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ABSTRACT 

Hypoxia, a common feature of solid tumours, including breast cancer, contributes to tumour 

progression and treatment resistance through various signalling pathways, including the NF-

əB pathway. In addition to the breast tumour microenvironment being hypoxic, it also exhibits 

high levels of inflammation due to the presence of immune cells, growth factors (GFs), and 

cytokines. Breast cancer remains a prominent contributor to cancer-related deaths among 

women, and is acknowledged as a disease with diverse molecular characteristics. Thus, this 

study aimed to elucidate the dynamics of hypoxia-induced NF-əB signalling in breast cancer 

cells and its functional implications.  

Using non-tumourigenic and tumourigenic breast cell lines, I characterized the impact of 

hypoxia on NF-əB activity, expression, and functions utilizing both low throughput techniques 

such as western blot, quantitative PCR, functional assays, and high throughput techniques such 

as flow cytometry, RNA sequencing, and mass spectrometry.  

This study revealed a constitutive expression and activation of NF-əB in MDA-MB231 cells, 

which was further enhanced by hypoxia. Additionally, hypoxia-induced transcriptional changes 

in NF-əB target genes were observed. Phosphorylation of NF-əB proteins on specific serine 

residues was also observed in response to hypoxia, demonstrating multiple levels of regulation 

over the NF-əB pathway. We identified a novel regulation of RelB ï a member of the NF-əB 

family, in hypoxia, evident by an acute induction followed by a reduction in expression levels 

following longer exposure times.  

Using RNA-sequencing analysis, this study identified core hypoxia-induced genes in breast 

cell lines, hypoxia-induced NF-əB genes, and hypoxia-induced ferroptosis-related genes using 

intersectional analysis. This suggests a potential crosstalk between hypoxia, NF-əB and 

ferroptosis pathways in breast cancer, an aspect that requires future investigation. In addition, 

we have identified genes regulated by RelB in hypoxia, a novel aspect of NF-əB contribution 

to this stress response. 

Moreover, our study unveiled the involvement of RelB, an NF-əB subunit, in regulating cell 

cycle progression, proliferation, and migration under normoxic and hypoxic conditions. RelB 

knockdown led to decreased expression of NF-əB target genes, altered cell cycle distribution, 

reduced proliferation, and impaired migration in breast cancer cells. These findings highlight 
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the multifaceted roles of NF-əB and RelB in breast cancer biology, providing insights into 

potential therapeutic targets and strategies for improved breast cancer treatment outcomes. 

Further exploration of the regulatory networks connecting hypoxia, NF-əB signalling, and 

RelB in breast cancer cells is warranted to advance our understanding of tumour progression 

and therapy resistance mechanisms. 
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11. BNIP3 - BCL2/adenovirus E1B 19kDa interacting protein 3 

12. BSA - Bovine serum albumin 

13. CaCl2 - Calcium chloride 

14. CAIX - Carbonic anhydrase IX 

15. CAMKIV - Calcium/calmodulin-dependent protein kinase type IV 

16. CD40 - Cluster of differentiation 40 

17. CDK - Cyclin-dependent kinase 

18. CDKN1A - Cyclin-dependent kinase inhibitor 1A 

19. cIAP - Cellular inhibitor of apoptosis protein 

20. CK - Casein kinase 

21. CK2 - Casein kinase 2 

22. CO2 - Carbon dioxide 

23. CREB - cAMP response element-binding protein 

24. C-Rel - Cellular repressor of E1A-stimulated genes 

25. DMEM - Dulbecco's Modified Eagle Medium 

26. DMSO - Dimethyl sulfoxide 

27. DNA - Deoxyribonucleic acid 

28. DTT - Dithiothreitol 

29. DUBs - Deubiquitinating enzymes 

30. ECL - Enhanced chemiluminescence 

31. EDN1 - Endothelin-1 

32. EDTA - Ethylenediaminetetraacetic acid 

33. EGFR - Epidermal growth factor receptor 
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34. EPAS1 - Endothelial PAS domain-containing protein 1 

35. ER - Oestrogen  receptor 

36. ET-1 - Endothelin-1 

37. FBS - Fetal bovine serum 

38. Fbw7 - F-box/WD repeat-containing protein 7 

39. FIH - Factor inhibiting HIF 

40. GADD45 - Growth arrest and DNA damage-inducible protein 45 

41. GSK3ɓ - Glycogen synthase kinase 3 beta 

42. HATs - Histone acetyltransferases 

43. HDAC-1 - Histone deacetylase 1 

44. HDACs - Histone deacetylases 

45. HER2 - Human epidermal growth factor receptor 2 

46. HO1/HMOX1 - Heme oxygenase 1 

47. IAP2 - Inhibitor of apoptosis protein 2 

48. IL1 - Interleukin 1 

49. IL -1 - Interleukin 1 

50. IL -8 - Interleukin 8 

51. IL -R - Interleukin receptor 

52. IPAS - Ischemia/Perfusion Adaptation Syndrome 

53. IRAK - Interleukin-1 receptor-associated kinase 

54. IəB-Ŭ - Inhibitor of kappa B alpha 

55. MAPK - Mitogen-activated protein kinase 

56. MEF - Mouse embryonic fibroblast 

57. mRNA - Messenger ribonucleic acid 

58. MSK1/2 - Mitogen and stress-activated protein kinase 1/2 

59. MYC - Myelocytomatosis oncogene 

60. MyD88 - Myeloid differentiation primary response 88 

61. ODD - Oxygen-dependent degradation domain 

62. p100 - Precursor of NF-kappa-B 100 kDa 

63. p105 - Precursor of NF-kappa-B 105 kDa 

64. PAR - Poly(ADP-ribose) 

65. PCD - Programmed cell death 

66. PDLIM2 - PDZ and LIM domain 2 

67. PGDFB - Platelet-derived growth factor subunit B 
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68. PGK1 - Phosphoglycerate kinase 1 

69. PHD - Prolyl hydroxylase domain 

70. PHDs - Prolyl hydroxylase domain-containing proteins 

71. PI3K - Phosphoinositide 3-kinase 

72. PKA - Protein kinase A 

73. PMA - Phorbol 12-myristate 13-acetate 

74. PR - Progesterone receptor 

75. RANK - Receptor activator of nuclear factor kappa-B 

76. RANTES - Regulated on activation, normal T cell expressed and secreted 

77. RelA - V-rel avian reticuloendotheliosis viral oncogene homolog A 

78. RelB - V-rel avian reticuloendotheliosis viral oncogene homolog B 

79. RHD - Rel homology domain 

80. RP105 - Radioprotective 105 kDa protein 

81. RSK p90 - Ribosomal S6 kinase p90 

82. SOCS1 - Suppressor of cytokine signalling  1 

83. SUMOylation - Small ubiquitin-like modifier (SUMO) modification 

84. TAC - Transverse aortic constriction 

85. TAMs - Tumour -associated macrophages 

86. TBP - TATA-binding protein 

87. TF/F3 - Tissue factor/Factor 3 

88. TGF-ɓ - Transforming growth factor beta 

89. TNFR - Tumour  necrosis factor receptor 

90. TNFŬ - Tumour  necrosis factor alpha 

91. TRAF - TNF receptor-associated factor 

92. UPR - Unfolded protein response 

93. VEGF - Vascular endothelial growth factor 

94. VEGFC - Vascular endothelial growth factor C 

95. VHL - Von Hippel-Lindau 

96. HBS - HEPES-buffered saline 

97. HEK293 - Human embryonic kidney 293 cells 

98. HEPES - 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

99. HRP - Horseradish peroxidase 

100. IgG - Immunoglobulin G 

101. IgG-AC - Immunoglobulin G agarose conjugate 
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102. IKK - IəB kinase 

103. KCl - Potassium chloride 

104. MgCl2 - Magnesium chloride 

105. Na3VO4 - Sodium orthovanadate 

106. NaCl - Sodium chloride 

107. NaF - Sodium fluoride 

108. NF-əB - Nuclear factor kappa-light-chain-enhancer of activated B cells 

109. NP-40 - Nonidet P-40 

110. PBS - Phosphate-buffered saline 

111. PCR - Polymerase chain reaction 

112. PMSF - Phenylmethylsulfonyl fluoride 

113. PVDF - Polyvinylidene fluoride 

114. RIPA - Radioimmunoprecipitation assay 

115. SDS - Sodium dodecyl sulfate 

116. siRNA - Small interfering RNA 

117. TBS - Tris-buffered saline 

118. TNF-Ŭ - Tumour necrosis factor-alpha 

119. TPCA-1 - 2-[(Aminocarbonyl)amino]-5-(4-fluorophenyl)-3-thiophene carboxamide 

120. Tris - Tris(hydroxymethyl)aminomethane 
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1.0  CHAPTER ONE 

1.1. Overview 

The NF-kB (Nuclear Factor of kappa-light chain enhancer of activated B cells) pathway 

is well known for its role in inflammation ï the bodyôs defence mechanism against infections, 

which also facilitates the healing of wounds and maintenance of tissue homeostasis [2, 3]. The 

NF-kB pathway can be activated by several stimuli, some of which include: cytokines such as 

TNF-Ŭ and IL1, UV and ionising radiations, oncogenic stress, growth factors, viral and 

bacterial products, cellular stress such as DNA damage and hypoxia, reactive oxygen species, 

amongst others [2]. Due to the roles of NF-kB proteins in several cellular functions, stringent 

regulation of the pathway is required to maintain cellular integrity. However, dysregulation of 

this pathway has been observed in many diseases, most especially in cancer where mutations 

in NF- kB signalling proteins were found [4]. A good understanding of NF-kB sub-unit 

function and NF-kB pathway regulation in cancer could provide insights for the development 

of novel therapies and better use of existing medications. 

Hypoxia is known to be a common feature of solid tumours due to an increase in oxygen 

demand as a result of the uncontrolled proliferation of cancer cells. Additionally, mounting 

evidence continues to link the oxygen level of tumour tissue to breast cancer metastasis 

independent of tumour histology, clinical staging, presence or absence of certain receptors, and 

lymph node involvement [5]. Therefore, given the involvement of hypoxia and NF- kB proteins 

in tumour cells and tumour microenvironment, the current study focuses on an aspect of its 

regulatory mechanisms, NF- kB phosphorylation, as a possible means of obtaining therapeutic 

insights into breast cancer management and control.  

1.2. Gene transcription and control 

The central dogma of molecular biology explains how genetic information is transferred 

within a biological system. Deoxyribonucleic acid (DNA) which carries all the genetic 

instructions necessary to regulate a large variety of processes, is transcribed into messenger 

RNA (mRNA), which in turn are translated into proteins. Thus, gene expression is a process in 

which the genetic information stored in a gene (a nucleotide sequence in DNA) is processed 

into a protein or non-coding RNA [6] . The human genome is composed of around 20,000 

protein-coding genes, and this constitutes 1-2% of the human genome [7, 8]. These genes are 

transcribed into mRNA by the RNA polymerase II and the transcription factors. Assuming the 

hypothesis of one gene, one protein, we should have at least approximately 20,000 canonical 
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human proteins. However, this is not true as a single gene can code for as many as 100 proteins 

due to a number of isoforms derived from alternative splicing, and posttranslational 

modifications among others [9, 10]. Some of these proteins are transcription factors, proteins 

that possess DNA binding ability, they are encoded by about 8% of the genes of the human 

genome [11], resulting in around 2600 transcription factors that play important roles in both 

physiological and pathological processes. Given the involvement of transcription factors in 

several cellular processes, they must be properly regulated to prevent aberrant functions or 

mutations that underlie various human diseases such as cancer. 

 

1.3. Hypoxia   

  Oxygen is a key requirement in cellular energy production and also acts as a cofactor 

or substrate for many enzymes, making oxygen an essential element for both physiological 

functions and metabolism in mammals. At sea level, oxygen (O2) constitutes around 21% of 

air, O2 levels below this atmospheric value are termed hypoxia [12]. However, oxygen 

concentrations between 1% and 14% have been reported in human tissues such as the heart, 

lungs, liver, and kidney and this condition has been described as óphysiological hypoxiaô while 

O2 levels below 1% are referred to as ópathological hypoxiaô [12]. It is common for organisms 

to encounter oxygen deprivation (hypoxia) in a variety of both physiological and pathological 

conditions, and hypoxia can be transient or chronic. Changes in cellular oxygen levels can be 

a result of an imbalance between oxygen supply and metabolic demands, inflammation, 

prolonged edema, and vascular inadequacy [13]. Depending on the severity, hypoxic stress can 

have distinct effects on gene expression, protein folding, and several biochemical reactions that 

require oxygen [13]. Therefore, as an adaptive mechanism, the organism engages in 

evolutionarily conserved responses to hypoxic stress. These adaptive responses include 

changes in gene expression leading to the expression of survival and proangiogenic factors, cell 

cycle arrest [14], metabolic re-programming such as reduction in energy consumption [14], and 

a shift from oxidative phosphorylation to glycolysis. 

1.4   The Hypoxia-inducible Factor (HIF)     

  The hypoxic response is regulated by several transcription factors, however, the 

hypoxia-inducible factors (HIFs) are the central mediators of hypoxia responsible for oxygen 

sensing and adaptation and fluctuations in oxygen concentrations at the cellular level [15]. The 

discovery of the HIF-family of proteins and their regulation by the prolyl hydroxylase enzymes 

and the von Hippel-Lindau (VHL) proteins, is a breakthrough in understanding cellular 
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responses to fluctuations in oxygen concentration, warranted the Nobel Prize for 

Medicine/Physiology in 2019 to Greg Semenza, Peter Ratcliffe and William Kaelin Jr [16]. 

HIF activity results in the upregulation of genes that control cell proliferation, apoptosis, 

oxygen consumption, angiogenesis, cell invasion and metastasis, and mitochondria metabolism 

[15], to maintain oxygen homeostasis.  

1.4.1 Hypoxia Inducible Factor Alpha (HIF -1Ŭ, HIF-2Ŭ, HIF-3Ŭ)  
 

In mammals, three isoforms of the HIF-Ŭ subunit have been identified (Figure 1.1): 

HIF- 1Ŭ, the first member, HIF-2Ŭ (also called endothelial PAS domain protein 1 - EPAS1) 

which is structurally similar to HIF-1Ŭ. HIF-1 and HIF-2 are the main transcription factors that 

regulate the hypoxic response. HIF-3Ŭ (also called Inhibitory PAS domain protein - IPAS) 

exists as multiple splice variants, some of which inhibit HIF-1Ŭ and HIF-2Ŭ activity in a 

dominant negative fashion [17]. HIF-1Ŭ and HIF-2Ŭ subunits are labile and oxygen-dependent 

and both require an obligatory oxygen-independent but constitutively expressed HIF-1ɓ 

subunit [18]. 

HIF-1 was the first member of the HIF family to be identified in 1991 by Semenza and 

co-workers [19]. They discovered the DNA sequence 5ǋ- RCGTG-3ǋ in the 3ǋ-enhancer region 

of the erythropoietin (EPO) gene [20], which encodes the glycoprotein that regulates red blood 

cell proliferation [21, 22]. The DNA sequence was then termed óhypoxia response elementô 

(HRE), due to its role in transcriptional regulation of genes under hypoxic conditions [23]. It 

was later discovered that HIF-1 is the DNA-binding protein that interacts with the HRE under 

hypoxic conditions [24]. HIF-1Ŭ is composed of 826 amino acids while HIF-1ɓ has 789 amino 

acids. HIF-1 (both Ŭ- and ɓ-subunit) is a prototype of the bHLH family, consisting of four 

domains. HLH and PAS motifs located in the first half of subunits are both required for subunit 

dimerization between HIF-Ŭ and HIF-1ɓ [25, 26]. Binding to HRE on the promoter of target 

genes is mediated by the basic regions upstream of the N-terminal of HLH domain of both HIF-

1Ŭ and HIF-1ɓ [27]. Due to its ubiquitous expression in all mammalian cells, HIF-1Ŭ is the 

most studied of all the alpha subunits. Biochemical analysis showed HIF-1Ŭ as a heterodimeric 

protein made up of a 120kDa HIF-1Ŭ and a HIF-1ɓ subunit [28, 29]. HIF-1Ŭ has a half-life of 

about 5 minutes due to constant proteasomal degradation by the VHL complex in normoxia 

[19]. 

HIF-2Ŭ is the second HIF-alpha subunit to be reported and has been documented to be; 

structurally similar to HIF-1Ŭ [30], induced rapidly in hypoxia like HIF-1Ŭ, also regulated 

through hydroxylation [31], can both regulate common targets [32] and can have distinct 
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biological functions [31]. However, unlike HIF-1Ŭ which is ubiquitously expressed, expression 

of HIF-2Ŭ is restricted to certain tissues such as the lung, developing blood vessels [33, 34] 

endothelium, kidney, heart, and small intestine [35]. 

HIF-3Ŭ is the least studied of the three Ŭ isoforms and its functions are not well 

understood. However, splice variants of HIF-3Ŭ have been documented [36], one of which is 

the inhibitory PAS domain protein (IPAS). In hypoxia, this protein (IPAS) forms a non-

functional complex with HIF-1Ŭ in the nucleus, repressing the expression of HIF-1 target genes 

[37]. Additionally, a study showed that IPAS gene expression is hypoxia-inducible and 

regulated by HIF-1, constituting another level of feedback regulation in hypoxia [38]. HIF-3Ŭ 

is in sharp contrast with the other Ŭ-subunits in that it lacks the C-TAD transactivation domain 

and could inhibit HIF-1Ŭ and HIF-2Ŭ. HIF-3Ŭ shows 57% sequence similarity with HIF-1Ŭ and 

53% with HIF-1ɓ ([39]. HIF-3Ŭ also forms a heterodimer with HIF-1ɓ. HIF-3Ŭ is expressed in 

the lung, heart, kidney, and thymus of matured mice in hypoxia ([40]. 

 

1.4.2 Hypoxia Inducible Factor 1 Beta (HIF-1ɓ)  

In addition to the HIF-1Ŭ subunit, the HIF-1ɓ is a transcription factor inducible in 

hypoxia that also plays an important role in adaptation to cellular oxygen stress. HIF-1ɓ (also 

known as aryl hydrocarbon receptor nuclear translocator, ARNT) is a member of the basic-

helix-loop-helix (bHLH) ï PAS family of proteins, which are known to act as heterodimers 

made of a signal dependent and a signal independent subunit [41]. HIF-Ŭ and HIF-ɓ subunits 

have structural differences in the second half of the protein which reflects their functional 

differences. An acidic and hydrophobic amino acid-rich N- and C-terminal transactivation 

domains (N -TAD, C-TAD) separated by an inhibitory domain (ID) motif are found only in 

HIF-1Ŭ [42]. The C-TAD provides a binding site for p300 and CREB binding protein (CBP) 

which are transcriptional coactivators of HIF-1Ŭ under hypoxic conditions while the N-TAD 

domain regulates HIF-1Ŭ stabilization [43]. An oxygen-dependent degradation (ODD) domain 

is also found only in the Ŭ-subunit and is the site for hydroxylation by PHD-2 which targets 

HIF-Ŭ for degradation via the proteasome in the presence of sufficient oxygen [44]. HIF-1ɓ 

lacks the ODD (which may be responsible for its insensitivity to oxygen-dependent 

degradation) and N-TAD but has the C-TAD domain. 

HIF-1ɓ is a nuclear protein, stable and expressed constitutively i.e. mRNA and protein 

levels are not affected by oxygen levels, unlike HIF-1Ŭ which is labile and oxygen regulated 

[41]. Although HIF-1ɓ is an obligatory partner of HIF-1Ŭ required for a functional hypoxic 

response, HIF-1ɓ also functions in the aryl hydrocarbon receptor (AhR) pathway ï a pathway 
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that senses xenobiotics from plants or pollutants like dioxins [45-47]. AhRs are transcription 

factors that also belong to the bHLH-PAS domain protein family and localize in the cytoplasm. 

AhR is activated upon binding of appropriate ligands, resulting in conformational changes and 

subsequent translocation of AhR into the nucleus and formation of HIF-1ɓ/AhR complex which 

binds to xenobiotic responsive elements (XREs) to initiate transcription of specific genes such 

as phase 1 xenobiotic metabolism enzymes [45]. 

 

1.4.3 The hypoxic response 

Oxygen is a major requirement for energy production in aerobic organisms, thus 

deprivation of oxygen is a stressful condition for living cells. Therefore, cells undergo a variety 

of adaptive mechanisms such as cell cycle arrest, secretion of proangiogenic factors, and 

reduction in energy consumption to maintain oxygen homeostasis. These events are mediated 

primarily by the HIF signalling  pathway but with important contributions from others such as 

NF-əB [48], mTOR signalling  pathway and unfolded protein response [14]. 

In well-oxygenated environments, dioxygenases such as PHDs hydroxylate HIF at 

conserved proline residues (Pro402 and Pro564) (Figure 1.2A). These 2-oxoglutarate-

dependent dioxygenases (2-OGDs) require oxygen, iron (II), and 2-oxoglutarate for catalysis 

[17]. Factor inhibiting HIF (FIH) is another oxygen sensor that hydroxylates HIF on a specific 

asparagine residue and this modification has been reported to disrupt the interaction between 

HIF and its co-activators, thus inhibiting transcriptional activity [49, 50]. RNA-demethylases, 

Jumonji C-domain containing demethylases (JmjC demethylases) (demethylate both histones 

Figure 1.1: Schematic representation of HIF protein structure. structural domains are 

represented in coloured boxes. The function of each domain is noted above the structure. 

Abbreviation: bHLH= basic Helix Loop Helix; CTAD= C-terminal Transactivation Domain; 

LZIP= leucine zipper domain; NLS= Nuclear Localization Signal; NTAD= N-terminal 

Transactivation Domain; ODD= Oxygen-Dependent Domain; PAS= Per/ARNT/Sim domain. 
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and non-histone proteins), and Ten-Eleven Translocation (TET) enzymes (mediators of DNA-

demethylation) are other 2-OGDs that coordinates hypoxic response [51]. Hydroxylated HIF 

attracts the von Hippel-Lindau E3 ubiquitin ligase complex which then targets HIF for 

proteasomal degradation.  

However, in hypoxia, inadequate oxygen availability inhibits PHD activity thus 

preventing HIF-Ŭ hydroxylation and subsequent degradation but resulting in HIF-Ŭ 

stabilization and rapid accumulation (Figure 1.2B). HIF-Ŭ is further stabilized through 

phosphorylation by the mitogen-activated protein kinases (MAPKs) [52] and afterwards 

translocated into the nucleus where it heterodimerises with HIF-1ɓ. In Canonical HIF signalling 

, the HIF heterodimer binds to the HRE on the promoter of genes to be transcribed, thus 

Figure 1.2: Schematic representation of HIF signalling Pathway. In the presence of adequate 

oxygen, PHD prevents HIF-Ŭ stabilization through hydroxylation of HIF- Ŭ on Pro402 and Pro564 

within the oxygen-dependent degradation domain which results in VHL-mediated polyubiquitination 

of hydroxylated HIF- Ŭ and consequent proteasomal degradation of HIF- Ŭ. FIH is a dioxygenase like 

PHD, which also hydroxylates HIF-Ŭ but on specific asparagine (Asn803) in the C-terminal 

transactivation domain of HIF- Ŭ, creating an additional level of HIF- Ŭ regulation. However, in 

hypoxia, PHDs and HIF activities are inhibited resulting in stabilization of HIF- Ŭ, nuclear 

translocation, and dimerization with its cognate partner HIF-1ɓ. The heterodimer binds to hypoxia 

response elements (HRE) on the promoter of target genes resulting in gene expression. 
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changing the gene expression pattern of the hypoxic cell. FIH protein activities are also 

suppressed due to inadequate oxygen availability, resulting in the recruitment of coactivators 

such as CBP/p300 to the target genes site [53, 54]. 

Over 100 genes have been identified to be HIF target genes and are involved in a wide 

range of cellular processes (Figure 1.3) such as angiogenesis, erythropoiesis, autophagy, 

metabolism, apoptosis, and other physiological responses to hypoxia [55]. There is also the 

possibility of a non-canonical HIF signalling , as some HIF heterodimer- and HRE-independent 

mechanisms by which stabilized HIF influence the activity of other pathways have been 

described [56]. This non-canonical HIF signalling  has been documented to regulate aspects of 

p53[57], c-Myc [58], and Notch [59] signalling . 

 

 

Figure1.3: Some direct transcriptional targets of HIF, grouped according to their 

functions. 



23 
 

1.5 Hypoxia in health and disease 

Although the ambient oxygen level is 21%, in metazoans, many tissues function 

physiologically at oxygen levels between 1% and 5% [60]. Therefore, the hypoxic condition is 

one in which the oxygen level is relatively lower compared to normal in a given cell, tissue, or 

organ (Figure 1.4). Hypoxia can be acute; reduction in oxygen level for a short time as seen in 

ischemia, or chronic (continuous reduction in oxygen levels for a long time) as observed in 

cancer and chronic kidney diseases.  

Hypoxia regulates cell proliferation and changes in metabolism but also has a major role 

in the regulation of various forms of programmed cell death (PCD). Organisms undergo various 

kinds of PCD which include apoptosis, necrosis, autophagic death, pyroptosis, and necroptosis, 

in response to a variety of insults to eliminate damaged cells [61-63]. Hypoxia has a pleiotropic 

effect on cell death with reports including apoptosis, necrosis, and autophagy. Accumulating 

evidence has suggested that increased apoptosis in hypoxic conditions occurs both in a HIF-

dependent and HIF-independent manner. Following HIF-1Ŭ knockdown, hypoxia was found to 

reduce embryonic stem cell proliferation but accelerated apoptosis [64]. Also, inhibition of 

mitochondria activity under reduced oxygen, resulting in production of reactive oxygen species 

(ROS) and mitochondrial damage, has been demonstrated to increase apoptosis [65]. 

Additionally, in certain cells, p53 a tumour suppressor protein, is stabilized in the presence of 

HIF-1Ŭ, consequently regulating apoptosis [66].  

The cancer cell microenvironment is hypoxic due to increased oxygen requirement as a 

result of hyperproliferation and metabolic activity of cancer and associated cells [67]. 

Therefore, the cellular hypoxic response is required to activate downstream genes involved in 

angiogenesis, cancer cell invasion, proliferation, metastasis, and cell survival among others, 

needed for tumour  progression [68]. Several studies have suggested the involvement of HIF 

signalling  in cancer cell biology [68]. Clinically, HIF-1Ŭ and HIF-2Ŭ have been linked to 

advanced cancer stages and poor survival outcomes in cancer patients [68]. Furthermore, the 

HIF system promotes cancer cell pathways [15], pathways such as the unfolded protein 

response (UPR) and the mammalian target of rapamycin (mTOR) work with HIF to regulate 

specific cellular functions.  

Hypoxia regulates a variety of pathophysiological processes involved in cancer initiation 

and progression [69]. Angiogenesis is one such pathophysiological process regulated by 

hypoxia and it involves the formation of new blood vessels from pre-existing ones [70]. In 

hypoxia, the formation of new blood vessels is required to meet up with cellular oxygen and 
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nutrient demands (caused by hyperproliferation of cells) needed for tumour  progression [71]. 

HIF-1Ŭ/HIF-1ɓ binds to the HREs of pro-angiogenic factors such as VEGF, plasminogen 

activator inhibitor-1 (PAI-1), fibroblast growth factor (FGF), platelet-derived growth factor B 

(PDGF-B), matrix metalloproteinases (MMPs) among others resulting in their expression [72]. 

These proteins function in cell migration, cell proliferation and vascularization [73-75], 

extracellular matrix remodelling, and cancer cell invasion [76]. 

Hypoxia has been associated with increased metastasis and patient mortality in many 

human cancers [77]. Also, increased mRNA levels of  HIF-1Ŭ and/or HIF-2Ŭ  have been 

observed in the brain, head/neck, breast, lung, colon, gastric, kidney, pancreas, stomach, skin, 

endometrium, bladder, rectum, cervix, ovarian, and prostate cancers [54]. Hypoxia promotes 

metastasis by regulating epithelial-mesenchymal transition (EMT). EMT promotes cancer 

invasiveness by converting non-invasive epithelial cancer cells to highly invasive and 

metastatic mesenchymal-like cells [15]. Additionally, hypoxia facilitates tumour  progression 

by upregulating the expression and activity of the metalloproteinases; MMP2 and MMP9 which 

degrade collagen [78] in both breast and colon cancer in a HIF-1 dependent manner [79] 

The circulatory system transports blood, oxygen, and nutrients which are required for 

physiological tissue functions. Impairment in oxygen delivery to these tissues results in low 

oxygen tension and thus tissue hypoxia. Hypoxia has been implicated in the pathophysiology 

of various cardiovascular diseases such as heart failure, myocardial infarction, systemic and 

pulmonary hypertension, obstructive sleep apnoea syndrome, and atherosclerosis amongst 

others [80, 81]. Cardiovascular diseases remain the leading cause of death worldwide [82, 83] 

and hypoxia is a major pathogenic factor for these diseases [84-87]. HIF-1Ŭ, which majorly 

controls physiological and pathological hypoxia, is differentially expressed in the 

cardiovascular cell system and thus affects cellular functions [88, 89]. ROS promotes the 

expression of HIF-1Ŭ which in turn facilitates the expression of an array of genes such as 

endothelin-1 (ET-1) which has a role in cardiovascular diseases [90]. Activation of HIF-1Ŭ also 

causes the expression of some pro-fibrotic factors such as collagen I, II, and IV among others 

which causes myocardial fibrosis [91-94]. Transverse aortic constriction (TAC) ï a commonly 

used model for pressure overload cardiac failure in mice, was used to demonstrate the roles of 

HIF-1Ŭ in cardiomyopathy. HIF-1Ŭ-/- in TAC-induced mice resulted in inhibition of VEGF 

expression, leading to acute heart failure as a result of reduced oxygen supply to the 

cardiomyocytes [95]. Another study investigated the roles of HIF-1Ŭ in endothelial and cardiac 

muscle cellïspecific HIF-1Ŭ-/- mice and showed that a 1-week TAC causes chronic heart failure 

phenotype [96]. These results demonstrate the cardio-protective effect of HIF1Ŭ and its pro-
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angiogenic function. On the other hand, exposure to chronic hypoxia affects calcium handling 

and consequently cardiac metabolism which could result in heart failure [97]. 

1.6    Inflammation   

  Inflammation is the bodyôs protective or defence strategy, where the immune system 

identifies and attempts to eliminate harmful foreign substances or organisms. These include 

parasites, viruses, bacteria, fungi, and allergens among others [98, 99]. The immune system 

consists of organs, chemicals, and plasma proteins that facilitate vasodilation and recruitment 

of immune cells to the site of injury or infection [100, 101]. There is a strong link between 

inflammation and a family of transcription factors called NF-kB proteins. Similar to hypoxia, 

cells have evolved mechanisms by which they control the inflammatory response to injury or 

pathogens. The NF-kB pathway is a master regulator of inflammatory responses and the 

activation of this pathway has been investigated in several human and animal diseases. In 

response to inflammatory signals, epithelial cells of the injured tissue trigger a pro-

inflammatory response via activation of the NF-kB pathway resulting in the upregulation of 

chemokines and adhesion molecules which in turn recruit and activate effector cells that 

facilitate the healing process [102]. Inflammation is a physiological process that benefits the 

host, however, deregulated inflammation causes excess damage to tissues, which could 

contribute to the development of acute or chronic inflammatory diseases [3], and cancers [103, 

104]. 

Figure 1.4. Percentage levels of oxygen in healthy and cancerous tissues: This chart 

compares the percentage (%) of oxygen level in different healthy tissues and in their 

corresponding cancers. [1] 
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1.7 Nuclear Factor-kappa B (NF-əB)   

The Nuclear factor kappa B pathway was discovered over three decades ago by Ranjan 

Sen in the lab of Nobel laureate David Baltimore, [105]. Sen carried out mobility shift assays 

on enhancers and found multiple factors binding to both the heavy- and ə light-chain enhancers 

[106]. He discovered a nuclear factor that binds to the sequence GGGACTTTCC only on the ə 

light-chain enhancer and is present only on extracts of B-cell lines [106], thus the name Nuclear 

factor kappa light chain enhancer of activated B cells, NF-əB. Furthermore, it was later 

discovered that the NF-kB is not specific to the B-cell lineage alone but was present in Hela 

cells, T-cells [107] and now it is evident that all cells have it [108]. Since its discovery, 

considerable research has been directed to understand its mode of activation, functions, 

regulation, and roles in physiological and pathological conditions. The NF-kB family of 

proteins has been reported to respond to a wide array of stimuli including pathogens, cytokines, 

injuries, and various cellular stress conditions [109]. NF-kB proteins have been well studied 

for their roles in inflammation, immune responses, cell growth, and cell development and are 

attributed to regulating the expression of almost 500 genes of varied functions [110-113]. 

 

1.7.1 NF-əB subunits 

The NF-kB family is made up of seven proteins, which all have a highly conserved REL 

homology domain (RHD) used for dimerization, DNA binding (N-terminal of RHD), and 

inhibitor binding (c-terminal of RHD) (Figure 1.5). RelA, RelB, and c-Rel (also known as REL 

subfamily) all have transactivation domains that mediate interactions with cofactors (such as 

CREB binding proteins, CBP) and basal transcription factors such as TATA-binding proteins 

(TBP) [114, 115]. NF-kB1 or p105 and NF-kB2 or p100 are the other NF-kB family members 

which are encoded as longer precursor proteins and are proteolytically processed into active 

DNA-binding proteins p50 and p52 respectively through mechanisms involving post-

translational modifications such as phosphorylation [116]. NF-əB1 and NF-əB2 lack 

transactivation domains but have ankyrin repeat which allows them to act as inhibitors until the 

ankyrins are removed through proteolytic cleavage. The five NF- kB family members are 

capable of homo- or hetero-dimerization among members, except for RelB which does not form 

a stable homodimer in vivo but forms heterodimers (Figure 1.6) [117, 118]. NF- kB dimers 

bind to kappa B (əB) sites with the sequence 5ô-GGGRNWYYCC-3ô (where N, R, W, and Y 

represent any base, purine, adenine, or thymine and pyrimidine respectively) on the promoters 

or enhancers of target genes. 
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RelA: also known as v-rel avian reticulo-endotheliosis viral oncogene homolog A, NF-

kB3 or p65 is a ubiquitously expressed transcription factor encoded by the RELA gene and the 

most studied NF-kB protein which functions in a wide range of cellular processes. RelA plays 

an important role in mediation of immune responses (innate and adaptive) [119] and has anti- 

and pro-apoptotic functions depending on the stimulus, cell type, and context [119, 120]. 

Structurally, RelA has an N-terminal REL homology domain (RHD) and a C-terminal 

transactivation domain (TAD) which is divided into TAD1 and TAD2 [115]. RelA is often 

found in complexes with p50 (RelA/p50) in an inactive state restricted to the cytoplasm by the 

inhibitor of kappaB-Ŭ (IkBŬ) protein. The IkBŬ is the primary and most studied NF-əB 

inhibitor which binds to the nuclear localization signal of NF-əB [121], thus preventing its 

nuclear translocation. However, investigations on IʢBŬ regulation in the nuclear-cytoplasm 

shuttle have revealed a transient or incomplete masking of p50 nuclear localisation signal in 

the cytoplasm. The partial exposure of p50 NLS allows entry of the NF-ʢB/IʢBŬ complex into 

the nucleus, whereas the IʢBŬ NES facilitates the transport of the complex out of the nucleus. 

This therefore suggest , the subcellular localization of the inactive NF-ʢB/IʢBŬ complex is 

dynamic, continuously shuttling between the nucleus and cytoplasm 10655476, 33224945. 

Four RelA variants have been identified with the longest isoform having 551 amino acid 

residues. RelA-/- mice suffer embryonic lethality as a result of severe liver damage caused by 

TNFŬ-induced apoptosis [122]. Deregulated RelA activity has been observed in inflammatory 

diseases [123] and cancer [124].  
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RelB has 557 amino acids, an N-terminal RHD, and a C-terminal TAD and is 

structurally and functionally different from RelA and c-Rel due to the presence of a leucine 

zipper-like motif in its N-terminal domain, required for complete gene transcription and a 

putative acidic transcriptional domain at its c-terminal [125]. RelB is often found as RelB/p50 

or RelB/p52 dimers [126]. Unlike RelA which is ubiquitously expressed, RelB is found mainly 

in the bone marrow and lymphoid tissues such as the thymus, lymph nodes, and spleen, 

confirming the important role of RelB in the constitutive nuclear NF- kB activity observed in 

lymphoid organs [127] and a substantial amount is present in other tissues such as the brain, 

gastrointestinal tract, kidney and urinary bladder, connective and soft tissues (the human 

protein atlas https://www.proteinatlas.org/ENSG00000104856-RELB/tissue). Earlier 

researches showed that unlike RelA, RelB is not subjected to inhibition or sequestration by IkBŬ, 

IkBɓ or IkBŮ [128-131], but inhibited by p100 [132]. However,Vincent and colleagues in 2013 

observed association of RelB with p100, IkBŬ and IkBŮ but not  IkBɓ  and p105 and further 

demonstrated IkBŬ restriction of RelB:p50 in dendritic cells  [133]. RelB also differs from RelA 

in their target genes [134], for example unlike RelA, RelB is not an efficient activator of IkBŬ 

[125, 135, 136]. RelB has been shown to play a critical role in limiting the expression of 

Figure 1.5. Schematic diagram of NF-kB subunits.  
Coloured boxes represent NF-kB structural domains. The Rel homology domain (RHD) is 

responsible for dimerization, nuclear translocation, DNA binding, and interaction with inhibitory 

IəB proteins and it is highly conserved. A carboxy-terminal transactivation domain (TAD) present 

in RelA, RelB and c-Rel, initiates transcription from NF-əB-binding sites in target genes. 

Precursor proteins p105 and p100, containing ankyrin repeats, are proteolytically processed to p50 

and p52 respectively. GRR= glycine rich region, LZIP= leucine zipper domain.  

https://www.proteinatlas.org/ENSG00000104856-RELB/tissue
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proinflammatory mediators in LPS-induced fibroblasts [137, 138], giving it a role in acute 

inflammation resolution. In RelB-/- mice, organs suffer severe inflammatory stress caused by 

inflammatory T-cells that contribute to premature death [139, 140]. Analysis of RelB-deficient 

mice revealed that RelB is required for the development of medullary epithelium, mature 

dendritic cell function, and secondary lymphoid organ organization [127].  

c-Rel is a 587-amino acid protein made up of a highly conserved N-terminal RHD and 

a c-terminal TAD which is divided into TAD1 and TAD2, with a transactivation inhibitory 

domain (RID) which separates the RHD and the TAD [141-143]. c-Rel is a homolog of v-rel, 

a mutated form of c-Rel carried by retrovirus [144]. c-Rel is most commonly found as a dimer 

with the p50 or RelA NF-əB subunits but other combinations can occur (Figure1.6) [145] and 

regulate many cellular processes such as cell survival and cell proliferation [145]. Several 

studies showed that c-Rel plays an important role in the repair of damaged DNA by controlling 

transcription of Claspin, an adaptor protein that is known to mediate the activation and 

phosphorylation of Chk1 by ATR[146, 147]. The C-terminal transactivation domain of c-Rel 

may have a specific role in regulating genes involved in B cell proliferation [145, 148]. For 

example, the addition of the v-Rel transactivation domain to the RelA RHD creates a 

transforming protein in avian lymphoid cells, but the addition of the RelA transactivation 

domain to the c-Rel RHD does not [149]. Like other Rel/NF-əB proteins, c-Rel is also subject 

to several posttranslational modifications in addition to its regulation by IkB proteins.  

High-level expression of c-Rel is found in a wide variety of haemopoietic cells [136, 

150] however, studies using c-Rel-/- mice have shown that c-Rel is not required for normal 

haematopoiesis and lymphopoiesis as they did not show abnormalities in hematopoietic cell 

development [151]. Alterations of the c-Rel locus resulted in several B and T-cell malignancies 

and c-Rel-/- mice showed reduced proliferation of B and T-cells and humoral immunity [152-

154]. The human c-Rel gene is a susceptibility locus for autoimmunity, including arthritis and 

psoriasis, and is frequently altered or expression levels increased in B and T cell cancers [152].     

NF-kB1 subunit is a 105kDa protein categorized as a class 1 member of the NF-kB 

family and the precursor of p50. Like IkBŬ, NF-əB1sequesters other NF-kB subunits in the 

cytoplasm acting as an inhibitory protein [155]. Proteolytic processing of NF-əB1 to p50 occurs 

co-translationally via the proteasome in the presence of ATP [156]. Like other NF-kB proteins, 

NF-kB1 has an N-terminal RHD and a C-terminal made up of ankyrin repeats. These ankyrin 

repeats are usually degraded to produce the active N-terminal end either constitutively or in 

stimulated cells but require a glycine-rich region which function as a stop signal for the 
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proteasome [157, 158]. The p50 subunit is mostly found as a heterodimer with RelA, though 

other combinations can occur. In its hetero-dimeric form, p50 functions as an activator of 

transcription, while it represses gene transcription in its homo-dimeric form [159]. Due to the 

lack of C-terminal TAD, the p50 function depends on the heterodimer formed.  

RelA/p50 expression is high in human high-grade prostate adenocarcinomas, resulting in 

constitutive NF-əB activity, and consequently, increased expression of NF-əB target genes matrix 

metallopeptidase 9 (MMP9) and VEGF, which play important roles in cell migration and 

vascularization [160]. Several posttranslational modifications of p50 have been reported which 

regulate its specificity and DNA binding affinity [158]. Mice lacking p50 showed no 

developmental defects, however, upregulation of certain pro-inflammatory factors was 

observed, which suggests a role for p50 in anti-inflammation [161], and also, a defective innate 

and adaptive immune response to infections was observed [162]. It was later revealed that 

p105/p50 recruits HDAC-1, a transcriptional repressor to the promoters of pro-inflammatory 

proteins [161, 163].  Mutations in p105/p50 have been observed in some human cancers such 

as leukemia [164]. 

NF-kB2 (p100) is another member of the class 1 subfamily, a precursor protein for p52 

which is also processed in an ATP and ubiquitin-dependent manner to produce an active N-

terminal, known as p52, the DNA-binding form [165]. Proteolytic processing of p100 is mostly 

induced, although constitutive processing is also possible [158]. Similar to NF-əB1, NF-kB2 

acts as an inhibitory subunit of NF-kB proteins, while p52 forms complexes with other Rel 

subunits, such as RelB and c-Rel [166]. Endogenous p52 has been shown to regulate cell 

proliferation through direct control of Cyclin D1 expression and repression of p21, a cyclin-

dependent kinase (CDK) inhibitor [167], giving p52 a role in the cell cycle. This study also 

suggested a role for p52 in the regulation of p53, a tumour suppressor, implicating p52 in 

tumour development. NF-kB2/p52-/- mice showed reduced B-cell proliferation and impaired 

humoral response [168]. Aberrant p52 has been reported in human breast cancer [169] and 

lymphocytic leukaemia [168]. 
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1.7.2 IəB proteins   

Inhibitors of nuclear factor-kB (IkB) are a superfamily of proteins comprehensively 

studied for their roles in masking the nuclear localization signal of NF-kB proteins thus 

preventing their activation. The discovery and mechanism of actions of the IkB proteins was 

carried out many decades ago by Baltimore and his group [108]. They observed a substantial 

amount of cytoplasmic NF-kB proteins in a form unable to bind to nuclear DNA due to their 

association with the IkB proteins [170]. Thus, the NF-kB proteins are held in the cytoplasm by 

the IkB protein in an unstimulated cell. 

The IkB superfamily can be divided into three functional groups; the typical IkB 

proteins namely IkBŬ, IkBɓ and IkBŮ found in the cytoplasm in unstimulated cells and are 

degraded and re-synthesized in a stimulus-dependent manner, the atypical IkB proteins BCL-

3, IkBɕ, and IkBNS which are induced after being activated and function in the nucleus, and 

the NF-əB2 and NF-əB1, the precursor proteins of p52 and p50 respectively [102].  

IkBŬ is the most studied member of the superfamily and the main NF-kB inhibitor in 

the canonical pathway, which is degraded via the proteasome following signal-induced cell 

stimulation consequently resulting in NF-kB release. However, it is more appropriate to 

consider the IkB proteins as pleiotropic cofactors of NF- kB proteins or complex mediators of 

 Figure 1.6. NF-əB subunits dimer configuration. 
The NF-əB subunits form either homo- or heterodimers through their Rel homology domains. 

RelA, RelB and c-Rel have transactivation domains, thus form transcriptionally active dimers, 

whereas p50 and p52 lack this domain and so lack transcriptional activity as homodimers but 

can use BCL3 as a coactivator to induce transcription. Theoretically there are 15 possible NF-

əB dimers, however, RelB has only been reported to dimerise with p50 and p52 only 12 NF-

əB dimers are thought to exist in cells 
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gene expression rather than just NF-kB inhibitors. Several studies have demonstrated the 

involvement of IkB proteins in stabilizing DNA-bound NF-kB dimers, influencing the type of 

NF-kB dimers formed in a cell [171], and also in transcriptional regulation by acting as 

coactivators [102]. 

B-cell lymphoma 3 (BCL-3) is a member of the atypical IkB family of inhibitors which 

was originally known as a proto-oncogene [172]. BCL-3 functions as a double-edged sword; a 

transcriptional activator and a repressor of NF-kB activity depending on the context. BCL-3 

also requires post-translational modifications such as phosphorylation and nuclear localization 

to be able to carry out its transactivating functions [173-175]. Unlike other IkB proteins, BCL-

3 is mainly found in the nucleus and has a TAD domain [173]. p50 or p52 homodimers usually 

have repressive roles because they lack TAD but take up transactivating activity when in 

complex with BCL-3. BCL-3/p52/p52 complex regulates the expression of cyclin D1, a cell 

proliferation protein [176] while BCL-3/p50/p50 complex negatively regulates the expression 

of IL-23, a pro-inflammatory cytokine [177]. 

 

1.7.3 The NF-əB activation pathway   

 

Generally, in a resting state, NF-kB dimers are sequestered in the cytoplasm by the 

inhibitor proteins (Figure 1.7). Once a stimulus binds to its corresponding receptor, upstream 

kinases coordinate the phosphorylation and degradation of the inhibitory protein, which then 

results in the release of bound NF-kB dimers, exposing nuclear localization domains and 

subsequent translocation into the nucleus. Post-translational modifications play an integral role 

in the transcriptional activity of NF-kB [178]. Three main pathways of NF- kB activation have 

been described which are: canonical (classical), non-canonical (alternative), and atypical 

pathways, although crosstalk between all of them exists. 

¶ Canonical (or classical) NF-əB pathway   

The canonical pathway, also known as the classical or IKKɔ-dependent pathway is 

mediated by the IKK complex composed of IKKŬ, IKKɓ, and IKKɔ also known as IKK1, 

IKK2, and NF-kB essential modulator (NEMO) respectively. This complex is activated 

through trans-autophosphorylation by the IKK partners or via the activities of upstream kinases 

such as Transforming growth factor-ɓ (TGF-ɓ)-activated kinase 1 (TAK1) [179]. TAK1 

belongs to the MAPK kinase kinase family and has roles in a wide range of physiological and 

pathological processes [180]. The canonical pathway responds to a wide array of endogenous 

and exogenous stimuli and a wide range of physical and chemical stress signals. The most 
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notable receptors that activate the NF-kB pathway are the TNFR, IL-1R, and TLR superfamily 

while intracellular NF-kB activating signals include DNA damage and ROS among others 

[181]. The TNF family of receptors is made up of 29 receptors and more than 19 different 

ligands which control an array of biological processes through activation of specific 

transcription factors such as the NF-kB proteins [182]. The receptor-ligand complex results in 

the activation of the IKK complex, phosphorylation of the inhibitory protein IəB in its N-

terminal region on specific serine residues (ser32 and ser36), and consequently its 

ubiquitination and degradation via the proteasome. [183]. NF-əB homo- or heterodimers are 

released following IəBŬ degradation, move into the nucleus and bind əB elements of specific 

genes to be transcribed. The canonical signalling is often viewed as a RelA activation pathway 

as the RelA/p50 dimer is predominantly activated in the majority of cells and under most 

conditions. However, this is not always the case as RelB/p50 dimer was activated in 

inflammatory dendritic cells via the IKK/IəBŬ activation route, suggesting the involvement of 

RelB in canonical signalling in that cell [133]. Additionally, overexpression of relB has been 

demonstrated to inhibit expression of canonical NF-əB target genes such as Bcl-xL and IL-2 in 

DLBCL cell lines 21873235, further demonstrating crosstalk between the two pathways. 

 

¶ Non-canonical (alternative) NF-əB pathway   

The non-canonical pathway (also known as alternative pathway) is an alternative pathway 

to the canonical pathway, activated independent of IKKɓ and IKKɔ but involving NF-kB 

inducing Kinase (NIK) and IKKŬ-dependent. Signalling via this pathway is mediated by the 

TNFR superfamily of receptors which include; BAFF-R, Lymphotoxin -ɓR, CD40, and RANK 

among others, some of which are also involved in the canonical pathway activation [184-187]. 

The majority of the ligands implicated in initiating the non-canonical pathway are factors 

associated with immune cell functions. [188-190]. In the absence of stimuli, NIK is constantly 

subjected to ubiquitination and degradation by a complex made up of tumour  necrosis factor 

receptorïassociated factor (TRAF) and cellular inhibitor of apoptosis (cIAP) proteins 

(TRAF/cIAP) to maintain NIK levels, whereas NIK stabilization and accumulation is observed 

following receptor stimulation [191, 192]. Stabilized NIK has two major roles in noncanonical 

signalling, first is to mediate the phosphorylation and subsequent degradation of the 

IkBd domain of NF-ʢB2, consequently releasing the NF-kB dimers for nuclear translocation 

[193]. NF-ʢB2 through its IkBd have been said to have inhibitory effects on both RelB and 

RelA-containing dimers, suggesting the possibility of inducing either or both inflammatory and 
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developmental responses. Secondly, through activation of IKKŬ dimers, NIK mediates the 

proteolytic processing of NF-kB2 to an active p52 via phosphorylation of NF-kB2 on serine 866 

and serine 870 [194, 195]. The production of p52 is relatively low compared with NF-kB2 and 

is mainly found in dendritic cells, macrophages, and B-cell [166, 196]. While unprocessed NF-

kB2 becomes an inhibitor of NF-kB, active p52 heterodimerises with other NF-kB subunits like 

RelB, forming RelB/p52 dimers [197]. p52-cRel and p52-RelB are required for differentiation 

of B lymphocytes [198].  

Though the canonical and noncanonical pathways are mediated by different kinases and 

substrates, a certain level of crosstalk between the two pathways exists due to the large array 

of shared components in the NF-kB signalling system. The non-canonical pathway exerts a 

level of control on the canonical pathway in different ways. The processing of NF-kB2 to p52 

and degradation of IkBŬ is triggered by NIK activity, whereas any unprocessed NF-kB2 acts 

as an inhibitor of NF-kB by trapping the NF-kB dimers and reducing its association with IkBŬ 

[193, 199]. As a result of the above, the non-canonical pathway may affect the duration of NF-

 kB activation via the canonical pathway [200]. In inflammatory dendritic cells with elevated 

non-canonical activity, canonical signalling is altered both quantitatively and qualitatively. For 

example, RelB/p50 dimers were observed alongside RelA/p50 and c-Rel/p50 heterodimers in 

TLR-mediated maturation of granulocyte-macrophage colony-stimulating factor (GM-CSF)-

derived dendritic cells, due to the high level of non-canonical activity in these cells [133].  

¶ Atypical NF-kB activation pathway 

The atypical pathway is another NF-kB activation pathway. This signalling pathway is 

termed óatypicalô because, unlike other NF-kB activation pathways, it is IKK-independent. This 

pathway is activated by DNA damage such as ultraviolet radiation which causes 

phosphorylation-induced proteasomal degradation of IkBŬ [201]. Casein kinase 2 (CK2) - a 

constitutively expressed-p38-activated serine-threonine kinase, was suggested to be 

responsible for the phosphorylation of IkBŬ in response to hypoxia, ROS, or DNA damage 

[202, 203]. 

Research has shown that activation and nuclear translocation of NF-kB is not limited to the 

classical, alternative and atypical pathways alone. Interestingly, IkBŬ shuttles between the 

nucleus and the cytoplasm and is capable of removing nuclear NF-kB from the DNA back to 

the cytoplasm or acting as an NF-kB chaperone resulting in persistent activation of the pathway 

[204, 205]. For instance, in the context of RelA forming homodimers and heterodimers with 
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p50, the strong binding affinity between RelA and p50 markedly decreases the prevalence of 

RelA homodimers. Conversely, when levels of p50 decrease substantially, the formation of 

RelA homodimers increases with the assistance of IkB, which functions as a chaperone or 

stabilizer for dimers [206]. 

 

Figure 1.7. Schematic diagram of simplified NF-kB pathways.  
In the presence of a suitable ligand such as TNF-Ŭ, the canonical pathway is 

activated, via the TAK1-IKK complex, resulting in the phosphorylation of the 

inhibitory protein IəB, which signals its proteasomal degradation. Consequently, 

NF-əB dimer is released, translocate into the nucleus, binds to DNA and bring about 

gene expression. The non-canonical pathway is also activated in the presence of a 

suitable ligand such as LIGHT, which triggers the activation of NIK and then IKK-

Ŭ. Phosphorylation of p100 by IKK-Ŭ, result in proteolytic processing of p100 into 

p52. Active p52 heterodimerise with RelB and the RelB/p52 dimer translocate into 

the nucleus where they regulate target gene transcription. 
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1.7.3.1 Regulation of NF- kB signalling 

The NF-kB pathway is well regulated, and to prevent continuous or excessive 

transcriptional response which can result in deleterious cellular responses, the pathway is 

subjected to inhibition or termination at several levels along the pathway (Figure 1.8). See 

www.nf-kb.org, under physiological mediators for a comprehensive list of NF-əB inhibitors. 

Regulation of NF-əB activation through negative feedback inhibition at the receptor level under 

TNFŬ, LPS, and IL-1 stimulation has been reported [207]. Increased expression of soluble 

decoy receptors such as sTLR4 - a splice variant of the Toll-like Receptor 4 (TLR4), which is 

also an NF-əB target, and suppression of tumorigenicity 2- 2 (sST2) ï a splice variant of ST2, 

have been observed under Lipopolysaccharide (LPS) and TNFŬ stimulation respectively [208]. 

sTLR4 sequesters LPS at the receptor and or blocks LPS interaction with its co-receptors, MD-

2 and CD14, thus preventing initiation of NF-əB signalling. Additionally, transmembrane 

decoy receptors, which bind ligands but lack intracellular domains required to relay signals to 

downstream proteins, have also been identified under LPS and IL-1 stimulation. 

Radioprotective 105 kDa protein (RP105) is an LPS-induced protein that inhibit NF-kB 

signalling by binding TLR4-MD2 forming a non-signalling complex [209]. Also, in response 

to IL-1 and LPS, upregulation of a single Ig IL-1 receptor (IL-R)-related molecule (SIGIRR) 

has been observed, which forms a complex with IL-1R1, IRAK, and TRAF6 to inhibit IL-

1R1/TLR4 receptor-mediated NF-əB signalling [210]. 

NF-əB signalling is also regulated at the level of the signalosome complex (SC). The 

signalosome complex is the complex that coordinates the activation of the IKKs. Negative 

feedback inhibition at this level is mediated by stimuli-induced expression of dominant 

negative splice variants of upstream receptors like IRAK and MyD88 [211], gene products that 

interfere with the SC or deubiquitinates (DUBs) that are expressed or recruited to remove 

ubiquitin chains conjugated to proteins of the SC. Approximately 100 DUBs have been 

identified but of importance to NF-əB regulation are A20 [212], and CYLD [213]. ABIN-1 on 

the other hand is an ubiquitin binding protein known to regulate NF-ʢB activation [214] 

(Figure 1.8). The fate of ubiquitinated protein depends on the type of polyubiquitin linkage it 

has. K48 and K63 are the most common polyubiquitin linkages, the former targets a substrate 

for proteasomal degradation while the latter provides a docking site for proteins with ubiquitin 

binding sites [207]. A20 also called Tumour necrosis factor, alpha-induced protein 3 

(TNFAIP3) is a DUB present at low levels in most cells but with increased expression under 

IL -1, TNFŬ, or LPS stimulation [215]. A20 prefers substrates with K63-ubiquitin chains and 

http://www.nf-kb.org/
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thus removes K63 ubiquitin chains from RIPK1 [216], RIPK2 [217], TRAF6 [218], NEMO 

[219], and TNFR1 [216], thus inhibiting NF-əB activation via TLR, IL-1R, TCR, and TNFR 

through a negative feedback mechanism. Additionally, A20 blocks the physical interaction 

between TRAF2, cIAP1/2, TRAF6 (which are E3 ligases), and UbcH5c and Ubc13 (which are 

E2 conjugating enzymes), thus inhibiting the activities of the former [220]. Interestingly, 

posttranslational modification of A20 through phosphorylation at Ser381 by IKKɓ has been 

observed in THP-1 and MEFs under TNF-Ŭ or LPS stimulation, which further strengthens A20 

DUB / inhibitory activity [221]. ABIN-1 (A20 binding inhibitor of NF-əB), also called TNIP1, 

is a ubiquitin-binding protein and a member of the A20 ubiquitin editing complex (AUEC) ï 

which consists of A20 interaction partners [207]. Only ABIN-1 and ABIN-3 respond to TNFŬ 

and LPS NF-əB stimulation [222, 223]. ABIN-1 has been shown to function dependently on 

A20 by recruiting A20 to its targets [219], and also independently of A20 [224]. ABIN-1 binds 

preferentially to polyubiquitinated RIP1, thus inhibiting NF-əB activation [225]. Another DUB 

which negatively interferes with NF-əB signalling is the Cylindromatosis (CYLD) (Figure 

1.8). Following stimulation of TNFR1, TCR, and TLR receptors, CYLD prefers substrates with 

K63 and M1 linear polyubiquitin chains [226, 227]. The first specific substrates from which 

CYLD removed K-63 polyubiquitin chains were TRAF-2 and TRAF-6 [228, 229]. Other NF-

əB signalling components proposed as CYLD substrates include RIPK1 [230, 231], TAK1 

[232, 233], NEMO [234], TNFR1 [235], TRAF2 [228, 234], TRADD [235], TRAF6 [236, 237] 

and TRAF7 [237]. 

 Ubiquitin-dependent degradation of DNA-bound RelA mediated by the E3 ligase 

suppressor of cytokine signalling 1 (SOCS1), has been suggested to control the strength and 

kinetics [238] of NF- kB activation [238-241]). Stabilized RelA/SOCS1 association result in 

ubiquitination and degradation of RelA [158, 242]. Finally, a nuclear LIM domain containing 

ligase, PDLIM2 also mediates polyubiquitination and degradation of nuclear RelA, 

contributing to the termination of RelA transactivation [243] 

The best understood negative feedback loop occurs through the re-synthesis of the 

inhibitory protein IkB [244, 245], which enters into the nucleus to remove DNA-bound NF-kB 

protein and transport it back to the cytosol [178, 246, 247]. This cycle of negative feedback 

mechanism (IkB degradation and synthesis) makes the supply of RelA/p50 dimers to the 

nucleus for basal transcription possible [245, 248]. This can be considered as an upstream event 

that helps to maintain RelA homeostasis between cytoplasm and nucleus.  
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Another mechanism of shutting off the NF- kB response is through dephosphorylation, 

which inhibits co-factor recruitment or binding. For example, protein phosphatase 2A 

dephosphorylated RelA Ser-536 reduced its association with the co-factor p300, which resulted 

in the inhibition of gene transcription [158, 249, 250]. In contrast, phosphatase-mediated 

dephosphorylation of RelA affects NF- kB function in a context-dependent way. For example, 

phosphatase 4 dephosphorylates Thr-435 of RelA under cisplatin induction, resulting in 

increased NF- kB activation and not suppression [251]. RelA acetylation has also been 

demonstrated to affect DNA-binding affinity negatively [252]. For example, RelA interaction 

with HDACs and HATs affects the termination of kB response [102]. This is also context-

specific as deacetylation of RelA on Lys122, Lys213, Lys314 and Lys315 mediated by 

HDAC3, increased the expression of inflammatory genes whereas deacetylation at Lys218 and 

Lys 221 resulted in downregulation of NF-kB activity [253]. 

 

1.7.4 Important components of the NF-əB pathway  

1.7.4.1 IəB KINASE (IKK) complex.  

Since the discovery of the IkB kinase (IKK) complex over two decades ago, immense 

efforts have been made to understand the structure and function of the IKK complex in signal 

transduction. IKK subunits form crosstalk with several pathways, thus increasing their 

functional complexity.  The search for a kinase responsible for IkBŬ phosphorylation started 

following the discovery of a phosphorylation-induced NF-kB activation. However, IkB is not 

the only substrate of IKK but also includes several NF-kB pathway internal and external 

components such as RelA, p53, and TCS1 among others, thus the IKK complex creates a link 

between the NF-kB pathway and several other pathways [254, 255].    

The IKK complex is made up of two serine/threonine kinase catalytic subunits namely, 

IKKŬ (IKK1) an 85 kDa protein encoded by CHUK, and IKKɓ, an 87 kDa (IKK2). The third 

component of the IKK complex is a regulatory non-catalytic subunit called NEMO also known 

as IKKɔ, a 48 kDa protein [256-258]. IKKŬ and IKKɓ are both kinases with a 50% sequence 

similarity. They both have an N-terminal kinase motif, a dimerization domain and a C-terminal 

domain where the regulatory protein, NEMO binds [254, 255, 259]. Phosphorylation on 

serine176 and serine180 of IKKŬ, and serine177 and serine181 of IKKɓ are required for the 

kinase activities of the IKK complex [257, 258, 260, 261]. On the other hand, biochemical 

assays have revealed NEMO to be an Ŭ-helical protein with two coiled domains (CC domains), 
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a zinc finger region located in the c-terminal which is required for IkB binding, a leucine zipper 

region, a dimerization domain in the N-terminal region for oligomerization [255, 259, 262], 

and a kinase binding domain (KBD) found in amino acids 44-111 region of NEMO [263]. 

Activation of the IKK complex is achieved either through trans-autophosphorylation or 

through the activity of IKK kinases (IKKK) or both for maximum kinase activity [264, 265]. 

A number of kinases have been identified as IKK kinases (IKKK), some of which include the 

Figure 1.8. NF-əB Pathway Inhibition 

(A) NF-əB inhibitory feedback downstream of TLR4 receptor. Activation of TLR4 by LPS leads to 

interaction with co-receptors CD14 and MD2 and subsequent formation of a signalling complex by a 

group of proteins called óMyddosomeô which activates TAK1 to drive IKK complex phosphorylation and 

activation. Following IəBŬ phosphorylation and degradation, NF-əB dimers enter the nucleus, bind to 

əB sites in DNA and promote the transcription of target genes, including various ódecoy receptorsô such 

as soluble TLR4. Alternative splicing leads to the generation of soluble TLR4 (sTLR4) following NF-əB 

activation by LPS. This is secreted and sequesters LPS which is now not able to bind to full length TLR4. 

Consequently, all TLR4 signalling is disrupted and NF-əB activity declines. (B) Following activation of 

TNFR1 by TNF-Ŭ, downstream adaptor proteins are activated, which then coordinates phosphorylation 

and activation of the IKK complex through TAK1, and consequently proteolytic degradation of IəBŬ, 

release of NF-əB dimer and transcription of IəBŬ and DUBs such as CYLD and A20, which all have 

feedback inhibitory functions that regulates NF-əB activation.  See text for details. 
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well-known TAK1, a member of the MAPKKK family and a serine/threonine kinase which is 

also involved in the JNK signalling pathway. Another suggested IKK kinase is MEKK3 which 

phosphorylated IKK in vitro and cells deficient in MEKK3 showed reduced kB activation under 

TNF or IL-1 stimulation [266, 267]. 

The main function of the IKK subunit complex is the phosphorylation of the IkB 

proteins, NF-kB2 and NF-kB1 [259]. However, the IKK proteins have other roles in addition 

to their role in phosphorylation-mediated degradation of IkB and NF-kB release. For example, 

IKKŬ and IKKɓ have been identified as kinases that directly bind and modulate the functions 

of the NF-kB subunits, RelA and c-Rel. IKKɓ phosphorylates RelA on serine536 in the nucleus, 

which is required for the recruitment of transcriptional cofactors needed for gene transcription 

[268, 269]. Additionally, IKKŬ has been suggested to have a role in repressing the transcription 

of some NF-əB target genes. Unlike IKKɓ phosphorylation of RelA and c-Rel which enhances 

transactivation potential, some studies have reported IKKŬ-mediated attenuation of NF-əB 

signalling as a result of IKKŬ phosphorylation of RelA and c-Rel [270, 271]. Similarly, high 

levels of many NF-kBïregulated pro-inflammatory genes in embryonic-liver-derived 

macrophages of IKKŬ deficient mice were observed [272]. Nuclear accumulation of IKKŬ and 

subsequent phosphorylation of chromatin components in response to a specific stimulus have 

also been documented [264]. A study proposed the involvement of IKKŬ in the phosphorylation 

of histone H3 on serine 10 [273, 274]. Also, IKKŬ has been implicated in the opening of the 

chromatin structure and subsequent binding and activation by NF-kB through repression of 

silencing mediator of retinoic acid and thyroid hormone receptor (SmrT) complex through 

direct phosphorylation by IKKŬ [275]. Other studies have shown that IKK has additional roles 

outside the NF-kB pathway and is involved in crosstalk with different pathways like MAPK, 

and mTOR among others [254, 276], which points to it involvement in diverse biological 

processes. 

 

1.7.5 NF-əB target genes   

The NF-kB pathway regulates the expression of numerous and diverse sets of genes 

which interestingly include chemokines, cytokines, apoptotic factors, immunoreceptors and so 

on. Hundreds of genes have been identified as NF-kB regulated genes majority of which are 

involved in the immune response of the host. A comprehensive list of genes regulated by the 

NF-kB pathway can be found in the link https://www.bu.edu/nf-kb/gene-resources/target-

genes/. Some of these include about 27 cytokines and chemokines, immune recognition 

https://www.bu.edu/nf-kb/gene-resources/target-genes/
https://www.bu.edu/nf-kb/gene-resources/target-genes/
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receptors, proteins that mediate antigen presentation and so on. Given the many pathogens that 

induce the NF-kB pathway and level of involvement of NF-kB regulated genes in immune 

response, NF-kB is called the ócentral mediator of the immune response [3].  

However, NF-kB controls the transcription of other genes other than those involved in 

immune response in a context-dependent manner. For example, when NF-kB activation is 

induced by physiological stress such as haemorrhagic shock, reperfusion and liver regeneration, 

an array of stress response genes such as nitric oxide synthase (iNOS) and cyclooxygenase-2 

(COX-2) are activated [244] which helps to alleviate the stress. Several factors have been 

identified that contribute to the transcriptional activation of NF-əB target genes, these includes; 

binding of different heterodimers or homodimers of NF-əB to the cognate NF-kB sites of genes 

to be transcribed and the recruitment of diverse basal transcriptional factors and coactivators to 

the promoter sites [277]. Interestingly various researches have highlighted the dual functions 

of NF-əB target genes in promoting and repressing tumourigenesis, this is represented in 

Figure 1.9  

 

Figure 1.9 ï NF-kB direct transcriptional targets showing dual roles for NF-kB. 

NF-kB can promote tumourigenesis by activating NF-kB targets that induce cell 

survival, metastasis, angiogenesis, inflammation, and proliferation. On the other 

hand, NF-kB can repress tumourigenesis by inducing cell death or anti-proliferative 

and anti-inflammatory signals. 



42 
 

1.8   Crosstalk between Hypoxia and Inflammation   

Transcriptional responses to Hypoxia and inflammation primarily mediated by HIF and NF-

kB are evolutionary conserved and interlink at several levels such as clinical, molecular and at 

cellular level [56]. Hypoxia and inflammation have been reported to occur at the same time at 

the site of infection or injury as a result of retention of fluid and recruitment of immune cells 

to the site of infection leading to reduced oxygen delivery to tissues [278]. While hypoxia has 

modulatory effects on inflammatory responses, inflammation also can induce HIF target genes 

[278]. Hypoxia and inflammation crosstalk have been observed at the molecular levels with 

HIF and NF-kB sharing common target genes, common stimuli and common regulators [279, 

280]. 

1.8.1 Hypoxia (HIF) and NF-əB Interaction. 

A direct interaction between HIF and NF-əB proteins (Figure 1.10) has been reported 

under different conditions. In addition to hypoxic stimulus, HIF expression also responds to 

other stimuli such as TNF-Ŭ, ROS, IL-18, and LPS through its crosstalk with NF-kB [48, 281-

285]. In stimulated cells, NF-kB can directly bind to the kB-site on the HIF-1Ŭ promoter to 

induce HIF-1Ŭ expression [285]. This has been supported by several studies, for example, HIF-

1Ŭ mRNA and protein expression were reduced in HEK293 cells with mutated IəBŬ not 

recognised by IKK due to reduced NF-kB nuclear translocation [286-288]. Additionally, 

physical interaction between NF-kB pathway components and HIF-2Ŭ has also been observed 

in normoxia, in which HIF-2Ŭ interact with NEMO in vitro to reinforce HIF-2Ŭ transcriptional 

activity [289]. Proteomics approaches have also demonstrated hydroxylation of NF-kB1 and 

IkBŬ and OTUB1(OUT De-ubiquitinase, Ubiquitin Aldehyde Binding 1) by FIH [290, 291], 

though their functional significance is yet to be identified. Additionally, the ubiquitin ligase 

enzymes Uve1a and Ubc13, in the IL -1ɓ signalling pathway, are also targets of FIH 

hydroxylation [290]. Other HIF and NF-kB physical interactions that have been reported 

include interaction between HIF-1ɓ with both RelB and p52 subunits [292], interaction between 

Epidermal Growth Factor (EGF)-induced HIF-1Ŭ and RelA [293]. 

HIF and NF-əB have also been shown to share common regulators (Figure 1.10). For 

example, the IKK complex that regulates NF-kB translocation was suggested as a direct target 

of PHDs, thus making hypoxia regulation of IKK oxygen-dependent. Cummins and colleagues 

in 2004 examined NF-kB pathway components for the presence of LxxLAP motif for proline 

hydroxylation and found out that both IKKŬ and IKKɓ has this motif but it is absent in IKKɔ, 

IkBŬ, p50 and RelA [294]. Therefore, in a condition of adequate oxygen availability, active 
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PHD hydroxylates IKKɓ thus preventing NF-kB release from its inhibitor leading to 

transcriptional repression. However, since PHDs are inactive in hypoxic conditions, NF-kB 

translocates to the nucleus resulting in upregulation of inflammatory genes [283, 294]. 

However, other studies have demonstrated that hypoxia can activate NF-kB independently of 

PHDs (Culver, 2010). 

 

 

 

 

 

 

 

1.8.2 Hypoxia induction of NF- Bˁ 

 

In addition to bacteria, viral and cytokines stimuli, NF-kB pathway activation has been 

reported to be hypoxia-inducible and this has been reviewed extensively [48, 295, 296]. 

Hypoxia activation of NF-kB was first reported in 1994 by Koong et al. 1994 [297], after which, 

a comprehensive two-way crosstalk between HIF and NF-kB was confirmed [296]. Culver and 

team also demonstrated the modulation of NF-kB transcriptional activity in hypoxia (Figure 

1.11) [295]. The activation of the NF-kB pathway in hypoxia is independent of HIF-1 and 

oxygen sensors such as the PHDs, but dependent on TAK1 and IKK [295]. In hypoxic 

conditions, ROS are released from the mitochondria which consequently cause the release of 

calcium (Ca2+) from the endoplasmic reticulum (ER) [298]. Calcium as a second messenger, 

regulates a wide range of cellular processes, thus cellular accumulation of Ca2+ results in 

activation of the enzyme Ca2+/Calmodulin-dependent protein kinase II (CaMKII). CaMKII is 

a member of the serine/threonine-specific protein kinases which are capable of phosphorylating 

transcription factors and therefore regulate target gene expression [299]. CaMKII has been 

Figure 1.10 HIF and NF-kB crosstalk. HIF and NF-kB interact at protein -protein levels, 

are activated under the same conditions (common stimuli), regulate the transcription of same 

genes (common target genes) and are both regulated by same set of genes (common regulator) 
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reported to directly interact with and phosphorylate TAK1 leading to TAK1 activation in Toll-

like receptor (TLR) signalling [300]. In the classical NF-kB pathway, activated TAK1 

phosphorylates IKK resulting in IkBŬ phosphorylation, release of the NF-kB protein RelA into 

the nucleus and subsequent transactivation of downstream gene [301]. Work from the Rocha 

lab has shown that hypoxia-induced NF-kB  activation is rapid (between 5 to 30 minutes) and 

is IKK-dependent in primary cell lines, cancer cells and also conserved in Drosophila 

melanogaster [279]. This mechanism of NF-əB induction requires the E2 ubiquitin-conjugating 

enzymes Ubc13 [295] and E3 ligase XIAP [302]. Interestingly, they also observed that IKK-

mediated phosphorylation of IkBŬ at serine 32 and 36 did not result in IkBŬ degradation, due 

to SUMOylation replacing ubiquitination of IkBŬ in hypoxia [295].  
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1.8.3 Hypoxia-induced inflammation; pathophysiological consequence 

At the tissue level and at a short timescale, hypoxia-induced inflammation is an adaptive 

mechanism which is required for cell survival and maintenance of oxygen homeostasis [303]. 

However, chronic hypoxia or deregulation of the hypoxia and inflammation pathways can be 

maladaptive and contribute to several diseases including rheumatoid arthritis (RA), 

inflammatory bowel disease and colorectal cancer (CRC) [283, 304, 305]. For example, 

Figure 1.11 Mechanism of hypoxia induced Nuclear Factor-əB (NF-əB). This schematic 

diagram gives an overview of the mechanism behind hypoxia induced NF-əB. NF-əB is 

induced under hypoxia in the presence of Calcium, Transforming Growth Factor-B activating 

kinase (TAK1) and Inhibitor of əB kinase complex (IKK). Additionally, the roles of 

dioxygenases such as prolyl-hydroxylases (PHDs) and factor inhibiting HIF (FIH) have been 

documented. Adapted from Culver et al 2010. 
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potential involvement of inflammation has been reported in the onset and progression of a 

number of high-altitude sicknesses such as acute mountain sickness (AMS), high-altitude 

pulmonary hypertension (HAPH), high-altitude pulmonary oedema (HAPE) or high altitude 

cerebral oedema (HACE), observed among high altitude sojourners (>2,500m) [306-308]. 

While efforts are still being made to understand the pathways and mechanisms behind AMS 

development, recent studies have shown increased expression of pro-inflammatory markers 

such as C-reactive protein, IL-1ɓ and IL-6 in individuals exposed to short time hypoxia or at 

high altitude sojourners [309-311]. Although the specific roles of these pro-inflammatory 

markers are not yet clear, it is possible that hypoxia-induced release of inflammatory and 

angiogenic mediators disrupt the blood-brain barrier resulting in vasogenic oedema. 

Furthermore, pro-inflammatory cytokines were found to increase significantly in the brain 

cortex of both mouse and rat models, after hypoxia exposure [311, 312] 

 

1.8.4 Hypoxia and NF-əB in breast cancer 

Breast cancer remains a major cause of concern and a leading cause of cancer-related 

death in women [313]. Unfortunately, despite recent advances in therapeutic procedures, 

metastatic breast cancer remains incurable, and results in resistance to therapy and complex 

molecular interactions. This outcome may be due to the heterogeneous nature of breast cancer 

cells. Although about 70% of breast cancer types have oestrogen  receptors (ER+) ï a receptor 

targeted by most endocrine therapies for tumour growth inhibition [314], in many cases, breast 

cancer ultimately progresses from a hormone-sensitive, confined, ooestrogen -dependent 

phenotype, to a highly invasive, hormone-insensitive and therapy-resistant phenotype [315-

317]. Due to the heterogeneous nature of breast carcinoma, the disease has been classified into 

five subgroups based on their molecular profile/pattern of gene expression, DNA copy number 

alterations and associated outcomes. Breast cancer can belong to the luminal A or lumina1 B 

subtypes characterized by being ER+ and share expression markers with the luminal epithelial 

layer of cells found in normal breast ducts. Luminal-A type cell line (e.g. MCF7) typically 

exhibit genetic simplicity and are associated with a favourable outcome, while Luminal-B 

tumours display high proliferation rates, frequent DNA amplification, and a less favourable 

prognosis. Basal-like tumours exhibit expression markers similar to the basal layer found in 

normal breast ducts, are the most aggressive form, also called the triple-negative breast cancer 

(TNBC) due to absence of oestrogen receptor (ER), progesterone receptor (PR) and human 

epidermal growth receptor 2 (HER2) expression, showing frequent chromosome segmental 

gains/losses, and are generally associated with poor outcomes in most studies. The ERBB2 
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(encodes HER2) subtype are characterised by overexpression of the ERBB2 (aka neu/HER2) 

oncogene which encodes HER2, a member of the EGFR family with intrinsic kinase activity. 

Lastly, there is the normal-like breast cancer subtype which has a profile that is close to the 

normal mammary gland [318, 319].   

The hypoxia-induced HIF pathway regulates many biological processes including 

metabolism, angiogenesis and cell proliferation required for the survival of fast-proliferating 

tumour cells. Therefore, it is not a surprise that HIFs are involved in many tumour types [320]. 

Mounting evidence continues to link the oxygen level of tumour tissue to breast cancer 

metastasis independent of tumour histology, clinical staging, presence or absence of certain 

receptors and lymph node involvement [321]. Hypoxia is a common feature in solid tumours 

arising from increased oxygen utilization as a result of uncontrolled cancer cell proliferation 

[322]. The median partial pressure of oxygen (PO2) in breast tumours and normal breast tissue 

are 10mmHg and 65mmHg respectively [323]. Furthermore, compared with normal breast 

tissue, human breast tumours have hypoxic regions where cells are located further away from 

blood vessels and have reduced oxygen amounts. Therefore, breast cancer cells have developed 

a sophisticated adaptive mechanism by increasing HIF levels, consequently inducing cellular 

processes such as angiogenesis, cell proliferation, glycolysis, resistance to apoptosis and 

oxidative stress, cell invasion and metastasis, mediated by various HIF target genes [5]. 

Studies have documented a strong link between HIF-1Ŭ overexpression and poor 

outcomes or reduced survival in patients with breast cancer, irrespective of their lymph node 

status [324-329]. HIF-1Ŭ has been identified as one of the five markers that can predict survival 

outcomes in more than 90% of cases of breast cancer examined [330, 331]. Recently, specific 

roles for HIF-2Ŭ in breast cancer progression, mediated upstream by the transcription factor 

FOXA1, and in angiogenesis have been identified [332, 333]. HIF-2Ŭ has also been associated 

with breast cancer recurrence and poor survival outcomes in patients [334]. Recently, more 

studies have associated some HIF target genes at every step of breast cancer metastasis. For 

example, SNAIL1& 2 and TWIST are HIF targets that function in the EMT process. These 

HIF-1 target proteins disrupt tissue architecture and epithelial cell-to-cell adhesion through 

transcriptional downregulation of E-cadherin expression [335, 336]. In breast cancer cells, HIF-

1Ŭ regulated -TWIST induces metastasis in non-invasive phenotypes both in vivo and in vitro, 

TWIST deletion was found to reverse this effect [337]. Furthermore, hypoxia induces increased 

expression of SNAIL1 and SLUG in breast cancer cells [338-340], giving hypoxia and HIF a 

role in the regulation of EMT and cell motility in breast carcinomas. Hypoxia and HIF also 

regulate the invasion and intravasation of breast cancer cells. In solid tumours, highly invasive 
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cells frequently have high HIF-1Ŭ levels [341]. Researchers have demonstrated high levels of 

matrix metalloproteinases (MMP-2 and MMP-9) induced by hypoxia in a HIF-dependent 

manner, resulting in the degradation of type IV collagen which has been associated with poor 

prognosis in breast cancer patients [79, 342, 343] 

A growing body of evidence has linked the NF-əB pathway to mammary gland 

development [344, 345] and breast cancer tumorigenesis [346]. However, it is not clear yet if 

there is a difference in the composition of NF-əB dimers observed in normal mammary 

epithelial cells and mammary carcinomas. NF-kB has been reported to be constitutively active 

or deregulated in breast cancer cells and involved in treatment resistance [347-349]. Despite all 

this evidence, the role played by NF-əB activation in tumour formation and the mechanisms of 

NF-əB activation in mammary tumours is yet to be understood. 

While normal mammary epithelial cells have been documented to express primarily 

RelA, p50 and low levels of p52, high levels of expression of NF-əB2 (both p100 and p52) 

were reported in mammary carcinoma cell lines and primary tumours [169, 350]. NF-kB 

activity and protein expression are well regulated at the different stages of mammary gland 

development. For example, RelA, p50 and IkB are expressed in the mammary epithelium of 

mice during pregnancy, lactation and involution stages [351]. However, mice with genetic 

modification and altered NF-kB, IkBŬ or IKK proteins showed defects in mammary gland 

development [351]. Furthermore, NF-kB binding to DNA increases in pregnant mice, is 

reduced becomes almost undetectable in lactation and becomes reactivated during the 

involution stage [351, 352]. RelA/p50 and p50/p50 are the two predominant dimers found 

during mammary gland development [351, 352]. Unlike in normal cells where NF-kB 

activation is stimuli-dependent and transient, cancer cells usually have sustained NF-kB 

activity which is required for cancer cell survival [353, 354]. NF-kB controls several genes 

such as those involved in cancer cell proliferation, anti-apoptosis, angiogenesis and epithelial-

to-mesenchymal transition (EMT), which are all óhallmarksô of cancer [355]. In primary cell 

tumours, BCL-3 was found in complex with p52 homodimers causing transactivation of cyclin 

D1 gene and subsequently transition from G1 to S phase [176]. Activation of cyclin D1 further 

reinforces the evidence for NF-kB involvement in mammary tumorigenesis.  

Overall, NF-kB plays a controversial role in cancer development, as it has both tumour 

promotion and suppression roles depending on the context [355-357]. NF-kB also has pro- and 

anti-apoptotic tendencies which has been documented in several studies [244, 358]. NF-kB 

induces the expression of anti-apoptotic proteins such as BCL2 family members, XIAP, and 
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cIAP1/2 (cellular inhibitors of apoptosis), and these could allow damaged DNA or abnormal 

chromosomes containing cells to escape apoptosis or even escape p53-mediated checkpoints 

and thus encouraging cancer progression [359]. Additionally, several cancer-associated 

inducers of aberrant NF-əB activity have been identified, these include inflammation 

(cytokines and infection), DNA damage (genomic instability and cancer therapies), 

carcinogens, tumour promoters (PMA and UV), genetic alteration (subunit amplification and 

IəBŬ deletion), oncogene activation (RAS and BCR-ABL) and of course tumour 

microenvironment components such as hypoxia [360].  

NF-kB has been identified as a prognostic marker in breast cancer. In 2013, a pilot study 

carried out in Indian patients revealed 71.9% activation of NF-kB proteins in human ductal 

breast carcinoma and this activation correlated with high-grade tumour, large tumour size, ER 

and PR negativity, HER2 positivity and a high NPI value [361]. NPI (Nottingham Prognostic 

Index) is an index value used to predict the chances of survival from breast cancer over a period 

of 5years. Low NPI (NPI<5.4) is associated with a good prognosis (about 70 % survival over 

5 years) while high NPI (NPIÓ5.4) has less than 50 % 5year survival rate. 

Both canonical and non-canonical NF-kB pathways have been implicated in resistance 

to therapy in breast cancer [362, 363]. Removal of oestrogen resulted in increased DNA binding 

activity of RelA/p50 and increased cyclin D1 and BCL-3 expression resulting in an oestrogen-

independent growth status [364]. Even in high-risk ER+ breast cancer, NF-kB mediated 

increase in VEGF and cyclin D1 contributes to resistance to hormone therapy. BCL-2, an anti-

apoptotic protein is upregulated in response to tamoxifen, a well-known hormone therapy for 

breast cancer [365]. Also, activation of the PI3K/AKT/NF-kB pathways axis in breast cancer 

has been associated with resistance to treatment [366]. The non-canonical NF-kB pathway has 

more roles in metastasis and resistance to therapy than tumour development. For example, 

expression of RelB is high in endocrine therapy-resistant breast cancer cells [367] and 

suppressing RelB/p52 activity using fucoxanthin (a carotenoid found in the chloroplasts of brown 

seaweed) has been demonstrated to reverse endocrine-therapy resistance [368] 

Hypoxia and inflammation are fundamental mediators of breast cancer progression, as HIF 

and NF-kB pathways play some oncogenic roles that can be targeted for therapeutic 

intervention. VEGF, p53, JmjC enzymes and TAMs (Tyro3, Axl, and Mer), which are major 

players in inflammation and hypoxia crosstalk signalling in cancer are also involved in breast 

cancer [48]. For example, some JmjC enzymes which are HIF targets are deregulated in human 
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breast carcinoma including KDM4 family members KDM4A, KDM4B and KDM4C have 

increased expression levels in breast cancer [369, 370]. 

Few studies have also identified roles for PHDs in breast cancer. For example, in breast 

cancer cell lines, PHD1 loss resulted in inhibition of cyclin D1 expression and consequent 

reduction in cell proliferation [371]. Cyclin D1 is a cell cycle protein that forms a heterodimer 

with specific cyclin-dependent kinases (CDK) to enhance cell cycle progression. Also, PHD3 

may be a good regulator of apoptosis in breast cancer as high expression of PHD3 in breast 

cancer patients presented a favourable prognosis [372]. There is also evidence of Epidermal 

Growth Factor (EGF) signalling enhancing NF-əB activity in breast cancer [373]. 

 

 

 

 

 

 

 

 

Figure 1.12 NF-əBïregulated genes involved in breast cancer: Potential 

contributions of NF-əB in breast cancer initiation, progression, metastasis, and 

chemoresistance. Adapted from Nakshatri 2002 
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1.9   NF-əB Post-translational Modifications  

Post-translational modifications are usually covalent attachments of chemical groups or 

other proteins that occur in a protein following protein translation [374]. This could be an 

addition of a functional group or modifications during the folding and proteolytic processing 

of the protein. The NF-kB protein activity is well regulated through various post-translational 

modifications occurring in several components of the pathway; IKK, IkB, the NF-əB subunits 

themselves or adaptor proteins that feed into the pathway [239, 353, 375].  

Several studies have documented the crucial roles of NF-əB post-translational 

modifications in the transcriptional activity and regulation of NF-əB. Ubiquitination, 

phosphorylation, methylation, acetylation, and SUMOylation are some modifications that have 

been reported to target NF-kB activity either individually or in concert. For example, studies 

have reported NF-kB acetylation and phosphorylation as critical determinants of NF-əB 

activity in both stimulated and unstimulated cells. Zhong and colleagues in 2002 showed that 

in quiescent cells, transcriptionally inactive nuclear NF-ʢB exists as homodimers of either p65 

or p50 associated with the histone deacetylase HDAC-1. Specifically, only the p50-HDAC-1 

complexes bind to DNA and inhibit NF-ʢB-dependent gene expression in cells that have not 

been stimulated. (Figure 1.13). However, following stimulation p50 complexed with 

phosphorylated RelA translocate to the nucleus, displacing DNA-bound p50:HDAC-1 

heterodimers bringing about transcription of NF-əB target genes [376]. This study 

demonstrates the significance of NF-əB phosphorylation status as it determines whether NF-

kB binds a co-activator (such as CBP/p300) or a co-repressor (such as HDAC-1). Furthermore, 

CBP/p300 has been identified as a critical regulator of NF-əB transcriptional activity and the 

recruitment of this coactivator requires phosphorylation of NF-əB at a specific residue (ser276) 

in a stimulated cell [377]. 

Phosphorylation is one of the most studied post-translational modifications and it is 

mediated by protein kinases. Protein kinases also induce optimal NF-əB activity by targeting 

functional domains of NF-əB proteins themselves. Cells lacking kinases such as GSK3 and 

TRAF-associated NF-əB activator-binding kinase 1 (TBK1) have defects in NF-əB activation 

despite IəBŬ phosphorylation and degradation in response to TNFŬ [378]. This suggests that 

GSK3ɓ and TBK1 kinases target NF-əB for phosphorylation and increase its transactivation 

potential.  
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1.9.1 NF-əB subunit phosphorylation  

In addition to the phosphorylation-induced degradation of IkBs and other inhibitory 

proteins, optimal NF-kB transcription requires activities of various protein kinases that target 

NF-kB functional domains. For example, cells in which IkB phosphorylation and degradation 

occur but lack critical kinases such as GSK3ɓ and TBK1 have defective kB activation [378, 

379]. This suggests a role for these kinases in transcriptional activation by RelA [380, 381]. 

NF-kB phosphorylation profoundly affects their functions, associations with co-factors, 

stability and transcription activity. Detailed knowledge of such cell and gene-specific 

regulatory functions of NF-əB may give insight into selective modulation of NF-ʢB activity 

for therapeutic beneýts. Several studies have demonstrated phosphorylation of all the NF-ʢB 

subunits at different phosphorylation sites and by several kinases such as IKKs [382], GSKs 

[383] and PKA [384], [385], while for some the kinases responsible are yet to be identified. 

Most of these phosphorylation sites are found within the Rel Homology domain [386] and 

Figure 1.13: Phosphorylation determines Nuclear NF-əB Association: NF-əB 

Association with either an activator (Histone Acetyltransferases such as CBP/p300) or 

an inhibitor (Histone deacetylase, HDAC) is determined by its phosphorylation status 
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transactivation domain [277]. The diversity of the RelA phosphorylation sites so far detected 

suggests the possibility of additional modiýcation sites, particularly in other NF-ʢB subunits.  

 

1.9.1.1 RelA Phosphorylation 

RelA undergoes a wide range of posttranslational modifications including 

SUMOylation, acetylation, methylation, ubiquitination and more importantly phosphorylation, 

which regulates most of its transcriptional activities and functions [381, 387, 388]. More than 

11 phosphorylation sites have been identified on RelA (Table1.0) which causes changes to 

RelA structure and function [158]. These phosphorylation sites are present in the RHD (ser205, 

thr254, ser276 and ser281), in the linker region (ser311 and ser316) and in the c-terminal TAD 

(thr435, ser468, thr505, ser529 and ser536) (Figure 1.14). This phosphorylation on RelA could 

affect its stability, interactions with other proteins [389], co-factors and its transcriptional 

activity. Furthermore, several lines of evidence have suggested that RelA phosphorylation is 

important for the activation of transcription [390] however, the physiological functions of some 

of these phospho-sites remain relatively unexplored. 

Serine 276 RelA has been documented to be phosphorylated by the catalytic subunit of 

protein kinase A (PKA) a kinase which forms a complex with IkB/RelA in an inactive state in 

an unstimulated cell but becomes active upon stimulation of the NF-kB pathway, consequently 

phosphorylating released RelA on ser276 in the nucleus [269, 391]. RelA phosphorylation on 

ser276 by PKA occurs in the cytosol and has a role in promoting RelA interaction with co-

activator CBP/p300 and displacement of p50/histone deacetylase complex (HDAC-1) from 

DNA thus enhancing transcriptional activity [377]. Additionally, RelA phosphorylation on 

ser276 mediated by mitogen and stress-activated kinase 1/2 (MSK1/2) in the nucleus [392] 

under IL-1Ŭ and TNFŬ stimulation has been observed [393] and has a role in promoting the 

expression of stem cell factor and IL-8 during inflammation [394]. RSK p90 was also reported 

to phosphorylate RelA at ser276 in an ERK-dependent pathway, resulting in IL-8 expression 

by intestinal epithelial cells after activation of proteinase-activated receptors (PAR) [395]. In 

MEF cells, RelA phosphorylation on ser276 under TNFŬ stimulation has been documented to 

be the most critical phosphorylated site for NF-kB-regulated gene activation [396]. 

Furthermore, phosphorylation on ser276 appears to enhance the expression of some NF-kB 

target genes by recruiting CDK9/Cyclin T1 complexes to targeted promoters [397]. Similar to 

PKA-induced phosphorylation of RelA on ser276 is a protein kinase C (PKC)-mediated 

phosphorylation of RelA on ser311 in the RHD in response to TNFŬ stimulation [398]. This 

modification on RelA also mediates the recruitment of CBP and RNA polymerase II on the IL-
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6 promoter resulting in enhanced RelA transactivation activity [398]. RelA phosphorylation on 

ser468 in response to TNFŬ, IL-1ɓ and T-cell induction has been reported to be targeted by 

IKKŮ, IKKɓ and GSK3ɓ [399-401]. Phosphorylation on this site takes place in the cytoplasm 

(IKKɓ-mediated phosphorylation) and in the nucleus (IKKŮ-mediated) and has a role in 

enhancing or repressing RelA transactivation potential [271, 400]. Phosphorylation of the TA2 

domain of RelA on thr505 by Chk1 inducible under cisplatin treatment or by ARF tumour 

suppressor was reported to enhance association with HDAC1 resulting in inhibition of RelA 

transactivation potential and thus repression of certain target genes such as pro-migration genes 

like MMP3, thus inhibiting migration in fibroblasts [402]. 

Under IL-1b and TNFŬ stimulation, RelA phosphorylation on ser529 mediated by 

casein kinase (CK) II has been observed in the cytoplasm [403, 404]. Phosphorylation at this 

site has received a minimal level of attention and only CKII has been highlighted as its kinase 

thus far. 

RelA phosphorylation on ser536 has been intensively studied. Several kinases across 

various signalling pathways have been implicated in RelA ser536 phosphorylation. IKKŬ 

phosphorylates RelA on ser536 under TNFŬ and lymphotoxin-ɓ stimulation while IKKɓ is 

responsible for the same phosphorylation under human T-cell lymphotropic virus type 1 (Tax 

1) stimulation [271, 405]. Additional S6 kinase 1 reportedly catalysed RelA phosphorylation 

on ser536 under doxorubicin or etoposide stimulation via a p53-dependent pathway [406]. A 

study also identified RelA phosphorylation on ser205 and ser281, both inducible by LPS but 

catalysed by yet-to-be-identified kinases [407]. These sites were suggested to have modulatory 

roles on RelA activity as mutations on these sites did not completely inhibit RelA [407]. 

Phosphorylation on thr435 by an unidentified kinase has also been reported to regulate RelA 

transactivation negatively [251]. 
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Table 1.0: Phosphorylation sites on RelA subunit. 

Stimuli  Kinase Site  Function of 

modification 

Reference (s) 

LPS 

TNFŬ 

 

TNFŬ / IL1 

TNFŬ /IL1 

TNFŬ/IL-1 ɓ 

PMA/ionomycin 

p14ATF 

Cisplatin 

TNFŬ, IL-1 

Invitro kinase 

TNFŬ, IL-1ɓ 

HTLV-1, LTɓ 

IL-1ɓ 

TNFŬ 

IL-1ɓ 

DNA damage 

IL-1ɓ 

Constitutive 

PKAc 

MSK1/2 

Pim-1, RSK p90 

PKCC 

GSK-3ɓ 

IKK ɓ 

IKKŮ 

ATR 

Chk1 

CKII  

CK2 

CAMKIV  

IKKŬ 

IKKɓ 

IKKŮ 

Akt 

RSK1 

TBK1 

GSK-3ɓ 

Ser276 

Ser 276 

Ser 276 

Ser311 

Ser468 

Ser468 

Ser468 

Thr505 

Thr505 

Ser529 

Ser535 

Ser536 

Ser536 

Ser536 

Ser536 

Ser536 

Ser 536 

Ser536 

Four sites 

within 

amino 

acids 354-

551 

DNA binding 

ƶTranscription 

ƶTranscription 

ƶTranscription 

ƸTranscription 

ƸTranscription 

ƶTranscription 

ƸTranscription 

ƸTranscription 

ƶTranscription 

ƶTranscription 

ƶTranscription 

ƶTranscription 

ƶTranscription 

ƶTranscription 

ƶTurnover 

Nuclear localization 

ƸNuclear export 

ƶTranscription 

[269, 376] 

[392, 408] 

[395, 409] 

[398] 

[401] 

[399] 

[400] 

[410] 

[402] 

[404] 

[411] 

[405, 412] 

[271] 

[381, 400] 

[381, 413] 

[406] 

[270] 

[234, 381, 414] 
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1.9.1.2 RelB Phosphorylation 

 RelB undergoes several posttranslational modifications but few phosphorylation sites 

have been identified on RelB in comparison with RelA (table1.1). RelB phosphorylation on 

mouse thr84 (human thr103) and ser552 by in vitro kinase assays was first reported by 

Marienfeld et al [415]. They went further to do an in vivo labeling in murine T cells under TPA-

ionomycin induction, observing RelB phosphorylation on thr84 and ser552 and a significant 

decrease in RelB expression in Jurkat cells under TPA-ionomycin induction. They concluded 

that phosphorylation of RelB at these sites is required for the signal-dependent proteasomal 

degradation of RelB under T cell receptor activation [415]. However, RelB expression is not 

similarly affected under TNF-Ŭ stimulation. Ser552 has been reported to be phosphorylated by 

GSK-3ɓ, suggesting a role for this kinase in the regulation of NF-kB protein activity [416]. In 

addition to controlling RelB stability, phosphorylation of RelB also regulates association with 

IkBŬ and recruitment to gene promoters (ref). Another study identified phosphorylation on 

ser368 of RelB in the C-terminal region of the RHD, which is conserved in humans (ser390) 

and Drosophila melanogaster [417]. A significantly reduced transcriptional activity was 

Figure 1.14: Phosphorylation Sites on RelA and their significance. This schematic 

diagram gives an overview of the various phosphorylation sites that have been reported 

on RelA, the kinases responsible for the phosphorylation and the functional significance 

of these sites. All phosphoresidue written in black are phospho-sites that are TNF 

inducible while those in red are not.  
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observed in both phospho-mimetic (ser368E) and phospho-null (ser368A) RelB mutants in 

RelB-defective murine plasmacytoma cells compared to RelB wild-type, suggesting only 

ser368 is critical for RelB transcriptional activity and not its phosphorylation [417]. RelB 

mutation on ser368 has effects on its dimerization with other NF-kB subunits including p100, 

increased proteolytic cleavage of p100 to p52, and also causes a decrease in p100 half-life. 

RelB is also phosphorylated in the nucleus by IKKŬ and IKKɓ on ser472 under TNFŬ 

stimulation in fibroblasts and this site has been reported to have a role in enhancing fibroblast 

migration as nuclear RelB binds to the promoters of migration-associated genes like MMP3 

[418]. As earlier stated, RelA phosphorylation on thr505 by Chk1 inhibits migration of 

fibroblast cells as opposed to ser472 pro-migratory function in fibroblasts. These support the 

different functions of RelA and RelB in the control of cell migration [419]. RelB ser20, ser37, 

ser116, ser139, and ser217 have been highlighted by mass spectrometric analysis as possible 

sites of phosphorylation (phosphosite.org). 
 

Table 1.1: Phosphorylation sites on RelB subunit. 

Stimuli Kinase Site (s) Function  Reference 

 

CD3/CD28,  

 

TPA/ionomycin 

 

 

 

 

 

Unknown 

 

GSK-3ɓ  

 

IKKŬ/IKKɓ 

GSK-3ɓ 

Thr103 

Ser368 

Ser390 

Ser552 

Thr84, Thr254 

Ser472 

Ser573 

Degradation 

Dimerization  

Dimerization  

Degradation 

Degradation 

Cell 

migration 

Degradation 

[415] 

[417] 

[417] 

[415] 

[415] 

[270, 418] 

[415, 416] 

 

1.9.1.3 c-Rel Phosphorylation: 

c-Rel plays a large role in cellular differentiation and immune response in B and T 

lymphocytes. Like other kB sub-units, c-Rel undergoes several posttranslational modifications 

that affect its transcriptional potentials and regulate its functions (Table 1.2). c-Rel is a 

phosphoprotein [420], with a PKA recognition motif (Arg-Arg-Pro-Ser) in its Rel homology 

domain. Site-directed mutation of the ser residue in the PKA motif, which is similar to Ser276 

of RelA, has been suggested to affect its nuclear localization [421], however, phosphorylation 

on this site has not yet been demonstrated in c-Rel. Furthermore, the interaction between PKA-

Cɓ and c-Rel has been demonstrated, thus PKA-Cɓ is suggested to phosphorylate c-Rel in vitro 

[422] which may have a role in c-Rel nuclear localization as revealed by a study using phospho-
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mimetic ser267D mutant of c-Rel [421]. In 2006, Harris and colleagues demonstrated that IKKŮ 

phosphorylates c-Rel within two regions of the transactivation domain and enhances the nuclear 

accumulation of c-Rel independent of the classical IKK-IəB pathway, both in vitro and in vivo. 

IKKŮ-mediated phosphorylation of c-Rel resulted in dissociation of the IəBŬ-cRel complex 

without affecting IəBŬ degradation. These results illustrate that c-Rel function is regulated by 

direct IKKŮ-mediated phosphorylation and reveal a previously unrecognized aspect of NF-əB 

regulation by IKKŮ [423]. Furthermore, c-Rel also undergoes ubiquitination which has been 

reported to have a role in transactivation [424].  

C -Rel phosphorylation on different serine residues affects its transactivation activity in 

a stimuli-dependent manner [142, 425].  Phosphorylation on certain residues of c-Rel has been 

reported to affect its binding to DNA [426-428] and its C-terminal transactivation activity 

[425]. Several ser residues located in the TAD are critical for transactivation by c-Rel. For 

example, ser residues between 422 and 540 are important for c-Rel transcriptional activity 

under TNFŬ and PMA (phorbol myristate acetate) or ionomycin stimulation, whereas ser 

residues between 540 and 588 in the TAD region are important in basal transcription [429]. In 

T cells, NIK (NF-kB inducing kinase) phosphorylates c-Rel between amino acid residues 460 

and 540 resulting in activation of the IL2 gene [430, 431]. IKKŬ and IKKɓ both phosphorylate 

c-Rel on ser525 in vitro, mutation on this site in B cell lymphoma has been reported to reduce 

c-Rel activity in reporter assay [432]. Furthermore, TNFŬ-induced apoptosis was inhibited 

following mutation of ser525, suggesting a role for this site in the development of human B 

cell lymphoma.  

Table 1.2: Phosphorylation sites on c-REL subunit. 

Stimuli  Kinase Site (s) Function  Reference(s) 

Invitro  

 

TNF-Ŭ  

G-CSF 

 

TNF-Ŭ  

Invitro  

 

PKA  

PKA-Cɓ 

P13K/PKC / 

NIK 

unknown 

PKC 

IKKŬ 

IKKŬ/IKKɓ 

IKKŮ /TBK1 

 

Ser267  

Ser267 

Sers471, 

Ser503 

unknown 

Unknown 

Ser525 

Ser557 

Unknown 

Nuclear Localization 

Transcriptional 

Activity  

ƶ Transcription 

- 

ƶ Transcription 

Degradation 

ƶ Transcription 

ƶ Nuclear 

translocation 

 

[421] 

[422] 

[142, 425] 

[420] 

[433] 

[433, 434] 

[423] 
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1.9.1.4 NF-əB1 and NF-əB2 phosphorylation 

The NF-kB1 (p105) and NF-kB2 (p100) proteins also undergo a variety of posttranslational 

modifications. Although they share a lot of structural similarities, they are subjected to 

posttranslational modifications in different pathways and differ in functional outcomes. The 

two precursor proteins; NF-əB1 and NF-əB2, both undergo proteolytic processing to produce 

their active proteins, p50 and p52 respectively under specific conditions. Studies have identified 

some phosphorylation sites at the C-terminal region of NF-kB 1 (Figure1.3) that are important 

for NF-əB1 processing [382, 435]. Phosphorylation on ser residues 893 and 907 of NF-əB1 by 

a yet-to-be-identified kinase has been reported to be required for NF-əB1 processing [436]. 

IKKɓ also phosphorylates NF-əB1 on ser927 and ser932 which increases ɓTrCP binding [435, 

437] and consequently, p105 ubiquitination [438]. Studies have reported IKKɓ-mediated 

phosphorylation of NF-əB1 to be context-specific and therefore may result in either complete 

or limited NF-əB1 degradation [382, 437], which may be dependent or independent of SCF-

ɓTrCP [438]. GSK3ɓ has also been reported to phosphorylate NF-əB1 on ser903 and ser907 

[383] which plays a role in NF-əB1 stabilization. 

Similar to other NF-kB proteins, several posttranslational modifications, especially 

phosphorylation has been reported on NF-əB2, however, most of these phospho-sites found on 

the RHD seem to have significant roles on NF-əB2 proteolytic processing. Although NF-əB2 

can be constitutively processed to p52 [439], signal-induced processing is more common. 

Proteolytic processing of NF-əB2 takes place via the non-canonical NF-kB pathway in the 

presence of both NIK and IKKŬ, however, these kinases are not responsible for NF-əB2 

phosphorylation on ser866 and ser870 observed during the processing [440]. However, IKKŬ 

phosphorylation on other ser residues such as ser99, ser108, ser115, ser123, and ser872, 

required for NF-əB2 processing have been reported [441], resulting in TrCP recruitment [194] 

and subsequently ubiquitination of NF-əB2 via K48 on lys855 [442]. A study also reported 

NF-əB2 phosphorylation by GSK3ɓ on ser707 and ser711, which enhances the total 

degradation of NF-əB2 mediated by the Fbw7 ubiquitin complex [443]. 
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Table 1.3: Phosphorylation sites on NF-əB1 and NF-əB2 subunit. 

Stimuli  Kinase Site (s) Function  Reference 

NF-əB1     

TNFŬ PKA 

Chk1 

PKAc 

Ser20 

Ser328 

Ser337 

DNA binding 

specificity 

DNA binding 

specificity 

ƶ DNA binding 

affinity 

[444] 

[445, 446] 

[384, 385] 

 

Invitro 

kinase 

Constitutive 

TNFŬ 

TNFŬ 

TNFŬ 

Unknown 

 

CDK 

GSK3ɓ  

GSK3ɓ  

IKKɓ  

IKKɓ  

TpI2 

 

Ser894, Ser908 

Ser903, Ser907 

Ser903, Ser907 

Ser923 

Ser927, Ser932 

Indirect 

phosphorylation 

 

p105 processing 

Stabilization 

Ubiquitination 

Ubiquitination 

Processing into p50 

Processing into p50 

 

[436] 

[383] 

[383] 

[382, 437] 

[435] 

[447] 

NF-əB2     

CD40, 

BAFF, LTɓ 

 

Fbw7 

IKKŬ 

IKKŬ 

 

GSK3ɓ  

Ser108, Ser115,  

Ser123, Ser872 

 

ser707, ser711 

Processing into p52 

Processing into p52 

 

p100 degradation 

[185, 186] 

[184] 

[443] 

 

1.9.2 Other Posttranslational Modifications of NF-əB Proteins 

In addition to phosphorylation that has been identified, NF-əB proteins also undergo other 

posttranslational modifications, some of which are discussed below. 

RelA also undergo acetylation and seven lysine residues have been identified to be acetylated 

in RelA. Generally, histone acetyltransferases (HATs) and histone deacetylases (HDACs) 

regulate acetylation reactions. RelA acetylation has been demonstrated to regulate the 

activation or deactivation of RelA transcriptional activity. For example, RelA acetylation on 

lys221 and lys218 increases DNA binding by enhancing RelA dissociation from IkBs while 

acetylation on lys122 and lys123 reduces DNA binding [252, 448]. Acetylation of RelA on 

lys310 is required for complete transcriptional activity [253, 449] but does not affect DNA 

binding. Other Lys residues acetylated on RelA are lys310, lys314 and lys315 and they are 

p300 target sites [239, 253].  

Some methylation sites have also been identified on RelA. Methylation involves the 

transfer of methyl group from S-adenosyl-l-methionine to either the arginine or lysine group of 

a protein, catalysed by methyltransferases [353]. Methylations of RelA on both lys and arg have 

been reported and also affect RelA transactivation potential [450]. The histone 

methyltransferase, Set9 methylates RelA on lys314 and lys315 causing the induction of 
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ubiquitination and consequent degradation of DNA-bound RelA [451], whereas Set9 

methylation on lys37 resulted in increased binding of RelA and enhanced transcriptional 

activity [450]. RelA methylation on lys218 and lys221 has also been reported to enhance RelA 

transcriptional activity [450, 452]. 

 RelB also undergoes other types of posttranslational modifications such as 

ubiquitination and SUMOylation. A ubiquitination-dependent increase in RelB activity not 

associated with increased RelB nuclear accumulation or DNA binding was reported in 2008 

[453]. Also, RelB phospho-sites discussed above were not associated with RelB 

polyubiquitination [453]. Analysis of RelB ubiquitination using K48 and lys63 HA-ubiquitin 

defective mutants still resulted in RelB polyubiquitination, suggesting polyubiquitination of 

RelB involves a different type of ubiquitination chain [454]. While the nature of the 

polyubiquitin chain is yet to be understood, mapping of the ubiquitination sites showed several 

lys residues that accept ubiquitin, out of which lys273/274 and lys305/308 have been identified 

as critical for ubiquitination-dependent increase in RelB transcriptional activity [455]. RelB 

transcriptional activity is also modulated by SUMOylation, which involves the conjugation of 

SUMO proteins to Lys residues [456], catalysed by SUMO enzyme complex made up of E1 

(SUMO-activating protein), E2 (SUMO conjugating protein) and E3 (SUMO ligases. Analysis 

of various lys mutants of RelB showed SUMOylation of RelB is possible on many sites and 

mutation of lys387, lys388, lys390, lys411, lys415 and lys416 affect RelB SUMOylation.  

Overall, it is clear that PTMs on NF-əB subunits are an important regulatory mechanism 

to control NF-əB activity in a variety of cells and conditions, however much is still unknown 

regarding the function of some of these PTMs. 
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1.10 Aims and Objectives of the Research 

Despite recent advances in therapeutic procedures, metastatic breast cancer remains 

incurable and results in resistance to therapy and complex molecular interactions. A growing 

body of evidence has linked the NF-əB pathway to mammary gland development and breast 

cancer tumourigenesis [362, 457]. Also, the roles of hypoxia in breast cancer tumourigenesis 

have been well documented [458, 459]. 

 In a bid to better understand the mechanism of hypoxia-induced NF-əB activation in 

breast cancer cells, this project aims to investigate if hypoxia induces NF-əB activation in breast 

cells. This study utilises an oestrogen receptor-positive breast cancer cell line, MCF-7, an 

oestrogen receptor-negative breast cancer cell line, MDA-MB-231 which is a triple negative 

cell line and a non-cancerous breast cell line MCF10A. It is believed that a proper 

understanding of the NF-kB regulation through phosphorylation will contribute to the available 

knowledge and could provide some therapeutic interventions for breast cancer management 

and treatment. Therefore, it is necessary to investigate novel driving factors such as hypoxia, 

that modulate cancer-linked pathways like as NF-kB.  

The specific objectives in breast cancer cells include: 

i. investigate NF-kB pathway activation in hypoxia 

ii.  investigate if hypoxia alters the expression of NF-kB subunits. 

iii.  determine if hypoxia induces NF-kB phosphorylation on known sites. 

iv. investigate the mechanism behind these phosphorylation events in hypoxia. 

v. determine the role of NF-kB subunit-RelB, in the control of the transcriptional response 

to hypoxia. 
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2.0 MATERIALS AND METHOD  

2.1. Cell culture 

2.1.1. Cell lines and Growth Conditions 

All cells were maintained in Dulbeccoôs modified Eagleôs medium (DMEM, Lonza) 

supplemented with 10% fetal bovine serum (FBS, Invitrogen), supplemented with 1% 

penicillin-streptomycin (Lonza), and 1% L-glutamine (Lonza) at 5% CO2 and 37°C for no more 

than 30 passages. Cells were routinely tested for mycoplasma contamination using MycoAlert 

Mycoplasma Detection Kit (Lonza). 

Human breast adenocarcinoma MDA-MB-231, MCF-7, MCF-10A, and Human 

embryonic kidney HEK293 cell lines were obtained from the American Type Culture 

Collection (ATCC). MCF-10A cells were cultured in DMEMïHamôs F-12 media supplemented 

with 5% FBS (Invitrogen), 1% penicillin-streptomycin, and 1% L-glutamine, 10 µg/ml insulin (Sigma), 

20 ng/ml epidermal growth factor (Sigma), and 5 µg/ml hydrocortisone (Sigma). All experiments were 

performed on these phenotypically and genetically different cell lines due to the interest in 

investigating novel mechanisms regulating the NF-əB pathway in breast cancer.  

2.1.2. Cell Transfection 

2.1.2.1. siRNA Transfection and Table of siRNAs 

Small interfering RNA (siRNA) oligonucleotides were purchased from Eurofins 

Genomics and used in a final concentration of 27nM. siRNA transfections in the two cell lines 

were performed using Interferin (Polyplus) according to the manufacturerôs instructions. 6-well 

plates were seeded with 1.25x105 cells per well 24 hours prior to siRNA transfection and media 

change. Cells were harvested 48 hours post-transfection. Oligonucleotide sequences used for 

siRNA knockdown are shown in Table 2.1 below. 

Table 2.1. List of oligonucleotide sequences used for siRNA-mediated knockdown. 

siRNA Sequence 5ôŸ3ô 

Control  CAGUCGCGUUUGCGACUGGTT 

RELB_A AAUUGGAGAUCAUCGACGAGU 

RELB_B GGAUUUGCCGAAUUAACAA 

NEMO (IKKɔ) ACAGGAGGUGAUCGAUAAG 

CAMK2  UCAAGGCUGGAGCUUAUGA 
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TAK1  UGGCUUAUCUUACACUGGA 

 

All of  these siRNAs have been previously validated and published [295]. 

2.1.2.2. DNA Plasmid Transfection:  

DNA plasmid overexpression in HEK293 cells was performed using the calcium 

phosphate transfection method. 24 hours before the transfection, cells were seeded at a density 

of 1.5 x105 into 35 mm plates containing 2 ml media. The transfection complex was prepared 

by adding 1 ɛg DNA into 194.4 ɛL 2 M CaCl2, which was prepared using distilled sterile water. 

Afterwards, 200 ɛL 2X HBS (0.137 M NaCl, 0.75 M Na2HPO4, 20 mM HEPES pH 7.0) was 

added to the mixture before evenly pipetting onto the cells. Cells were kept in an incubator and 

media was changed after 24 hours post-transfection. Cell lysis was performed 48 hours post-

transfection. DNA plasmid overexpression in the MCF7 cell line was performed using gene 

juice (EMD Millipore) according to the manufacturerôs instructions. 35 mm plates were seeded 

with 1.5 x 105 cells in a 2 ml media, 24 hours before DNA transfection. Cell media was changed 

after 24 hours, and cells were harvested 48 hours post-transfection. Plasmids used in this study 

are listed in Table 2.2 

Table 2.2. List of DNA Plasmids used for transfection. 

Name Plasmid vector/ tag  Source 

Control  pcDNA3.1/ HA-Flag Addgene (52535) 

RelB Wildtype  pEBB/ HA-RelB Gift from Dr, Niall 

Kenneth 

 

2.2. TREATMENTS 

2.2.1 Hypoxia Treatment 

Hypoxia treatments were performed by exposing cells to 1% O2 in an InVIVO 300 

hypoxia workstation (Ruskin, UK) for short and long-time course experiments. To avoid 

reoxygenation, cells were lysed in the workstation for subsequent analysis.  

2.2.2 Compound Treatment  

The proteasome inhibitor MG132 was obtained from Merck/Millipore and used at the 

final concentration of 20 ɛM for 3 hours prior to cell lysis, DMSO was used as vehicle control. 
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To stimulate the inflammatory response, human recombinant TNF-Ŭ (Peprotech) was dissolved 

in sterile PBS and used at a final concentration of 10 ng/mL after media change. To study 

kinases responsible for observed NF-əB phosphorylation, cells were treated with an IKKɓ 

inhibitor purchased from Selleckchem, 3-Thiophenecarboxamide, 2[(aminocarbonyl)amino]-

5-(4-fluorophenyl) [TPCA-1] and used at a final concentration of 2 ɛM or with BI-5521, or a 

GSK3ɓ inhibitor used at a final concentration of 10 nM. BI-5521 which was a kind gift from 

Boehringer Ingelheim as part of its opnMe program (https://opnme.com/) 

 

2.3 BIOCHEMICAL ASSAYS  

2.3.1. Protein Lysis 

Cells were washed with PBS and harvested with RIPA buffer (50 mM Tris pH 8, 150 

mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 10 mM NaF, 1 mM Na3VO4, 

and 1 Pierce Protease Inhibitor Mini Tablet (EDTA Free, ThermoFisher Scientific) per 10 mL 

of buffer). 100 µL of lysis buffer was used for 6-well, 300 µL for 10 cm plate, and 600 µL for 

15 cm plate. Upon collection, cells were kept on ice for 30 minutes before centrifugation at 

13,000g in the cold room for 10 minutes. The supernatant was collected and stored at -80°C. 

Cell lysates from RIPA lysis were used throughout, unless otherwise stated. 

2.3.3. Western Blot 

Protein concentration was determined using the Bradford (BioRad) method. 20-30 ɛg 

of protein was prepared in 2x SDS loading buffer (100 mM Tris-HCl pH 6.8, 20% glycerol, 

4% SDS, 200 mM DTT, and Bromophenol Blue), and incubated for 5 minutes at 95°C. Briefly, 

samples were loaded into an SDS-page gel (Tris-HCl poly-acrylamide gel) previously prepared 

and run at 80-120 volts in Running Buffer (25 mM Tris, 0.195 M glycine, and 0.1% SDS). The 

gel was then transferred either through a short transfer for 30 minutes or in a semi-dry transfer 

(BioRad) into a PVDF/Nitrocellulose membrane (Millipore) for 1.5-2 hours at 15 volts/0.80 

mA in Transfer Buffer (50 mM Tris, 40 mM glycine, 0.001% SDS and 10% methanol). Then, 

the membrane was blocked with 10% Milk or 3-5% BSA in TBS-tween buffer (20 mM Tris 

pH 7.6, 150 mM NaCl, 0.1% Tween) for 10 minutes, followed by three 5 minutes washes with 

TBS-tween buffer. Membranes were incubated with primary antibodies for 1 hour at room 

temperature or overnight at 4°C, following primary antibodiesô manufacturer instructions. All 

antibodies used in this research are listed in Table 2.3. Membranes were then washed three 

times with TBS-tween and incubated with the appropriate secondary HRP-conjugated 

antibody. After washes, membranes were developed by adding the enhanced 

https://opnme.com/
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chemiluminescence (ECL) or the super enhanced chemiluminescence (Super ECL) solution 

(Pierce), and then developed in the darkroom or using a chemidoc developer. 

Table 2.3 - List of Antibodies, Species, Dilutions and Manufactures 

ANTIBODY  MANUFACTURER  SPECIES DILUTION  

HIF-1Ŭ BD-Trans, #610958  Mouse  1:1000  

IKK -Ŭ Cell Signalling, #2682  Rabbit  1:1000  

IKK -ɓ Cell Signalling, #2678  Rabbit 1:1000  

IKK -ɔ Cell Signalling #2685 Rabbit 1:1000  

IəB-Ŭ Cell Signalling, #4821  Rabbit  1:1000  

p-IKKŬ/ ɓ(ser176/180) Cell Signalling Rabbit  1:1000  

p-IKK -Ŭ (ser180) Cell Signalling, #2681S  Rabbit  1:1000  

IKK -ɓ (ser181) Cell Signalling, #2681S  Rabbit  1:1000  

p-IəB-Ŭ(ser32/36) Cell Signalling, #9246S  Mouse  1:1000  

RelA / p65 Santa Cruz, Sc372  Rabbit  1:1000  

RelB Cell signalling, #10544  Rabbit  1:1000  

c-Rel Santa Cruz, 71  Rabbit 1:1000  

p105/50 (NFKB1) Santa Cruz, sc-7178  Rabbit  1:1000  

p100/p52 (NFKB2) Millipore, #05-361  Mouse  1:4000  

p-RelA (ser536) Cell Signalling, #3031  Rabbit  1:1000  

p-RelA (ser276) Cell Signalling #3037 Rabbit  1:1000  

p-RelA (ser468) Cell Signalling, #3039 Rabbit  1:1000  

p-RelB (ser552) Cell Signalling #5025S  Rabbit  1:1000  

p-RelB (ser573) Antibodies.com #A12469 Rabbit  1:1000  

NFIL3 Proteintech #11773-1-AP Rabbit  1:1000  

BHLH40 Proteintech #17895-1-AP Rabbit  1:1000  

TNIP Proteintech #15104-1-AP Rabbit  1:1000  

C-IAP2 Cell signalling, #3130  Rabbit  1:1000  

A20 Cell signalling, #4625  Rabbit  1:1000  
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BCL-2 Cell signalling, #2870s  Rabbit  1:1000  

p21 Abcam #ab109199 Rabbit  1:1000  

Caspase3 Cell Signalling, #9665S  Rabbit  1:1000  

Caspase7 Cell Signalling, #128275  Rabbit  1:1000  

PARP Cell Signalling, #9532S  Rabbit  1:1000  

Cleaved caspase 3 Cell Signalling, #9664S  Rabbit  1:1000  

Cleaved caspase 7 Cell Signalling, #8438S  Rabbit  1:1000  

Cleaved PARP Cell Signalling, #5625  Rabbit  1:1000  

Cyclin D1 Abcam, ab137875  Rabbit  1:5000  

Cyclin E Cell Signalling  Mouse  1:1000  

GSK3 ɓ Cell Signalling #12456P Rabbit  1:1000 

ɓ-Catenin Cell Signalling Rabbit 1:1000 

p-ɓ-Catenin (S33/37) Cell Signalling Rabbit  1:1000  

Vimentin (#5741P) Cell Signalling Rabbit  1:1000  

E-Cadherin (#3195P) Cell Signalling Rabbit  1:1000  

ɓ-Actin Proteintech #66009-1-1g Mouse 1:10000 

 

2.3.4 Immunoprecipitation  

For Mass spectrometry and other immunoprecipitation, 500 ɛg or 100 ɛg respectively 

of whole cell lysates were incubated overnight at 4°C with either agarose linked RelB antibody 

(RelB (D-4) AC, Mouse Monoclonal Antibody, INSIGHT Biotechnology) or mouse IgG with 

rotating at 25-28 rpm in Lysis buffer (50 mM Tris pH 8, 150 mM NaCl, 0.25% NP-40, 5 mM 

EDTA, 1 PHOSTOP and 1 Pierce Protease Inhibitor Mini Tablet {EDTA Free, ThermoFisher 

Scientific} per 10 mL of buffer) or RIPA buffer (50 mM Tris pH 8, 150 mM NaCl, 1% NP-40, 

0.5% sodium deoxycholate, 0.1% SDS, 10 mM NaF, 1 mM Na3VO4, and 1 Pierce Protease 

Inhibitor Mini Tablet {EDTA Free, ThermoFisher Scientific} per 10 mL of buffer). Normal 

mouse IgG-AC (INSIGHT Biotechnology) was used as a negative control. The cell-antibody 

mixture was centrifuged at 1000g for 1 minute, the supernatant was gently removed and used 

as a flow-through. The precipitates were washed three times with cold PBS. 2x Loading buffer 

was then added to the samples, which were boiled for 5-10 minutes at 95°C and analysed by 
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standard Western Blotting procedure (as described above). 30 ɛg of protein (10% of whole cell 

lysates) were used as input material. Antibodies used for immunoprecipitation are listed in 

Table 2.4. 

Table 2.4: List of IP Antibodies used in this project 

ANTIBODY   MANUFACTURER  AMOUNT  SPECIE 

RELB-AGAROSE CONJUGATED INSIGHT #sc-48366-AC 2ɛg/Õl Mouse 

ANTI-IGG AGAROSE-CONJUGATED INSIGHT #sc-2343 2ɛg/Õl Mouse 

ANTI-GSK3ȸ Cell Signalling #12456P 1:1000 Rabbit 

ANTI-P100/P52 Cell Signalling #12456P 1:1000 Mouse 

 

2.3.5 Coomassie staining 

Following SDS-PAGE, gels are incubated in Coomassie staining solution (0.05% (w/v) 

Coomassie Brilliant Blue R-250, 40% (v/v) ethanol, 10% (v/v) glacial acetic acid and 50% 

(v/v) water) for between 30 min and 2 h with gentle shaking or alternatively bake in microwave 

for 30 seconds. The stained gels were de-stained overnight in a de-staining solution (40% (v/v) 

ethanol, 10% (v/v) glacial acetic acid and 50% (v/v) water) with shaking overnight until the 

background becomes clear. Proteins appear as blue bands against a clear gel background. 

2.3.6 Luciferase assay 

Luciferase Reporter Plasmids with Cyclin D1 / BCL2 promoters were transiently 

transfected into 2 x 105 cells in 6-well plates. and transfected with appropriate siRNA or DNA 

plasmid, according to procedures previously described (see section 2.1.2). Then, cells were 

transfected with the reporter plasmids alongside other plasmids without any stimulation and 

harvested with 400 ɛL of Passive Lysis Buffer (Promega). Luciferase activity was measured 

according to the manufacturerôs instructions (Luciferase Assay System, Promega), and 

normalised to protein concentration (Bradford, BioRad). All experiments were performed a 

minimum of three times before calculating the means and standard error of the means. 

2.4 MOLECULAR BIOLOGY ASSAYS  

2.4.1 RNA extraction and Real-Time quantitative PCR analysis 

Total RNA from mammalian cells was extracted using a peqGOLD total RNA kit 

(Peqlab), according to the manufacturer's directions. RNA was converted to cDNA using 
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Quantitect Reverse Transcription Kit (Qiagen). For quantitative PCR, Brilliant II Sybr green 

kit (Stratagene/Agilent), including specific MX3005P 96 well semi-skirted plates, were used 

to analyse samples on the Mx3005P qPCR platform (Stratagene/Agilent). Actin was used as a 

normalising gene in all experiments. The primers used for RT-qPCR are shown in Table 2.4  

Table 2.5 - List of primers used for real-time quantitative PCR 

Gene Sequence 5ôŸ3ô (Forward) Sequence 5ôŶ3ô (reverse) 

18S AAACGGCTACCACATCCAAG CGCTCCCAAGATCCAACTAC 

A20 ACAGCTTTCCGCATATTGCT TTGACCAGGACTTGGGACTT 

Actin CTGGGAGTGGGTGGAGGC TCAACTGGTCTCAAGTCAGTG 

BHLHE40 CCTTGAAGCATGTGAAAGCA TTCAGGTCCCGAGTGTTCTC 

BNIP3 ACCAACAGGGCTTCTGAAC GAGGGTGGCCGTGCGC 

CAIX CTTTGCCAGAGTTGACGAGG CAGCAACTGCTCATAGGCAC 

C-REL CTGCCTTCTTCAAGCTGGTC CGCTTCCATTCCGACTATGT 

Cyclin D1 TGCCTTCCAACTCTCGTCTT AAGGACGCTGATGAAGGAGA 

EDN1 GGAAGTGTGGACACAC AAA GTGAGGGATTGGCAAGAAA 

TF/F3 CATCCAGTGTCACAGCATCC ATGGTCCCAGTGTTGCTTGT 

GADD45B GCCAGGATCGCCTCACAGTGG GGATTTGCAGGGCGATGTCATC 

HO1/HMOX1 ATGACACCAAGGACCAGAGC AGACAGCTGCCACATTAGGG 

IAP2 GTCAAATGTTGAAAAAGTGCCA GGGAAGAGGAGAGAGAAAGAGC 

IL-8 CCAGGAAGAAACCACCGGA GAAATCAGGAAGGCTGCCAAG 

IəB-Ŭ AAAGCCAGGTCTCCCTTCAC CAGCAGCTCACCGAGGAC 

p100 AGCCTGGTAGACACGTACCG CCGTACGCACTGTCTTCCTT 

p105 GCACGACAACATCTCATTGG TCCCAAGAGTCATCCAGGTC 

PGK1 TTCTTTCCTCCACATGAAAGC AGGGAAAAGATGCTTCTGGG 

RANTES GTCGTCTTTGTCACCCGAAAG TCCCGAACCCATTTCTTCTCT 

RelA CTGCCGGGATGGCTTCTAT CCGCTTCTTCACACACTGG 

RelB TCCCAACCAGGATGTCTAGC AGCCATGTCCCTTTTCCTCT 

VEGFC AGCTGCGCTGATAGACATCC CTACCTCCACCATGCCAAGT 

 

2.4.2. Site-directed mutagenesis of RelB phosphorylation site  

Mutagenesis was performed using the KOD polymerase kit (Millipore) following 

manufacturer guidelines. 20µM primer mix containing 10µM of forward primer and 10µM of 
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reverse primer was prepared from 100µM stock. PCR machine was set up as follows: Step1: 

(denaturation step) 95 0C for 2min, Step2: 95 0C 30 sec, Step3: (annealing step) gradient from 

55 0C to 65 0C 30 sec, Step 4: 70 0C for Y min (20 cycles of Steps 2-4), Step 5: 70 0C for Y+4 

mins (Y= 8 mins for plasmids that are >7.5kb, for smaller plasmids refer to KOD manufacturers 

guidelines). Depending on the number of samples, 200 µL PCR tubes were set up with the 

following components: 100 ng plasmid, 10x KOD buffer (from kit), 5 µL MgSO4 (from kit), 2 

µL dNTPs mix (2 µM each, from kit) 5µL, 20 µM primer mix (2µL), 2 µL DMSO, 1 µL KOD 

polymerase (from kit) and made up to 50 µL with MQ water. The PCR tubes were set up at 

different annealing temperatures ranging between 550C to 650C and PCR was carried out. RelB 

sites mutated are shown in Table 2.6 below. 

Table 2.6 - List of RelB primers used for site-directed mutagenesis 

PRIMER 

NAME  

MUTATION 

POINT  

 

SEQUENCE 5ôŸ3ô (FORWARD) 

 

SEQUENCE 3ôŸ5ô (REVERSE) 

RELB S573A CCTTTGGGGGCGGCCTCCTA 

GCCCCGGGGCCTGAAGCCACG 

CGTGGCTTCAGGCCCCGGGGC 

TAGGAGGCCGCCCCCAAAGG  

RELB S573E CCTTTGGGGGCGGCCTCCTA 

GAACCGGGGCCTGAAGCCACGTA 

TACGTGGCTTCAGGCCCCGGT 

TCTAGGAGGCCGCCCCCAAAGG 

 

2.4.3 Competent Cell and Plasmid Transformation 

Escherichia coli strain DH5Ŭ was used for the propagation and construction of all 

plasmid constructs. Chemically competent E. coli cells were made in house following an 

adapted version of the Hanahan et al. protocol [460], using RF1 solution (100 mM RbCl, 30 

mM Potassium acetate, 10 mM CaCl2.2H2O, 50 mM MnCl2.4H2O, 15% v/v Glycerol) was 

adjusted to pH 5.8 and RF2 solutions (10 mM MOPS, 75 mM, CaCl2.2H2O, 10 mM RbCl 15% 

v/v Glycerol, solution was adjusted to pH 6.8). For each transformation, 10-50 ng of DNA were 

added to 25 ɛL of chemically competent cells and incubated on ice for 30 minutes, followed 

by heat shock at 42°C for 90 seconds and incubation on ice for 90 seconds. Cells were allowed 

to recover in 200 ɛL LuriaBertani broth (LB broth: 1% Bacto-Tryptone, 1% NaCl and 0.5% 

Bacto-Yeast extract) and incubated for 1 hour at 37°C with shaking (250-300 rpm, Multitron 

Infors-HT). Cells were plated on LB-agar plates containing appropriate antibiotics and 

incubated at 37°C overnight to select the transformants. 
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2.4.4. DNA Plasmid Isolation 

For mini preps, a single bacterial colony from an agar plate was picked and transferred 

into 4 mL of LB media containing the required selection marker antibiotic in a round bottom 

15 mL falcon tube. The culture was incubated on a 37°C shaking incubator overnight. Plasmid 

DNA was then extracted from the bacterial culture with a miniprep kit (Qiagen, QIAprep Spin 

Miniprep Kit #27104) following the manufacturerôs instructions. For maxiprep, a single 

bacterial colony from an agar plate was picked and transferred into 4 mL of LB media 

containing the required selection marker antibiotic in a round bottom 15 mL tube. The culture 

was incubated on a 37°C shaking incubator for 8 to 10 hours. The culture was the transferred 

to 250 mL of LB media containing the required selection marker antibiotic in a 2 L conical 

flask and incubated on a 37°C shaking incubator overnight. Plasmid DNA was then extracted 

from the bacterial culture with a maxiprep kit (Thermo Scientific, PureLink HQ Mini Plasmid 

DNA Purification Kit # K210001) following the manufacturerôs instructions. 

2.4.5. DNA Plasmid purification 

Plasmid DNA purification was done using The QIAquick PCR Purification Kit (Qiagen 

#28106), following the manufacturer's protocol. Buffer PB was added to the PCR reaction and 

mix at 5:1. To bind the DNA, the mixture was applied to the QIAquick column placed in a 2 

mL collection tube, centrifuged for 30ï60 seconds and the flow-through was discarded. The 

column was then washed with 750 ɛL Buffer PE, centrifuged for 30ï60 seconds and flow-

through discarded. The QIAquick column was further centrifuged in the provided 2 ml 

collection tube for 1 min to remove residual wash buffer. To elute DNA, each QIAquick column 

is placed in a clean 1.5 ml microcentrifuge tube, and 50 ɛL Buffer EB (10 mM TrisĿCl, pH 8.5) 

or water (pH 7.0ï8.5) was added to the centre of the QIAquick membrane and centrifuged for 

1 min at maximum speed.  

2.5 CELL FUNCTIONAL ASSAYS  

2.5.1 Flow cytometry analysis of cell cycle profile 

Cells were harvested, pelleted and washed once in PBS before fixing in ice cold 70 % 

ethanol. Cells were then washed with PBS and resuspended in Guava Cell Cycle reagent 

(containing PBS, ribonuclease A, propidium iodide, triton X-100 ad sodium azide)(Millipore). 

After incubation at room temperature for 30 min, cells were analysed for their cell cycle profile 

with Guava easyCyte HT software. Red fluorescence was evaluated on a linear scale and pulse 
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width analyses were used to determine cell doublets and cellular aggregation. Cells with DNA 

content between 2N and 4N were designated as being in the G1, S or G2/M phase of the cell 

cycle. The number of cells in each phase was expressed as a percentage of the total number of 

cells counted. 

2.5.2. Colony formation assay 

A total of 500-2000 cells were seeded in a six-well plate one day before siRNA 

transfection with RelB siRNA oligonucleotides. After 24 h of treatment, the media was 

changed, and cells were further incubated for one week. Cells were washed with PBS twice and 

stained with 0.005% (w/v) crystal violet in 25% (v/v) methanol for 10 min at room temperature. 

The staining was washed off with water and plates were left to dry overnight. Plates were 

scanned and Colony numbers were assessed using ImageJ quantification. 

2.5.3 Cell Migration Assay 

For scratch-wound cell migration assay, confluent cells cultured in 6-well plates were 

wounded using 20ɛl pipette tips, giving rise to one mm-wide lane per well. The ablated cells 

were washed out with PBS. After that, cells were treated with vehicles or chemicals of interest 

in 1% FBS DMEM. Images of wounded areas were taken using an EVOS digital inverted 

microscope at a scale bar of 1000ɛm, at time zero. Images of the same areas were further taken 

every 12 hours of incubation.  
 

2.6 RNA-Sequence transcriptome analysis. 

2.6.1. Sample Preparation 

MDA-MB231 cells were seeded in 35 mm dishes one day before transfection with 

Control or RelB siRNA. Twenty-four (24) hours after transfection, cells were either kept in 1% 

O2 or in 21% O2 for 24 hours. RNA extraction was performed as in section 2.4.1. with an 

additional step of DNAse treatment as instructed by the Manufacturer. Experiments were 

performed in three replicates with a total of eight samples per replicate for the two cells. Cells 

were also seeded for protein analysis, from which lysates were collected alongside the RNA 

extraction process. RNA samples were frozen and sent to biomarker Technologies (BMK) 

Germany for sequencing. Both Cell lysates collected and RNA extract were processed to 

confirm hypoxia treatment and RelB knockdown was successful.  
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2.6.2. Data Analysis 

Relevant publicly available RNA-seq data were downloaded from the National Centre 

for Biotechnology Information (NCBI) Sequence Read Archive (SRA) using the SRA toolkit 

(https://www.ncbi.nlm.nih.gov/sra). These were reads for breast cell lines kept in either 

normoxic condition or exposed to 0.5% oxygen for 24 hours. Downloaded Reads for both 

experimental and downloaded datasets were aligned to the human genome version hg38 

(GRCh38, Ensemble) using Spliced Transcripts Alignment to a Reference (STAR) tool. Read 

counts for each transcript were generated using the feature Counts function of Subread using 

the method of (Liao, Smyth, & Shi, 2014). Differential expression analysis was performed 

using R Bioconductor package DESeq2 [461] with filtering for effect size (log2 fold change > 

0.58) and statistical significance (FDR < 0.05). A log2 fold change > 0.58 was chosen to set a 

minimum value for the effect size whilst avoiding discarding potentially biologically relevant 

data points that result from applying a higher cut-off. Quality control and sample-to-sample 

comparison were analysed using rlog transformed read count data generated using R 

Bioconductor packages DESeq2 and heatmap. Differential expression analysis generated using 

the R Bioconductor package was visualized using volcano plots. Enrichment analysis was 

performed using WEB-based GEne SeT AnaLysis Toolkit https://www.webgestalt.org/, 

Database for Annotation, Visualization and Integrated Discovery (DAVID) 

https://david.ncifcrf.gov/, and Enrichr https://maayanlab.cloud/Enrichr/. Raw data import, 

feature count, gene normalized read count, and transcriptome mapping were carried out by Dr 

Michael Batie.  

 

2.7 MASS SPECTROMETRY 

2.7.1  Immunoprecipitation of RelB 

RelB antibody conjugated to agarose (RelB (D-4) AC, Mouse Monoclonal Antibody, 

Santa Cruz Biotechnology) was incubated overnight with 500µg Cell lysate, at 40C, 25-28 rpm. 

Lysis buffer (25 mM Tris-HCl pH8, 0.15 M NaCl, 0.1% NP-40, 1 mM EDTA, 1 mM EGTA, 

10 mM ɓ-glycerophosphate, 10 mM NaF, 300 ɛM Na3VO4, 1 mM benzamidine, 2 ɛM PMSF, 

mini EDTA-free protease inhibitor cocktail tablet and 1 mM DTT) was added to make up 400 

µl incubation volume. Antibody ï cell lysate mixture was centrifuged at 1000 g, supernatant 

was collected for quality control. Beads were washed 2x in 200 µl lysis buffer, 2x in 200 µl IP 

buffer (40 mM Tris-HCl pH 8, 0.1% (v/v) NP-40, 1 mM EGTA, 6 mM EDTA, 6 mM DTT, 0.5 

https://www.webgestalt.org/
https://david.ncifcrf.gov/
https://maayanlab.cloud/Enrichr/
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M NaCl, 1 mM benzamidine, 10 mM NaF, 10 mM ɓ-glycerophosphate, 2 µM PMSF, 300 µM 

Na3VO4, mini EDTA-free protease inhibitor cocktail) and then 1x in 500 µl H2O.   
 

2.7.2 Sample preparation for LC-MS/MS analysis 

Twenty-five micrograms of protein from each sample were transferred into separate 

tubes, and each sample was made up to 85 µL using 25 mM Ammonium Bicarbonate (AmBic). 

Cysteine reduction was performed by adding 5 µL of 11.1 mg/mL DTT in 25 mM AmBic and 

incubated at 60 ęC for 10 min with 450 rpm. Subsequent alkylation was performed by adding 

5 µL of a 46.6 mg/mL iodoacetamide in 25 mM AmBic and incubated for 30 min in the dark. 

Iodoacetamide was quenched with 4.7 µL of 11.1 mg/mL DTT in 25 mM AmBic. 250 µg of 

SP3 beads were gently added to each sample by pipetting, followed by 440 µL of Acetonitrile 

to a total volume of 80% Acetonitrile and shaken for 30 minutes, 1000 g at room temperature 

to bind the protein to the beads. Samples were then placed onto a magnetic rack and left to 

settle for 5 minutes and the supernatant was removed. Samples were washed 3 times with 400 

µL 100% Acetonitrile, leaving the sample to stand for 5 minutes before removing the wash 

solution. In-solution digestion was carried out by adding 2.5 µL of 0.2 µg/µL trypsin and 

incubated at 37 ęC overnight at 1000 g. Samples were placed onto a magnetic rack and left to 

settle for 5 min. The solution was removed and retained.  The solution was acidified to a final 

TFA concentration of 0.5%, which was achieved by adding 1µL of 50% TFA and then 

incubated for 30 minutes at 37 ęC. Samples were then centrifuged for 15 minutes at 13,000 x g 

at 4 ęC, the supernatant collected and refrigerated for 15 minutes.  

LC-MS Method for Sample Runs 

Samples were analysed using an Ultimate 3000 RSLCÊ nano-system (Thermo 

Scientific, Hemel Hempstead) coupled to a Q Exactive HF Quadrupole-OrbitrapÊ mass 

spectrometer (Thermo Scientific). The sample was loaded onto the trapping column (Thermo 

Scientific, PepMap100, C18, 300 ɛm X 5 mm), using partial loop injection, for seven minutes 

at a flow rate of 12 ɛL/min with 0.1% (v/v) FA. The sample was resolved on the analytical 

column (Easy-Spray C18 75 ɛm x 500 mm 2 ɛm column) using a gradient of 96.2% A (0.1% 

formic acid) 3.8% B (79.95% acetonitrile, 19.95% water, 0.1% formic acid) to 50% A 50% B 

over 30 minutes at a flow rate of 0.3 ɛL/min (1-hour program). The data-dependent program 

used for data acquisition consisted of a 60,000-resolution full-scan MS scan in the orbitrap 

(AGC set to 3e6 ions with a maximum fill time of 100 ms). The 5 most abundant peaks per full 

scan were selected for HCD MS/MS (30,000 resolution, AGC set to 1e5 ions with a maximum 

fill time of 100 minutes) with an ion selection window of 2 m/z and a normalized collision 
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energy of 30%.  Ion selection excluded singularly charged ions and ions with equal to or a 

greater than +6 charge state. To avoid repeated selection of peptides for fragmentation the 

program used a 60-second dynamic exclusion window. 

 

2.8 Bioinformatics  

2.8.1 Evolutionary analysis 

Evolutionary analysis of RelA and RelB proteins in vertebrate and invertebrate 

homologs were performed. Jalview and the Multiple Sequence Comparison by Log-

Expectation (MUSCLE) web tools were used to align protein sequences, allowing visualization 

of conserved residues using CLUSTALX. 

2.8.2 Kinase Prediction 

Three different kinase prediction systems were employed to predict kinases responsible 

for observed RelA and RelB phosphorylation sites. NetPhos3.1 

https://services.healthtech.dtu.dk/services/NetPhos-3.1/, PhosphoSitePlus v6 7.1.1  kinase 

prediction https://www.phosphosite.org/kinaseLibraryAction.action and Group based 

prediction system 5.0 (GPS 5.0) http://gps.biocuckoo.cn. Relevant kinases were selected and, 

in some cases, default settings were used. 

2.9. Statistical Analysis 

3.0 Statistical Analysis for quantitative PCR, quantitative western blot, and luciferase assay 

were performed using Studentôs T-test function in Microsoft Excel. For all statistical 

analysis, p-values with * = p<0.050; ** = p<0.010 and *** = p<0.001. 

 

 

 

 

 

 

 

 

 

 

https://services.healthtech.dtu.dk/services/NetPhos-3.1/
https://www.phosphosite.org/kinaseLibraryAction.action
http://gps.biocuckoo.cn/
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3.0 CHAPTER THREE  

3.1 INTRODUCTION  

NF-əB proteins play essential roles in the regulation of innate and humoral immunity, 

however, this pathway is also activated and functions in other organs besides the immune 

systems, where they exhibit functions based on the genes targeted. More than 500 genes 

transcriptionally regulated by NF-əB have been identified with diverse functions (Figure 1.9) 

in both physiological and pathological conditions. NF-əB proteins have been reported to play 

active roles at different stages of normal mammary gland development in mammals, where they 

display a regular pattern of activity during pregnancy, lactation, and involution stages of 

mammary gland development [462, 463]. Also, NF-əB activity has been observed in diseases 

associated with the mammary gland such as Mastitis ï inflammation of the mammary gland 

[464], and aberrant NF-əB activity has been observed at different stages of breast 

carcinogenesis [362]  

The Rocha laboratory with others has proposed a mechanism for hypoxia-induced NF-əB 

in some mammalian cell lines [279, 295] and in the context of a whole organism (in Drosophila 

melanogaster). Here, we further demonstrate the activation of the NF-əB pathway under 

hypoxic stimuli across three phenotypically and metabolically different breast cell lines, 

namely; MCF10A, MCF7, and MDA-MB231. MCF10A are immortalised non-tumorigenic 

human epithelial breast cell lines mostly used as an in vitro model for normal breast functions 

[465], while the MCF7 are non-aggressive, non-invasive and poorly-metastatic breast cancer 

cell line, with a molecular profile of being positive to oestrogen  receptor (ER+) and 

progesterone receptor (PR+). On the other hand, MDA-MB 231 is classified as a triple negative 

(ER-, PR- and HER2-) breast cancer subtype which is highly invasive, malignant, and metastatic 

[466]. 

NF-əB is a transcription factor that controls the transcription of genetic information by 

binding to əB sites of its target genes. One mechanism frequently used by cells to regulate the 

activities of transcription factors is changes in protein phosphorylation status mediated by 

protein kinases or phosphatases, which in turn up-regulates or down-regulates the activities of 

the transcription factor- or affects aspects of its function, stability, interactions or localization 

[467]. Previous studies have demonstrated inducible phosphorylation of NF-əB pathway 

components in a context-specific manner. This study also demonstrates inducible 

phosphorylation of NF-əB pathway components and NF-əB proteins in hypoxia in breast cell 
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lines. An example is the inducible phosphorylation of canonical pathway inhibitor IəBŬ by the 

IKK complex which either resulted in IəBŬ degradation [468] or IəBŬ stabilization depending 

on the stimulus and subsequent release of the NF-əB dimer. During intracellular signalling, 

NF-əB subunits themselves undergo phosphorylation under different conditions of stimulation 

such as TNF-Ŭ [469], Interleukin-1 [381], LPS [470] PMA and ionomycin [471], and so on. 

The NF-əB proteins have many serine and threonine residues on their Rel Homology domain 

(RHD) and transactivation domains (TAD) [472], which serve as target sites for various protein 

kinases, most especially the serine-threonine kinases. While NF-əB phosphorylation on certain 

sites has been reported to be predominantly cytoplasmic, a few have been found to occur in the 

nucleus, which suggests a role in transactivation [400]. In addition, NF-əB phosphorylation has 

been demonstrated to regulate its transcription activity, recruitment of co-activators and nuclear 

translocation [394], protein stability [158], change in conformation, and interaction with other 

proteins [389]. To the best of our knowledge, little is known about NF-əB phosphorylation in 

hypoxia.  

Therefore, in this aspect of the study, we analysed the levels of NF-əB protein expression 

(RelA, RelB, c-Rel, NF-əB1, and NF-əB2) at basal levels and under hypoxia stimulation, we 

investigated NF-əB activation pathway components (p-IKK, IKK, p -IəBŬ, IəBŬ) and some 

additional NF-əB target genes (ABIN1/TNIP1, CyclinD1, NFIL3, and BHLH40) in the three 

breast cell lines under hypoxia stimulation. We further characterized the mechanism of 

hypoxia-induced NF-əB as IKK, TAK1, and CAMKII dependent. We also showed the 

alterations in NF-əB protein expressions at short and long hypoxia time courses and the 

modulatory effects of hypoxia on NF-əB transcriptional activity. Finally, we reported NF-əB 

subunit phosphorylation that is inducible in hypoxia through immunoblotting techniques using 

antibodies of already validated NF-əB phospho-sites. An attempt was also made to decipher 

the kinases that target these phosphorylation sites in breast cell lines. 

3.2 Characterisation of NF-əB subunit levels across breast cell lines. 

Most cells exhibit low nuclear levels of NF-əB proteins due to the presence of inhibitors 

such as the prototypical IəBŬ, which sequesters NF-əB in the cytoplasm and renders them 

inactive [473]. However, constitutive expression of NF-əB proteins from nuclear extracts of 

both transformed and untransformed breast cell lines have been reported and has been linked 

to increased breast tumor size [361], metastases, evasion of apoptosis, and resistance to therapy 

[474] 
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It was previously shown that hypoxia activates the NF-əB pathway in U2OS, MDA-

MB231, and MCF10A cells [295]. To further characterize this pathway, with a focus on breast 

cell lines, we decided to examine the basal levels of NF-əB proteins and its canonical inhibitor, 

IəBŬ. We performed both qPCR and western blot analysis on exponentially growing breast cell 

lines; MDA-MB231, MCF7, and MCF10A in normoxic conditions, and the relative mRNA and 

protein levels of RelA, RelB, c-Rel, NF-əB1, NF-əB2, and IəBŬ were determined (Figure 3.1 

A, B). 

The result shows high expression levels of NF-əB pathway components in breast cancer 

cell lines in the absence of any stimulation both at mRNA and protein levels. Interestingly, 

MCF7 cells have the highest level of RelA, c-Rel, and IəBŬ but very low levels of RelB proteins 

(Figure 3.1 A, B). On the other hand, MDA-MB231 cells show high levels of constitutive RelB 

expression, and moderate levels of c-Rel but low levels of RelA and IəBŬ were observed 

(Figure 3.1 A, B). MCF10A cells which are non-transformed cell lines have the least amount 

of NF-əB proteins compared to transformed cells. Furthermore, MDA-MB231 and MCF7 cells 

have constitutively active NF-əB1 and NF-əB2 proteins which were processed rapidly into p50 

and p52 respectively, whereas MCF10A has low levels of NF-əB1 and NF-əB2 which appear 

to be inactive, thus unprocessed (Figure 3.1 A, B).   

Overall, these findings highlight the dysregulation of the NF-əB pathway (constitutive 

activation, high expression levels, and differential expression among cell lines) in breast cancer 

cells, even under basal conditions. Understanding these baseline expression and activation 

patterns of NF-əB subunits in different breast cancer cell lines provides valuable insights into 

the molecular mechanisms underlying breast cancer pathogenesis and may have implications 

for the development of targeted therapies aimed at modulating NF-əB signalling in breast 

cancer. 
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Figure 3.1 ï Basal NF-əB levels in breast cell lines. MDA-MB-231, MCF7, and MCF10A 

cells were cultured in normoxic conditions. (a) Cell lysates were processed by western blot 

with specific antibodies as indicated in replicates I and Replicate II (b) Cells were lysed for 

mRNA extraction and mRNA levels were quantified through RT- qPCR analysis. mRNA 

levels of each in each cell were normalized with those of MCF10A. The graph is a mean of 

three independent replicates, student t-test was performed and significance was determined 

as follows: ó*ô where  p Ò 0.05, ó**ô where  p Ò 0.01, and ó***ô where  p Ò 0.001 

A. 

B. 
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3.3 NF-əB is activated following hypoxia treatment in breast cell lines  

Activation of the NF-əB pathway has been reported both in mammalian cells [295, 297, 

475] and in the context of a whole organism [279]. Although several mechanisms have been 

proposed for NF-əB activation in hypoxia, several questions remain to be answered. To further 

understand the mechanism of hypoxia-induced NF-əB with a focus on mammary breast cell 

lines, in this report, we demonstrated the activation of the NF-əB pathway under hypoxic 

stimuli in MDA-MB231, MCF7, and MCF10A cell lines. These cells were exposed to short 

hypoxia time courses; 5, 30, and 60 minutes of 1%O2, and the protein levels of the key NF-əB 

pathway activation components: IKK, p-IKK, IəBŬ, and p-IəBŬ were analysed.  

TNFŬ, a typical activator of the pathway was used as a positive control for NF-əB activation 

and HIF-1Ŭ level was also analysed as a positive control for hypoxic stimulation. Western blot 

analysis of the treated cells showed a continuous increase of HIF-1Ŭ induction from 5 minutes 

upwards only in breast cancer cells (Figure 3.2A and B), whereas no HIF-1Ŭ induction was 

observed in MCF10A cells at the times indicated (Figure 3.2C). Also, phosphorylation of IKK 

(ser176/180) and IəBŬ (serine 32/36) as early as 5 minutes following hypoxia treatment was 

observed in the breast cancer cell lines (Figure 3.2A and B). Interestingly, a decrease in IəBŬ 

phosphorylation independent of the total protein was observed at 60 minutes of hypoxia 

treatment in the three cell lines. This could result from feedback inhibition or activities of 

phosphatases. Additionally, as opposed to TNF-Ŭ treatment which resulted in the degradation 

of IəBŬ, hypoxia stabilized IəBŬ in the cell lines considered (Figure 3.2A and B).  

Given the activation of the NF-əB pathway in hypoxia, analysis of NF-əB mRNA levels 

was investigated at short hypoxia time courses. A continuous increase in RelB mRNA levels 

was observed across the times courses considered whereas RelA oscillates between the time 

courses and IəBŬ significantly peaked at 30 minutes of hypoxia treatment (Figure 3.2B). the 

decreased phosphorylation of IəBŬ earlier observed at 60 minutes could be a result of reduction 

in mRNA levels of IəBŬ at this time. 

Overall, this aspect of the study demonstrated early induction of HIF1Ŭ in transformed cell 

lines as opposed to non-transformed cells, the activation of the NF-əB pathway via IKK/ IəBŬ 

signalling, and the stabilization of IəBŬ under hypoxic stimulation in both normal and 

cancerous mammary breast cells.  
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Figure 3.2 ï NF-əB is activated following hypoxia in breast cell lines.  (A) MDA-MB 

231, (B) MCF7 and (C) MCF 10A cells were exposed to 1% O2 oxygen for the various 

times indicated before cell lysis. Whole cell lysates were analysed by western blot using 

the depicted antibodies.  (D) MDA-MB 231 cells were treated with 1% O2 but total RNA 

was extracted, mRNA levels for the depicted genes were analysed by qPCR using actin as 

a normalising gene. Graph depicts mean and standard error (SE) of a minimum of three 

independent experiments. Student t-test was performed, and significance determined as 

follows: * p Ò 0.05, ** p Ò 0.01, *** p Ò 0.001.  

B. 
A. 

C. 

D. 
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3.4 Hypoxia alters NF-əB protein expression in breast cell lines   

Several studies have demonstrated the effects of both intermittent and sustained hypoxic 

stimulation on specific NF-əB members [295, 475, 476].  

In light of the activation of the NF-əB pathway in hypoxia in breast cell lines, we set to 

examine the response of the NF-əB proteins (RelA, RelB, c-REL, NF-əB1, and NF-əB2) to 

hypoxic stimulation in breast cell lines at both protein and mRNA levels. MDA-MB-231, 

MCF7, and MCF10A cells were exposed to both short and long hypoxia (1%O2) time courses 

and lysed within the InVivo 300 controlled-O2 chamber to prevent reoxygenation.  Western 

blot analysis of whole cell lysate showed induction of HIF1Ŭ at 30 minutes (Figure 3.3A), 

which increases up until  4 hours only in breast cancer cells (Figure 3.3B). However, we could 

not detect HIF1Ŭ in MCF10A cells until after 2 hours of hypoxia exposure. HIF1Ŭ was 

drastically reduced following prolonged hypoxia treatment (at 24 hours), suggesting a feedback 

mechanism that downregulates HIF1Ŭ expression to maintain cellular homeostasis. The 

expression levels of RelB increased rapidly at 2 and 4 hours after which it decreased at 24 

hours. NF-əB1, NF-əB2, and c-REL protein levels were also increased following 2 and 4 hours 

1%O2 treatment. RelA protein levels were induced at 5 minutes hypoxia and then oscillated at 

2, 4, and 24 hours 1%O2. (Figure 3.3A). NF-əB nuclear ï cytoplasmic oscillation is a common 

phenomenon which has been attributed to be regulated by RelA and IəBŬ phosphorylation. 

To further characterize NF-əB expression in breast cell lines, quantitative PCR analyses 

were carried out to determine if transcriptional levels of NF-əB subunit genes are affected by 

hypoxia. mRNA was extracted from breast cell lines exposed to 2, 4- and 24-hour hypoxia 

treatment, and quantified through qPCR. Transcriptional analysis by qPCR demonstrated 

significant changes in mRNA levels in a cell- and hypoxia duration - dependent manner.  NF-

əB2 and RelB were significantly increased in MDA-MB231 cells across the time courses, with 

NF-əB1 mRNA levels significantly altered in both cells at 24 hours of hypoxia treatment 

(Figure 3.3C). 

Overall, this study demonstrates that breast cancer cells respond to hypoxia by altering the 

expression of proteins and mRNA levels of NF-əB family members, further demonstrating the 

crucial roles of NF-əB subunits in cellular responses to stress and inflammation. These findings 

also shed light on how cancer cells adapt to low oxygen conditions, potentially contributing to 

tumor growth and survival. 
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A. 

B. 

Figure 3.3: Hypoxia alters NF-əB protein expression in breast cell lines. MCF10A, MDA-MB 

231 and MCF 7 cells were exposed to 1% O
2
 for short hypoxia time courses (A) and long-time 

courses (B), prior to cell lysis. Whole cell lysates were analysed by western blot using the depicted 

protein antibodies. (C) MDA-MB 231 and MCF7 cells were treated as in (B) but total RNA was 

extracted, mRNA levels for the depicted genes were analysed by qPCR using actin as a normalising 

gene. Graph depicts mean and standard error (SE) of a of three independent experiments. Student t-

test was performed and significance determined as follows: * p Ò 0.05, ** p Ò 0.01, *** p Ò 0.001.  

C. 
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3.5 Hypoxia-induced NF-əB is transcriptionally active 

Previous works from the Rocha laboratory have demonstrated induction of NF-əB DNA 

binding, accumulation of RelA in the nucleus, and NF-əB transcriptional activity following 

hypoxia treatment [295]. The study identified the hypoxia-induced and RelA-dependent 

upregulation of IAP2 and IL-8 and downregulation of PTEN mRNA through qPCR analysis in 

U2OS, MDA-MB231, and MCF10A cells [295]. They concluded that hypoxia-induced NF-əB 

both activates and inhibits target genes.  

Following the activation of NF-əB pathway and alterations of NF-əB proteins in hypoxia, 

we investigated the transcriptional activity of the activated pathway in the three breast cell lines. 

MDA-MB231, MCF7, and MCF10A cells were treated with 1% O2 for 2, 4, and 24 hours and 

subsequently processed to determine the protein levels of some previously validated NF-əB 

targets; IAP1, A20, TNIP1 (ABIN1), NFIL3, BHLH40, IəBŬ and Cyclin D1 (Figure 3.4A). 

The results showed alterations in the levels of these proteins at the different hypoxia time 

courses, with most of the protein levels increased at 2- and 4 hours of hypoxia treatment, and a 

general decrease in protein expression at 24 hours of hypoxia exposure. This suggest these 

genes are all hypoxia-responsive. Cyclin D1, NFIL3, BHLH40, and c-IAP1 protein levels were 

robustly increased in MDA-MB231 and MCF7 breast cancer cells compared to MCF10A. This 

observation further explains the significant functions of NF-əB signalling in apoptosis and cell 

survival (IAP1), in cell cycle regulation and cell proliferation (cyclin D1), and in regulation of 

gene expression in response to various stimuli, including stress and immune signalling (NFIL3 

and BHLHE40).  

Additionally, qPCR analysis was carried out on hypoxia-treated MDA-MB231 cells to 

determine the modulatory effects of hypoxia on NF-əB target genes at transcription levels. 

mRNA levels of A20 and IAP-1 were significantly upregulated following 2 hours of hypoxia 

stimulation while BHLH40 was upregulated at 4 hours (Figure 3.4B). similar to protein levels, 

a general reduction in mRNA levels was also observed following prolonged hypoxia treatment 

(24hours) 

Overall, the above results show the modulatory effects of hypoxia on NF-əB transcriptional 

activity in breast cell lines. 

 

 

 

 



85 
 

 

Figure 3.4: Hypoxia-induced NF-əB is transcriptionally active. (a) MDA-MB231, 

MCF7 and MCF10A cells were either left untreated or treated with 1% O2 for 2, 4 and 24 

hours. Cell lysates were thereafter subjected to western blot analysis of selected NF-əB 

targets using antibodies for HIF-1Ŭ, IəBŬ, TNIP1 (ABIN1), BHLH40, NFIL3, Cyclin D1, 

A20, IAP1 and actin. (b) MDA-MB231 cells were exposed to 2, 4 and 24hours hypoxia 

followed by RNA extraction. mRNA levels of selected NF-əB target genes depicted in the 

figure were analysed by quantitative PCR using actin as a normalising gene. Graph depicts 

mean and standard error (SE) of a minimum of three independent experiments. Student t-

test was performed and significance determined as follows: * p Ò 0.05, ** p Ò 0.01, *** p Ò 

0.001. 
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3.6 Mechanism of Hypoxia-induced NF-əB 

Multiple mechanisms have been proposed for the induction of NF-əB in low oxygen 

concentrations [295, 477]. NF-əB activation has been demonstrated to require IKK, TAK1 and 

CAMKII but not PHDs or HIF-1Ŭ [295] in mammalian cells. Likewise, ird-5 which is the 

homologue of IKK in Drosophila melanogaster, has also been shown to be crucial for hypoxia-

induced NF-əB in Drosophila [279]. 

Previous works have shown that a member of the mitogen-activated protein kinase kinase 

kinase (MAP3K) family, called MAP3K7 - also known as transforming growth factor ɓ (TGF-

ɓ)-activated kinase 1 (TAK1), phosphorylates and thus activates IKK on serine177 and serine 

181 [179, 255]. These family of kinases upstream of the IKK complex are hypoxia-inducible 

[478, 479] and have been demonstrated to activate IKK in response to TNF-Ŭ, interleukin 1ɓ 

(IL1ɓ) and ligands of the toll-like receptors  [180].  

Since we have shown earlier that NF-əB activation under hypoxia stimulation is IKK 

dependent (Figure 3.2A), we hypothesize that hypoxia-induced IKK-NF-əB is TAK1 

dependent. To investigate this, MDA-MB231 and MCF7 cells were then treated with siRNA 

that targets TAK1 oligonucleotides before short-time hypoxia treatment and cell lysis. 

Knockdown of TAK1 in these cells resulted in inhibition of IKK phosphorylation on serine 171 

and serine 181, and also inhibition of IKK activity as revealed by a drastic reduction in IəBŬ 

phosphorylation on ser32/36 in the two cells (Figure 3.5A). Given the observed effect of TAK1 

knockdown on NF-əB activation, and a report in 2010 that showed that hypoxia triggers TAK1 

activation through CaMKII [295], thereby playing a role in the activation of NF-əB under 

hypoxic conditions, we then decided to investigate CAMKII. Similarly, silencing of CAMKIIŭ 

abolished IKKŬ/ɓ phosphorylation on serine 176/180 and consequently IəBŬ phosphorylation 

on serine 32 and 36 (Figure 3.5B). Taken together, inhibition of the activities of the major 

players of canonical NF-əB activation pathway; TAK1 and IKK following CAMKIIŭ 

knockdown suggest hypoxia-induced NF-əB activation in breast cancer cell line requires 

CAMKIIŭ and TAK1.  

In conclusion, these results provide insights into the molecular mechanisms underlying 

NF-əB activation in response to hypoxia, which is relevant for understanding the biology of 

breast cancer. 
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A 

B 

Figure 3.5: Hypoxia-induced NF-əB is CAMKIIŭ and TAK1 dependent. MDA-

MB231 and MCF7 cells were either left untreated or exposed to short hypoxia time 

courses as indicated following CAMKII or TAK1 knockdown. Western blot analysis 

of 40ɛg of cell lysates showed that silencing of (A) CAMKII and (B) TAK1 abolished 

phosphorylation of IKK and consequently phosphorylation of IəBŬ both in normoxia 

and hypoxic conditions, independent of IKKŬ and IəBŬ levels. HIF1Ŭ serves as 

hypoxic control and actin as loading control. 



88 
 

3.7 Hypoxia induces phosphorylation on specific serine sites on NF-əB proteins 

Previous work from the Rocha lab has demonstrated hypoxia-induced phosphorylation of 

RelA on ser468 and ser536 in U2OS and Hela cells following a short time hypoxia treatment 

[279]. They observed increased RelA phosphorylation on ser536 and ser468 independent of the 

total protein.  

We investigated hypoxia-induced phosphorylation on both RelA and RelB subunits 

following long time hypoxia treatment in MCF-10A, MCF7 and MDA-MB231 cells. These 

cells were exposed to 2-, 4- and 24 hours hypoxia treatment, lysed on ice to prevent loss of 

phosphorylation that could result from activities of phosphatases, and the total protein was 

analysed using selected antibodies for ser276, ser468 and ser536 of RelA, and ser573 of RelB.  

The results presented in Figure 3.6 are representatives of three biological replicates of this 

investigation in MDA-MB231 and two biological replicates for MCF7 and MCF10A cell lines. 

In MDA-MB231 cells, as expected, the positive control for hypoxia, HIF-1Ŭ was stabilized at 

2- and 4 hours hypoxia treatment but reduced following 24 hours hypoxia, attributable to 

various feedback loops, prolonged hypoxia which decreases stability of HIF-1Ŭ mRNA, and 

other regulatory factors that regulates HIF signalling. In response to hypoxia, we observed an 

early and a robust induction of phosphorylation on ser536 of RelA at 2 hours hypoxia, which 

further oscillates at 4- and 24 hours independent of the total protein Figure 3.6A. The observed 

oscillations suggest a dynamic and regulated response to hypoxia stimulation. Additionally, 

ser468 phosphorylation was observed mainly at 2- and 4 hours hypoxia which becomes almost 

non-detectable at 24 hours when compared to ser536. Hypoxia also induced the 

phosphorylation of RelA on ser276 following 2-, 4- and 24 hours hypoxia, with decreasing 

level of phosphorylation as hypoxia progresses (Figure 3.6A). Furthermore, we observed 

phosphorylation of RelB subunits on ser573 (ser552 of mouse) which decreases with increasing 

hypoxia exposure and also dependent on the total protein level (Figure 3.6A). Ser276, ser468 

and ser536 phosphorylation were also observed in MCF10A and MCF7 cells following hypoxia 

exposure (Figure 3.6B) but these are only preliminary observations.      
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Figure 3.6: Hypoxia induced NF-əB protein phosphorylation on specific serine 

residue in breast cell lines. MCF10A, MDA-MB231 and MCF7 cell lysates were 

subjected to immunoblotting with selected phospho antibodies (as shown) following 

2-, 4- and 24 hours hypoxia treatment. A robust hypoxia-induced NF-əB 

phosphorylation were observed on serine residues 536, 468 and 276 of RelA and 

RelB in the three breast cell lines.   
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3.8 Protein sequence analysis of hypoxia-induced RelA and RelB phosphosites 

To gain more insights into the functional importance of the identified hypoxia-induced 

phospho-sites, an analysis of their protein sequence and evolutionary conservation was carried 

out. Homologous protein sequences of the RelA and RelB were obtained for 12 organisms 

comprising of Mammals (Human ï H. sapiens, Mouse ï M. musculus, Rat ï R. norvengicus, 

Lion ï P. leo, Pig ï S. scrofa, Olive Baboon ï P. annubis, Dog ï C. lupus, Guinea pig - C. 

porcellus and Goat ï C. hircus), fly  (Fruit fly ï D. melanogaster), Fish (Zebrafish ï D. rerio) 

and Bird  (Chicken ï G. gallus) from the UniProt proteome database using their UniProt entry 

identifiers as presented in Figure 3.7A and Figure 3.8A. The sequences were then aligned with 

Clustal O in Jalview 2.11.2.7. Using the Human RelA and RelB sequence as a reference, the 

full length of the proteins and the percentage identities of RelA and RelB in the other species 

were determined using NCBI ï protein BLAST website.  

Among the species considered, Olive Baboon (Papio anubis) has the highest sequence 

similarity of 99% and 98% for RelA and RelB respectively compared to human RelA and RelB, 

whereas fruit fly (Drosophila melanogaster) and Chicken (Gallus gallus) have the lowest 

percentage sequence similarities of 48% and 49% respectively compared to Human (Figure 

3.7A and Figure 3.8A). This percentage similarity scores can be attributed to evolutionary 

divergence or distance among this species. Although located at different serine residues on the 

Rel homology Domain, Human ser276 of RelA is fully conserved in all the 12 organisms, while 

ser468 and ser536 which are both located in the transactivation domains of RelA (Figure 3.7B) 

were absent only in D. melanogaster and D. rerio Figure 3.7A. Therefore, ser276, ser468 and 

ser536 RelA have evolutionary conservation scores of 100%, 70% and 59% respectively across 

the 12 organisms considered. 

Similarly, protein sequence alignment and analysis of RelB showed that the human 

phospho-ser573 located on the TAD of RelB is conserved at different serine residues in 9 out 

of the 12 organisms studied. D. melanogaster and D. rerio lack RelB homologue, while ser573 

RelB is not conserved in G. gallus, given ser573 RelB a conservation score of 43% across the 

12 organisms considered (Figure 3.8; A and C). 

In summary, the domain location and level of conservation of ser276, ser468, ser536 of 

RelA and ser573 of RelB across different species, suggest the functional conservation of these 

phospho-sites and also gives insight into the evolutionary history of these proteins in a wide 

range of organisms.  
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Uniprot  

(RELA)  

Organism Sequence 

Length    Identity  

Phospho-site  

position 

Q04206 Homo sapiens (Human) 551 100% S276 S468 S536 

Q04207 Mus musculus (Mouse) 549 88% S276 S467 S534 

F7F7J5 Rattus norvengicus (rat) 541 90% S276 S459 S526 

E1JHK3 Drosophila melanogaster (Fruit fly) 677 48% S312 - - 

A0A8M2BI19 Danio rerio (Zebrafish) 588 70% S275 - - 

A0A8C8WTZ8 Panther leo (Lion) 553 93% S276 S470 S538 

A0A8D1LLC3 Sus scrofa (Pig) 573 93% S296 S490 S558 

A0A2I3LDS3 Papio Anubis (Baboon) 550 99% S276 S467 S535 

A0A8I3P3H3 Canis lupus (Dog) 542 90% S276 S459 S527 

P98152 Gallus gallus (Chicken) 558 49% S281 S467 S542 

H0VZS0 Cavia porcellus (Guinea pig) 549 91% S276 S467 S534 

A0A452EP88 Capra hircus (Goat) 571 90% S302 S488 S556 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Phospho-ser276, ser468, and ser536 of RelA are evolutionarily conserved.                

(A) A table of evolutionary conservation of RelA protein sequence in selected mammals 

(Human, Mouse, Rat, Lion, Pig, Olive Baboon, Dog, Guinea pig, and Goat), fly  (Fruit fly), 

Fish (Zebrafish), and Bird  (Chicken).  This table shows the protein sequence length and 

percentage identity of RelB in the different organisms with reference to the Human RelA 

protein sequence, and the positions of phospho-proteins in the different organisms. (B) 

Schematic illustration of Human RelA protein structure showing phosphorylation on 

serine276 on the Rel Homology Domain (RHD), serine468, and serine536 on the 

Transactivation domains (TADs). (C) protein sequences of the organisms listed in A were 

aligned using Jalview software.  The residues shown include the phosphosite ±5 residues. 

ó*ô denotes a single, fully conserved residue, whereas ó:ô and ó:ô denote conservative and 

semi-conservative mutations respectively.  

B 

C

A 
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Figure 3.8: Protein sequence analysis for  Phospho-ser573 of RelB. (A) A table of 

evolutionary conservation of RelB protein sequence in selected mammals (Human, Mouse, 

Rat, Lion, Pig, Olive Baboon, Dog, Guinea pig and Goat), fly (Fruit fly), Fish (Zebrafish) 

and Bird (Chicken).  This table shows the protein sequence length and percentage identity 

of RelB in the different organism with reference to Human RelB protein sequence, and the 

positions of Ser573RelB of human in the different organisms. (B) Schematic illustration of 

Human RelB protein structure showing phosphorylation on ser573 residue (S573) on the 

amino acid sequence of the Transactivation domain (TAD). (C) protein sequences of the 

organisms listed in A were aligned using Jalview software.  The residues shown include the 

phospho-site Ñ5 residues. ó*ô denotes single, fully conserved residue, whereas ó:ô and ó:ô 

denote conservative and semi-conservative mutations respectively.  

A 

Organism Uniprot (RELB)  Sequence  

Length       Identity 

Phospho-site 

 Position 

Homo sapiens (Human) Q01201 579 100% S573 

Mus musculus (Mouse) Q04863 558 88% S552 

Rattus norvengicus (rat) D4A8H1 559 87% S553 

Drosophila melanogaster (Fruit fly) - - - - 

Danio rerio (Zebrafish) A0A8M9P750 590 57% - 

Panther leo (Lion) A0A8C8WRG3 581 93% S575 

Sus scrofa (Pig) A0A286ZS25 574 93% S568 

Papio Anubis (Baboon) A0A0A0MXI1 574 98% S568 

Canis lupus (Dog) A0A8C0S9K6 578      92% S572 

Gallus gallus (Chicken) P51509 549 58% - 

Cavia porcellus (Guinea pig) A0A286XEU0 544 86% S548 

Capra hircus (Goat) A0A452ED92 645 91% S639 
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3.8.1 KINASE PREDICTION FOR RELA AND RELB PHOSPHOSITES 

In other to understand the biology of cellular control by a specific phosphorylation 

event, it is important to identify the specific kinase(s) that targets the phospho-sites. Several in-

silico techniques have been designed to attempt to predict phosphorylation sites and kinase (s) 

that may be responsible for a particular phosphorylation event; some of these techniques depend 

on kinase inhibition profile [480], while some such as NetPhos and DIPHOS utilize substrate 

specificity [481]. Due to limitations of some of the available kinase prediction systems, we 

utilized three different kinase prediction systems; NetPhos3.1 

https://services.healthtech.dtu.dk/services/NetPhos-3.1/, PhosphoSitePlus v6 7.1.1  kinase 

prediction https://www.phosphosite.org/kinaseLibraryAction.action and Group based 

prediction system 5.0 (GPS 5.0) http://gps.biocuckoo.cn to predict kinases that target ser276, 

ser468 and ser536 of RelA and ser573 of RelB, which we have found to be hypoxia-inducible 

phosphorylation sites (Figure 3.6). Netphos 3.1 is a server that utilises neural networks to 

predicts phosphorylation on serine, threonine and tyrosine residues and also predict kinases 

targeting these residues in eukaryotes. Netphos3.1 makes predictions from 17 kinases, namely: 

ATM, CKI, CKII, CaM-II, DNAPK, EGFR, GSK3, INSR, PKA, PKB, PKC, PKG, RSK, SRC, 

cdc2, cdk5 and p38MAPK [482]. PhosphoSitePlus kinase prediction utilised synthetic peptide 

libraries to profile the substrate sequence specificity of 303 Ser/Thr kinases, comprising more 

than 84% of those predicted to be active in humans [483]. GPS 5.0 is an updated version of 

Group-based Prediction System constructed to predict phospho-sites for 44,795 protein kinases 

in 161 eukaryotes based on these protein classes: AGC, Atypical, CAMK, CK1, CMGC, PKL, 

RGC, STE, TKL and OTHERS which includes the IKK group. GPS 5.0 also supports the 

prediction of DUAL-specificity kinase-specific phospho-sites [484]. Although the latest 

webserver version of GPS is GPS 6.0 which can predict 44,046 Protein Kinases in 185 species, 

including 500 human protein kinases is available [485], GPS 5.0 gave a wider coverage, more 

experimentally confirmed kinases and higher level of agreement with the other prediction 

systems  utilised in this study than GPS 6.0 for the serine sites investigated.   

For each of the prediction systems, the predicted kinases were arranged according to 

their Scores/percentile rank and the first 10 kinases with the highest scores were chosen. This 

is because the higher the score, the more the potential the residue is phosphorylated. Results 

are presented in Tables 5.1. NetPhos, PhosphoSitePlus and GPS 5.0 predicted ser276 of RelA 

to be targeted by the AGC group of kinases; (PKA, PKG and PKC). Other predicted kinases 

include CaM kinases, MSK, RSK, GSK-3ɓ and others. Phosphorylation of RelA on ser276 has 

https://services.healthtech.dtu.dk/services/NetPhos-3.1/
https://www.phosphosite.org/kinaseLibraryAction.action
http://gps.biocuckoo.cn/
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been experimentally validated to be catalysed by the catalytic subunit of PKA [486] and by 

MSK1 [392] under LPS and TNF-a stimulation respectively. 

Predicted kinases for ser468 of RelA include the IKK group (ɓ and Ů), GSK3ɓ, casein 

kinases, MAPKs and others. Previous research has shown ser468RelA phosphorylation to be 

mediated by IKKŮ under Tcell costimulation [400]. GSK3ɓ phosphorylated RelA on ser468 in 

vitro, also inhibition of GSK3ɓ by LiCl prevented calyculin A (PP1/PP2A phosphatase 

inhibitor) ï induced RelA phosphorylation on ser468, which suggests the involvement of 

GSK3ɓ in ser468 RelA phosphorylation [401]. RelA phosphorylation on ser536 is the most 

studied and a long list of kinases has been ascribed to this site. Our prediction result showed 

IKKŬ, IKKɓ, IKKŮ, TBK1, GRKs, CKI, CKII and others as kinases that target this site Tables 

3.1. A list of some experimentally validated kinases that target RelA on ser536 is presented in 

Table 1.0. Similarly to RelA phosphorylation site prediction, possible protein kinases that 

target RelB on ser573 were also investigated using Netphos3.1, GPS5.0 and PhoshphoSitePlus 

Kinase library. The three prediction systems predicted different CDKs (CDK5, CDK6, CDK9 

and CDK19) as kinases that phosphorylate ser573 RelB, other kinases predicted include IKKŮ, 

GSK3ɓ, CKII and others. 
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TABLE 3.1: Kinase prediction for RelA and RelB phosphorylation sites using Netphos3.1 

PhosphoSitePlus kinase library and GPS 5.0. for each category, the first 10 kinase with the 

highest score made the list. NB: IKBKB and IKKB both refer to IKKbeta. 

Position Sequence GPS5.0 Phosphosite+ Netphos3.1 

RELA -Q04206 
276S LRRPSDREL PKCa RSK2 PKA 
276S LRRPSDREL GRK6 CAMK1A PKG 
276S LRRPSDREL SRPK1 RSK4 RSK 
276S LRRPSDREL CLK1 PIM2 CaM-II 
276S LRRPSDREL PRKAA2 DAPK1 GSK3 
276S LRRPSDREL PKG PKACA CKII 
276S LRRPSDREL ROCK1 SGK1 CKII 
276S LRRPSDREL DYRK1A CAMK1D ATM 
276S LRRPSDREL AURKA CAMK1G DNAPK 
276S LRRPSDREL PRKCZ PIM1 cdc2    

  
 

468S TDLASVDNS GSK CK1G1 CKII 
468S TDLASVDNS IKBKE CK1G3 PKC 
468S TDLASVDNS DYRK2 PLK2 CaM-II 
468S TDLASVDNS MAPK13 CK1A GSK3 
468S TDLASVDNS IKBKB GRK6 P38mapk 
468S TDLASVDNS PLK3 DSTYK cdc2 
468S TDLASVDNS IKK CAMK2G CKI 
468S TDLASVDNS GSK3B GRK3 ATM 
468S TDLASVDNS PIM3 IKKB DNAPK 
468S TDLASVDNS GCN2 DLK RSK      

536S EDFSSIADM CHUK IKKA cdc2 
536S EDFSSIADM TBK1 CK1G3 CKII 
536S EDFSSIADM BARK GRK1 CaM-II 
536S EDFSSIADM GRK2 IKKB GSK3 
536S EDFSSIADM IKBKE CK1G2 CKII 
536S EDFSSIADM PRKCZ GRK3 DNAPK 
536S EDFSSIADM IKBKB GRK6 ATM 
536S EDFSSIADM ROCK1 GRK4 P38mapk 
536S EDFSSIADM PRKCH IKKE RSK 
536S EDFSSIADM NKF2 GRK2 PKG      

RELB ς Q01201 
573S GGLLSPGPE CHUK P38D P38mapk 
573S GGLLSPGPE MAPK9 P38G GSK3 
573S GGLLSPGPE MAPK12 PRP4 CKII 
573S GGLLSPGPE CDK6 P38B cdk5 
573S GGLLSPGPE IKBKE JNK2 CaM-II 
573S GGLLSPGPE CMGC ERK1 cdc2 
573S GGLLSPGPE MAPK11 P38A CKII 
573S GGLLSPGPE MAPK13 CDK19 DNAPK 
573S GGLLSPGPE CDK9 JNK1 ATM 
573S GGLLSPGPE RPS6KB1 KIS RSK 
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3.9  Investigating kinases responsible for the hypoxia-induced NF-əB phosphorylation. 

Several kinases have been identified to phosphorylate NF-əB subunits at specific 

phosphorylation sites under a wide range of stimuli conditions and in a cell-dependent manner 

(see section 1.9.1). The IKK group of kinases are not only involved in NF-əB activation but 

have been implicated in stimuli-induced phosphorylation of all NF-əB protein members on 

specific residues (Table 1.0 ï 1.3). IKKŬ has been reported to phosphorylate ser536 of RelA, 

ser472 of RelB, ser525 and ser557 of c-Rel, ser108, ser123 and ser872 of NF-əB2. On the other 

hand, IKKɓ has been demonstrated to phosphorylate ser468 and 536 of RelA, ser 472 of RelB, 

ser557 of c-Rel and ser923, 927 and 932 of NF-əB1. IKKŮ has also been shown to 

phosphorylate RelA on ser468 and ser536 (Table 1.0 ï 1.3). Additionally, the phospho-

prediction results also identified IKKs as a possible kinase that targets NF-əB proteins for 

phosphorylation (Table 3.1). 

GSK3ɓ is another kinase that has been shown to phosphorylate most NF-əB proteins. 

GSK3ɓ phosphorylated RelA on ser468 constitutively [401] and under TNFŬ /IL1 stimulation 

[487]. GSK3ɓ phosphorylated RelB on ser573 (ser552 in mouse) in response to 

TPA/ionomycin treatment [416, 488]. GSK3ɓ phosphorylated serine 903 and 907 of NF-əB1 

constitutively and under TNFŬ stimulation [383], GSK3ɓ also targeted ser707 and 711 of NF-

əB2 for phosphorylation as a result of the interaction between NF-əB2 and Fbw7 [489].  

We therefore set to investigate the possible role of IKK and GSK3ɓ in hypoxia-induced 

NF-əB phosphorylation on ser536 RelA and ser573 RelB through inhibitory studies. MDA-

MB231 and MCF-7 cells were either treated with 3-Thiophenecarboxamide, 

2[(aminocarbonyl)amino]-5-(4-fluorophenyl) [TPCA-1] ï a direct dual inhibitor of both NF-

ʢB and STAT3 [490]. TPCA1 inhibits IKKɓ at a final concentration of 2 ɛM or 10 nM GSK3ɓ 

inhibitor (5521). Cell lysates of treated and control samples were analysed for the presence of 

the phosphorylation earlier observed in RelA and RelB under hypoxia stimulation (Figure 3.6).     
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3.9.1 Hypoxia-induced ser536RelA but not ser573RelB phosphorylation is IKK -

dependent 

Following the kinase prediction results (section 3.8.1) above which predicted CKII, 

GSK, CaMKII (Netphos 3.1), IKKŬ, IKKŮ and TBK1 as kinases that could target RelA on ser 

536, we attempted to investigate the specific kinase that phosphorylates ser536 RelA in hypoxia 

using inhibitors that target IKKɓ.  To investigate the possible involvement of IKKs, MDA-

MB231 and MCF7 cells were treated with TPCA-1 (3-Thiophenecarboxamide, 

2[(aminocarbonyl)amino]-5-(4-fluorophenyl)) at a final concentration of 2 ɛM for 30 minutes 

prior to TNFŬ or hypoxia treatment. TPCA-1 is an effective and selective inhibitor of IKKɓ 

with an IC50 of 17.9 nM, and more than a 22-fold selectivity over IKKŬ, thus it blocks NF-əB 

signalling and inhibits the production of pro-inflammatory cytokines in vitro and in vivo [490, 

491]. Thus MDA-MB 231 and MCF7 cells were either treated with DMSO or with TPCA-1 

and 10 ng/ɛl TNFŬ.  

In TPCA-1 treated cells, we unexpectedly observed increased IKKŬ/ɓ phosphorylation 

on ser170/180 of IKK independent of the total protein following 30 minutes of TNFŬ treatment 

(Figure 3.9A). Additionally, inhibition of IKK activity, revealed by blockage of IəBŬ 

phosphorylation and IəBŬ stabilization was also observed. These suggest TPCA-1 mechanism 

of inhibition does not affect kinases upstream of IKK and or, IKK serine residues 

phosphorylated may not be required for IəBŬ phosphorylation in this context. 

Similar to what we reported earlier with TNFŬ treated cells (Figure 3.2A), IəBŬ was 

degraded in MDA-MB 231 cells following 30 minutes of TNFŬ treatment (Figure 3.9A), 

Interestingly, IəBŬ levels were stabilized by TPCA-1 under TNFŬ stimulation (Figure 3.9A), 

which confirms the known fact that TNF-Ŭ induced IəBŬ degradation is IKK dependent.  

Following the successful inhibition of IKK activity by TPCA-1, MDA-MB231 and MCF-

7 cells were then exposed to 1% oxygen for 2 and 24 hours following 30 minutes of TPCA-1 

or DMSO treatment. Similarly, to the TNFŬ treated experiment, we observed increased 

stabilization of IəBŬ, and inhibition of IəBŬ phosphorylation on ser32/36 in both cells and in 

nomoxic and hypoxic TPCA-1 treated samples compared to the DMSO control samples 

(Figure 3.9B). Additionally, and most importantly, we observed that phosphorylation of RelA 

on ser536 was abolished in both cell lines independent of the total RelA levels (Figure 3.9B), 

which suggests that hypoxia-induced RelA phosphorylation on ser536 may be mediated by 

IKKɓ in both MDA-MB 231 and MCF7 cells. On the contrary, we observed ser573RelB 

phosphorylation in both treated and control samples (Figure 3.9B), which suggests this site 

may not be an IKKɓ site under hypoxic stimuli 
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FIGURE 3.9: Hypoxia-induced ser536RelA is IKK dependent: MDA-MB 231 and 

MCF7 cells were either left untreated (control) or treated with TPCA-1 for 30 minutes 

before TNFŬ (30 minutes) or hypoxia exposure for 2- and 24 hours as indicated. 

Whole-cell lysates were then analysed by western blotting with a specific phospho- 

and total protein antibodies as shown. TPCA-1 abolished IKKɓ activity and 

consequently phosphorylation of RelA on ser536 under TNFŬ and hypoxia 

stimulation. 

A 

B 



99 
 

3.9.2 Effect of GSK3ɓ on hypoxia-induced NF-əB. 

Glycogen synthase kinase 3 (GSK3ɓ) is a serine/threonine kinase initially identified to 

regulate glycogen metabolism through phosphorylation of glycogen synthase - a glycogen 

synthesizing enzyme [492] [493]. However, GSK3ɓ is now known to mediate phosphorylation 

of more than 100 proteins through in vitro kinase assays and GSK3ɓ inhibition [494], giving 

GSK3ɓ roles in many cellular processes. All NF-əB proteins except for c-Rel have been 

reported to be GSK3ɓ phosphorylation targets (see Table 1.0, Table 1.1 and Table 1.3). In 

vitro phosphorylation of a GST-p65-(354-551) by recombinant-GSK3ɓ and an endogenous 

phosphorylation highlighted by calyculin A treatment (a phosphatase inhibitor) which was 

inhibited by LiCl ï a GSK3ɓ inhibitor have also been documented [401]. GSK3ɓ has also been 

shown to target ser536 of RelA both in vivo and in vitro [380] [381]. Additionally, GSK3ɓ 

forms a complex with RelB in resting cells, and treating GSK3ɓ with pharmacological 

inhibitors or with siRNA has been shown to prevent signal-induced RelB proteolysis [416, 

488]. Interestingly, in mice, ser552 (ser573 in humans) of RelB has been identified as a site 

targeted by GSK3ɓ [416]. 

Following the above and the kinase prediction result which also showed ser276, 468 

and 536 of RelA and ser573 RelB as possible GSK3ɓ targets (Table 3.1), GSK3ɓ inhibition 

was carried out to investigate its possible role in RelA and RelB phosphorylation under hypoxic 

conditions. BI-5521, a non-covalent, ATP-competitive pharmacological inhibitor which 

inhibits GSK3ɓ activity at an IC50 of 1.1 nM, and its analogue - BI-4481 which serves as a 

negative control with an IC50 of greater than 10,000 nM against GSK3ɓ [495], 

https://www.opnme.com/molecules/gsk-3-bi-5521, were used. After optimization (result not 

shown), MDA-MB 231 and MCF7 cells were treated with either BI-4481 (control) or BI-5521 

(treatment) at a final concentration of 10 nM for 30 minutes before hypoxic treatment.  

We observed BI-5521 has no effect on GSK3ɓ total protein but prevented ɓ-Catenin 

phosphorylation by GSK3ɓ in both normoxic and hypoxic samples and both cell lines when 

compared to BI-4481 treated cells (Figure 3.10). We also observed increased ɓ-Catenin levels 

following GSK3ɓ inhibition in both normoxic and hypoxia, which suggests inhibition of 

GSK3ɓ by BI-5521 also prevented ɓ-Catenin degradation as observed in LiCl treated cells 

[496]. However, the detection of ser536 RelA and ser573 RelB in the absence of GSK3ɓ in 

both adequate and low oxygen conditions was observed (Figure 3.10). Thus, this excludes a 

role for GSK3ɓ in hypoxia-induced RelA and RelB phosphorylation at these sites in MDA-MB 

231 and MCF7 cell lines. Interestingly, inhibition of GSK3ɓ by BI-5521 appears to stabilize 

RelB both in normoxia and hypoxia (Figure 3.10). 

https://www.opnme.com/molecules/gsk-3-bi-5521


100 
 

 

 

 

 

 

 

 

 

 

FIGURE 3.10: Hypoxia-induced-NF-əB subunits phosphorylation in breast cell 

lines is not GSK3ɓ dependent: MDA-MB 231 and MCF7 cells were treated with 

GSK3ɓ inhibitor 5521 or the control 4481 for 30 minutes prior to 1% O2 treatment for 

the indicated times. 40 Õg each of whole cell lysates were then analysed by western 

blotting with specific phospho- and total antibodies. HIF-1Ŭ and Actin serve as hypoxia 

and loading control respectively 
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3.10 Functional analysis of ser573RelB phosphorylation  

Earlier in this study, we identified phosphorylation on ser573 of RelB following 2 and 

4 hours of hypoxia exposure (Figure 3.6). We also showed that this site has a 43% conservation 

score among the 12 organisms considered (Figure 3.8A). As an initial step to elucidate the 

significance of this phosphorylation site, ser573 residue was mutated into alanine (RelB 

S573A) and glutamate (RelB S573E) to generate phospho-null and phospho-mimetic 

phenotypes respectively (Table 3.2). We then assessed the effect of this single mutation RelB 

transcription activity, and subcellular localization. Due to relative difficulty in transfecting 

MDA-MB 231 cell lines [497], before this study, we examined transfection efficiencies of 

MDA-MB 231 and MCF-7 using three different transfection reagents; genejuice, turbofect and 

Lipofectamine. These cell lines were transiently transfected with GFP plasmid using the gene 

juice and turbofect transfection reagents following the manufacturerôs instructions. Both 

transfection reagents produced high GFP plasmid transfection efficiency in MCF7 cells, but 

low efficiency was observed in MDA-MB 231 cell lines (Figure 3.11 A and B). Lipofectamine 

was further used to transfect GFP into MDA-MB231 cells and the transfection efficiency was 

also very low (Figure 3.11 C). Due to the low transfection efficiency observed with MDA-MB 

231 cells, these cells were not used for transfection. 

Following site-directed mutagenesis and maxi preparation, RelB wildtype, 

phosphoserine 573 mutants A and phosphoserine 573 mutant E were validated through agarose 

gel electrophoresis (Figure 3.11 D) 

 

Table 3.2: RelB Serine573 mutation information  

 Mutant  Description  Abbreviation  

1 - RelB wildtype RelB WT 

2 Phospho-deficient  RelB serine 573 loss of function. RelB S573A 

3 Phospho-mimetic RelB serine 573 mimic of function RelB S573E 
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C C 

B 

FIGURE 3.11: Cell transfection optimisation and RelB ser573 plasmid 

validation: MDA-MB 231 and MCF7 cells were transfected with GFP plasmid 

using Turbofect, Genejuice and Lipofectamine. MCF7 cells gave a better 

transfection efficiency than MDA-MB 231 as shown by the western blot analysis (A 

, B). Following site directed mutagenesis and maxi prep, RelB wildtype and serine 

573 mutants A and E were validated through agarose gel electrophoresis (C). 
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3.10.1 RelB Ser573 mediates differential patterns of gene expression. 

To further determine if RelB ser573 phosphorylation is required for activation of a 

subset of validated hypoxia-induced RelB target genes, MCF-7 and HEK293 cells were 

transiently transfected with 1 µg each of RelB wildtype and mutants in normoxic condition and 

analysed for RelB targets; cyclin D1 and BCL2, through immunoblotting and luciferase activity 

assay. Following RelB wildtype and mutant overexpression in MCF7 and HEK293 cell lines, 

whole cell lysates were probed for cyclin D1 and BCL2 and blots were quantified using image 

j.  

In MCF7 cells, both proteins were significantly reduced in the mutants compared to the 

wild type, with the phospho-mimetic (S573E) having the least gene expression (Figure 3.12 A 

and B). Cyclin D1 was not detectable in HEK293, however, BCL2 showed a slight increase 

with S573A while we observed a decreased expression with the S573E mutant (Figure 3.12 C 

and D). Furthermore, HEK293 cells transfected with RelB plasmids (wildtype and mutant) 

were co-transfected with BCL2 and Cyclin D1 promoter luciferase plasmids. Following lysis 

with passive lysis buffer (PLB), RelB transcription activity on Cyclin D1 and BCL2 promoters 

was measured in a luciferase assay luminometer. RelB ser573 mutation did not have any 

significant effect on BCL2 transcription, however, affected Cyclin D1 transcription as it 

showed a significant 6% and 19% decrease with S573A and S573E respectively compared to 

the wildtype (Figure 3.12 A and B). 

In summary, phosphorylation of Ser573 of RelB alters the transcription of RelB targets 

in a gene and cell-type-specific manner. The differential expression of genes observed could 

also result from interplay with other signalling pathways affected by RelB mutation. 
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 A 

B 

C 

D E Luciferase Assay F 

FIGURE 3.12: Ser573 phosphorylation is required for RelB transcription activity. MCF7 

and HEK293 cells were transfected with RelB wildtype (RelB WT), ser573 phospho-null 

(S573A) and phospho-mimetic (S573E) mutant in normoxic conditions. Analysis of western 

blot result (A, B, C, and D), and luciferase assay result (E and F) of the cell lysates showed a 

significant decrease in RelB transcription activity on its targets - BCL2 and Cyclin D1 

following S573 mutation. 
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3.11 Discussion 

Transient (acute) and chronic (prolonged) hypoxia both occur in tumour environments and 

both have been associated with HIF and NF-əB activation and changes in gene expression 

[498]. In this chapter, we investigated the effect of short and prolonged hypoxic stimulation on 

NF-əB pathway activation, NF-əB subunits phosphorylation and NF-əB target genes. 

In most cells, NF-əB is present at low levels in the nucleus, whereas high 

constitutive/aberrant NF-əB levels have been reported in several cell lines and tissues playing 

both physiological and pathological functions [473]. Previous studies have shown a correlation 

between decreased NF-əB levels and increased apoptosis or growth arrest in cells with high 

constitutive NF-əB levels such as lymphocytes [499], mammary tumours [500], non-

transformed mouse hepatocytes [501], adenocarcinomas [473]. This suggests high constitutive 

NF-əB levels is required for cellular survival and growth control in these cells [473]. 

This aspect of the study revealed a constitutive expression of NF-əB proteins, with 

higher expression levels in breast cancer cell lines (MDA-MB231 and MCF7) compared to the 

untransformed breast cell line (MCF10A). This is not unexpected as earlier studies have shown 

constitutive expressions of NF-əB proteins in cancer cell lines [347, 502, 503] and very low 

expressions of NF-əB proteins in nuclear extracts of untransformed breast epithelial cell lines 

[500]. We reported an unexpectedly high level of c-Rel and IəBŬ in MCF7 cell lines, which 

might be due to the ER+ status of MCF7 cells. ER has been shown to inhibit NF-əB via several 

mechanisms which include; inhibition of IKK activity, inhibition of IəBŬ degradation and 

blockage of NF-əB DNA binding [504]. ERŬ suppressed NF-əB activity in an oestrogen -

dependent manner when exposed to nanomolar concentrations of oestrogen  across different 

cell lines [505-507] including MCF7 [508]. Several studies have also documented that ERɓ 

exerts an inhibitory influence on NF-əB activity [506, 507]. Another study reported that 

oestrogen enhanced IəBŬ mRNA and protein levels in TNFŬ-treated quiescent RASMCs cells 

through IəBŬ synthesis [509]. In that study, oestrogen did not inhibit IəBŬ phosphorylation-

induced degradation but total levels of IəBŬ were higher in oestrogen -TNFŬ-treated cells 

compared with TNFŬ only treated cells [509]. They concluded that oestrogen reduces NF-əB 

activity by increasing the expression of IəBŬ mRNA and protein. Therefore, high levels of 

IəBŬ observed in MCF7 cells could result from accumulation of IəBŬ caused by oestrogen. 

Unlike the non-tumorigenic cell line, MDA-MB231 and MCF7 cells have high constitutive 

expression of RelB and c-Rel, with significant levels of RelA, NF-əB1 and NF-əB2 at both 
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mRNA and protein levels (Figure 3.1A, B). The roles of RelB in cell proliferation, cell survival 

and inhibition of apoptosis through upregulation of anti-apoptotic genes such as IAPs and Bcl2 

[503, 510] and down-regulation of pro-apoptotic genes such as Bim and BMF [511] have been 

well documented. A study in 2019 reported high expression of RelB in tissues of patients with 

triple-negative breast cancer (TNBC) and involvement of RelB in cell migration and invasion 

through upregulation of MMP1. Deletion of RelB in these cells resulted in inhibition of G1 to 

S transition and upregulation of p21 and p27 [503]. Similarly, Studies with animal models have 

associated c-Rel with malignant progression in solid tumours, more specifically in breast cancer 

[154]. c-Rel was also found to be up-regulated in 35 primary inflammatory breast cancers [169]. 

NF-əB2 also has a role in cell proliferation and cellular invasion. Overexpression of NF-əB2 

resulted in upregulation of Cyclin D1, cyclo-oxygenase-2 (COX-2), matrix metalloproteinase-

2 (MMP-2) and matrix metalloproteinase-9 (MMP-9) in the mammary gland of a transgenic 

mouse model [512]. All these put together partly explain the malignant phenotypic features 

observed in breast cancer cell lines, most especially the TNBC-like MDA-MB231 cell line. 

Also, these findings highlight the heterogeneity in NF-əB pathway activation among breast 

cancer cell lines and underscore the potential significance of NF-əB signalling in breast cancer 

progression and pathogenesis.  

Furthermore, we observed NF-əB activation in breast cell lines under hypoxic 

stimulation via the signalosome complex (IKKŬ, IKKɓ and IKKɔ). The IKK complex mediates 

both canonical (IKKŬ, IKKɓ and IKKɔ) and non-canonical (IKKŬ/ IKKŬ) NF-əB signalling 

[513]and their critical roles in mammary epithelium proliferation and aberrant activities in 

breast cancer have been well documented [514]. Earlier studies showed high levels of IKKŬ 

and IKKɓ activities in primary breast tissues from patients, and human and mouse breast cancer 

cell lines, inhibition of which resulted in decreased NF-əB activity [463, 515]. Several IKK-

targeted blockers have been used to inhibit NF-əB signalling in breast cancer cells, some of 

which resulted in inhibition of breast tumorigenesis [513, 516]. In the current study, hypoxia-

induced IKK complex resulted in phosphorylation of IəBŬ on serine 32 and serine 36 with IəBŬ 

stabilization as opposed to IəBŬ degradation observed under cytokine stimulation (Figure 

3.2A). This step is an irreversible and the primary regulatory step that controls NF-əB 

signalling [468, 517]. Free IəBŬ is highly unstable, and its rapid degradation is controlled by 

its PEST domain. However, in unstimulated cells, binding of NF-əB to IəBŬ masks its PEST 

domain and prevents its degradation [518]. Upon stimulation, IəBŬ is phosphorylated, 

ubiquitinated and degraded via the proteasomes, leading to NF-əB pathway activation [468, 



107 
 

519]. However, similar to previous work [295], we observed IəBŬ stabilization under hypoxic 

stimulation in breast cell lines (Figure 3.2A). Inducible IKK-mediated phosphorylation of IəBŬ 

on ser32/36 appears to be a main target for IəBŬ ubiquitination and degradation [468]. 

Phosphorylation of IəBŬ on Tyr42 have been documented to also result in IəBŬ ubiquitination 

and degradation under pervanadate stimulation [520] whereas IəBŬ stabilization was observed 

under H2O2 -induced phosphorylation on Tyr42 [521]. IəBŬ stabilization observed in hypoxia 

has been ascribed to SUMOylation activity, addition of SUMO (small ubiquitin-like Modifiers) 

proteins to specific lysine residues on target proteins [522]. SUMOylation is 

hypoxia/reoxygenation-inducible [523] and SUMO1 has been reported to competitively targets 

Lys21 of IəBŬ, which is also the site for IəBŬ ubiquitination, thus preventing IəBŬ degradation 

[524]. Studies have shown differential regulation of NF-əB signalling as a result of SUMO1 or 

SUMO2/3 conjugation to IəBŬ [525, 526]. For example, overexpression of SUMO1 prevented 

IəBŬ degradation under TNF-Ŭ and IL-1 stimulation in fibroblast cell lines but inhibited NF-

əB activation [525]. 

We observed a rapid and robust response of NF-əB subunits to hypoxia stimulation as 

shown by an increase in RelA and RelB levels as early as 5 minutes of 1% O2 exposure (Figure 

3.3A). This rapid response may be because NF-əB proteins are preformed and located in the 

cytoplasm, bound to inhibitor proteins and so do not go through the process of protein synthesis 

[527]. We observed changes in the mRNA and protein expression levels of RelA, RelB, c-Rel, 

NF-əB1 and NF-əB2 in response to hypoxia at longer time courses (Figure 3.3 B, C). This is 

not unexpected, as breast cancer is an inflammatory disease and NF-əB activity- being pro-

inflammatory, is constantly observed in breast cancer [362]. With the available evidence, there 

is a strong correlation between the NF-əB dimer composition, level of NF-əB 

expression/activity and the level of invasiveness, malignancy, breast tumour size and hormone 

sensitivity of breast cell lines [361, 463]. Downregulation of the NF-əB subunits at longer 

hypoxia exposure times could be attributed feedback inhibition. For example, the inhibitor 

protein-IəBŬ is an NF-əB pathway target, which translocates to the nucleus following its de 

novo synthesis, removing DNA-bound RelA, thus causing a rapid repression of NF-əB 

transcriptional activity [183]. In addition, early experiments with IəBŬ showed that it was very 

efficient in competing with DNA for binding NF-əB [528]. It is also important to note that 

except RelA, all NF-əB proteins are targets of the NF-əB pathway.  

Additionally, we demonstrated that hypoxia modulates NF-əB activity in a temporal 

manner. As expected, HIF1Ŭ, a positive control for hypoxia was upregulated following 5 
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minutes hypoxia stimulation and peaked at 4 hours. Prolonged hypoxia resulted in 

downregulation of HIF1Ŭ. Uchida and colleagues studied the effect of prolonged hypoxia on 

HIF1Ŭ and HIF2Ŭ expression in A549 cells [529]. They found that HIF-1Ŭ protein and mRNA 

levels diminished after 6 h and fell to base-line levels at 12 h of hypoxia, whereas induction of 

HIF2Ŭ remain the same between 4 and 12 hours at protein level but HIF2Ŭ mRNA increased at 

these times points.  They further suggested that the reduction in HIF-1Ŭ mRNA levels observed 

during prolong hypoxic conditions primarily stems from diminished HIF-1Ŭ mRNA stability, 

while the elevation in HIF-2Ŭ mRNA levels under prolonged hypoxia results from 

transcriptional activation rather than alterations in mRNA stability.  

Additionally, hypoxia-induced NF-əB transcriptionally altered the expressions of A20, 

c-IAP1, NFIL3, ABIN 1(TNIP1), IəBŬ, BHLHE40 and Cyclin D1 (Figure 3.4A). These were 

all found to be upregulated in hypoxia at 2 and 4 hours. So far, hundreds of NF-əB targets have 

been identified which are mainly involved in inflammatory response (TNF-Ŭ, IL-1), NF-əB 

pathway regulation (Cyld, A20, ABIN1, IəBŬ), apoptosis (TRAFs, IAPs), and cell cycle 

(Cyclin D1, Myc) [120]. Some of these targets such as A20, ABIN1 and IəBŬ control the NF-

əB pathway through negative feedback mechanisms ï this is often the reason for the observed 

oscillations in NF-əB signalling dynamics. We have shown for the first time that BHLHE40 

and NFIL3 are regulated by hypoxia-induced NF-əB signalling. BHLHE40 (basic helix-loop-

helix family member E40) is a transcription factor that is rapidly emerging as a master regulator 

of immunity and inflammatory conditions [530]. BHLHE40, which was recently added to the 

NF-əB target gene list and has been said to be RelA dependent [531], was also found to be a 

downstream target of hypoxia and endoplasmic reticulum stress [532]. In T-lymphocytes and 

Jurkat cells, overexpression of BHLHE40 attenuated the expression of anti-inflammatory 

factors, including MiR-146a ï a microRNA that negatively regulates NF-əB transcription 

through inhibition of p65 phosphorylation [533]. NFIL3- nuclear factor interleukin regulated 3 

is another transcription factor that regulates immune functions and is mainly found in immune 

cells [534]. A study in 2022 observed a high expression of NFIL3 in TNBC compared to normal 

breast tissues and other breast cancer types. Overexpression of NFIL3 resulted in suppression 

of IəBŬ, activation of NF-əB signalling and increased cancer progression in TNBC. NFIL3 

binds directly to the promoter of IəBŬ and suppresses its transcription and protein expression 

[535]. A number of NF-əB targets genes identified in breast cell lines have important roles in 

immune systems and inflammatory responses, thus, these all reinforce NF-əB signalling 

mediated ï cancer-associated inflammation. In summary, this aspect of the study has shown 

that hypoxia-induced NF-əB is CAMKII and TAK1 dependent, as TAK1 and IKK activities 
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were abolished following CAMKII and TAK1 silencing respectively (Figure 3.5 A, B). In 

chronic hypoxia, voltage-gated calcium ion channels are opened resulting in influx of Ca2+ into 

the cytoplasm, activation of CaMK2, polyubiquitination of IKKɔ on lysine 63 and consequent 

activation of the IKK/NF-əB signalling [295, 479]. Activated CAMKII also induces SUMO2/3 

conjugation to lysine 21 of IəBŬ, stabilising IəBŬ and releasing NF-əB dimers [295].  

Furthermore, we investigated the phosphorylation of NF-əB subunits in hypoxia. 

Protein phosphorylation involves the reversible addition of a phosphate group from ATP to an 

amino acid residue of a protein mediated by protein kinases and phosphatases [536]. 

Phosphorylation, which is the most studied and one of the most essential posttranslational 

modification [537], may alter protein function, localization and stability of a protein [538]. 

Phosphorylation of NF-əB proteins is an important posttranslational modification which plays 

a critical role in NF-əB activation and target gene regulation. Under specific stimulatory 

conditions, phosphorylation of RelA, RelB, NF-əB1 and NF-əB2 have been reported on 

various serine/threonine and tyrosine residues, with RelA being the most studies and modified 

subunit [158, 247]. Previous researches have shown that phosphorylation of RelA facilitates its 

nuclear translocation [271, 539], is required for activation of a subset of NF-əB dependent 

genes [397, 540, 541], determines whether RelA associates with the co-activator - CBP/p300 

or the co-repressor - HDAC-1 [376] and also facilitates its binding to specific promoter [542, 

543], depending on stimulation condition, cell type, kinase involved and amino acid residue 

targeted. Although not as much is known about the functional significance of RelB 

phosphorylation, signal-induced RelB phosphorylation has been shown to alter RelB stability 

[415], regulate RelB promoter specificity [418] and to be required for RelB dimerization [417]. 

Additionally, NF-əB phosphorylation has been reported to both positively and negatively 

regulate NF-əB biological functions such as cell migration [418], cell proliferation and cell 

survival [419]. Most of the identified NF-əB targets play important roles in enhanced 

angiogenesis, cell proliferation and anti-apoptosis which are hallmarks of cancer [355]. Thus, 

a good understanding of NF-əB phosphorylation alongside the stimulants and kinases involved, 

is required to effectively control NF-əB activities and its contributions to various cancer 

phenotypes.  

Despite the vast number of researches on signal dependent NF-əB phosphorylation, not 

much is known regarding NF-əB phosphorylation in hypoxia. We reported hypoxia-induced 

phosphorylation of RelA on ser276, 468 and 536, and on ser573 of RelB in cancer cells MDA-

MB 231 and potentially also in MCF7 and non-transformed (MCF10A) breast cell lines 

independent of the total NF-əB proteins (Figure 3.6 A , B). Among the three cells considered, 
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MDA-MB 231 cells had a more robust NF-əB phosphorylation (Figure 3.6A). Interestingly, 

RelA phosphorylation on ser536 was found to oscillate with hypoxia time course independent 

of the total RelA level. This can be attributed to a number of reasons. Firstly, oscillations in 

RelA expression which dictates the dynamics of target gene expression have been widely 

reported under different stimulation [544-546]. This oscillations have been attributed to 

negative feedback loops caused by targets of the pathways [544]. Additionally, it could be as a 

result of changes in kinase/phosphatase balance as hypoxia time changes, since in addition to 

kinases, a number of phosphatases have been linked to NF-əB signalling [547, 548] and the 

activities of these phosphatases have been shown to be modulated by hypoxia [549, 550]. Our 

findings are in tandem with a recent work by Hwang and colleagues, who showed hypoxia 

induced phosphorylation of NF-əB on ser536, which they also demonstrated is required for 

NF-əB nuclear translocation in ARPE-19 cells [551]. Protein sequence analysis using NCBI 

BLAST website and Jalview revealed a high-level conservation of these phospho-sites in a 

wide range of organisms including mammals, fish, fly and bird (Figure 3.7, 3.8). Interestingly 

we discovered Papio annubis (Olive baboon) has the highest percentage NF-əB sequence 

similarity with homo sapiens (Humans), with 99% and 98% sequence homology of RelA and 

RelB respectively (Figure 3.7 and 3.8). Baboons and Humans share numerous anatomic, 

physiologic, and genetic resemblances which allows translation of findings in baboons to 

humans [552, 553]. This evolutionary conservation among several species of organisms 

explains the diverse cellular function that have been documented for these phospho-sites both 

in physiological and pathological conditions [554]. 

To further understand the mechanism of NF-əB phosphorylation in hypoxia, following 

the results of kinase predictions from Netphos3.1 PhosphoSite-Plus kinase library and GPS 5.0 

(Table 3.1), we investigated the kinases that target RelA and RelB in hypoxia through kinase 

inhibitory studies. Given that IKKŬ and IKKɓ play crucial roles in non-canonical and canonical 

NF-əB signalling, respectively, various inhibitors targeting these kinases have been created. 

The majority are designed to specifically target IKKɓ, although some also exhibit a certain 

level of affinity for IKKŬ. These compounds operate by either competing for the ATP-binding 

site, as ATP is essential for IKKɓ activation, or by allosterically reducing IKK activity [362, 

555]. TPCA-1 competes for the IKKɓ-ATP binding site and selectively inhibits IKKɓ with 

IC50 of 18 nM [491]. Ser536 of RelA but not ser573 of RelB appears to be an IKKɓ target site 

(Figure 3.9), as phosphorylation of the site was inhibited under TPCA1 treatment. As expected, 

TPCA1 induced inhibition of IKKɓ activity i.e prevented IəBŬ phosphorylation and subsequent 
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ubiquitination and degradation, resulting in IəBŬ accumulation under both TNF and hypoxic 

stimuli (Figure 3.9 A and B), thereby blocking NF-əB activation and phosphorylation. In this 

scenario, the phosphorylation of IəBŬ by IKKɓ would set the stage for subsequent ser536 

phosphorylation of RelA by a distinct kinase. This model aligns with experimental observations 

indicating that disruption of IKKɓ activity would impede RelA phosphorylation [556]. 

Similarly, inhibition of TNF-Ŭ induced IəBŬ degradation and consequent NF-əB pathway 

inhibition was observed in hTCEpi cells following TPCA-1 treatment [557]. 

Similarly, we inhibited GSK3ɓ with BI-5521 - a non-covalent, ATP-competitive 

pharmacological GSK3ɓ inhibitor [495]. However, the detection of ser536 RelA and ser573 

RelB revealed no significant changes in the presence of BI-5521 compared with cells treated 

with BI-4481 (control) (Figure 3.10). Thus, this excludes a role for GSK3ɓ in hypoxia-induced 

RelA and RelB phosphorylation at these sites in MDA-MB231 and MCF7 cell lines. However, 

inhibition of GSK3ɓ by BI-5521 appears to stabilize RelB both in normoxia and hypoxia 

(Figure 3.10). 

GSK3ɓ and NF-əB interconnect in several ways and this relationship involves the regulation 

of key players in NF-əB pathway. The specific nature of GSK3ɓ and NF- əB interaction can 

have varied outcomes which are dependent on specific molecular and cellular contexts. In 

canonical NF-əB signalling, GSK3ɓ has been reported to phosphorylate NEMO (IKKY) on ser 

8, 17, 31 and 43 under TNF-Ŭ stimulation [558] to promote IKK complex activation and IəBŬ 

degradation, similarly, inhibition of GSK3ɓ have been shown to prevent NF- əB activation and 

inflammation in diabetic mice [559]. Buss et al showed GSK3ɓ mediated phosphorylation of 

RelA on ser468 which resulted in RelA degradation [401]. Interestingly, GSK3ɓ exhibits a dual 

impact on p105: it promotes the stabilization of p105 in unstimulated cells but facilitates the 

priming of p105 for degradation upon cell stimulation TNF-Ŭ [383]. However, in non-canonical 

NF-əB signalling, GSK3ɓ does not only interact with RelB but also mediates its 

phosphorylation on ser573 (ser552 of mouse) resulting in RelBôs degradation in activated T 

cell [416, 488]. Also, GSK3ɓ phosphorylates NFəB2 on ser707 and ser711 resulting in p100 

ubiquitination and consequent degradation by FBXW7 [443]. In summary, an overexpression 

of GSK3ɓ resulted in increased RelB degradation, and decreased NFəB2/RelB activity but an 

increase in NFəB1/RelA activity. 

To better understand the role of phosphorylation in modulating RelB transcriptional 

activity and subcellular localization, we generated phosphor-null and phosphor-mimetic 
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mutations of ser573 of RelB through site-directed mutagenesis. In MCF7 cells, cyclinD1 and 

BCL2 expressions were significantly reduced (p<0.001) in mutant cells compared to RelB 

wildtype (Figure 3.12 A, B). Luciferase assay also revealed a significantly lower CyclinD1 

gene transcription in the mutants compared to the wild type in HEK293 cells (Figure 3.12E). 

Although the mechanism of hypoxia-induced NF-əB signalling is still being 

investigated, in this section we have shown that hypoxia activates NF-əB signalling in breast 

cell lines via the CAMKII/TAK1/IKK axis and modulates NF-əB subunit expression in a time-

dependent manner. Additionally, we found out that hypoxia-induced NF-əB is transcriptionally 

active, as the expression of some NF-əB targets were altered in a temporal manner. We also 

reported hypoxia-induced phosphorylation of RelA mediated by specific kinases such as IKKɓ. 

We also showed that hypoxia-induced RelB phosphorylation is not GSK3ɓ dependent but may 

regulate NF-əB protein transcriptional activity in a context-dependent manner. Consequently, 

this information may be helpful to combat breast cancer progression and treatment. The 

IKK/NF-əB pathway is not only involved in breast carcinogenesis but has also been linked to 

resistance to chemotherapy [560] and radiotherapy [362] in breast cancer. Consequently, the 

IKK/NF-kB signalling pathway has attracted much attention as a target for cancer drug 

development [514, 516]. Several natural compounds and synthetic drugs that target the 

IKK/NF-əB proteins, most especially IKKŬ and IKKɓ have been reported to prevent tumour 

progression and improve the efficacy of chemo- and radiotherapy [516, 561-563]. Further 

investigation is needed to elucidate more the mechanism and kinetics by which hypoxia-NF-

əB phosphorylation regulates their stability, transcriptional activities and nuclear import in 

hypoxia. 

.  
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4.0 CHAPTER FOUR 

4.1 INTRODUCTION  

RNA-sequencing (RNA-seq) is a high-throughput process that involves extraction of 

RNA from the tissue or cell of interest following a specific treatment or condition, construction 

of cDNA libraries followed by sequencing of these libraries using a next-generation sequencing 

instrument. The introduction of cost-effective methods of reading millions of base pairs in a 

single run has been made possible through the development of high-throughput sequencing 

technology [564]. Also, the availability and free accessibility of published transcriptome data, 

which are archived in the Gene Expression Omnibus (GEO) and the ArrayExpress (AE) 

databases, have made data-driven research possible and uncomplicated [565]. This technology 

and databases allow for the elucidation of the expression profiles of cells that have been treated 

with specific conditions, using quantitative reads or counts of sequences that correspond to 

genes of interest. Through RNA-seq, researchers can detect already known and even novel 

genes in a single assay and also identify features of these genes such as variants, isoforms, gene 

fusions and others without prior knowledge [566, 567]. 

An integral part of obtaining meaningful information from RNA-seq data is performing 

Gene ontology analysis. This is an essential tool to study functional interactions in the genome 

but also can give important information on key processes in different diseases. Unlike 

microarrays, RNA-seq does not require probe-specific hybridization but allows unbiased 

detection of new transcripts including transcripts with low abundance [568]. RNA-seq analysis 

helps to understand the global changes of cellular transcripts under different conditions, 

identifies new regulatory units and how the various pathways involved coordinate gene 

expression to resolve stressful conditions such as hypoxia.     

A comprehensive list of all reported NF-əB target genes has been established by the 

group of Thomas Gilmore in Boston University (https://www.bu.edu/nf-kB/gene-

resources/target-genes/). This list does not discriminate between cell types or stimuli used, so 

to the best of our knowledge, no study has investigated the NF-əB targets induced under 

hypoxic conditions shared across different cell lines. Given the interest of this thesis in hypoxia-

induced NF-əB signalling in breast cancer, we performed RNA sequence analysis following 

depletion of RelB in breast cancer cell lines in normoxic and hypoxic conditions. We also 

compared our dataset with a similar publicly available RNA-seq datasets to study the gene 

expression profiling of human breast cancer cell lines. 

 

https://www.bu.edu/nf-kb/gene-resources/target-genes/
https://www.bu.edu/nf-kb/gene-resources/target-genes/
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4.2 RNA Sequencing ï Screen for hypoxia-responsive genes in human breast cell lines 

To characterise hypoxia signature genes in breast cancer cells, an unbiased 

transcriptome approach was used. MDA-MB231 and MCF7 cell lines were transfected with 

either RelB siRNA or non-targeting control, followed by 24-hour hypoxia or normoxia 

treatment (Table 4.1A). The experiment was set up as shown in Figure 4.1. RNA was extracted 

from three independent replicates using a Qiagen RNA extraction kit and they were sent to 

Biomarker Technologies (BMK) Germany for sequencing. For quality control, additional plates 

were kept for protein expression analysis through immunoblotting. Concurrently, relevant 

publicly available RNA-seq data were downloaded from the National Centre for Biotechnology 

Information (NCBI) Sequence Read Archive (SRA) using the SRA toolkit 

(https://www.ncbi.nlm.nih.gov/sra ). These breast cell lines were either kept in normoxic 

condition or exposed to 0.5% oxygen for 24 hours (Table 4.1B). For the two datasets 

(experimental and downloaded), reads were aligned to the human genome version hg38 

(GRCh38, Ensemble) using Spliced Transcripts Alignment to a Reference (STAR) tool. Read 

counts for each transcript were generated using the feature Counts function of Subread [569]. 

Differential expression analysis was performed using R Bioconductor package DESeq2 [461] 

with filtering for effect size (log2 fold change > 0.58) and statistical significance (FDR < 0.05). 

A log2 fold change > 0.58 was chosen to set a minimum value for the effect size whilst avoiding 

discarding potentially biologically relevant data points that result from applying a higher cut-

off. The RNA Seq workflow is summarised in Figure 4.1. Raw data import up to transcriptome 

mapping was carried out by Dr Michael Batie in the SR lab. 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/sra
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Table 4.1: Summary of treatment conditions and RNA-sequencing dataset information for (A) 

experimental dataset and (B) downloaded dataset in cell lines. 

(A). 

 Treatment I Treatment II  

MDA-MB231 siRNA (RelB) OR Non-

targeting control 

Hypoxia (24 hours, 1%O2) OR 

Normoxia MCF7 

 

(B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cell line Tissue  Type  NCBI GEO ID  Conditions  

MCF10A Breast non-malignant Epithelial GSE104193 Normoxia 

(21% O2) 

or 

24 hours Hypoxia 

(0.5% O2) 

MCF7 Breast adenocarcinoma Epithelial  GSE71401 

MDA -MB231 Breast adenocarcinoma Epithelial  GSE104193 

U87 Brain - Glioblastoma  GSE77307  

Normoxia  

(21% O2) 

 

Or 

 

24 hours Hypoxia 

(1% O2) 

A549 Lung adenocarcinoma Epithelial GSE145108 

AsPC-1 Pancreatic 

adenocarcinoma 

Epithelial GSE139673 

iPSC-CMs Induced pluripotent 

stem cells 

Stem cell GSE108676 

HEB Blood  GSE77307 

HCT116 Colorectal carcinoma Epithelial GSE68297 

H460 Lung  GSE145108 
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Figure 4.1. RNA-Sequencing workflow. A summary of the RNA-sequencing and 

bioinformatic analysis steps including the experimental set up. Software packages used 

at each stage are shown in green. Sequencing was carried out by biomarker Technologies 

(BMK) Germany, Illumina Novaseq 6000 platform was used. Raw data import, feature 

count, gene normalized read count, and transcriptome mapping were carried out by Dr 

Michael Batie. Figure made in Biorender 
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4.2.1 Sample Quality Control Analysis 

It was important to analyse the quality of our experimental dataset and the dataset 

downloaded from SRA. The quality of the replicates for each condition (normoxic control and 

24 hours hypoxia) and siRNA RelB non-targeting control and knockdown were determined by 

a sample-to-sample distance comparison heatmaps using rlog transformed read count data, 

generated using R Bioconductor package DESeq2.  

The results show clustering by treatment (hypoxia or normoxia) in the three breast cell 

lines (Figure 4.2). The experimental data are presented in Figures 4.2 A to B while 

downloaded data are presented in Figures 4.2 C to E. The higher the intensity of the colour the 

lower the variation is between samples. In the downloaded dataset, MCF7 data were of 

excellent quality, as the replicates within the same condition cluster very well and the level of 

disparity between normoxic and hypoxic replicates is over a distance score of 30. In MCF10A 

the normoxic replicates are more similar than the hypoxic replicates, whereas the level of 

dissimilarity between the two conditions is better than those observed in MCF7 cells. MDA-

MB231 presented higher variability between replicates but these still clustered together well. 

This analysis is important as higher variation between replicates will reduce the confidence in 

the results leading to potential false positives but also missing important targets.  

To check for the efficiency of RelB knockdown and hypoxia treatment, qPCR was used 

to quantify mRNA levels of RelB and Ca9 as positive controls for RelB knockdown and 

hypoxia respectively (Figure 4.2F). As shown, hypoxic stimulation was efficient in both cells 

with Ca9 levels more than 50% higher in hypoxia compared to the normoxic control. RelB 

knockdown was efficient in MCF7 both in normoxic and hypoxic condition, whereas RelB 

silencing in MDA-MB231 cells kept in normoxic condition was not successful, so this data was 

not included in further analysis. 
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Figure 4.2 ï RNA-seq data quality 

control. 

Heatmap generated with DeSeq2 

software packages showing the distances 

between samples and conditions in each 

replicate in MCF7, MCF10A, and 

MDA-MB 231 cell lines. Figures A and 

B represent heatmaps for experimental 

RNA seq data while C, D and E are 

heatmaps for the downloaded public 

dataset. Nx and Hx represent Normoxia 

and Hypoxia respectively. C1- and B1- 

respectively represent control and RelB 

knockdown samples for replicate 1. The 

intensity of colour correlate with 

reduced variability between samples i.e 

the bigger the score, the more the 

disparities between samples. Heatmaps 

were generated by Dr Michael Batie. F. 

Relative mRNA levels of RelB (control 

for RelB knockdown) and CA9 (control 

for hypoxia) for experimental data. 

F. 

***  

***  

*  
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4.3 RNA sequencing: Screen for hypoxia-responsive genes in breast cell lines 

After the reliability of the replicates were ascertained for both datasets, differential 

expression analysis was performed, where normalised read count data were used to quantify 

changes in gene expression levels of hypoxia treated samples compared to control and RelB 

knockdown samples compared to control in both normoxia and hypoxia conditions. A cut-off 

based on an FDR<0.05 and log2 foldchange (FC) >0.58 for upregulated genes and log2FC<-0.58 

for downregulated genes was set. The list of total hypoxia-responsive genes observed in each 

cell line and the list of statistically significant genes after the cut-off for each treatment 

considered are presented in Table 4.2. The list of genes in each cell line for the downloaded and 

experimental datasets are presented in grey and white rows respectively. The number of hypoxia-

responsive genes was high in both the downloaded and experimental datasets, however, despite 

subjecting both the downloaded and experimental datasets to the same statistical conditions, the 

experimental dataset gave far more statistically differentially expressed genes, though they share 

a large proportion of genes, with over 90% similarity prior to the application of cut-off.  

Table 4.2: Summary of differentially expressed genes in each cell line for the two datasets. 

This table shows the total number of genes observed, genes statistically upregulated (ƶ) and 

downregulated (Ƹ) in each category. Grey and white rows contain number of genes for 

downloaded and experimentally performed data set respectively. KD represent óknockdownô  

 

 
Hypoxia-

responsive genes 

RelB KD in 

Normoxia 

RelB KD in 

hypoxia 

MDA-MB231 13919 

of which 

93ƶ and 9Ƹ 

N/A N/A 

MDA-MB231 

  

14961 

of which 

1151ƶ and 1063Ƹ 

8059 

of which 

0ƶ and 3Ƹ 

15030 

of which 

3ƶ and 3Ƹ 

MCF7 13578 

of which 

400ƶ and 120Ƹ 

N/A N/A 

MCF7 19190 

of which 

2000ƶ and 1882Ƹ 

13180 

of which 

62ƶ and 216Ƹ 

13052 

of which 

31ƶ and 157Ƹ 

MCF10A 15510 

of which 

499ƶ and 104Ƹ 

N/A N/A 
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This may be due to the difference in the degree of hypoxia the cells were exposed to (Table 

4.1 A, B). This suggests that the quantity of hypoxia-responsive genes within a cell might be 

influenced by the extent or severity of the hypoxic conditions.   Volcano plots showing the total 

number of genes, and genes upregulated and downregulated in each category are also presented 

in Figure 4.3, where significant genes are represented by wine (experimental dataset) and blue 

(downloaded dataset) dots, whereas grey dots represent the non-significant genes. 

 

Figure 4.3: Volcano plot for hypoxia-responsive genes in breast cell lines. Volcano plots 

were generated for differentially expressed hypoxia regulated genes in MCF7, MCF10A and 

MDA-MB231 cells, using the log2FC (>0.58 for up-regulated genes and <0.58 for 

downregulated genes) and FDR (< 0.05) values for each gene in R studio package. Total 

numbers of upregulated genes (right side) and downregulated genes (left side) are indicated. 

A - F and G ï I represent experimental and SRA-downloaded dataset respectively. Grey 

colours represent non-significant genes while blue and wine represents significant genes. 
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 Earlier in this study, we identified some proteins which were induced under hypoxic 

conditions (Figure 3.4), a manual search on the list of hypoxia-induced genes of the experimental 

dataset was carried out to ascertain the level of induction of the genes that encode the hypoxia-

induced proteins earlier identified. Additionally, we also searched for genes considered to be 

highly and frequently up-regulated in hypoxia - NDRG1, BNIP3L, BHLHE40, LDHA, KDM3A 

[570] and the hypoxic control gene ï HIF1Ŭ. As expected, HIF1Ŭ was significantly 

downregulated, whereas other genes were upregulated (Figure 4.4). To further characterise 

hypoxic response in breast cancer cell lines, we compare the hypoxia-upregulated genes in the 

experimental gene set with ócoreô hypoxia genes. The Del Peso group in 2022 reported a list of 

ócoreô hypoxia-regulated genes through a meta-analysis performed on 430 RNA seq data in 33 

different cell lines [570]. The 295 genes identified, (of which 181 and 141 were up- and down-

regulated respectively) correspond to genes that are consistently and significantly regulated in 

hypoxia across the cells considered. They also identified NDRG1, BNIP3L, BHLHE40, LDHA, 

KDM3A as the top most frequently up-regulated genes and NOP2, NOP56, RRS1, NOL6, 

GPATCH4 as the top most frequently down-regulated genes in hypoxia respectively.  

 

An overlap of hypoxia-upregulated genes of our experimental dataset with core 

hypoxia-upregulated genes uncovered 115 (65%) and 143 (79%) significant hypoxia-induced 

genes in MDA-MB231 and MCF7 respectively (Figure 4.5A). Also, the top five most frequently 

Figure 4.4 ïAnalysis of previously validated hypoxia-responsive genes. The graph 

shows some ótopô and previously validated hypoxia-responsive genes in MCF7 and 

MDA-MB231 cells, obtained through a manual search of the experimental dataset, 

which further ascertain the reliability of the dataset.  
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up-regulated hypoxia genes identified by the Peso group were all significantly upregulated 

(p<0.0001) in our experimental dataset (Figure 4.4).  

 

Next, we investigated the functional significance of the upregulated and 

downregulated hypoxia genes in the experimental dataset. We overlapped hypoxia up-and 

down-regulated genes in MCF7 and MDA-MB231 cells separately (Figure 4.5B), and gene 

enrichment analysis was carried out on the 428 and 349 genes commonly up- and down-

regulated in the two breast cancer cells. Interestingly, enrichment analysis for cell type using 

cancer cell line Encyclopaedia Proteomics 2020 identified these genes as significantly enriched 

for breast (MDA-MB231), kidney, prostate and pancreas cancer cell lines (Figure 4.5A). The 

Molecular Signature Database (MSigDB) Hallmark 2020 showed the hypoxia-upregulated 

genes are significantly enriched for hypoxia as expected, and other biological processes and 

signalling pathways such as glycolysis, NF-əB signalling via TNFŬ, mTORC1 signalling and 

p53 pathway (Figure 4.6B).  

Figure 4.5 ï Intersectional analysis of hypoxia responsive genes in breast cell lines. 

In (A) hypoxia-upregulated genes in MDA-MB231 and MCF7 (blue circles) cells were 

each overlapped with Core hypoxia-upregulated genes identified by Del Peso group 

(pink circles). In (B) hypoxia-upregulated and downregulated genes in MCF (blue 

circles) and MDA-MB231 (pink circles) were each overlapped to get the list of common 

UP- and DOWN-regulated genes in both cells. Interactivenn was used for the analysis 

A 

B 
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Figure 4.6 ï Functional annotation of hypoxia-responsive genes in breast cell lines. 

Hypoxia Up-and down-regulated gene overlap in both MDA-MB231 and MCF7 cell 

lines were subjected to functional annotation. (A) and (B) represent enrichment results 

for hypoxia-upregulated genes while (C) and (D) represent enrichment results for 

hypoxia-downregulated genes obtained from cancer cell line encyclopaedia (CCLE) 

proteomics which identifies cancer cell type enrichment and molecular signalling 

database (MSigDB) for Hallmark. 

D 

B 

A 

C 
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On the other hand, enrichment analysis for hypoxia-downregulated genes in the two 

cancer cell lines showed significant enrichment for urinary tract and breast cell lines (cancer cell 

line Encyclopaedia) (Figure 4.6C), G2-M checkpoints, E2F targets, mitotic spindle and Myc 

targets (MSigDB 2020) (Figure 4.6D) which are cell cycle-related processes/pathways. 

In summary, the identification of over 13,000 hypoxia-responsive genes in the breast 

cell lines under investigation suggests firstly a substantial cellular response to hypoxic conditions 

in these cells. Secondly, it also indicates that a wide array of genes is involved in restoring oxygen 

homeostasis and cellular adaptation to the hypoxic condition. Furthermore, the numbers of genes 

significantly up- and down-regulated suggest the cells actively manage the challenges caused by 

insufficient oxygen by adjusting their molecular processes. The significant downregulation of 

HIFA, and the upregulation of NDRG1, BNIP3L, BHLHE40, LDHA, KDM3A, RelA, REL, 

RelB, NF-əBII, NF-əBIA, NFIL3, TNIP and TNFAIP3, further confirmed the reliability of the 

experimental RNA seq data. Additionally, the identification of 65% and 79% of core-hypoxia 

upregulated genes in our experimental dataset for MDA-MB231 and MCF7 cells respectively, 

suggest a significant overlap. This significant overlap indicates a degree of commonality in 

transcriptional response to hypoxia in different cell lines, as a substantial number of consistently 

upregulated genes in hypoxia identified by the Del Peso group, also respond to hypoxia in MCF7 

and MDA-MB231 cells. 

Interestingly, the functional enrichment analysis for genes up- and down-regulated in 

the two breast cancer cell lines revealed that these genes are significantly enriched in breast 

cancer cell lines (MDA-MB231 and T47D). This suggests that these genes can be referred to as 

the ócore-hypoxia gene signatureô for breast cancer cells. However, the enrichment of these genes 

in other cancer cells such as U87MG, PC3, and 639V further indicates that these genes are not 

limited to breast cancer but have roles in cellular hypoxic response in other cancer cells. 

Hallmark enrichment revealed that the hypoxia up-and down-regulated genes are associated with 

different pathways and cellular processes. Hypoxia-upregulated genes regulate cellular processes 

such as metabolic adaptation (glycolysis), inflammatory responses (TNFŬ-NF-əB signalling), 

cell cycle (p53 pathway) and tumour invasion (EMT). This observation underscores the 

multifaceted nature of cellular responses to low oxygen levels and highlights the importance of 

these genes in cancer biology, particularly in tumor growth, invasion, and metastasis. Also, 

hypoxia-downregulated genes were enriched in cell proliferation (MYC- targets), cell cycle 

control (G2-M checkpoints, E2F targets), and antiviral and immune responses (interferon Ŭ and 

ɔ response) in hypoxia, suggesting suppression of these processes in hypoxic condition. 
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4.4 RNA Sequencing:  Screen for Hypoxia-induced ferroptosis genes in breast cancer 

Several types of programmed cell death (PCD) have been documented which include; 

apoptosis, pyroptosis, autophagy, necroptosis, ferroptosis, and cuproptosis [571] Ferroptosis 

represents a distinctive form of PCD triggered by iron-dependent accumulation of lipid 

peroxides, characterised by unique morphological, physiological, and molecular features. 

[571]. This process holds significant relevance in various diseases, including tumours and 

inflammatory conditions. Ferroptosis has been documented to play a crucial role in breast 

cancer progression, and induction of ferroptosis could enhance the effectiveness of breast 

cancer therapy [571]. Triple-negative breast cancers such as MDA-MB231 cells have been 

documented to be highly sensitive to ferroptosis, which could be a result of the unique balance 

in the metabolic profile of iron and glutathione in TNBC cells [572]. This could potentially be 

exploited for therapeutic interventions targeting these cancer cells. Recently, ferroptosis has 

become an emerging player in breast cancer initiation, progression and treatment as some 

researchers have investigated the roles or significance of ferroptosis-related genes in breast 

cancer (ref). Mounting evidence suggests that ferroptosis has the potential to hinder the growth 

of breast cancer cells, enhance the responsiveness to chemotherapy and radiotherapy, and 

suppress distant metastases [573-575]. The curated ferroptosis database (FerrDb V1) was first 

published in 2020, however, due to rapid progress in ferroptosis research, FerrDb V2 was 

published in 2022 with over 300% increase in curated articles, in addition to other unique 

features, compared to FerrDb V1 [576]. This database consists of genes that promote (drivers), 

prevent (suppressors), or indicate the occurrence of ferroptosis (markers), small molecules that 

can cause (inducers) or restrict ferroptosis (inhibitors) and ferroptosis-associated diseases 

http://www.zhounan.org/ferrdb/current/. Functional enrichment analysis has shown that 

ferroptosis-related genes are enriched for HIF-signalling and other signalling  pathways related 

to breast cancer progression [573].  

We therefore set to identify possible hypoxia-responsive genes that are ferroptosis 

genes in breast cancer cell lines under investigation. We overlapped 484 (Driver: 264; 

suppressor: 238; marker: 9) ferroptosis-related genes with hypoxia-induced differentially 

expressed genes in the two cell lines. In this dataset, 46 and 78 genes were identified as 

ferroptosis-related genes in MDA-MB231 and MCF7 cells respectively, of which 25 and 46 

are inducers and 21 and 32 are suppressors (Figure 4.7, Table 4.3). 

 

http://www.zhounan.org/ferrdb/current/
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Table 4.3: Hypoxia-responsive genes that are ferroptosis-related in breast cancer cells: 

Shows Ferroptosis-related genes in MDA-MB231 and MCF7 cell lines present in the list of 

hypoxia-responsive genes for each cell line. Asterisked (*) genes represent ferroptosis markers, 

genes in black and red respectively represent ferroptosis drivers and suppressors while genes 

in green are both drivers and suppressors of ferroptosis.   

Ferroptosis Ferroptosis ï related genes in breast cancer cells 

MDA-

MB231 

 

AKR1C1, AKR1C2, ALOXE3, ANO6, ATF3, BACH1, CA9, CARS1, 

CDKN1A, *CHAC1, CYGB, EGFR, ENO3, EPAS1, FURIN, 

GABARAPL1, GCH1, HILPDA, IDH2, IL1B, JUN, KDM6B, MIB2, 

MUC1, NDRG1, NEDD4, NEDD4L, PLIN2, PPARA, PPARD, PPP1R13L, 

*PTGS2, PVT1, QSOX1, RPTOR, SESN2, SIAH2, SLC16A1, SLC3A2, 

SMAD7, TGFB1, TLR4, TNFAIP3, TOR2A, ULK1, WIPI1 

MCF7 

 

ABCC1, ALOX12, ANO6, ATF3, ATF4, ATG5, BACH1, CA9, CARS1, 

CAV1, CDKN1A, *CHAC1, CISD2, CP, EGR1, EGFR, EPAS1, *FTH1, 

FTL, FZD7, GABARAPL1, GCLC, GDF15, GJA1, H19, HILPDA, 

HMOX1 , HSPA5, IDH2, JUN, KDM4A, KDM6B, KLF2, LIFR, LONP1, 

MAP3K14, MDM4, MIB2, MEF2C, MIR9-3HG, MMD, NDRG1, NEDD4,  

*NFE2L2, NR1D1, NR1D2, NUPR1, P4HB, PANX1, PANX2, PEDS1, 

PHF21A, PLIN2, PRKAA2 , PRKCA, PTEN, PVT1, QSOX1, RBMS1, 

RRM2, SAT1, SCD, SESN2, SIRT2, SLC16A1, SLC3A2, SLC39A14, 

SLC7A11, SMAD7, TGFBR1, TFAP2A, TFRC, TMSB4X, TNFAIP3, 

TOR2A, TRIB2, ULK1, ZFAS1 

 

Enrichment analysis of these ferroptosis genes was conducted using the KEGG pathway 

database. In MDA-MB231 cells, ferroptosis genes were significantly enriched for pathways 

HIF-1, NF-əB, FOXO, TNF-signalling, oxytocin, NOD-like signalling and pathways in cancer. 

While in MCF7, ferroptosis genes were enriched for ferroptosis, HIF-1 signalling, glutathione 

metabolism, lipid and atherosclerosis (Figure 4.7). These findings suggest potential molecular 

mechanisms linking hypoxia signaling pathways, ferroptosis regulation, and cancer progression 

in breast cancer. The enrichment of specific pathways in each cell line may reflect distinct 

cellular responses to hypoxia and ferroptosis, highlighting the complexity of tumor biology and 

potential differences in therapeutic vulnerabilities. 
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Figure 4.7 ï Hypoxia-induced ferroptosis genes in breast cancer. (A) Hypoxia 

responsive genes were overlapped with ferroptosis-related genes to identify hypoxia-

induced ferroptosis genes in breast cancer. Intersection analyses were performed using 

interactivenn. Hypoxia -induced ferroptosis-related genes in (B) MDA-MB231 and 

(C) MCF7 cells were subjected to KEGG pathway enrichment analysis using ShinyGO 

0.76. Legends: increasing circle size indicates number of genes in each enrichment 

term, coloured rectangles represent -l0g10(FDR) values indicating level of 

significance of each enrichment term. 

A 

B 

C 
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4.5 RNA Sequencing:  Screen for Hypoxia-induced NF-əB genes in breast cells   

To understand the gene expression profiling of human breast cell lines under hypoxia as it 

relates to NF-əB target genes, the list of differentially expressed genes in hypoxia obtained from 

the downloaded and experimental datasets were overlapped with Gilmoreôs comprehensive list 

of NF-əB target genes (https://www.bu.edu/nf-kB/gene-resources/target-genes/). Following 

overlap, the experimental dataset generated 59 and 41 hypoxia-induced NF-əB genes in MCF7 

and MDA-MB231 cells respectively while the downloaded dataset has a total of 22, 11 and 17 

hypoxia-induced NF-əB genes in MCF7, MDA-MB231 and MCF10A cell lines respectively 

(Figure 4.8A). An overlap of hypoxia-upregulated NF-əB genes in MCF7 (59) and MDA-

MB231 cells (41) in the experimental dataset gave 24 NF-əB genes commonly upregulated in 

both cells under hypoxia (Figure 4.8A). Of the 22 and 11 NF-əB genes found in MCF7 and 

MDA-MB231 cells of the downloaded dataset, 19 and 8 of them were present respectively in our 

experimental dataset (Figure 4.8B ï in red). A comparison of hypoxia-induced NF-əB from 

MCF7 and MDA-MB231 of the experimental data with MCF10A of the downloaded set showed 

eight (8) commonly upregulated NF-əB genes (Figure 4.8B ï in green asterisk).  

To further understand the link between hypoxia-response and NF-əB signalling, and to 

also gain more insight into how breast cell lines compare with other cell types in hypoxia-induced 

NF-əB signalling, RNA seq dataset for seven (7) non-breast cell lines exposed to either normoxia 

or 24-hours 1% oxygen were downloaded and processed. These cell lines are U87, AsPc-1, 

H460, HEB, HCT116 A549 and iPSC-CMs (Table 4.1). Gene set enrichment analysis (GSEA) 

was performed on the differentially expressed hypoxia gene list for each cell using Gilmoreôs 

NF-əB list as the functional database. A positive normalised enrichment score (NES), which is 

also statistically significant for all the cell lines except iPSC-CMs was obtained. (Figure 4.8C). 

A positive NES indicate NF-əB genes are enriched at the top (upregulated genes) of the ranked 

hypoxia-responsive gene list and suggests a positive correlation between hypoxia-upregulated 

genes and NF-əB target genes in the cells considered. 

Next, to further gain insight into the functional significance of NF-əB genes induced 

under insufficient oxygen, analysis of pathway and GO enrichment for the 24 commonly 

upregulated NF-əB genes in both MCF7 and MDA-MB231 was carried out using ShinyGO 

0.76.2 (http://bioinformatics.sdstate.edu/go/) and DAVID. As expected, these genes were 

enriched for HIF-1Ŭ and TNF-signalling pathways and others such as pathways in cancer, 

especially breast cancer, biosynthesis of amino acids and so on (10).  

https://www.bu.edu/nf-kb/gene-resources/target-genes/
http://bioinformatics.sdstate.edu/go/
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Figure 4.8 ï Screening for Hypoxia-induced NF-əB genes in breast cell lines. (A) 

Gilmoreôs NF-əB gene list overlapped with hypoxia-upregulated genes in MCF7 and 

MDA-MB231 cells. The result of the overlap was then compared to get list of hypoxia-

upregulated genes common to both cell lines. (B) shows hypoxia-upregulated genes in 

each cell line; asterisked (*) genes are hypoxia-induced NF-əB genes common to the three 

cell lines, while genes in red represent hypoxia-induced NF-əB genes in the downloaded 

dataset found in the experimental dataset. (C) show GSEA comparing Gilmoreôs NF-əB 

genes to a list of hypoxia-responsive genes from RNA-sequencing in the indicated cell 

lines. The graph depicts normalised enrichment scores from GSEA in the indicated cell 

lines. Green and white bars represent statistically significant and non-significant data 

 

 

 

 

Hypoxia induced NF-əB genes in Breast cell lines 

MCF7 (59) 

Experimental data 

GCLC, *PRDM1, *EDN1, TGM1, HMOX1, PDGFB, *PGK1, RELB, 

HAS1, CAV1, SERPINE1, ALOX12, CCND1, *ENO2, NR3C1, 

UPK1B, FN1, *F3, TNFAIP3, DUSP1, EGR1, INHBA, SDC4, 

CDKN1A, IRF1, SOX9, GAD1, SAT1, ASS1, SLC6A6, SERPINE2, 

MYC, PIM1, * IER3, TLR2, TRPC1, TNIP1, EGFR, VEGFC, KLF10, 

SLC16A1, F11R, ELF3, IL15, RAG1, FTH1, SLC3A2, PTAFR, 

WNT10B, FOS, JUNB, PTEN, *BNIP3, UPP1, S100A4, *S100A10, 

S100A6, ASPH, HLA-B. 

MDA-MB231 (41) 

Experimental data 

*PRDM1, PTGS2, *EDN1, IL11, GADD45B, PDGFB, *PGK1, 

TNFSF13B, AMH, TFPI2, SERPINE1, IL23A, *ENO2, *F3, 

TNFAIP3, DUSP1, TNFSF10, INHBA, CDKN1A, IL1B, PAX8, 

OPN1SW, GAD1, ASS1, SLC6A6, SERPINE2, * IER3, TLR2, EGFR, 

VEGFC, NR4A2, SLC16A1, SLC3A2, FOS, KISS1, HPSE, *BNIP3, 

TNFSF15, IRF7, AKR1C1, *S100A10 

MCF10A (17) 

Downloaded data 

*PRDM1, *EDN1, HMOX1, *PGK1, *ENO2, IL1A, *F3, TREM1, 

* IER3, PTX3, *BNIP3, AKR1C1, GCNT1, S100A4, *S100A10, 

TGM2, HLA-B 

A 

B 

C 
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Figure 4.9 ï Functional annotation of Hypoxia-induced NF-əB genes in breast cell 

lines. The Charts presents the gene enrichment analysis result for the 24 NF-əB genes 

commonly upregulated in MCF7 and MDA-MB231 cells following 24 hours of 

hypoxia. KEGG pathway analysis (lollipop) and Gene ontology for Molecular function 

(Orange bars) and biological process (blue bars) were performed using KEGG pathway 

and DAVID databases respectively. Legends: increasing circle size indicates number 

of genes in each enrichment term, coloured rectangles represent -l0g10(FDR) values 

indicating level of significance of each enrichment term. 
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GO molecular function showed enrichment for identical protein binding, enzyme, 

protease, protein, growth factor binding and catalytic activity. GO enrichment for biological 

processes showed enrichment for response to xenobiotic stimulus, hypoxic response, glycolytic 

process, regulation of transcription and so on (Figure 4.9). Taken together, these results show 

that NF-əB genes are associated with specific pathways, molecular functions and biological 

processes under hypoxic conditions. Enrichment of these genes for HIF-1 and TNF-signalling 

pathways is expected as these pathways are known to regulate cellular response to hypoxia and 

inflammation respectively. Enrichment for pathways in cancer and specifically breast cancer 

aligns with expectations as hypoxia is a common feature of the micro-environment of solid 

tumours and NF-əB has been implicated in various aspects of cancer.  

A proper study of the roles of the three genes found to be enriched for breast cancer 

(Figure 4.6A); Fos proto-oncogene, AP-1 transcription factor subunit (FOS), TNF alpha-

induced protein 3(TNFAIP3) and toll-like receptor 2 (TLR2) in breast carcinogenesis is highly 

recommended to further understand their specific and combined function in breast 

carcinogenesis. Enrichment in amino-acid biosynthesis further suggests a role for NF-əB genes 

in metabolic activity which is required for cellular adaptation in hypoxia. Functional 

enrichment for molecular function suggests diverse roles for these NF-əB genes in different 

cellular processes including enzyme activities, protein-protein interactions and growth factor 

binding. 

 

4.5.1 Crosstalk between HIF and NF-əB target genes 

A level of crosstalk has been established between HIF and NF-əB proteins, in which 

they share activating stimuli, regulators and downstream targets [288, 577]. However, not all 

hypoxia-inducible genes have HIF binding sites or are HIF target genes [578]. For this purpose, 

we utilized a database comprising 569 HIF target genes, acquired through a genomic approach 

that integrated computational analyses and experimental validation under hypoxic conditions 

[578]. An overlap of this core-HIF target genes with hypoxia NF-əB targets genes (up- and 

down-regulated) generated from the RNA-seq experimental dataset produced 22 SDE genes 

that are both HIF-1 and NF-əB targets in breast cancer cells. These are presented in Table 4.4 

alongside their functions. 
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Table 4.4 ï HIF and NF-əB crosstalk. List of differentially expressed hypoxia-induced NF-

əB genes that are also HIF targets, with their functions and reference(s) for target validation. 

Gene symbol Gene Function Reference(s)  

ASPH Aspartyl-ɓ-hydroxylase [579] 

BNIP3 Autophagy, Apoptosis [580, 581] 

CCND1 Cell cycle progression [582, 583] 

CDKN1A Cyclin-dependent kinase inhibitor [584] 

EDN1 Vasoconstrictor peptide/mitogen [585, 586] 

ENO2 Glycolytic Enzyme [582, 587] 

FNI Extracellular attachment [588] 

GAD1 Neurotransmitter synthesis [578, 589] 

GADD45B DNA repair/cell cycle [590]  

HMOX1 Anti-apoptotic factor [590-592] 

IL1B Interleukin-1ɓ [593] 

IRF1 Interferon regulatory factor-1 [578] 

KLF10 Transcriptional repressor of TGF-b signalling [578] 

NR3C1 Glucocorticoid receptor [578] 

PDGFB Growth factor [594] 

PGK1 Glycolytic enzyme [595, 596] 

PIM Ser/Thr kinase [578] 

PTGS2 Cyclooxygenase [578] 

SERPINE1 Plasminogen activator inhibitor [597] 

SLC16A1 Monocarboxylate transporter isoform 1 [578] 

SLC6A6 Taurine Uptake Transporter [578] 

TGM1 Cell proliferation [598] 
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4.6 RNA-Sequencing: Screen for RelB-regulated genes in hypoxia  

Earlier in the study, we analysed gene expression changes in response to hypoxia in other 

to identify hypoxia-responsive genes in breast cancer cells. Here, an attempt was made to 

understand gene expression changes in response to RelB knockdown and to identify RelB-

dependent / regulated genes in hypoxia. From the experimental dataset that compared 

Hpx_RelB_vs_Nx_Control (using Nx_Control as the calibrator), a total of 1934 and 1242 

genes were found to have increased expression levels, whereas a total of 1978 and 1162 genes 

were downregulated in MCF7 and MDA-MB231 cells respectively following RelB knockdown 

and hypoxia stimulation. This large set of genes consists of genes up- or down-regulated 

following two conditions; hypoxia stimulation and RelB silencing. Next, an overlap of these 

genes with genes up- or down-regulated following hypoxia stimulation ONLY in MCF7 and 

MDA-MB231 was carried out and analysed to give information on the functional significance 

of RelB-regulated genes in each cell line. As presented in Figure 4.10, A and B show 361 and 

278 genes whose level of expression increased following RelB knockdown in hypoxia (red 

circles). The upregulation of these genes following RelB knockdown suggests that they are 

normally suppressed by RelB and may be involved in pathways controlled by RelB. Similarly, 

C and D show 458 and 255 genes (in red circles) downregulated following RelB knockdown. 

Also, the downregulation of these genes following RelB knockdown suggests that they are 

normally maintained or upregulated by RelB, and are therefore suppressed when RelB is 

silenced, suggesting RelB potentially contributes to their downregulation under hypoxic 

conditions. Furthermore, genes in black rings are exclusive to hypoxia stimulation ONLY, 

whereas genes in the intersection represent genes with changes in expression levels following 

RelB knockdown and hypoxia stimulation - suggesting these genes are likely regulated by both 

hypoxia and RelB signalling pathways (Figure 4.10).    
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Next, functional annotations were carried out on; RelB-dependent hypoxia upregulated 

(Figure 4.11) and downregulated genes (Figure 4.12) in both cells, genes up and down-

regulated following RelB knockdown and hypoxia stimulation (genes in the intersection) 

(Figure 4.13), and genes identified to be upregulated following hypoxia stimulation ONLY 

(Figure 4.14). These analyses identified tissues in which these genes are enriched, their 

biological processes, molecular functions, pathways and hallmarks using DAVID, shinnygo 

and Enrichr databases. 

 

 

Figure 4.10 ï RelB ï dependent hypoxia-regulated genes in breast cancer cell lines. 

In each category of intersection analysis, (A and B) the total numbers of hypoxia-induced 

genes were overlapped with total number of genes upregulated in hypoxia following RelB 

knockdown and hypoxia stimulation in (A) MCF7 and (B) MDA-MB231 cell line. 

Similarly, the total number of hypoxia-repressed genes was overlapped with total number 

of genes downregulated in following RelB knockdown and hypoxia stimulation in (C) 

MCF7 and (D) MDA-MB231 cell lines. Genes in red rings represent genes whose 

expression levels changed following RelB knockdown in hypoxia, whereas genes in black 

circles represent genes with change in expression following hypoxia stimulation only. 

A 

C 

B 

D 
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B.              MDA-MB231 Cell lines  A.                   MCF7 Cell lines 

Figure 4.11 ï RelB ï dependent Hypoxia-UP-regulated genes in breast cancer cell lines. 

Enrichment analysis for Hallmarks, Biological processes, molecular function and tissue 

enrichment for genes upregulated following RelB knockdown in hypoxia in (A) MCF7 and 

(B) MDA-MB231 cells. Green and white bars represent statistically significant and non-

significant enrichment category respectively. Databases used: Enrichr and DAVID    
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B.              MDA-MB231 Cell lines  A.              MCF7 Cell lines  

Figure 4.12 ï RelB ï dependent Hypoxia-DOWN-regulated genes in breast cancer cell 

lines.  Enrichment analysis for Hallmarks, Biological processes, molecular function and tissue 

enrichment for genes downregulated following RelB knockdown in hypoxia (A) MCF7 and 

(B) MDA-MB231 cells. Green and white bars represent statistically significant and non-

significant enrichment category respectively. Databases used: Enrichr and DAVID    
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Figure 4.13 ï Analysis of RelB/Hypoxia common genes in breast cancer cell lines.  

KEGG pathway analysis of (A) 1573 UP-regulated genes and (B) 1520 DOWN-regulated 

genes, following RelB knockdown and hypoxia stimulation in MCF7 cells only. These are 

genes in the intersection in figure 4.10 A and C. Legends: increasing circle size indicates 

number of genes in each enrichment term, coloured rectangles represent -l0g10(FDR) 

values indicating level of significance of each enrichment term. 
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Figure 4.14 ï Functional Analysis of genes up-regulated in hypoxia ONLY in breast 

cancer cell lines. Enrichment analysis for Hallmarks, Biological processes, molecular 

function and tissue upregulation for genes with increased expression following hypoxia 

stimulation only in (A) MCF7 and (B) MDA-MB231 cell lines. These are genes in black 

circles in figure 4.10 A and B. Green and white bars represent statistically significant and 

non-significant enrichment category respectively. Databases used: Enrichr and DAVID    

B.               A 
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The result for the functional annotation suggests a cell-dependent function for the up-and-

down-regulated genes (Figure 4.11, 4.12). While upregulated genes in MCF7 were enriched 

for hallmarks such as unfolded protein response, myogenesis, fatty acid metabolism, apoptosis, 

MDA-MB231 genes were enriched for hypoxia, IL2/STAT5 signalling, early response to 

oestrogen, p53 pathways, and so on.  Similarly, functional annotation for biological processes 

showed enrichment for differentiation, transcription regulation, apoptosis, glycogen 

metabolism, and so on in MCF7 cells while MDA-MB231 is enriched for cell adhesion, 

osteogenesis, and pregnancy (Figure 4.11). While RelB-dependent hypoxia upregulated genes 

are enriched for the brain, erythroleukemia, fetal kidney, and muscle in MCF7, genes in MDA-

MB231 are enriched for foreskin, dermoid cancer, cerebrospinal fluid, and spleen. These also 

demonstrate a wide array of cellular processes regulated by RelB-dependent genes in hypoxic 

conditions. However, analysis of RelB-dependent hypoxia downregulated genes showed 

similar enrichment patterns for both cell lines. For example, the functional annotation for 

Hallmark showed these genes are enriched for MYC targets V1 and V2, interferon alpha 

response, fatty acid metabolism, and adipogenesis in both cell lines. Similarly, the genes are 

enriched for oxidoreductase, helicase, and chaperone (molecular function), liver, skin, and 

placenta (Up-tissue). These further suggest a wider role for RelB in hypoxia.   

We further analysed the 428 and 183 genes up-regulated in MCF7 and MDA-MB231 cells 

following hypoxia stimulation ONLY. The results of the functional analyses correlated well 

with the functional annotation of hypoxia-responsive genes reported in Figure 4.6. This shows the 

consistency of the data and further confirms the quality and validity of the experimental dataset. 
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4.6.1 RNA-Sequencing: The effect of RelB knockdown on NF-əB subunits and targets  

To further understand the roles of RelB in hypoxia-NF-əB signalling, in this section, 

we examined the effect of RelB knockdown on NF-əB subunits; RelA, RelB, c-Rel, NF-əB1, 

and NF-əB2 in both normoxic and hypoxic conditions in MCF7 cell lines. A manual search for 

the five genes was carried out from the list of hypoxia or normoxia- responsive genes (genes 

up and downregulated following hypoxia stimulation or in normoxic condition), and the list of 

RelB-dependent genes in hypoxia and in normoxia (genes up and down-regulated following 

RelB knockdown in hypoxia or in normoxia). Figure 4.15 A compares the foldchange values 

of RelA, RelB, c-Rel, NF-əB1, and NF-əB2 genes in normoxia versus RelB knockdown in 

normoxia, while Figure 4.15 B presents the foldchanges in hypoxia versus RelB knockdown 

in hypoxia. As observed earlier, hypoxia increased the protein levels of all the NF-əB subunits 

at both mRNA and protein levels in a cell and time-dependent manner (Figure 3.3). The RNA-

seq data also showed upregulation of all NF-əB subunits at 24 hours of hypoxia stimulation 

except NF-əB1. This is not unexpected as we have earlier reported a maximum upregulation of 

these proteins at 4 hours of hypoxia stimulation, with a decrease in expression level following 

prolonged hypoxia treatment. As expected, RelB levels were reduced in siRELB-treated cells, 

however, RelB knockdown was more efficient in hypoxia compared to normoxia with a 90% 

and 50% decrease in RelB level in the two conditions respectively, compared to their non-

targeting controls. This also aligns with earlier observations of better knockdown efficiency in 

hypoxia at mRNA levels (Figure 4.2F). Consequently, RelB silencing reduced the expression 

levels of RelB, RelA, NF-əB1, and NF-əB2, more significantly in hypoxic than normoxic 

conditions. This is not unexpected as these proteins form homo- and heterodimers to regulate 

gene expression. Thus, the reduction in RelB levels upon knockdown may disrupt the formation 

or stability of NF-əB complexes, leading to decreased expression of other NF-əB family 

members. Additionally, given the crucial role NF-əB genes play in cellular responses to 

hypoxia, including inflammation, survival, and adaptation to low oxygen conditions, the more 

significant reduction in NF-əB family members upon RelB knockdown in hypoxia suggests 

that RelB may play a more critical role in regulating NF-əB signalling under hypoxic 

conditions. 

Finally, analysis of the log2foldchange values of some previously identified NF-əB 

targets in hypoxia; CCND1, BHLHE40, TNIP1, TNFAIP3, BIRC2 and NFIL3 (Figure 3.4) 

showed a significant reduction following RelB silencing in hypoxic condition (Figure 4.15C). 

This suggests that RelB directly or indirectly contributes to the regulation of these genes. 
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Figure 4.15 ï RelB knockdown affects NF-əB subunits and targets expression. 

Following RelB silencing in normoxia (A) and hypoxia (B), levels of expressions of 

RelA, RelB, NFəB1 and NFəB1 were reduced compared to the non-targeting controls 

as depicted by the foldchange values. (C) Expression levels of previously validated 

RelB targets were also reduced following RelB knockdown in hypoxia.     

A 

B 

C 
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In summary, the observation of reduced levels of NF-əB family members and NF-əB targets 

upon RelB knockdown, particularly more significantly in hypoxia, highlights the intricate 

regulatory mechanisms controlling NF-əB signalling and cellular responses to changes in 

oxygen availability and underscores the functional significance of RelB-mediated NF-əB 

signalling. Further mechanistic studies are warranted to elucidate the specific roles of RelB and 

NF-əB signalling in hypoxia and their implications for cellular physiology and disease 

  

4.7       RNA-Sequencing Validation differentially expressed genes. 

RNA-seq results were validated by quantifying the mRNA levels of selected genes from 

cells treated with 24-hour 1% oxygen (hypoxia) using real-time qPCR. From the downloaded 

dataset, six genes were randomly selected for validation in MDA-MB231, namely; ABIN1, 

BNIP3, CDKN1A, EDN1, PGK1, and VEGF, six genes in MCF7 cells namely ABIN1, BNIP3, 

GADD45, KFL10, MYC and PGK1 and five genes in MCF-10A cells; BNIP3, EDN1, F3, 

HMOX1 and PGK1. As shown in Figure 4.16, the mRNA levels are similar to those obtained 

from RNA-seq results as all the genes validated were upregulated except ABIN1 and 

GADD45B in MCF-7 cells, which appear downregulated. Also, five ferroptosis-related genes 

(CA9, KDM6B, NDRG1, HMOX1, and A20) upregulated following hypoxia stimulation in 

MCF7 and MDA-MB231 cells were selected from the experimental dataset for validation. All 

these genes were found to have higher mRNA expression levels with hypoxia stimulation 

except KDM6B in MCF7 cells (Figure 4.17). NDRG1 and CA9 were significantly upregulated 

in both cell lines. These validation results further confirm the accuracy and reproducibility of 

the RNA-seq data. Lastly qPCR analysis was carried out to validate the levels of mRNA of NF-

əB genes following RelB knockdown in normoxia and hypoxia. The result shown in Figure 

4.18 corresponds with the result of the analysis in section 4.6.1, which suggests that RelB 

knockdown resulted in downregulation of some NF-əB subunits (Figure 4.15). Similar to the 

RNA-seq data analysis, we observed an hypoxia induction of all NF-əB subunits except NF-

əB2. However, following RelB knockdown, Ca9, RelB and NF-əB2 were downregulated in 

both normoxic and hypoxic conditions, whereas RelA, cRel and NF-əB1 were only 

downregulated in hypoxia following RelB silencing. 
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Figure 4.16 ï RNA-sequencing validation for Hypoxia-induced 

NF-əB genes. mRNA was extracted fromMDA-MB-231, MCF-7 

and MCF10A cells following 24 hrs hypoxia, followed by CDNA 

conversion and RT-qPCR was performed for selected genes. The 

graphs show relative levels of specific mRNA transcripts normalised 

to actin mRNA levels. The mean + SE were determined from three 

independent experiments. Student t-test analysis was performed. * P 

Ò 0.05, ** P Ò 0.01, *** P Ò 0.001.  
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Figure 4.17 ï RNA-sequencing validation for Ferroptosis-

related genes in hypoxia. mRNA was extracted from MDA-

MB-231, and MCF7 cells following 24 hrs hypoxia, followed 

by CDNA conversion and RT-qPCR was performed for 

selected genes. The graphs show relative levels of specific 

mRNA transcripts normalised to actin mRNA levels. Blue and 

red bars represent MCF7 and MDA-MB231 genes 

respectively. The mean + SE were determined from three 

independent experiments. Student t-test analysis was 

performed. * P Ò 0.05, ** P Ò 0.01, *** P Ò 0.001.  
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Figure 4.18 ï RNA-sequencing validation for RelB-dependent NF-əB 

subunits. mRNA was extracted from MCF7 cells with or without siRelB 

transfection and 24 hrs hypoxia, followed by CDNA conversion and RT-qPCR 

was performed for selected genes. The graphs show relative levels of specific 

mRNA transcripts normalised to actin mRNA levels. Blue and red bars represent 

MCF7 and MDA-MB231 genes respectively. The mean + SE were determined 

from three independent experiments. Student t-test analysis was performed. * P Ò 

0.05, ** P Ò 0.01, *** P Ò 0.001.  
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4.8 Mass Spectrometry ï Screen for RelB interactomes in MDA-MB231 cells 

Earlier in this study, we reported expression levels of RelB in MCF10A, MCF7, and 

MDA-MB231 cell lines, with MDA-MB231 having the highest RelB levels both at protein and 

mRNA levels (Figure 3.1). Furthermore, RNA sequence analysis also revealed a large amount 

of RelB-dependent hypoxia upregulated genes, genes up-and down-regulated following RelB 

knockdown in the breast cancer cell lines studied. Enrichment analysis and literature searches 

showed these genes are involved in a vast array of molecular and biological processes. 

Additionally, aberrant RelB expression has been observed in breast cancer most 

especially in the triple-negative breast cancer subtype and has been shown to facilitate cell 

migration and confer more highly invasive characteristics [503, 599]. Furthermore, Wang and 

colleagues previously demonstrated a negative correlation between RelB expression levels and 

ERŬ status, in which ERŬ positive breast cancer cell lines such as MCF7 expressed low levels 

of RelB while ERŬ negative breast cancer cell lines such as MDA-MB-231 expressed high 

levels of RelB [432]. Interestingly, some scholars have also demonstrated that RelB depletion 

resulted in increased apoptosis, decreased cell migration, invasion, and overall decrease in 

breast cancer progression [503]. Thus, a report has associated RelB activation and expression 

with poor prognosis and worse survival outcomes most especially in ER-negative breast cancer 

patients [600] and even the Human Atlas project identified RelB as an independent prognostic 

factor for breast cancer [601].  

Therefore, to further characterise the roles of RelB in hypoxia, we decided to investigate RelB 

further through immunoprecipitation and mass spectrometry (MS). An attempt was made to 

elucidate RelB interacting proteins using affinity purification followed by liquid 

chromatography coupled with MS (LC-MS). Understanding of the RelB proteome in MDA-

MB231 cells could give further insight into understanding the mechanisms of actions of RelB 

in breast cancer.  
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4.8.1  Introduction to Mass Spectrometry and Protein-protein Interaction  

Mass Spectrometry (MS) is a highly sensitive and rapid analytical tool developed to 

analyse both pure and complex mixtures of proteins, fatty acids, nucleic acids, lipids, and so on 

[602]. MS detects, identifies and quantify ions produced from chemical substances based on 

their mass-to-charge (m/z) ratio, where ómô represents the molecular weight of the ions in 

Daltons and ózô is the number of charges on the molecule. The results are presented as a mass 

spectrum, which is a plot of relative ion intensities / relative abundance against the m/z ratio. 

MS is an essential analytical tool in various clinical applications, drug discovery, and 

proteomics [603, 604].  

Mass spectrometers are composed of; an inlet system, an ion source, a mass analyser, 

and an ion detector which are designed based on the purpose of the mass spectrometer, the 

properties of the sample to be analysed and the type of data to be generated (Figure 4.19). 

Through the inlet system, samples that have been separated through techniques such as Liquid 

chromatography (LC/MS) or Gas chromatography (GC/MS) are introduced into the mass 

spectrometer. Ionization takes place in the ion source [605], where molecular and fragment ions 

(mainly cations) are produced from molecules by knocking off electron(s) from samples under 

investigation using different ionization methods. The various ionization methods available such 

as Chemical Ionization (CI), Electrospray (ESI), Matrix Assisted Laser Desorption (MALDI), 

and Electron Impact (EI) also gave rise to different MS subtypes [606, 607]. The ESI method 

is mostly used for studying complex protein mixtures because the ionization it provides is 

ógentleô enough to keep non-covalent interaction [608]. Another advantage of this method is 

that the electrospray needle can be coupled to a liquid chromatography column which allows 

the entry of peptides separated by LC directly into the mass spectrometer [605]. The energetic 

ions formed then pass through the mass analyse r which analyses the ions as a function of their 

m/z ratio as they are deflected in a magnetic field [609]. The detector only detects and quantifies 

cations while other ions are removed via the vacuum [610] and a mass spectrum is generated. 

Different kinds of mass analyse r with different strengths and weaknesses and which can be 

coupled to MS or used independently have been developed. Some of these are Orbitrap, 

Tandem mass spectrometry (Tandem MS), Time of Flight (TOF), Ion Trap (IT), and 

Quadrupole (Q) [611]. 

MS is the method of choice for studying post-translational modification and protein-

protein interaction (proteome system) due to its high sensitivity and versatility. There are two 
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main approaches to this, the bottom-up approach involves digestion of protein of interest with 

enzymes such as trypsin which cleaves peptides at the C- terminal of arginine and lysine 

residues [612], generating enzymatically digested peptides which are separated using LC. The 

masses of intact peptides produced through the digestion process are measured in the first MS 

procedure, followed by a second MS (tandem MS/MS) in which the peptides are further 

fragmented to break their peptide bonds and generates information about the protein identity, 

sequence, modifications and interactomes.[605, 613]. The alternative approach to bottom-up is 

the top-down approach which does not involve sample digestion but protein complexes or intact 

proteins are injected into the MS. In this method, non-covalent interactions are maintained 

between proteins and allows for the identification of protein isoforms and interacting partners 

[614] 

MS has a wide range of clinical use in fields such as proteomics, metabolomics, drug 

discovery and drug testing, protein identification, detection of food contamination,  

 

Similar to genome project, protein interactome mapping has become a point of focus in 

present day biological research. óInteractomeô refers to the complete mapping of already 

established and potential protein-protein interactions that can occur in an organism [615], 

giving insights into unique and unknown functional roles for known proteins. In 2010, De Las 

Figure 4.19: A schematic representation of Mass Spectrometer components: A mass 

spectrometer is essentially made up of an inlet system through which samples are 

introduced, an ion source which converts samples to a gaseous state, an analyse r  which 

resolves ions based on their m/z ratio, an ion detector which detects and records relative 

abundance of the resolved ions converting them to electric signals and a data system 

which processes the signals. Results are viewed as mass spectrum which is a plot of 

relative abundance against m/z ratio. 
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Rivas defined protein ï protein interaction as óphysical contacts (direct or indirect) with 

molecular docking between proteins that occur in vivoô [616]. This suggests that protein-protein 

interactions (PPIs) is an intentional or specific connection between or among proteins which 

could be transient such as in binding of transcription factors to promoter regions to regulate 

gene expression, or permanent as found in enzyme complexes made up of protein subunits 

[617, 618]. However, this definition excludes contacts made with other proteins during protein 

synthesis, folding and degradation, which he considers as generic functions [616]. Generally, 

proteins rarely act in isolation but usually achieve their functions, mediate cellular processes, 

signalling and metabolic pathways through interactions with other biomolecules such as RNA, 

DNA and other proteins. In living organisms, ~80% of all proteins interact or function as part 

of a protein complex or protein network [619]. Therefore protein-protein interaction is critical 

in regulating various cellular and molecular mechanisms that occur in both physiological and 

pathological conditions [620]. 

Numerous approaches have been identified for investigating PPIs which include small-

scale experiments, computational methods, and High-throughput techniques [621]. These all 

have their strengths and limitations. They include in vitro techniques such as co-

immunoprecipitation (Co-IP), protein microarray, x-ray crystallography, Tandem affinity 

chromatography coupled with MS, NMR spectroscopy [622] and in vivo techniques such as the 

high-throughput binary mapping by Yeast two-hybrid (Y2H) which detect direct physical 

interaction between two proteins [621, 622],  and various in silico methods such as gene fusion, 

gene expression, ortholog-based sequence approaches, structure-based approach, phylogenetic 

tree and so on [622]. Recently, there has been a rapid increase in the rate at which PPIs are 

generated most especially through high-throughput techniques like MS, and Y2H as a result of 

technological advancement. One major drawback to these high-throughput techniques is the 

high level of false positives and noise they generate [623, 624]. However, certain reliability 

verification methods have been developed to test the authenticity of the PPI results and to 

counter the errors. Some of these include; paralog verification methods (PVM)[625], 

expression profile reliability index (EPR) [626], protein localization methods (PLM), and 

interaction generalities measures (IGI) [627]. These verification methods explore the 

characteristics of already identified PPIs, such as co-evolution patterns, co-expression, and 

protein co-localization [628]. 

Due to the high level of experimental PPI data being generated, computer-readable 

databases have been constructed to better organize and process these data. some of these include 
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Biomolecular Interaction Network Database (BIND), Biological General Repository for 

Interaction Datasets (BioGRID), IntAct Molecular Interaction Database (IntAct), Database of 

Interacting Proteins (DIP), Agile Protein Interaction Data Analyse r (APID), Protein Interaction 

Network Analysis Platform (PINA), Human Protein Reference Database (HPRD), Search Tool 

for the Retrieval of Interacting Genes/Proteins (STRING). Some of these databases with their 

links are presented in Table 4.5. Among the common protein-protein interaction curated 

databases, BioGRID https://thebiogrid.org/111903 and IntAct 

https://www.ebi.ac.uk/intact/search?query=id:Q01201*#interactors have the highest number 

of validated RelB interactors in Human, documented to be 75 and 98 respectively. 

 

Table 4.5: List of some common Protein-protein interaction curated databases with links 

Database link  

BioGrid  http://thebiogrid.org/ 

IntAct  http://www.ebi.ac.uk/intact/   
 

BIND http://bind.ca/ 

PID http://dip.doe-mbi.ucla.edu/dip/ 

APID http://cicblade.dep.usal.es:8080/APID/init.action#tabr2  

PINA http://cbg.garvan.unsw.edu.au/pina/ 

HPRD http://www.hprd.org/ 

HitPredict  http://www.hitpredict.org/   

Pathway commons http://www.pathwaycommons.org/  

STRING http://string.embl.de/ 

 

 

 

 

 

 

 

https://thebiogrid.org/111903
https://www.ebi.ac.uk/intact/search?query=id:Q01201*#interactors
http://thebiogrid.org/
http://www.ebi.ac.uk/intact/
http://bind.ca/
http://dip.doe-mbi.ucla.edu/dip/
http://cicblade.dep.usal.es:8080/APID/init.action#tabr2
http://cbg.garvan.unsw.edu.au/pina/
http://www.hprd.org/
http://www.hitpredict.org/
http://www.pathwaycommons.org/
http://string.embl.de/
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4.8.2 Immunoprecipitation of RelB 

MDA-MB 231 and MCF7 cells were either kept at 21% oxygen (Normoxia) or exposed 

to 2 hours of 1%O2 (Hypoxia) in a hypoxia chamber. RelB immunoprecipitation was carried 

out as described in section 2.5.1 using RelB (D-4) AC, Mouse Monoclonal Antibody, and 

normal mouse IgG-AC was used as IP control. To deplete RelB from cell lysates, we optimized 

the IP protocol by increasing the amount of RelB-AC antibody used from 1µg to 2.5µg (Figure 

4.20). In each experiment, 500 µg of cell lysate was incubated with varying amounts of RelB-

AC antibody or with the IgG control overnight. Following overnight incubation, 

immunoblotting was performed with input as indicated in the result (Figure 4.20), while 20 ɛl 

of the flow-through was used for the three replicates. We observed that the amount of RelB 

depleted from the lysate increased with an increase in antibody amount, and with 2.5 µg RelB-

Ac antibody, RelB was depleted from the extract (Figure 4.20A).  

We also performed Coomassie staining following SDS-PAGE to check for RelB in the 

IP and IgG samples. SDS gel was incubated in Coomassie brilliant blue R-250 and afterward 

de-stained.  We observed visible bands for RelB in the input lanes for both cell lines but not in 

the IP lane (Figure 4.20B). The RelB interactor ï p52 was also visible in the IP lanes but absent 

in the IgG lanes in both cells. (Figure 4.20B). 

Investigation of the presence of binary interaction between RelB and some previously 

identified interacting partners using the affinity-purified samples was also carried out. 

Following immunoprecipitation of RelB, antibodies recognizing p100/p52 and GSK3ɓ were 

used and analyse d through immunoblotting. p100/p52 and GSK3ɓ were seen in the RelB IP. 

However, we also observed some levels of p100/p52 and GSK3ɓ in the IgG control. This could 

be due to cross-reactivity resulting from IgG, p100/52, and GSK3ɓ being mouse antibodies. 
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Figure 4.20: RelB Immunoprecipitation in MDA -MB231 and MCF7 cell lines:                           

[A] optimisation of RelB immunoprecipitation protocol to completely deplete RelB from 

cell lysate. Varying amount of RelB-AC antibody was used and 2.5 µg antibody completely 

depleted RelB. [B] Following SDS PAGE, RelB IP gel was stained with Coomassie 

brilliant blue R-250. RelB was visibly seen in the input lane but not in IP in both cells. 

Whereas RelB positive control, p52 was visible in the IP lane for both cell lines. Western 

blot analysis of already validated RelB interactors showed p100/p52 and GSK3ɓ interact 

with RelB in MDA-MB231(C) and MCF7 (D) cell lines. IN (Input), IP 

(immunoprecipitated) and FT (flow through).  

A C 

B D 
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4.8.3 Investigating RelB Interacting Proteins in Normoxic and Hypoxic Conditions 

using Mass Spectrometry. 

Limitations to this study: The initial aim of this investigation was to characterize 

possible novel phosphorylation sites on RelB in normoxia and hypoxia in MDA-MB231 cells. 

Even though RelB was detected through immunoblotting of the IP samples in the three 

biological replicates submitted for MS runs, MS could not detect RelB in the 

immunoprecipitated sample but only a peptide of RelB (SAGSILGESSTEASK) was detected 

in normoxic sample in one of the three biological replicates. However, MS generated numerous 

possible RelB interacting partners, which we then decided to analyse and report. Unfortunately, 

there were no IgG controls for the interactomes as no IgG was needed for the phospho-

investigation initially planned. 

In this section, we investigated RelB interacting proteins in atmospheric oxygen 

conditions (Normoxia) and under a deprived oxygen state (Hypoxia) in MDA-MB231 cells. 

MDA-MB were either left in an incubator at 5% CO2 and 21% O2 or kept in a hypoxia chamber 

at 1% O2 for 2 hours. RelB was immunoprecipitated from the two conditions using RelB 

agarose conjugated (RelB (D-4) AC), Mouse Monoclonal Antibody from INSIGHT 

Biotechnology. Following this RelB was eluted and processed as described in section 2.5. A 

bottom-up approach was employed in which in-solution digestion of RelB was done using 0.2 

µg/µL trypsin. Digested peptides were analysed using the LC-MS technique (Figure 4.19).   

Figure 4.21: RelB Mass Spectrometer workflow: A bottom-up / Label-free 

quantification approach was used in which the samples under the two different 

conditions (normoxia and hypoxia) were separately lysed, purified with RelB-Agarose 

conjugated antibody (RELB-AC) to extract the protein complex of interest, followed by 

digestion with trypsin. The digested samples were then fractionated using liquid 

chromatography and then analysed through tandem MS/MS. 
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For the purpose of quality control, eluted samples alongside the input and flow through 

were analysed by immunoblotting. Immunoblotting results for the three biological replicate 

samples submitted for LC/MS are presented in Figure 4.22. We observed that in replicate I, 50 

mM Tris with 4% SDS gave more eluted RelB than 50 mM Tris with 2% SDS (Figure 4.22A). 

In replicates II and III, the presence of HIF1-Ŭ in the hypoxic but not in the normoxic samples 

confirms the 2 hours 1% oxygen treatment worked.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.22: Immunoblotting of Eluted RelB: RelB was immunoprecipitated from 

MDA-MB231 cell lysates and eluted. [A] Elution in replicate one was performed with 

50 mM Tris HCl with either 2% or 4% SDS. Elution was better with 4%SDS. In [B] 

and [C] which represent replicate II and replicate III, elution was performed on both 

Normoxic and Hypoxic samples with Tris 50mM Tris HCl + 2% SDS.  

A 

B 

C 
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For the MS experiment data, MASCOT search was done using the uniHuman database, 

to generate list of protein matches, and generated list were processed and analysed using 

Progenesis Q1 software. 

The number of features in each of the replicate generated before and after pre-

processing by Progenesis Q1 software are graphically represented in Figure 4.23A and B. In 

the unprocessed data, replicate 1 had the highest number of features due to a lot of noise 

introduced by the presence of keratin (Figure 4.23A). Following pre-processing, normoxia and 

hypoxia samples respectively had 381, 415 features in replicate I, 431, 431 features in replicate 

II and 415, 416 features in replicate III. Finally, a total of 461 proteins were identified to be 

upregulated RelB interactomes, out of which 110 were not classified as normoxia or hypoxia 

(23) or are missing in one or more replicate (87) and so are categorised as NIL since their 

foldchange cannot be calculated (Figure 4.23C). Thus, a final 351 proteins were identified as 

upregulated RelB interactors in both normoxic and hypoxic samples. The raw abundance values 

for each of the 351 proteins in hypoxia were normalised against the raw abundance values of 

their normoxia counterparts to generate foldchange (FC). Out of the 351 proteins, 255 proteins 

have FC values >1 and are listed as RelB interactors in hypoxia, leaving 96 proteins with FC<1 

as RelB interactors in Normoxia (Figure 4.23C). Proteins classified as NIL are proteins either 

with no raw abundance at all, or missing in at least one replicate in either normoxia or hypoxia 

condition, therefore FC cannot be calculated. 

A search through BioGrid and IntAct PPI databases showed that 33 out of the 461 

proteins identified are previously validated RelB interactors. To gain further insights into these 

lists of already validated RelB interactors captured in the MS experiment data (Table 4.6), 

KEGG pathway analysis was performed using  ShinyGO 0.76.2 

(http://bioinformatics.sdstate.edu/go/) , and Database for Annotation, Visualization and 

Integrated Discovery (DAVID) https://david.ncifcrf.gov/ to analyse functional connections 

between these genes. We performed KEGG pathway analysis, Gene ontology (GO) Enrichment 

for Biological Process (BP), Molecular Function (MF) and Cellular Components (CC), 

Enrichment analysis for protein-protein interaction using STRING, enrichment for tissue 

distribution and post-translational modification.   

The top significantly enriched terms for each category is presented in Figure 4.24 and 

Figure 4.25 as a lollipop bar plot and bar chart respectively. Pathway analysis revealed 

significant enrichment for Legionellosis, antigen processing and presentation, ribosomes, 

http://bioinformatics.sdstate.edu/go/
https://david.ncifcrf.gov/
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oestrogen signalling pathway, thermogenesis, MAPK signalling and so. For the Biological 

process, the top enriched terms include regulation of nucleotide excision and double-strand 

break repair, regulation of metaphase/anaphase transition, chromatin remodelling and 

transcription regulation. Analysis of Molecular function revealed binding to folded, misfolded 

and unfolded proteins, and binding to DNA, RNA, chromatin and so on (Figure 4.25). The 

majority of these proteins are significantly enriched in the nuclear matrix, macromolecular 

complex and the SWI/SNF complex. As expected, 91% of these proteins are RelB interactors 

according to IntAct enrichment analysis, additionally, 82%, 79% and 76% of these proteins 

interact with cystic fibrosis transmembrane conductance regulator (CFTR), Cullin 3 (CUL3), 

GABARAPL2 (GABA Type A Receptor Associated Protein Like 2 (GABARAPL2) (Figure 

4.26A). These proteins are highly enriched in erythroleukemia, cervical, colon, mammary and 

ovarian carcinomas (Figure 4.26B). STRING analysis of protein-protein interaction among 

these 33 proteins revealed interesting interactions among the SWI1/SNF1 family of proteins, 

actin-like protein 6A (ACTL6A) and Double plant homeodomain finger 2 (DPF2) (Figure 

4.26C). These proteins are all involved in chromatin remodelling, regulation of DNA repair, 

regulation of developmental processes, positive regulation of T Cell activation and so on 

according to gene ontology enrichment analysis for biological process 

https://maayanlab.cloud/Enrichr/enrich.  Also, RPS5, RPS11, RPS14, RPLP2, and RPL30 form 

a string cluster which is enriched for cytoplasmic translation, i.e they regulate the various 

reactions and pathways involved in protein synthesis from mRNA in the cytoplasm.  The heat 

shock proteins (HSPA5, HSPA6, HSPA8, HSPA9 and HSPA1L also form a cluster of 

molecular chaperones involved in protein refolding.  All the proteins interact at one level or the 

other except for a binary interaction observed between the two keratin proteins; KRT15 and 

KRT2, whereas Carbamoyl-Phosphate Synthetase 2 - CAD did not interact with any protein 

(Figure 4.26C). 

 

 

 

 

 

 

https://maayanlab.cloud/Enrichr/enrich.%20%20Also,%20RPS5,%20RPS11
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Figure 4.23: RelB Mass Spectrometer Data Summary: A stacked column chart 

showing the numbers of features [A] of unprocessed data generated by MASCOT 

search for the number of proteins matches in each condition and in each replicate [B] 

Identified following pre-processing in both hypoxia and Normoxia samples [C] A 

venn diagram showing numbers of proteins upregulated in normoxia and hypoxia 

following normalisation. Proteins with Foldchange >1 are grouped as RelB 

interactors in hypoxia, whereas proteins with Foldchange Ò 1 are RelB interactors in 

normoxia. Unclassified proteins and those with no raw abundance in at least one 

replicate, and therefore no foldchange values are grouped as NIL. Interactivenn was 

used for overlap analysis 

A 

B 

C 
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Table 4.6: RelB interacting proteins in breast cancer cell lines: List of Previously 

identified RelB interactors generated from BioGRID and IntAct interactome databases, found 

in the hypoxia/normoxia - MS experiment data. 

Accession Gene Protein name Fold 

Change 

Q969G3 SMARCE1 SWI/SNF-related matrix-associated actin-dependent 

regulator of chromatin subfamily E member 1  

21.98 

Q92785 DPF2 Zinc finger protein ubi-d4 11.95 

P62263 RPS14 Small ribosomal subunit protein uS11 10.21 

P62888 RPL30 Large ribosomal subunit protein eL30  8.52 

Q12824 SMARCB1 SWI/SNF-related matrix-associated actin-dependent 

regulator of chromatin subfamily B member 1  

6.08 

O96019 ACTL6A Actin-like protein 6A 3.68 

Q92499 DDX1 ATP-dependent RNA helicase DDX1 3.16 

P02768 ALB Albumin 3.05 

P0DP23 CALM1 Calmodulin-1 2.98 

P62280 RPS11 Small ribosomal subunit protein uS17  2.78 

P11142 HSPA8 Heat shock cognate 71 kDa protein  2.27 

Q00610 CLTC Clathrin heavy chain 1  1.96 

P23246 SFPQ Splicing factor, proline- and glutamine-rich 1.95 

P11021 HSPA5 Endoplasmic reticulum chaperone BiP  1.57 

Q92925 SMARCD2 SWI/SNF-related matrix-associated actin-dependent 

regulator of chromatin subfamily D member 2 

1.51 

O43809 NUDT21 Cleavage and polyadenylation specificity factor 

subunit 5 

1.50 

P35908 KRT2 Keratin, type II cytoskeletal 2 epidermal  1.33 

P05387 RPLP2 Large ribosomal subunit protein P2 1.28 

P15924 DSP Desmoplakin (DP)  1.18 

Q15233 NONO Non-POU domain-containing octamer-binding 

protein  

1.16 

P27708 CAD Carbamoyl-phosphate synthase 2 1.12 

Q00839 HNRNPU Heterogeneous nuclear ribonucleoprotein U 1.04 
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Q8TAQ2 SMARCC2 SWI/SNF complex subunit SMARCC2 0.74 

Q16630 CPSF6 Cleavage and polyadenylation specificity factor 

subunit 6  

0.41 

Q00653 NFKB2 Nuclear factor NF-kappa-B p100 subunit 0.38 

P52294 KPNA1 Importin subunit alpha-5 0.34 

P38646 HSPA9 Stress-70 protein, mitochondrial  0.27 

P51532 SMARCA4 Transcription activator BRG1  0.17 

P46782 RPS5 Small ribosomal subunit protein uS7  0.05 

P07437 TUBB Tubulin beta chain 
 

P17066 HSPA6 Heat shock 70 kDa protein 6 
 

P34931 HSPA1L Heat shock 70 kDa protein 1-like 
 

P19012 KRT15 Keratin, type I cytoskeletal 15  
 

 

Figure 4.24: Pathway analysis of RelB interactors: Result of KEGG pathway 

enrichment analysis for top significantly enriched terms of the thirty-three 

previously validated RelB interactors found in the hypoxia/normoxia MS 

experiment data is presented with corresponding fold enrichment value. -log10(FDR) 

are presented as a colour gradient and numbers of genes in each enrichment catery 

are presented as circles / dots of different sizes (see legends) 
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Figure 4.25: Gene ontology Enrichment Analysis of RelB interactors: Result of 

enrichment analysis for top significantly enriched terms of the thirty-three previously 

validated RelB interactors found in the hypoxia/normoxia MS experiment data is 

presented with corresponding -log10(p-value). GO enrichment terms considered 

include Biological Process, Molecular Function and Cellular Component. Enrichment 

for post-translation modification is also presented. 


