis are thus not intended to be conclusive. The gene encoding IKKα, CHUK, was 

the second most significantly downregulated gene identified, exhibiting a logFC of -1.54, adding confidence that 

samples were correctly labelled and sequenced. 

In order to fairly compare this list of DEGs with those DEGs identified in IKKβ KO and DKO cells, the significance 

threshold was lowered to a non-corrected p-value < 0.01 for the comparisons between IKKβ/DKO and WT cells. 

This increased the number of DEGs in IKKβ KO cells from 170 to 494, and the number in DKO cells from 652 to 

937. The overlap between the DEGs identified from these comparisons is shown in Figure 6.10G. Of the 220 DEGs

identified in IKKα KO cells, 104 exhibited overlap with the DEGs from DKO cells, and an additional 24 were
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Figure 6.9. PANTHER GO:term analysis for downregulated (A, B, C, D, E) and upregulated (F) DEGs in DKO 
NT samples. (A) Fold enrichment plot of PANTHER Bioprocess GO-terms for DE genes downregulated in DKO NT 
samples relative to WT NT samples. (B) Fold enrichment plot of PANTHER Cell compartment GO-terms for DE 
genes downregulated in DKO NT samples. (C) Fold enrichment plot of PANTHER Molecular function GO-terms for 
DE genes downregulated in DKO NT samples. (D) Fold enrichment plot of PANTHER Protein class GO-terms for 
DE genes downregulated in DKO NT samples. (E) Fold enrichment plot of Reactome pathways GO-terms for DE 
genes downregulated in DKO NT samples. (F) Fold enrichment plot of Bioprocess GO-terms for DE genes upregu-
lated in IKKβ KO NT samples.(G) Fold enrichment plot of Cell compartment GO-terms for DE genes upregulated in 
IKKβ KO NT samples. (H) Fold enrichment plot of Reactome Pathways GO-terms for DE genes upregulated in IKK
β KO NT samples. Bonferroni  method used to correct p values for multiple testing. Number of genes representative 
of each GO:term shown in parentheses.  
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common to the DEGs from IKKβ KO cells. The significant overlap with the DKO DE gene list gives us greater 

confidence that the p < 0.01 IKKα KO DE gene list contains a proportion of ‘real’ hits.  

GO:term analysis was performed on the list of 220 DEGs identified in IKKα KO cells (Figure 6.10 D-F). The most 

significantly enriched Bioprocess GO:terms were ‘regulation of signalling’ and ‘regulation of signal transduction 

by p53 class mediator’. Overlap with the GO:term analysis of DKO DEGs was seen for the Bioprocess term ‘cellular 

metabolic process’ and genes whose products localise to the nucleolus/nucleoplasm and extracellular exosome. 

6.2.8 IKKα KO cells exhibit a greater defect in TNFα-induced gene expression than IKKβ KO 

cells, while DKO cells exhibit minimal TNFα-induced expression changes 

Subsequently we performed DE analysis on IKKα KO TNFα treated samples and IKKβ KO TNFα treated samples 

and compared the expression profiles with that identified from WT TNFα treated samples to attempt to identify 

genes whose expression was selectively IKK-dependent. The MDS plot for comparisons between IKKα NT and 

IKKα KO 2h TNFα samples once again highlighted relatively poor clustering within the IKKα KO clones according 

to treatment type, indicative of the high level of variance in gene expression between the IKKα KO clones (Figure 

6.11A). However, the individual NT clones did separate from their paired TNFα-treated samples, and the degree 

of separation in the BCV2 dimension was approximately similar between the different clones (perhaps a smaller 

separation for clone 1 (F6)). The 8h TNFα treated samples exhibited greater clustering according to treatment 

type, suggesting that the expression changes were more similar between the IKKα KO clones after 8h than 2h 

treatment (Figure 6.11D). The low common dispersion across the samples (Figure 6.11B and C) highlights the 

benefit of a paired experimental design; variance in the absolute levels of gene expression between clones is 

cancelled out such that only the variance at the level of relative changes in gene expression are important. As 

such we were able to detect a reasonable number of DEGs within this comparison; a total of 97 DEGs were 

identified at 2h TNFα and 198 at 8h TNFα treatment (FDR p-value < 0.05) (Figure 6.11C and F). This is significantly 

low than the number detected in WT cells; 332 and 1094 for 2h and 8h TNFα-treated samples, respectively. It is 

important to bear in mind that while this may reflect a dependency on IKKα for the TNFα-induced expression of 

a large number of genes, it may also partly reflect differences in the heterogeneity between the WT clones and 

the IKKα KO clones; greater variance between the IKKα clones may have made it more difficult for certain genes 

to pass the significance threshold.  

After 2h TNFα treatment, the majority of the DEGs in IKKα KO cells were identical to those DEGs in WT cells; out 

of 97 DEGs, approximately 1 in 9 (11 genes) were unique to IKKα KO (Figure 6.11H). The proportion of unique DE 

expressed genes in IKKα KO cells increased dramatically at 8h TNFα treatment to approximately 1 in 3 (60 genes) 

(Figure 6.11I). A number of the unique DEGs in the IKKα KO 8h TNFα samples were mitochondrial genes (MT-

ND5, MT-ND4, MT-ATP8, MT-CO3, MT-CO2). These mitochondrial genes, and others, were also upregulated in 

DKO cells, but not IKKβ cells, treated for 8h with TNFα (Figure 6.15). The increased expression of mitochondrial 

biogenesis genes is a common response to oxidative stress. (Miranda et al., 1999). For example, inflammatory 

cytokines have been shown to promote mitochondrial biogenesis under certain conditions through the 

production of reactive oxygen species (Cherry & Piantadosi, 2015). It will be interesting to investigate whether it 
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is the lack of IKKα kinase activity specifically, or the reduced downstream NF-κB-dependent expression in IKKα 

KO cells that results in this apparent heightened oxidative stress response.  

The hierarchical clustering heatmap of all DE expressed genes from comparisons between WT and IKKα KO NT, 

2h and 8h TNFα samples indicates an overall dampened TNFα-induced gene expression response in IKKα KO cells 

(Figure 6.11F). This is consistent with the reduced TNFα-induced NF-κB nuclear translocation and NF-κB-driven 

luciferase reporter activity in IKKα KO cells compared to WT discussed in Chapter 3. There are clusters of genes 

that exhibit similar expression changes after 2 and 8h TNFα treatment in both WT and IKKα KO cells. For example, 

the majority of Cluster 7 genes exhibit late upregulation at 8 h in both WT and IKKα KO cells. In addition, the 

majority of Cluster 4 genes exhibit late downregulation at 8 h in both WT and IKKα KO cells. The Cluster 2 genes 

also exhibit similar patterns of early downregulation in both WT and IKKα KO cells. Some of the biggest defects 

appear to be in the ‘early’ phase genes from Cluster 5, which exhibit a strong fold increase after 2 h in WT cells 

that is reduced in IKKα KO cell, and in the ‘intermediate’ and ‘late’ phase genes from Cluster 6 that are 

significantly upregulated after 2/8 hours in WT cells, but exhibit reduced or no induction at all in IKKα KO cells. 

There are also a relatively large subset of Cluster 1 genes that undergo downregulation after 8 hr TNFα treatment 

in WT cells that are lowly expressed to begin with in IKKα KO cells and are repressed even further after 8 hours 

treatment. 

Further work is needed to identify and validate interesting genes that appear to show IKKα-dependence for 

expression within these different clusters. As an initial demonstration of the value of this dataset, however, we 

examined the expression profile of two of the genes, ATG16L2 and WDR90 that were identified to be DE in IKKα 

KO cells after 2h, but not WT cells (Figure 6.12). ATG16L2 is a novel isoform of the autophagy protein, ATGL1, 

whose function has yet to be characterised, but whose mutation has been shown to be associated with Crohn’s 

disease (Ma et al., 2016). WDR90 is another protein whose function is currently unclear. Interestingly, both genes 

were only significantly upregulated in IKKα KO cells. In fact, in WT cells, both of these genes were repressed after 

2h TNFα treatment. The significantly reduced induction of both genes in DKO cells suggests that their expression 

is at least partly NF-κB-dependent. Perhaps IKKα kinase activity inhibits the expression of these genes 

independently of the requirement of NF-κB for their expression. Further work is needed to investigate the IKK-

dependence of these genes.  

The MDS plot for comparisons between IKKβ NT and IKKβ KO 2h TNFα samples again highlighted relatively poor 

clustering within the IKKβ KO NT and IKKβ KO 2h TNFα clones according to treatment type (Figure 6.13A). 

However, the distance between paired NT and 2h TNFα treated samples was comparable between the clones. 

The samples exhibited greater clustering according to treatment in the comparison between IKKβ KO NT and 

IKKβ KO 8h TNFα samples, with clone 1 (G9) acting as a slight outlier as seen before (Figure 6.13D). The common 

trend of greater clustering after 8 h compared to 2h likely reflects the greater level of similar gene expression 

change overall between the different clones after 8 h compared to 2h, such that the variance among these 

similarly DEGs outweighs the variance in basal gene expression between the NT clones. The common dispersions 

for these comparisons were again of an acceptable level for DE gene analysis (Figure 6.13B and E).  

A total of 152 DEGs were identified in IKKβ KO cells at 2h TNFα and 132 at 8h TNFα treatment (FDR p-value < 

0.05) (Figure 6.13H and I). As with IKKα KO cells, this was significantly low than the number detected in WT cells. 
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Figure 6.11. Identification of DEGs in IKKα KO 2h TNFα and IKKα KO 8h TNFα samples relative to IKKα KO 
NT (A) BCV MDS plot for comparison between IKKα NT and IKKα KO 2h TNFα. (B) Plot of BCV versus mean log 
CPM for each gene across samples within comparison from (A). Red line is the common dispersion (average disper-
sion across genes). (C) MA-plot of average logCPM plotted against the logFC for comparison between IKKα NT and 
IKKα KO 2h TNFα. Differentially expressed genes with FDR < 0.05 are highlighted in red. Blue lines are shown at 
logFC values of 1 and -1. (D) BCV MDS plot for comparison between IKKα NT and IKKα KO 8h TNFα. (E) Plot of 
BCV versus mean log CPM for each gene across samples within comparison from (A). Red line is the common 
dispersion (average dispersion across genes). (F) MA-plot of average logCPM plotted against the logFC for compar-
ison between IKKα NT and IKKα KO 8h TNFα. Differentially expressed genes with FDR < 0.05 are highlighted in red. 
Blue lines are shown at logFC values of 1 and -1. (G) Heirarchical clustering heat map of differentially expressed 
genes (FDR < 0.05) from comparisons between WT/IKKα NT, WT 2h and 8h TNFα-treated samples.(H) Venn 
diagram showing the number of differentially expressed genes (FDR < 0.05) unique and common to WT 2h TNFα 
and IKKα KO 2h TNFα. (I) Venn diagram showing the number of differentially expressed genes (FDR < 0.05) unique 
and common to WT 8h TNFα and IKKα KO 8h TNFα. The top 20 significantly DE genes out of the genes uniquely 
DE in IKKα KO cells are tabulated (ranked by FDR p value). (J and K) Top 20 significantly differentially expressed 
upregulated and downregulated genes and their logFC’s for IKKα KO 2h and 8h TNFα samples (ranked by FDR p 
value). 
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Figure 6.12. RNA sequencing data expression profiles for representative genes that are differentially 
expressed (FDR p-value < 0.05) in IKKα KO TNFα-treated samples, but not WT TNFα-treated samples. Plotted 
are the log2(Normalised, average fold change in gene counts per million) for the DE (FDR < 0.05) genes ATG16L2 
(A) and WDR90 (B). The fold changes are the average of the three biological replicates.
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Figure 6.13. Identification of DEGs in IKKβ 2h TNFα and IKKβ 8h TNFα samples relative to IKKβ NT (A) BCV 
MDS plot for comparison between  IKKβ KO NT and IKKβ KO 2h TNFα . (B) Plot of BCV versus mean log CPM for 
each gene across samples within comparison from (A). Red line is the common dispersion (average dispersion 
across genes). (C) MA-plot of average logCPM plotted against the logFC for comparison between  IKKβ KO NT and 
IKKβ KO 2h TNFα. Differentially expressed genes with FDR < 0.05 are highlighted in red. Blue lines are shown at 
logFC values of 1 and -1. (D) BCV MDS plot for comparison between IKKβ NT and IKKβ KO 8h TNFα. (E) Plot of 
BCV versus mean log CPM for each gene across samples within comparison from (A). Red line is the common 
dispersion (average dispersion across genes). (F) MA-plot of average logCPM plotted against the logFC for 
comparison between IKKβ NT and IKKβ KO 8h TNFα Differentially expressed genes with FDR < 0.05 are highlight-
ed in red. Blue lines are shown at logFC values of 1 and -1. (G) Heirarchical clustering heat map of differentially 
expressed genes (FDR < 0.05) from comparisons between WT/IKKβ NT, WT 2h and 8h TNFα-treated samples.(H) 
Venn diagram showing the number of differentially expressed genes (FDR < 0.05) unique and common to WT 2h 
TNFα and IKKβ KO 2h TNFα. (I) Venn diagram showing the number of differentially expressed genes (FDR < 0.05) 
unique and common to WT 8h TNFα and IKKβ KO 8h TNFα. (J and K) Top 20 significantly differentially expressed 
upregulated and downregulated genes and their logFC’s for IKKβ KO 2h and 8h TNFα samples (ranked by FDR p 
value).       
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The hierarchical clustering heatmap of all DE expressed genes from comparisons between WT and IKKβ KO, 2h 

and 8h TNFα samples reveals similar patterns to those seen between WT and IKKα KO, i.e. an overall dampening 

of the TNFα-induced gene expression response. This is highlighted by a comparison of the logFC’s of some of the 

significantly upregulated and downregulated genes that are common to both WT and IKKβ KO samples (compare 

Figure 6.13J and Figure 6.4H and I). For example, IRF1 is upregulated after 2h in WT cells by a logFC of 4.26, but 

by 2.92 in IKKβ KO cells, while RelB is upregulated by a logFC of 3.2 in WT cells and 2.5 in IKKβ KO cells. The genes 

that were significantly DE in IKKβ KO cells but not WT cells were largely genes with low reads across all samples 

or genes that were filtered from comparisons between WT samples due to lack of expression (read counts below 

10 cpm in all samples within the comparison). As such, these genes were not explored any further. 

Two interesting candidate IKK-dependent genes that were followed up via qRT-PCR were CSF1 and USP43. From 

the RNA-seq data, CSF1 appeared to highly dependent on IKKα for TNFα-induced expression, while USP43 

induction appeared to be significantly reduced in both IKKα and IKKβ KO cells (Figure 6.14A and B). qRT-PCR 

analysis confirmed that both genes were induced in WT cells in response to TNFα to approximately similar levels 

as determined from the DE analysis (Figure 6.14C and D). The kinetics of CSF1 and UP43 expression were also 

similar; CSF1 and USP43 expression peaked at 2 h before returning towards basal levels at 8 h. However, the qRT-

PCR for USP43 did suggest that its expression decreases below basal levels after 8 h. qRT-PCR also confirmed that 

both genes required IKK activity for expression as their expression was not induced in response to TNFα in DKO 

cells. The TNFα-induced decrease in CSF1 expression in DKO cells after 2 hrs that was observed in the RNA 

sequencing data was also observed via qRT-PCR. The qRT-PCR for USP43 also agreed well with the RNA-seq data; 

the induction of USP43 was severely reduced in IKKα KO cells, to a greater extent than in IKKβ KO cells. The qRT-

PCR for CSF1, however, did not agree as well with the RNA-seq data; CSF1 was upregulated in IKKα KO cells to a 

similar extent as observed for IKKβ KO cells. Interestingly, however, the kinetics of CSF1 expression appeared to 

be altered in IKKα KO cells relative to WT cells. Whereas CSF1 expression increased by 6-fold after 2h then 

decreased by > 2-fold in WT cells, it increased by 2-fold at 2h and remained at this expression level after 8h in 

IKKα KO cells.  

An additional reason for validating the RNA-seq data for USP43 was that it had not previously been described as 

a TNFα-inducible or NF-κB-dependent gene. USP43 is a deubiquitinase (DUB) enzyme that removes covalently 

attached ubiquitin from proteins. The function of USP43 is undefined. Of interest, however, is the fact that it was 

identified in a genome-wide siRNA screen for NF-κB activation pathway components; knockdown of USP43 

impaired IKK-dependent phosphorylation of IκB and NF-κB nuclear translocation in response to transfsection of 

an Epstein–Barr virus (EBV) latent membrane protein 1 (LMP1) mutant, which activates NF-κB signalling (Gewurz 

et al., 2012). The mechanism by which USP43 promotes NF-κB activation was not explored. Our RNA-seq and 

qRT-PCR data suggests that USP43 is an NF-κB-dependent gene that is significantly upregulated early in the gene 

expression response to TNFα. This is similar to the expression pattern of the well-characterised NF-κB pathway 

DUB, TNFAIP3 (encoding A20). Future work will seek to confirm the NF-κB-dependence of USP43 induction and 

to characterise the function of USP43 in NF-κB signalling.  



Figure 6.14. qRT-PCR validation of candidate IKK-dependent TNFα-responsive genes, CSF1 and USP43. 
Plotted are the average fold change in gene CPM for CSF1 (A) and USP43 (B). The fold changes are the average 
of the three biological replicates.Three independently derived WT clones and three clones each of IKKα KO, IKKβ 
KO and DKO were seeded in normal growth medium for 48 hours prior to treatment with TNFα for 2h or 8 h. Relative 
CSF1 (C) or USP43 (D) mRNA expression was determined by RT-qPCR, with normalisation to the geometric mean 
of the reference gene (YWHAZ and B2M) expression. Data are plotted on a logarithmic scale as median CSF1 
expression ratios relative to the NT control samples (expression of which is represented by dotted line at expression 
ratio = 1). Boxes represent the interquartile range. Whiskers represent the minimum and maximum observations. 
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Finally, DE analysis was performed for comparisons between DKO NT and TNFα treated samples. Although the 

MDS plot for comparisons between DKO NT and DKO 2h and 8h TNFα samples again highlighted relatively poor 

clustering within the according to treatment type (Figure 6.15A), the common dispersions for these comparisons 

were of an acceptable level for DE gene analysis. As expected given the validated absence of stimulus-induced 

IKK kinase activity and NF-κB-dependent transcriptional activity in these clones, the number of DEGs identified 

in the TNFα treated DKO samples was small; 27 and 19 at 2h and 8h, respectively (Figure 6.15H and I).  The lack 

of TNFα-induced expression was clearly apparent in a heatmap of all of the DEGs identified in comparisons 

between NT and TNFα-treated WT and DKO samples (Figure 6.15G). A large proportion of these genes also 

exhibited reduced basal (NT) expression between WT and DKO cell lines suggesting that IKK expression might be 

important for a level of basal NF-κB-dependent transcriptional activity that sustains the expression of certain NF-

κB-target genes at a certain level.  

The genes significantly DE in both WT and DKO cells after 2h and 8h TNFα treatment contained a number of well-

characterised TNFα-inducible AP-1 family transcription factors, including JUN, ATF3 and JUND, FOSL1 and FOSL2 

(Figure 6.15H). A number of the other genes have not been shown to be TNFα-inducible, including ERRF1 and 

PMAIP1, although it is important to consider that the effect of TNFα on their expression may be indirect. As 

described earlier for IKKα KO cells, a large number of mitochondrial biogenesis genes were highly upregulated 

after 8h TNFα stimulation in DKO cells, consistent with an oxidative stress response in the absence of NF-κB-

dependent activation of antioxidant genes, such as SOD2.  

A small subset of genes, DUSP1, FOXO3, CSRNP1 and KLF5 were differentially expressed in DKO cells after 2h 

TNFα treatment, but not in WT cells. The count data for these genes across all samples is shown in Figure 6.16. 

Interestingly, the phosphatase DUSP1 was significantly upregulated in all IKK KO clones but not WT cells, 

suggesting perhaps that NF-κB transcriptional activity normally suppresses DUSP1 expression. DUSP1 exhibits 

specificity towards ERK, p38 and JNK and is thought to be critical for the inactivation of p38 and JNK to promote 

survival in response to oxidative/heat stress and growth factors (Wu et al., 2005). The increased expression of 

DUSP1 in IKK KO cells relative to WT cells may, therefore, indicate a higher level of oxidative stress in these cells 

in response to TNFα treatment. DKO cells also exhibited a strikingly different expression profile for the tumour 

suppressor gene, FOXO3; absence of both IKKα and IKKβ altered the expression profile from one typical of a ‘late-

induced’ gene, to one more typical of an ‘early’ gene (Figure 6.16C). FOXO3 has been shown to regulate NF-κB 

activation, but the reverse, NF-κB-dependent regulation of FOXO3, has not been reported, other than a study 

which has proposed that NF-κB induces the expression of miRNA-155 that, in turn, downregulates FOXO3 

expression (Chiu et al., 2016). Interestingly, oxidative stress has also been shown to induce FOXO3 expression 

(Klotz et al., 2015). DKO, IKKα KO and IKKβ KO cells also exhibited a different TNFα-induced expression profile for 

the tumour suppressor transcription factor, CSRNP1 compared to WT cells (Figure 6.16B). CSRNP1 was 

significantly upregulated in DKO cells after 2h before returning to basal levels after 8h, whereas it exhibited a 

significant downregulation in WT cells in response to TNFα. DKO and IKKβ KO cells also exhibited a stronger 

induction of the transcription factor, KLF5 than WT or IKKα KO cells, possibly indicating a role for IKKβ in the 

repression of KLF5 expression (Figure 6.16D). The TNFα-dependent regulation of these genes will need to be 

investigated further in follow-up experiments.  
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Figure 6.15. Identification of differentially expressed genes in DKO 2h TNFα and DKO 8h TNFα samples 
relative to DKO NT (A) BCV MDS plot for comparison between DKO NT and DKO 2h TNFα. (B) Plot of BCV versus 
mean log CPM for each gene across samples within comparison from (A). Red line is the common dispersion (aver-
age dispersion across genes). (C) MA-plot of average logCPM plotted against the logFC for comparison between 
DKO NT and DKO 2h TNFα. Differentially expressed genes with FDR < 0.05 are highlighted in red. Blue lines are 
shown at logFC values of 1 and -1. (D) BCV MDS plot for comparison between DKO NT and DKO 8h TNFα. (E) Plot 
of BCV versus mean log CPM for each gene across samples within comparison from (A). Red line is the common 
dispersion (average dispersion across genes). (F) MA-plot of average logCPM plotted against the logFC for 
comparison between DKO NT and DKO 8h TNFα Differentially expressed genes with FDR < 0.05 are highlighted in 
red. Blue lines are shown at logFC values of 1 and -1. (G) Heirarchical clustering heat map of differentially 
expressed genes (FDR < 0.05) from comparisons between WT NT, 2h TNFα and 8h TNFα and DKO NT, 2h TNFα 
and 8h TNFα  samples. (H and I) Venn diagrams showing the number of differentially expressed genes (FDR < 
0.05) unique and common to WT 2h TNFα and DKO 2h TNFα and WT 8h TNFα and 8h TNFα samples. Also shown 
are tables of DE TNFα-responsive genes from DKO samples with corresponding logFC.
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Figure 6.16. RNA sequencing data expression profiles for genes that are differentially expressed (FDR 
p-value < 0.05) in DKO TNFα-treated samples, but not WT TNFα-treated samples. Plotted are the log2(Normal-
ised, average fold change in gene counts per million) for the DE (FDR < 0.05) genes DUSP1 (A), CSRNP1 (B),
FOXO3 (C) and KLF5. The fold changes are the average of the three biological replicates.
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6.3 Discussion 

6.3.1 A detailed characterisation of the global TNFα-induced expression response in 

colorectal cancer cells 

This large scale RNA-Seq analysis provides the most comprehensive analysis of TNFα-induced expression profiles 

in a CRC model to-date. The basic analysis presented here was only the first step in the utilisation of this data 

set. A number of follow-up studies are required to more rigorously validate the reliability of the expression 

changes identified, and to confirm NF-κB- and/or selective IKK-dependence for the expression of interesting hits. 

Nevertheless, the results presented already justify the decision to perform this experiment and potentially 

identify novel aspects of IKKβ function as well as IKK-dependent NF-κB gene expression signatures. 

The temporal expression changes identified in WT clones recapitulate the tri-phasic program of NF-κB-dependent 

gene expression in response to TNFα that has been reported previously; early, intermediate and late expression 

patterns were identified for both up- and downregulated genes (Hao & Baltimore, 2009). This represented a form 

of quality control and underpinned confidence in our RNA-Seq data set. NF-κB-dependent gene expression has 

been rigorously studied for many years, so it was no surprise that a large proportion of the DEGs were genes with 

varying degrees of evidence linking their expression to NF-κB transcriptional regulation. A rudimentary filtering 

approach to identify potentially novel NF-κB genes involved removing genes contained within the database of 

NF-κB-dependent genes compiled by Yang et al., 2016, followed by a literature search for connection to TNFα 

and/or NF-κB. This resulted in a preliminary list of 220 genes. The database used for this filtering is far from 

definitive, so it is likely that certain previously defined NF-κB-dependent genes passed into this list of genes. 

However, it is also likely that interesting genes were filtered out via this approach. A large number of genes within 

the database have only very loosely been connected to NF-κB dependent transcription, some under certain 

specific circumstances, and some perhaps not at all. A more rigorous, candidate-based approach to identification 

of interesting hits will require more hands-on time with the data set than we were afforded prior to the writing 

of this thesis. It should also be mentioned that many of the identified DEGs may not be direct targets of NF-κB-

dependent expression, but rather their expression may be induced indirectly by TNFα through feedforward 

signalling, including autocrine mechanisms. Indeed, a large array of cytokine and growth factor genes, such as 

interferon regulatory factor 1 (IRF1), CXCL8, CXCL3, CXCL2, CXCL1 and PDGFB were strongly induced after 2 h 

TNFα treatment in WT cells. Filtering of the gene list for known IRF1-dependent genes and/or NF-κB/IRF1 binding 

site motifs may be one approach to acquire a more accurate list of genes to investigate further. It might also be 

interesting to follow up the expression changes of cytokines/growth factors induced by TNFα by profiling the 

secretome of WT cells compared to IKK KO cells using cytokine arrays (biased) or mass spectrometry (unbiased). 

6.3.2 Transcriptome profiling of IKKβ KO and IKK DKO cells revealed unexpected changes 

in the basal expression of genes involved in the regulation of numerous cellular 

processes 

We were not expecting significant basal gene expression differences between WT and IKK KO cells, and 

particularly not for IKKβ KO cells, for several reasons. As described in other chapters, the IKK kinases, particularly 
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IKKβ, exhibited minimal basal phosphorylation and hence kinase activity in unstimulated HCT116 cells; although 

a certain level of basal IKKα activity was suggested from the loss of basal p65 phosphorylation in IKKα KO cells 

(Chapter 3, Figure 3.6). Furthermore, as described in Chapter 3, no obvious phenotypes were immediately 

apparent for IKKα and IKKβ KO cells; they proliferated at similar rates to WT cells, they exhibited no striking 

differences in morphology and they exhibited similar cell cycle profiles and levels of basal cell death as WT cells. 

On the other hand, the more epithelial morphology and increased expression of E-cadherin in IKK DKO cells 

(Chapter 3, Figure 3.3) suggested that DKO cells might exhibit differences in gene expression relative to WT cells. 

IKKα KO was hypothesised to be the more likely cause of these and other potential expression changes than IKKβ 

on the basis of the known nuclear localisation of IKKα and its previously reported involvement in transcriptional 

regulation independent of NF-ΚB through direct phosphorylation of chromatin-bound transcriptional/epigenetic 

regulators, such as CBP and Histone H3 (Yamamoto et al., 2003; Huang et al., 2007). In contrast, IKKβ is widely 

believed to be localised exclusively to the cytoplasm and has not been shown to play a direct role in regulation 

of gene expression, independently of NF-κB.  

It came as a surprise, therefore, that the more significant differential gene expression was observed in IKKβ KO 

cells, and not IKKα KO cells. We have already explained how a greater level of heterogeneity amongst the IKKα 

KO clones may have precluded the identification of DEGs whose expression was perturbed by IKKα KO. This 

assertion is purely anecdotal, however, and has yet to be tested experimentally. A degree of heterogeneity at 

the level of TNFα-induced NF-κB-dependent luciferase reporter activity had been observed between IKKα KO 

clones, but no more than had also been observed for WT and IKKβ KO clones. One possible means to resolve this 

uncertainty may be to perform additional sequencing runs with other validated IKKα KO clones. Batch effects 

could be controlled for and are mostly restricted to the cell processing and RNA isolation steps, rather than the 

actual RNA sequencing procedure. Increasing the replicate number in this way may uncover subtle gene 

expression changes that were not of a sufficient magnitude to pass the significance threshold in the first instance. 

Relaxing the significance threshold to a non-corrected p-value of 0.01 did lead to the identification of a list of 

potentially IKKα-dependent genes. However, the false-positive rate within this list is so high that it was difficult 

to make any meaningful conclusions regarding the functions of the genes within this list.  

Conversely, a large number of DEGs were identified in IKKβ, and particularly, IKK DKO clones; 170 and 601, 

respectively. That a large proportion of the genes identified as DE in IKKβ KO cells were also DE in the DKO cells 

gave us additional confidence in the validity of the IKKβ-dependence of these genes. Concerns were raised 

regarding the identification of supposedly polyA+-tail independent Histone genes within these polyA-RNA 

enriched sequencing libraries. This discrepancy could not be resolved prior to the writing of this thesis. Rather 

than pre-emptively remove these Histone genes from the DE gene lists used for subsequent analysis, they were 

retained, with the caveat that, if artefactually detected, they may have biased the GO:term analysis. One of the 

reasons for retaining these Histone genes was the identification of numerous other nucleic acid-binding and/or 

nuclear-localised DEGs with functions in chromosome organisation in IKKβ KO and DKO cells. In IKKβ KO cells, 

genes involved in the regulation of the mitotic cell cycle phase and the response to DNA damage were also 

identified as DEGs. Importantly, all of these interesting GO:term enriched genes were downregulated in IKKβ KO 

and DKO cells. GO:term analysis on the combined list of down- and up-regulated DEGs did not identify any 
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additional significantly enriched GO:terms indicating a distinct functional separation between the up- and down-

regulated genes. Indeed, the upregulated genes in IKKβ KO and DKO cells were largely unrelated at the functional 

level, apart from a significant enrichment for genes involved in metabolic regulation and mitochondrial gene 

expression. As previously mentioned, mitochondrial gene expression may be enhanced in response to oxidative 

stress. Whether IKKβ KO and DKO cells exhibit a higher level of basal oxidative stress and/or higher levels of free 

ROS caused by loss of IKKβ will require further investigation, for example by analysing basal and TNFα-stimulated 

ROS production using the cell permeant stain 2’, 7’-dichlorofluorescin diacetate (DCFDA). Alternatively, the 

changes in expression of genes involved in metabolic regulation may reflect a reprogramming of cellular 

metabolism induced by IKKβ knockout. This could be addressed in the first instance by unbiased MS-based 

metabolomics analysis. 

The GO:term analysis of genes differentially expressed in DKO cells was consistent with a significant 

reprogramming of the cell structure and organisation. Consistent with the large overlap in DEGs between IKKβ 

KO and DKO cells, many of the same GO:terms were found to be enriched, including genes involved in the cellular 

response to DNA damage, mitotic cell cycle control and chromosome organisation. However, a large number of 

additional enriched terms were also identified, possibly indicating that knockout of both IKKα and IKKβ had 

additive effects on cell function above and beyond those induced by loss of IKKβ alone. This included genes 

involved in the control of the microtubule and actin cytoskeletal networks, cell projections, cell junctions, 

endomembrane organisation and exosomes. It is tempting to speculate on the basis of these related GO:terms 

that IKK DKO results in changes in the cell polarity of HCT116 cells; specifically the adoption of a more polarized, 

epithelial-like morphology. Polarized epithelial cells, such as intestinal epithelial cells, exhibit a distinct apical-

basal polarity that is important for the function of epithelial layers, such as enabling the controlled exchange of 

nutrients and waste between the internal and external environment. Loss of cell polarity is associated with EMT 

and contributes to the migration and metastatic spread of colorectal cancer cells, amongst others (Langlois et 

al., 2010). It is interesting, therefore, that a significant enrichment of downregulated genes involved in signalling 

by Rho GTPases was observed; Rho GTPases are essential regulators of migration during the loss of apical-basal 

polarity (Hanna & El-Sibai, 2014). Furthermore, the integral polarity-promoting gene, Crumbs3 (CRB3) was 

significantly upregulated in DKO cells (logFC = 0.62, FDR p-value = 0.045). The adoption of a more apical-basal 

morphology would be entirely consistent with the observed increase in E-cadherin expression in IKK DKO cells 

and their more epithelial-like morphology (Chapter 3, Figure 3.3). The differential expression of genes involved 

in cytoskeletal organisation, mitotic spindle organisation, cell projection assembly and endomembrane 

compartment organisation is also consistent with a change in polarity upon loss of IKK as these are all processes 

intimately linked to regulation of polarity (Martin-Belmonte & Moreno, 2012). It is also interesting within this 

context, that over 100 genes involved in cell differentiation were identified as significantly downregulated in DKO 

cells. Whether these genes are actively involved in promoting or repressing cell differentiation, or whether they 

are a consequence of reprogramming remains to be investigated.  

The apparent downregulation of genes involved in mitotic cell cycle control is difficult to reconcile with the 

absence of any observed growth or cell cycle defect in IKKβ KO or DKO cells. Synchronisation experiments may 

uncover subtle defects in the progression through mitosis that were missed in studies of the asynchronous 
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population. A role for IKKβ in bipolar spindle assembly has previously been proposed on the basis of increased 

multipolar spindles and cell-cycle delay during mitosis observed following siRNA-mediated knockdown of IKKβ in 

HeLa cells (Irelan et al., 2007). It will, therefore, be worthwhile to investigate spindle morphology and chromatid 

separation during mitosis in IKKβ KO and DKO cells. We do not believe the identification of these mitotic cell 

cycle gene expression changes in IKKβ KO cells warrant the reconsideration of the conclusions presented in 

Chapter 5 regarding the findings of Blavkova et al., 2007. We conclusively demonstrated that the effects of BMS-

345541 on cell cycle progression were off-target since exactly the same effects were observed in IKKβ KO and 

DKO cells. It appears to be an interesting coincidence that IKKβ KO also has effects on the expression of genes 

involved in the regulation of mitotic cell cycle progression.  

6.3.3 Comparison of TNFα-induced expression profiles in WT and IKK KO cells highlights 

potentially IKK-dependent genes 

One of the main motivating factors for performing this RNA-Seq experiment was to attempt to identify NF-κB-

dependent genes with preferential dependence on either IKKα or IKKβ, and also to investigate whether the 

differential effects of IKK knockout on TNFα-induced p65 and c-Rel modification and nuclear translocation 

translated into significant differences in the expression profiles of IKK KO cells. The identification of IKK-

dependent genes involved in tumour promoting mechanisms may have provided a rational for selective 

therapeutic targeting of either IKKα or IKKβ. On the whole, however, significant alterations in the TNFα-induced 

expression profiles of IKK KO cells were not observed. The identity of the top differentially expressed genes were 

highly similar between WT, IKKα and IKKβ KO cells. Instead, a generalised reduction in the fold change expression 

of NF-κB-dependent genes in IKKβ KO, and particularly, IKKα KO cells was observed. The result was that a large 

number of genes found to be differentially expressed with small logFC’s in WT cells failed to reach the significance 

threshold in IKKα KO and IKKβ KO cells. This trend reflected the predominant importance of IKKα over IKKβ in the 

induction of NF-κB nuclear translocation and luciferase-reporter gene expression described in Chapter 3. 

A more in-depth analysis may be necessary to stratify those genes with significantly different expression kinetics 

in WT and IKK KO cell lines. CSF1 was a representative example of a gene for which the temporal regulation of 

expression appeared to be differentially disrupted by loss of IKKα rather than IKKβ. USP43 was another highly 

interesting candidate TNFα-inducible gene given its reported ill-defined role in promoting activation of the NF-

κB pathway. Although obscure in function, the enhanced expression of ATG16L2 and WDR90 genes in IKKα KO 

cells will also be worthwhile exploring further. So too will the apparent IKK-dependent expression of the DUSP1, 

FOXO3, CSRNP1 and KLF5 genes. The observation that DUSP1 expression was induced in IKKα KO, IKKβ KO and 

DKO cells, but not WT cells may have interesting consequences for regulation of the p38 and JNK signalling 

pathways in these cells. DUSP1 is over-expressed at different stages of tumour progression in several human 

cancers, including prostate, colon and bladder (Loda et al., 1996). Interestingly, a dynamic interplay between NF-

κB activity and DUSP1 expression has previously been reported in prostate cancer; DUSP1 overexpression blocks 

NF-κB nuclear translocation, while its expression inversely correlates with nuclear p65 in human prostate tissue 

specimens (Gil-Araujo et al., 2014). Our data potentially support this observation. Given the increased expression 

of DUSP1 in IKK KO cells it might be predicted that the kinetics of JNK and p38 signalling would be altered in these 

cells relative to WT. We have yet to characterise the effects of IKK KO on sustained TNFα-induced JNK/p38 
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activation. The increased expression of mitochondrial biogenesis genes after 8 h TNFα in IKKα KO and DKO cells, 

but not IKKβ KO cells will also be explored further. We believe this likely reflects the accumulation of oxidative 

stress that results following the reduced NF-κB-dependent expression of antioxidant proteins, such as SOD2 and 

FTH1, the former of which did indeed show differentially reduced expression after 2h TNFα treatment in IKKα 

KO cells (WT logFC = 0.85, p-value =1.7 x 10-11, IKKα KO logFC = -0.003, p-value = 0.97, IKKβ KO logFC = 0.61, p-

value = 0.0011).  

In summary, this RNA-seq analysis provided a comprehensive profile of TNFα-responsive genes in a clinically 

relevant CRC cell model and will provide a resource for future dissection of TNFα-dependent expression 

networks. A number of potentially novel NF-κB-dependent genes were identified and will be validated in 

subsequent studies. An unexpected, large-scale reprogramming of basal gene expression in response to IKKβ KO 

was uncovered. Whether this reflects a kinase-dependent or independent function of IKKβ will be the subject of 

future investigation. Finally, comparison of TNFα-induced gene expression profiles in WT versus IKK KO cell lines 

confirmed the greater importance of IKKα over IKKβ in mediating the activation of NF-κB-dependent gene 

expression and identified a subset of genes whose expression appeared to preferentially depend on either of the 

two IKK kinases.  



Chapter 7

Final discussion 
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7 Final discussion 

7.1 Assessing the relative merits of targeting IKKα and IKKβ in colorectal 
cancer 

We have comprehensively demonstrated that IKKα is involved at numerous stages in the activation of TNFα and 

IL-1α-induced canonical NF-κB signalling, including the phosphorylation-dependent degradation of IκBα, basal 

phosphorylation of p65 at S536, stimulus-induced phosphorylation of S536 and S468, nuclear translocation of 

p65 and c-Rel and activation of NF-κB-dependent transcription. Conversely, knockout of IKKβ had only a minor 

impact on stimulus-induced nuclear translocation of p65 and NF-κB-dependent gene expression. These findings 

have important implications for the therapeutic intervention of NF-κB signalling in colorectal cancer.  

It should be stressed that the data presented most convincingly demonstrates that IKKβ is less able to 

compensate for the loss of IKKα protein than IKKα is able to compensate for the loss of IKKβ protein in the 

activation of canonical signalling. However, evidence was also presented that IKKα was significantly active in 

canonical NF-κB in the WT state. For example, an IKKβ selective inhibitor exhibited far greater potency in terms 

of inhibition of NF-κB-dependent transcription in IKKα KO cells than it did in WT cells, implying that IKKα was 

active under these conditions (Chapter 3, Figure 3.8 and Chapter 5, Figure 5.6). However, further work will aim 

to more comprehensively demonstrate the importance of IKKα activation in WT cells. It is here that IKKα-selective 

inhibitors would be particularly useful. Characterising the effect of IKKα and IKKβ siRNA-mediated knockdowns 

in WT treated with TNFα/IL-1α would also strengthen confidence in the observations made with IKK KO cells.  

The NF-κB pathway has long been a therapeutic target for diseases including various forms of cancer. Interest 

has been driven by the large body of evidence demonstrating diverse roles for aberrant NF-κB signalling in cancer 

progression. Early mouse knockout studies led to the persistent dogma that IKKβ is the predominant kinase 

activating the canonical NF-κB pathway. As such, the overwhelming focus of drug discovery pipelines has been 

centred on IKKβ. The initial wave of pharmaceutical interest in IKKβ inhibition has since waned, particularly as a 

cancer therapy, largely due to a lack of clinical success to back-up promising preclinical observations. To date, 

only three IKKβ inhibitors have been tested in clinical trials, and not for the treatment of cancer; IMD-0354, and 

its prodrug IMD-1041 for the treatment of chronic obstructive pulmonary disease (COPD) and SAR113945, for 

the treatment of knee osteoarthritis (DiDonato et al., 2012). The data presented here suggest that selective IKKβ 

inhibition would be largely ineffective in inhibiting chronic NF-κB signalling in colorectal cancer; assuming that 

CRCs exhibit a similar co-dependence on IKKα and IKKβ in vivo. Redundancy between IKKα and IKKβ at the level 

of canonical NF-κB activation should also be considered in other cancer models to optimise therapeutic 

strategies. Furthermore, a lack of appreciation for compensatory IKKα-dependent NF-κB activation may have led 

to the abandonment of pre-clinical studies with IKKβ-selective inhibitors that might otherwise have exhibited 

promising effects. 

Reduced interest in IKKβ inhibitors also originates from concerns over the toxicity associated with systemic IKKβ 

inhibition, as discussed in Chapter 1, Section 1.4.5. This toxicity stems largely from the role of IKKβ-dependent 

NF-κB activation in the negative control of inflammasome activation (Greten et al., 2007). In contrast, there is 

growing interest in IKKα-selective inhibitors for the treatment of disorders where IKKα has been shown to play a 
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significant role in pathogenesis; prostate and pancreatic cancer being the most prominent examples. Significant 

evidence suggests that IKKα is highly expressed and constitutively active in poor-prognosis castration-resistant 

prostate cancer, where it promotes proliferation, survival and metastasis (Palayoor et al., 1999; Jun-Li et al., 

2007; Ammirante et al., 2010). This has motivated the development of first-in-class selective IKKα inhibitors by 

the Mackay lab who employed molecular dynamics simulations to identify differences in conformational 

flexibility of the homologous active sites of IKKα and IKKβ that enabled rational design of selective compounds 

(Anthony et al., 2017). 

Given the importance of IKKα in canonical NF-κB signalling in a human colorectal cancer cell model demonstrated 

here, selective inhibition of IKKα may prove a more attractive therapeutic strategy for the inhibition of chronic 

NF-κB activation in CRC. Although preliminary, we also provided evidence that IKKα KO cells exhibited negligible 

activation of AKT signalling following sustained TNFα treatment compared to WT or IKKβ KO cells (Chapter 3, 

Figure 3.18). TAM-derived IL-1β has been proposed to activate AKT signalling and downstream Wnt signalling in 

an NF-κB-dependent manner to contribute to growth and survival of colorectal cancer (Kaler et al., 2009a; Kaler 

et al., 2009b). IKKα inhibition may, therefore, offer a selective route through which to inhibit both canonical NF-

κB signalling and TME-derived AKT/Wnt-activating signals in CRC.  

However, selective inhibition of IKKα is also not without significant risk. Loss of IKKα kinase activity in mouse 

models has also paradoxically been proposed to promote inflammation that contributes to development of 

certain inflammatory diseases, including pancreatitis and cancers, including spontaneous squamous cell 

carcinoma (SCC) of the lung (Xiao et al., 2013). However, in the case of the later it was unclear whether the 

observed increase in tumourigenesis was due to loss of IKKα activity or loss of IKKα expression; the KD-IKKα 

knock-in mice also exhibited drastically reduced IKKα protein levels. Since this report, however, IKKα kinase 

activity has been proposed to be important in the negative regulation of the apoptosis associated speck-like 

protein containing a C-terminal caspase-activation-and-recruitment (CARD) domain (ASC) adaptor, which is an 

essential component of the NLRP3 inflammasome (Martin et al., 2014). As such, bone marrow chimeric mice 

with a WT background that received IKKα KD bone marrow exhibited higher levels of circulation of IL-1β indicative 

of inflammasome hyperactivation; a similar phenotype to that observed when IKKβ is deleted in the myeloid-

lineage of mice (Greten et al., 2007). 

Perhaps the only way to mitigate for toxicity effects associated with selective IKKα or IKKβ inhibition is through 

careful consideration of both the dosing strategy and clinical setting to maximise any available therapeutic 

window. Given the evidence from the literature and the data presented here, the optimal strategy in CRC may 

be the use of moderate doses of a dual IKKα/β inhibitor. The combined inhibition of IKKα and IKKβ may reduce 

canonical NF-κB signalling in cancer cells with high levels of pathway activation sufficiently to be of therapeutic 

benefit, whilst retaining sufficient NF-κB signalling in normal epithelia and cells of the immune system to prevent 

the toxicity associated with complete pathway inactivation. 
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7.2 Highlighting the discrepancies between NF-κB signalling in human cells 
and mouse models 

 
A general theme that emerged from this body of work was a level of disagreement between observations made 

using the human CRC cells that were central to this study and evidence from studies in the literature using MEFs. 

One of the most striking differences was in the level of NEMO protein following loss of IKK subunits. Numerous 

studies have utilised IKK KO and IKKα/β DKO MEFs and, in all cases where the level of NEMO protein was 

measured, no change has been reported. This contrasts with the striking decrease in NEMO protein observed in 

IKKα/β DKO HCT116 cells (Chapter 4, Figure 4.3). We have confidence that this phenotype is not specific to CRC 

cells or cancer cells in general because a decrease in NEMO protein has also been reported in human fibroblasts 

and PBMCs from patients with a rare form of SCID caused by IKKβ deficiency (Pannicke et al., 2013). Another 

example is provided by a study that observed a striking increase in basal NIK protein in IKKα KO, IKKβ KO, IKKα/β 

DKO and NEMO KO MEFs (Gray et al., 2014). The authors proposed that this reflected a role for the IKK complex 

in limiting the basal pool of newly synthesised NIK. This contrasts with our observation that basal levels of NIK 

protein are the same in IKK KO and WT cells. Rather, we observed stabilisation of NIK protein in IKK KO cells 

following stimulation with TNFα. This discrepancy alludes to possible species-level differences in the mechanisms 

of cross-talk between canonical and non-canonical NF-κB pathways. Another important discrepancy between 

studies with IKK KO MEFs and the findings presented in this work relates to the function of IKKα in canonical NF-

κB signalling. Although there have been conflicting observations in MEFs relating to the function of IKKα in 

canonical stimulus-induced NF-κB nuclear translocation and transcriptional activity, the vast majority of studies 

concluded that IKKα exhibits minimal TNFα-stimulated kinase activity towards IκBα (Hu et al., 1999; Li et al., 

1999a; Li et al., 1999b; Sizemore et al., 2002; Solt et al., 2007). However, we clearly demonstrate that IKKα 

phosphorylates IκBα in response to TNFα and IL-1α in both IKKβ KO and WT cells (Chapter 3, Figure 3.6, 3.7 and 

3.8). This highlights a fundamental difference in the function of the canonical NF-κB signalling pathway in MEFs 

compared to human cells (at least in the case of CRCs). Any proposed explanation for the greater involvement of 

IKKα in canonical NF-κB signalling in human CRCs compared to MEFs would be purely speculative at this point, 

but it is interesting to consider that intestinal epithelial cells are the first line of defence in the mucosal immune 

system of the lower intestine and thus may have altered the wiring of their immune response pathways, of which 

the NF-κB signalling is integral, in adaptation to frequent exposure to signals from the commensal 

microorganisms and innate/adaptive immune cells that are abundant in the mammalian gastrointestinal tract. 

The greater significant of IKKα in canonical NF-κB signalling may also represent a cancer-specific adaptation. 

Indeed, further work will seek to demonstrate that the observations made with HCT116 cells are general to other 

CRCs and perhaps other cancer cell types.  

It should be emphasised that some of these discrepancies could simply reflect signalling differences due to 

different tissues of origin, rather than species. Nonetheless, the differences are worth reflecting on. Indeed, there 

is a growing awareness of the limitations of the use of mouse cells and models to study human disease. In 

particular, there are members of the research community that argue that mouse models do not accurately mimic 

human inflammatory disease. For example, a systematic comparison of genomic responses associated with 

human inflammatory diseases of various etiologies and their corresponding mouse models demonstrated poor 
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correlation between two (R2 between 0.0 and 0.1 for comparison between differentially expressed human genes 

and their murine orthologues) (Seok et al., 2013). Furthermore, pathways involved in the propagation of 

intestinal inflammation are not well-conserved across the human-murine species boundary (Mestas & Hughes, 

2004). For example, the profiles of T cells that reside in the intestinal epithelium vary dramatically between the 

two species (Gibbons & Spencer, 2011). 

Mouse studies have played an integral part in the elucidation of the NF-κB signalling pathway, and will continue 

to do so. However, the discrepancies within the literature described here highlight the need for caution when 

attempting to translate findings relating to NF-κB signalling made in mouse models into clinically relevant 

settings. Furthermore, the use of human CRISPR-Cas9 cell lines is eliminating the need to study the function of 

signalling proteins in KO MEFs.  

7.3 Regulation of structural disorder as a possible common mechanistic 
theme in NF-κB signalling 

Evidence was presented that NEMO exhibits significant regions of intrinsic structural disorder that in the absence 

of IKK interaction partners might contribute to its rapid proteasomal turnover (Chapter 4). Interestingly, various 

other signalling components in the NF-κB pathway have also been shown to exhibit functionally-relevant intrinsic 

structural disorder. For example, a systematic analysis of intrinsic structural disorder in proteins involved in 

antiviral immunity and innate immunity identified a number of NF-ΚB signalling components, including TAK1, 

IRAK-1 and RIP1, which were predicted to contain >45%, >40% and >30% disordered sequence, respectively (Xue 

et al., 2014). Common to all of these proteins, including NEMO, is their function as adaptor proteins and their 

requirement to interact with numerous partners within the receptor-proximal signalling complex. In such 

regulatory hubs, intrinsically disordered regions facilitate promiscuous high specificity, low affinity interactions 

with multiple different partners to enable the rapid assembly and dissociation of signalling complexes and hence 

the dynamic propagation and termination of signals. In the case of RIP1 this predicted disorder has since been 

experimentally demonstrated to have significant functionality (Li et al., 2012). RIP1 and RIP3 contain RIP 

homotypic interaction motifs (RHIMs) located in long regions of intrinsic disorder that upon 

hyperphosphorylation mediate the assembly of RIP1/3 into heterodimeric amyloid-like filamentous structures 

that drive programmed necrosis.  IKKα and IKKβ were also predicted to contain ~ 25% and 40% disordered 

regions, respectively (Xue et al., 2014). In both cases, their C-terminal NEMO-binding domains are located in 

regions of intrinsic disorder. Indeed, these regions have eluded structural determination via X-ray crystallography 

(Xu et al., 2011). As such, there is potentially conformational flexibility both at the interaction site between IKK 

subunits and NEMO, and between NEMO and IκBα, the interaction site for which is located in the ZNF at the 

flexible C-terminus of NEMO. Such conformationally heterogeneous points of contact within the IKK complex 

may be important in facilitating the higher-order elongated NEMO lattice structures that have been proposed to 

facilitate proximity-based trans-autophosphorylation and cooperative activation of NF-κB signalling (Scholefield 

et al., 2016).  

In addition, the sequestration of intrinsically disordered, PEST motif-containing regions as a mechanism of control 

over ubiquitin-independent proteasomal degradation is also already an established concept of regulation within 
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the NF-κB pathway. The IκBα protein possesses significant regions of intrinsic disorder (Croy et al., 2004; Truhlar 

et al., 2006). Of the six ankyrin repeats (AR) within IκBα, the last two AR(5-6) are within a C-terminal intrinsically 

disordered region that also contains a PEST motif (Mathes et al., 2008). Similar to the putative PEST motif 

identified in NEMO (Chapter 4, Figure 4.10F), this PEST motif is located within a flexible polyproline II helix 

(Mathes et al., 2010). This disordered region has been shown to be important in a switch between degradation 

mechanisms of IκBα (Mathes et al., 2008; Fortmann et al., 2015). The AR(5-6) region undergoes coupled folding 

and binding when IκBα is in a complex with NF-κB subunits (such as p65), which contributes to the high affinity 

and slow dissociation rate of IκBα bound to NF-κB (Bergqvist et al., 2006). Under these conditions, the half-life 

of NF-κB-bound IκBα is long; approximately 12 hours (O’Dea et al., 2007). The characteristics of this interaction 

ensure that NF-κB subunits are tightly sequestered within the cytoplasm and the NF-κB pathway exhibits low 

basal activity. Only upon stimulus-induced ubiquitin-dependent proteasomal degradation of the IκBα subunit, 

mediated by an IKK-dependent phosphorylation within the N-terminal signal response element of IκBα, are NF-

κB subunits able to accumulate in the nucleus (Scherer et al., 1995). However, the mechanism of degradation is 

switched for free IκBα. When IκBα is free from NF-κB the AR(5-6) PEST motif degron is unmasked, becomes 

intrinsically disordered, and subsequently targets the protein for rapid signal- and ubiquitin-independent 

proteasomal degradation (Mathes et al., 2008; Mathes et al., 2010). Similar to NEMO, unbound IκBα is readily 

degraded in vitro by the 20S proteasome, while interaction with p65 inhibits this degradation (Alvarez-Castelao 

and Castaño 2005). The result is that free IκBα has a half-life of 10 minutes in the cell (O’Dea et al., 2007). This 

short half-life contributes to maintain low cellular levels of IκBα, which is essential for robust activation of NF-

κB; mutations that enhance the order of this region or disrupt the PEST motif increase the half-life of free IκBα 

and disrupt the function of the NF-κB pathway (Mathes et al., 2008; Truhlar et al., 2008; Bergqvist et al., 2009; 

Dembinski et al., 2014). The disordered C-terminal region of newly synthesised IκBα has also been proposed to 

facilitate the ‘stripping’ of p65 from the DNA to terminate the NF-κB signalling response (Bergqvist et al 2009). 

Binding-induced folding of disordered regions in p65 have also been proposed to contribute to the high affinity 

of p65 for IκBα and to the sequestration of p65 in the cytoplasm. Thermodynamic studies suggest that the p65-

IκBα interaction has an extremely low dissociation rate and a high affinity, such that the complex is highly stable 

(Bergvist et al., 2006). The p65 NLS has been shown to be essential for this high affinity interaction. NMR studies 

have shown that the p65 NLS is intrinsically disordered in the absence of IκBα and folds upon binding to IκBα to 

generate significant favourable binding energy (Cervantes et al., 2011). Furthermore, this induced-folding 

sequesters the NLS from recognition by Importin α, and thus inhibits nuclear translocation.  

The rapid 20S-proteasome-dependent turnover of IκBα that is not bound by NF-κB ensures the minimisation of 

excess IκBα in the cell, such that the levels of IκBα are tightly correlated to the levels of its main interaction 

partner, NF-κB. This has been proposed to facilitate rapid and robust signal responsiveness. Similar principles 

may apply to the interaction between NEMO and the IKK kinase subunits. Rapid degradation of ‘IKK-free’-NEMO 

may ensure that the protein levels of NEMO closely match those of its key interaction partners and prevent 

accumulation of excess NEMO, which could have deleterious consequences given its promiscuous binding 

interactions. Indeed, we and others have shown that overexpression of NEMO acts in a dominant negative 

manner to inhibit NF-κB signalling (Chapter 4, Figure 4.13A). 
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7.4 Future directions 

In addition to those mentioned throughout the previous results chapters, there are a range of planned future 

experiments that would build upon the observations presented within this thesis. For example, the generation 

of various stable IKK re-expressing cell lines using the IKKα/β DKO cells as a background will provide an additional 

valuable set of tools with which to dissect IKK functions. This includes WT, KD and NEMO-binding-domain mutant 

IKKα and IKKβ expressing cell lines. Such cell lines could help confirm the involvement of IKK interaction in the 

stabilisation of NEMO and enable a finer dissection of the relative contributions of IKKα and IKKβ to the 

phosphorylation of NF-κB subunits as well as NF-κB-independent substrates. We are also highly interested in 

acquiring IKKα-selective inhibitors to complement the highly selective IKKβ inhibitor, BIX02514, in the 

characterisation of the respective functions of IKKα and IKKβ in NF-κB signalling. Our KO cell lines would provide 

an optimal setting to validate the selectivity of candidate IKKα inhibitors and to characterise in vivo potency and 

mechanism of action.  

The main area of future work will be in the additional analysis and validation of the large RNA sequencing data 

set described in Chapter 6. Time constraints prevented the full utilisation and extraction of biologically relevant 

information from this data set. Additional qRT-PCRs will be performed to validate potentially novel NF-κB-

dependent genes, and genes that show a selective dependence on IKKα or IKKβ activity for robust expression. 

ChIP experiments will be performed to confirm the presence of NF-κB binding sites within novel candidate target 

genes, such as USP43. A larger-scale ChIP-Seq experiment using the IKK KO clones to identify genome-wide IKK-

dependent –κB sites in promoters/enhancers may also be highly informative. Future work will also focus on 

characterising the apparent effects of IKKβ deficiency on the expression of genes involved in chromatin and 

cytoskeletal organisation, cell cycle control and DNA damage. Many of the gene expression changes associated 

with IKKβ KO were consistent with a DNA damage/senescence response. This will be investigated through the 

characterisation of DNA damage and senescence markers. The upregulation of genes involved in extracellular 

exosome secretion was also interesting in the context of this senescence-like expression profile. The secretion 

profile of IKK DKO cells could be measured to further investigate this.  

Another area of future work will be in the characterisation of the mechanism through which the IKK kinases 

protect NEMO from proteasomal degradation. Efforts will be directed towards defining the relative importance 

of ubiquitin-dependent or ubiquitin-independent proteasomal degradation of NEMO in the absence of the IKKs. 

This could be investigated by examining the half-life of NEMO mutants that are defective for known 

ubiquitination sites. Furthermore, knockdown of the N2 subunit of the 19S regulatory cap, which mediates the 

delivery of most polyubiquitinated substrates to the 26S proteasome core, has been used to propose that p21CIP1 

is degraded in an ATP- and ubiquitin-independent manner in vivo; one of the few intrinsically disordered proteins 

for which this has been demonstrated (Chen et al., 2007). A similar approach could be taken to investigate the 

mechanism of NEMO degradation. In the case of p21CIP1 and a number of other intrinsically disordered proteins 

the 11S family proteasomal activator REGγ has been proposed to facilitate ATP- and ubiquitin-independent 

degradation by the 20S core proteasome (Li et al., 2006; Chen et al., 2007). Interestingly, REGγ has been reported 

to be overexpressed in colorectal cancer and the level of overexpression correlates with severity of colitis-

associated cancer (CAC) (Roessler et al., 2006; Xu et al., 2016). Furthermore, REGγ deficient mice exhibited 
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reduced intestinal inflammation, production of cytokines/chemokines and tumourigenesis in a mouse CAC model 

(Xu et al., 2016). REGγ knockout was proposed to attenuate inflammation as a result of inhibition of NF-κB 

signalling due to the decreased REGγ-mediated ubiquitin-independent degradation of IκBε. It would be 

worthwhile exploring the involvement of REGγ in the degradation of NEMO. 

It will also be important to define the regions within NEMO that confer rapid proteasomal turnover. The 

disordered N-terminal region and/or the putative PEST motif-containing region would be the most logical 

sequences to probe initially. We will also need to investigate the ability of NEMO to fold properly in the absence 

of IKK interaction partners. Proteasomal targeting of misfolded NEMO protein shortly after protein synthesis 

could explain the lower steady state NEMO levels in IKK KO cells. 

In terms of large scale future experiments, these well-validated IKK KO cell lines would be well-suited to the 

global quantitation of IKKα- and IKKβ-specific phosphorylation sites using phosphopeptide mass spectrometry. 

This could potentially identify novel NF-κB-independent functions of the IKK kinases. Additional WT and KO 

clones with reduced clonal heterogeneity would perhaps need to be validated prior to undertaking such 

experiments in order to improve the sensitivity of detection. Furthermore, mouse xenograft studies could be 

used to determine the requirement of IKKα and/or IKKβ for in vivo growth of these KRAS-driven tumour cells. 

7.5 Conclusions 

The functions of the IKKs has been the subject of interest research since their characterisation in 1999. It is 

testament to the complexity of the NF-κB signalling pathways that we were able to elucidate novel aspects of 

IKKα and IKKβ function using CRISPR-Cas9 gene editing and small molecule inhibition approaches almost 20 years 

after their discovery. We report the generation, validation and characterisation of the first human CRISPR-Cas9 

IKK KO cell lines. Using these cell lines we have demonstrated that small molecule inhibitors of IKKβ have the 

potential to exhibit a common off-target selectivity profile and raised questions about the validity of reports 

utilising one of these widely-used commercially available inhibitors. We have uncovered a novel role for the IKKs 

in stabilising NEMO and preventing its rapid proteasomal degradation. Finally, we have performed a 

comprehensive analysis of the relative contributions of IKKα and IKKβ in the canonical NF-κB signalling response 

to pro-inflammatory cytokines and concluded that IKKα plays a considerably more significant role at multiple 

steps in the pathway than suggested from studies in mice. This work should refocus attention towards IKKα as a 

potential therapeutic target in colorectal cancer.  
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Supplementary Figure S1. Phosphorylated p45-IKKα was only detectable using high Na3VO4 buffer. (A) 
HT29 cells were seeded for for 24 hours in normal growth medium, then lysed in a range of different lysis buffers. 
1 = TG lysis buffer. 2 = TG lysis buffer + cOmplete phosphatase inhibitors. 3 = Margalef lysis buffer w/ 100 mM 
Na3VO4. 4 = Margalef lysis buffer w/ 1 mM Na3VO4. 5 = Margalef lysis buffer with Tris buffer and 1 mM Na3VO4 . 6 
- RIPA buffer + cOmplete phosphatase inhibitors. (B) HT29 cells were seeded for for 24 hours in normal growth
medium then treated with DMSO vector control (C) or 2 µM AZ628 (pan-RAF inhibitor), 3 µM Vemurafinib (BRAF
inhibitor) or 3.5 µM Selumetinib (MEK 1/2 inhibitor) for 3 hours, then lysed in the indicated lysis buffers. Lysates
were fractioned by SDS-PAGE and Western blotted with the indicated antibodies.
AZ, AZ628. Vem, Vemurafinib. Sel, Selumetinib.
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