
Thematic Issue: BMS-CPD-2020-HT143-1846-2 

 

Title: Epigenetic Modifications of the Nuclear Factor Kappa B Signalling Pathway and its 

Impact on Inflammatory Bowel Disease 

 

Short title: Epigenetic modifications of NF-B in inflamed bowel 

 

Authors: Stamatia Papoutsopoulou1, * and Barry J. Campbell1, * 

 

Author ORCID Numbers: 0000-0001-6665-8508 and 0000-0002-7407-012X 
 

Address:  1 Henry Wellcome Laboratories of Molecular & Cellular Gastroenterology, Faculty 

of Health & Life Sciences, University of Liverpool, Liverpool, L69 3GE, UK 

 

*Corresponding authors: 

Address correspondence to Dr Stamatia Papoutsopoulou or Professor Barry J. Campbell at 

The Henry Wellcome Laboratories of Molecular & Cellular Gastroenterology, Faculty of 

Health & Life Sciences, University of Liverpool, Liverpool, L69 3GE, UK. Tel: +44-151-

794-6829. E-mail addresses: s.papoutsopoulou@liverpool.ac.uk and 

b.j.campbell@liverpool.ac.uk  

 

  

mailto:s.papoutsopoulou@liverpool.ac.uk
mailto:b.j.campbell@liverpool.ac.uk


2 
 

ABSTRACT: 

 

Background: Inflammatory bowel disease (IBD) is a multifactorial condition influenced by 

the immune system, the intestinal microbiota, environmental factors, genetic and epigenetic 

factors. Genetic- and environment-induced dysregulation of the Nuclear Factor-kappa B (NF-

B) transcription factor pathway has been linked to IBD pathogenesis. Objective: To assess 

the current evidence in relation to the contribution of the classical and alternative NF-B 

pathways in IBD and to discuss the epigenetic mechanisms that impact on NF-B function. 

Methods: A Medline search for ‘NF-kappaB/NF-B’, in combination with terms including 

‘inflammatory bowel disease/IBD’, 'intestinal inflammation', ‘Crohn's disease’, ‘ulcerative 

colitis’, 'colitis'; ‘epigenetics’, ‘DNA methylation’, ‘histones’, ‘microRNAs/miRNAs’ and 

‘short non-coding/long non-coding RNAs’ was performed. Results: Both NF-κB pathways 

contribute to the chronic inflammation underlying IBD by regulating the inflammatory immune 

responses and homeostasis of the intestinal epithelium (classical pathway) or regulating bowel 

inflammation and epithelial microfold (M) cell function (alternative pathway). DNA 

methylation is a common epigenetic modification in intestinal inflammation, including NFKB1 

and RELA loci. Conversely, little is understood regarding epigenetic effects on genes encoding 

other NF-B subunits, particularly those of the alternative pathway, and in the context of IBD. 

However, NF-B interaction with chromatin modifiers is also seen to be an essential 

mechanism of regulation of downstream target genes relevant to NF-B-mediated 

inflammatory responses. Conclusion: Further research is clearly warranted in this area, as 

understanding the cell-specific regulation of the NF-B pathways will bring researchers into a 

position to achieve more efficient stratification of IBD patients, and more targeted and effective 

choice of treatment.  
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1. INTRODUCTION 

Inflammatory bowel disease (IBD) is a chronic inflammatory condition of the gut 

encompassing two main phenotypes; Crohn’s disease and ulcerative colitis [1, 2]. The hallmark 

of IBD is chronic, uncontrolled inflammation of the intestinal mucosa driven by the imbalance 

between pro-inflammatory and anti-inflammatory cytokines [3]. Crohn’s disease is 

characterised by deep tissue inflammation, typically with granulomata and may affect any part 

of the gastrointestinal tract from the mouth to the anus, although it most commonly affects the 

terminal ileum and/or colon. Ulcerative colitis is confined to the colon, particularly the sigmoid 

colon and rectum, and causes more superficial, non-granulomatous ulceration. In patients with 

IBD the mucosal immune system is also chronically activated, driving and perpetuating 

inflammation in the intestine [1-4]. One of the main problems in IBD is that the response to 

treatment can vary immensely and there is no efficient way as yet to predict this. Only 60% of 

patients with acute severe colitis will respond to therapy with steroids [4, 5] and a similar 

percentage may respond to rescue therapy, mainly anti-tumour necrosis factor (TNF) antibody 

treatment;  the remainder will undergo colectomy [6]. Therefore, there is a real need to reliably 

predict response to therapy and develop personalised treatment approaches [7-9].  

 

2. The NF-B family of transcription factors 

At the cellular level, one of the main signaling pathways in the immune system, activated in 

IBD is the Nuclear Factor kappa B (NF-B) transcription factor pathway [10-13]. NF‐κB 

pathway activation mediates gene transcription, synthesis and release of many cytokines 

involved in initiating and perpetuating inflammation [4]. The NF-B family consists of 

ubiquitously expressed transcription factors that drive the transcription of a plethora of genes, 

regulating the development of the immune system, the innate and adaptive immune responses, 
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inflammation, and cancer [14-18]. Therefore, understanding of the factors that regulate NF-κB 

can potentially lead towards discovering targeted therapeutic interventions for IBD [19]. 

 

2.1. NF-B dimers 

There are five monomer family members; p50 (processed from p105), p52 (processed from 

p100), p65 (or RelA), c-Rel and RelB, that act as homo- or hetero-dimers [20-22]; see Figure 

1.  The dimers are held in the cytoplasm in an inactive state by the Inhibitors of F- (IBs) 

[23]. The IBs also form a family, with five typical members; p105, p100, IB alpha (IBα), 

IB beta (IBβ), IB epsilon (IBε), and three atypical members B-cell lymphoma 3-encoded 

protein (BCL-3), IκB zeta (IBζ) and IκBNS (also known as IκB delta, IκB-δ) [24]. Upon cell 

activation, IBs become phosphorylated, ubiquitinated and then degraded, releasing active 

dimers that can translocate to the nucleus and drive transcription [25, 26].  

 

 
 

 

 

Figure 1: NF-B dimers. Representations of Nuclear Factor kappa B (NF-B) transcription 

factor homodimer and heterodimer combinations found in mammalian cells. The predominant 

dimer involved in classical signalling is p50:RelA(p65) heterodimer. Heterodimer p52:RelB is 

the predominant NF-B dimer of alternative NF-B pathway signalling. 
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2.2. NF-B signalling pathways 

There are two NF-B pathways, the classical (canonical) and alternative (non-canonical) 

pathways, that regulate different dimers and are being regulated by different upstream kinases, 

the IκB kinases (IKKs) [27-29]; see Figure 2. 

 

2.2.1 Classical NF-B signaling 

The classical NF-B pathway is activated downstream of a variety of receptors, including Toll-

like receptors (TLRs), T-cell receptor (TCR), B-cell receptor (BCR) or TNF-receptors 

(TNFR1/2). In brief, activated TLRs recruit adapter proteins, such as myeloid differentiation 

primary response 88 adaptor protein (MyD88). The exception is TLR3, which instead recruits 

and activates members of the Interleukin 1 (IL-1) receptor-associated kinase (IRAK) family 

[30]. The IRAK-MyD88 association triggers hyperphosphorylation of IRAK leading to its 

interaction with the downstream adaptor, TNF receptor-associated factor 6 (TRAF-6). The 

interaction of IRAK with TRAF-6 leads to activation of transforming growth factor beta 

(TGFβ)-activated kinase 1 (TAK1) and subsequently activation of the IKK complex [31]. The 

TNF receptor superfamily represents another collection of receptors that activate classical NF-

κB signalling, and represents an important receptor-ligand pathway within the intestinal 

epithelium. Engagement of TNFR1 by TNF leads to the recruitment of TNF-receptor-

associated death domain protein (TRADD), which then associates with TRAF-2 and receptor-

interacting protein kinase (RIP). TRAF-2 subsequently recruits the IKK complex to the TNFR1 

complex, where RIP activates the catalytic IKK subunits via mitogen-activated protein kinase 

kinase kinase 3 (MEKK3). TCR and BCR signalling involve recruitment of signalosome 

complex (CARMA1–BCL10–MALT1–TRAF6) that leads to TAK1 activation [32]. The IKK 

complex consists of two kinases IKK1 and IKK2 (also known as IKKα and IKKβ), and a 

regulatory subunit named NF-B essential modulator (NEMO, or IKK) [33]. Consequently, 
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IKK2 phosphorylates IB and targets it for ubiquitination and proteasomal degradation, 

allowing the classical NF-B pathway dimers to translocate to the nucleus and activate 

transcription. Further information regarding the detailed complexities of the adaptor/modulator 

interactions of the classical NF-B pathway can be found in a recent article published by Yu 

and colleagues [34]. 

 

2.2.2. Alternative NF-B signalling 

The alternative NF-B pathway, unlike the classical pathway, is normally held inactive by the 

continuous proteasomal degradation of NF-B-inducing kinase (NIK) mediated by a ubiquitin-

ligase complex. Upon ligand-receptor binding (e.g., CD40L to CD40, B cell activating factor 

(BAFF) to BAFFR, or lymphotoxin to LTβR), TRAF3 is polyubiquitinated and targeted for 

proteasomal degradation, leading to NIK accumulation in the cytoplasm. NIK phosphorylation 

results in activation of its kinase activity, allowing phosphorylation and homodimerization of 

IKK1. IKK1 homodimers further phosphorylate p100, resulting in ubiquitination and 

degradation, followed by release of active RelB-p52 dimers that are able to enter the nucleus 

and regulate transcription. For further detailed information regarding the adaptor/modulator 

complexities of the alternative NF-B pathway, see [34]. 
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Figure 2.  Classical (canonical) and alternative (non-canonical) NF-B signalling 

pathways. (A) The classical NF-B pathway is activated downstream of a variety of receptors, 

such as Toll-like receptors (TLRs), T-cell receptor (TCR), B-cell receptor (BCR) or TNF-

receptor (TNFR). Ligand-receptor binding triggers downstream cascades that lead to 

autophosphorylation/activation of a family of receptor pathway-specific mitogen-activated 

protein kinase kinase kinases (MAP3Ks), and subsequently activation of the IKK complex 

(consisting of IKK1, IKK2 and NEMO). Activation of IKK2 then leads to phosphorylation of 

IBα and targets it for ubiquitination and proteasomal degradation, allowing classical pathway 

NF-B dimers (such as p50:RelA) to translocate to the nucleus and activate transcription. (B) 

The alternative pathway is normally held inactive but upon ligand-receptor binding (e.g., 

CD40L to CD40, B cell activating factor (BAFF) to BAFFR, or lymphotoxin to LTβR), NF-

B-inducing kinase (NIK) is stabilised leading to its accumulation in the cytoplasm. NIK 

phosphorylation results in activation of its kinase activity, allowing subsequent 

phosphorylation of IKK1. IKK1 homodimers further phosphorylate p100, resulting in 

ubiquitination and degradation followed by release of active p52:RelB dimers that are able to 

enter the nucleus and regulate transcription. * For information on upstream receptor-specific 

adaptor/modulators please refer to the article text. 
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3. NF-B signalling in inflammatory bowel disease  

Hyperactivation of NF-B has been associated with increased levels of pro-inflammatory 

cytokines such as TNF, Interleukin-1 beta (IL-1β) and Interleukin-6 (IL-6) which promote 

intestinal inflammation and gastrointestinal carcinogenesis [13, 35, 36]. In pre-clinical models, 

NF-B has been suggested to be a central player linking IBD to colorectal cancer (CRC) [37] 

by inducing cellular transformation, mediating cellular proliferation and preventing the 

elimination of pre-neoplastic cells [38, 39]. Apart from the immune system, the pathogenesis 

of IBD is also influenced by environmental factors within the exposome and genetic 

predispositions [40, 41]. The majority of research has been focused on the classical NF-B 

pathway, which is known to regulate inflammatory responses. Nevertheless, there is emerging 

interest in the contribution of the alternative pathway in the development of IBD and IBD-

associated cancer.  The two pathways are discussed separately below, and for an overview of 

the role of NF-B pathway signalling in intestinal inflammation, see Figure 3. 

 

3.1. Classical NF-B pathway activation  

The classical NF-B pathway is activated by the upstream IKKs, mainly IKK2 (or IKKβ) and 

shows a rapid and transient activation, typically generating an active heterodimer (p50:RelA) 

that regulates transcription of many genes encoding pro-inflammatory factors.  

In intestinal epithelial cells, NF-B has a key protective role to support barrier homeostasis 

[42, 43]. Studies utilising genetically modified animals have highlighted important functions 

of NF-B in regulating cell survival, barrier integrity, and the immunological and anti-

microbial responses of intestinal epithelial cells [44, 45]. NF-κB inhibition can be harmful and 

trigger the development of inflammation and disease [46] and as discussed by deFonseca and 

Kaunitz, IKK/NF-B signalling is a major mechanism of gastrointestinal defense [47]. Also, 

in vivo intestinal epithelium-specific deletion of both IKK1 and IKK2 has been shown to result 
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in spontaneous development of intestinal inflammation in mice [48]. In IBD, classical NF-κB 

signalling has been shown to influence the severity of intestinal inflammation [11]. Elevated 

RelA (p65) protein levels or high DNA-binding activity of NF-B has been detected in 

intestinal biopsies of Crohn’s disease patients [49-51]. More recently, Yao et al. showed that 

in IBD the chronic NF-B activation sensitises intestinal epithelial cells to TNF-induced 

apoptosis in a ripoptosome-dependent manner [52]. Mice lacking the classical NF-B 

signalling pathway in intestinal epithelial cells demonstrate increased susceptibility to colitis, 

indicating a protective role for NF-B in intestinal epithelium during oxidative stress/hypoxic 

inflammation [53, 54]. Similarly, Nfkb1-/- mice, are also show higher susceptibility to 

Helicobacter felis-driven carcinogenesis [55] and to colitis-associated adenoma development 

[56]. In humans, population-based studies have demonstrated that single nucleotide 

polymorphisms (SNPs) in NFKB1, the gene that encodes the p105/p50 subunit, and NF-B 

target genes indicative of high inflammatory response, were associated with increased risk of 

Crohn’s disease [57, 58]. 

In activated innate immune cells, such as macrophages and dendritic cells, classical NF-B  

pathway signalling drives transcription of genes encoding pro-inflammatory cytokines, such as 

TNF, IL-6 and IL-1 [31, 59-61]. It is well-established that intestinal macrophages show 

inflammatory anergy and this phenotype seems to be due to multiple factors [62, 63]. As an 

example, human intestinal macrophages do not express the pathogen-associated molecular 

pattern CD14 (cluster of differentiation 14) and they have very low levels of MyD88 and TNF 

receptor-associated factor 6 (TRAF6); both key adaptor molecules that relay signal crucial for 

activation of NF-B downstream of Toll-like receptors (TLRs) [62]. In addition, mast and 

stromal cells present in the intestinal mucosa typically produce higher levels of transforming 

growth factor beta (TGF-β), known to block NF-B pathway activation downstream of TLR2, 

TLR4 and TLR5 via ubiquitination and degradation of MyD88 [63]. We have shown activation 
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dynamics of the classical NF-B pathway to be significantly elevated in peripheral blood 

mononuclear cell-derived macrophages from Crohn’s disease patients when compared to 

macrophages derived from both healthy donors and patients with ulcerative colitis [64]. 

Regarding adaptive immune cells, T lymphocyte differentiation into effector cells (e.g. Th1 

and Th17) and their maintenance is also classical NF-B signalling pathway dependent [65-

69].  Nfkb1 knock-in mice that express p50 but not its precursor, p105, display constitutive NF-

κB activation and spontaneously develop colitis characterized by hyperproduction of Th17 

cells [70]. T cell profiling studies on biopsies taken at time of diagnosis have revealed that 

inflammatory bowel disease patients have higher numbers of CD4+ T cells, T regulatory cells 

(Tregs) and central memory T cells (TCMs), and lower observed proportions of CD8+ T cells 

[71]. Different adaptive immune response are seen in Crohn’s disease and ulcerative colitis 

though. Crohn’s disease patients show a Th1/Th17 response with increased levels of pro-

inflammatory cytokines, such as TNF, interferon-gamma (IFN-) and interleukin 17A (IL-

17A) [1].  

NF-B activation is also important in the endothelium since it regulates the expression of 

adhesion molecules that play a pivotal role in leukocyte–endothelium interactions [72]. The 

gut endothelium plays a key contributory role in progression of IBD because it also releases 

pro-inflammatory cytokines, and upregulates adhesion molecules, e.g. E-selectin and mucosal 

vascular addressin cell adhesion molecule 1 (MAdCAM-1), that facilitate adhesion and 

migration of pro-inflammatory and cytotoxic leukocytes expressing CX3CL1/fractalkine, a 

chemokine that attracts dendritic cells and macrophages [73]. The majority of these molecules 

are regulated by the canonical NF-B pathway [74]. 

 

In our own studies, hyperactivation of the classical NF-B pathway in Crohn’s disease patients 

was not seen to correlate with disease severity, activity, nor disease status or type of medication, 
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but rather was seen to correlate with the smoking status, although this was not the case in 

healthy donors [64]. Smoking is well-known to cause epigenetic modifications on DNA or 

histones that predispose to adverse health outcomes, such as respiratory and cardiovascular 

diseases, and cancer [75]. There is a lot of literature showing that smoking has a protective role 

in ulcerative colitis but has detrimental effects in Crohn’s disease and yet there is no clear 

explanation for this discrepancy [76]. Another level of complexity here, is that cigarette smoke 

contains more than 5000 ingredients, some of which are known to influence barrier integrity 

of the gut epithelium, immune responses and intestinal microbiota composition, and cause 

epigenetic modifications influencing gene expression relevant to development and progression 

of IBD [41, 77, 78]. It has been also shown that cigarette smoking promotes inflammation by 

mainly activating the NF-B family of transcription factors [79]. Conversely, Wang and 

colleagues have shown that ‘side-stream’ smoking (i.e. smoke emitted from the burning end of 

a cigarette, rather than the direct inhaled ‘mainstream’ smoke) reduces intestinal inflammation 

and activation of the classical pathway [80].  

 

Hypoxic challenge has also been shown to modulate NF-B activation in IBD [81] and known 

to affect gene expression through epigenetic modification of histones and chromatin 

remodelling [82]. Hypoxia-induced NF-B activation in turn induces transcription of hypoxia-

inducible factor 1 alpha (HIF-1α), a key downstream regulator of many genes involved in 

angiogenesis and vacularisation, enhanced oxygen delivery and adaptation to a hypoxic state, 

and in regulation of cellular apoptosis and energy metabolism [83, 84].  

 

3.2. Alternative NF-B pathway activation 

The alternative NF-B pathway mediates activation of the p52/RelB heterodimer in response 

to signals mediated by a subset of TNF receptor superfamily members and regulate immune 
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cell differentiation and maturation and secondary lymphoid organogenesis  [28, 85, 86]. Whilst 

much less is known about the role and importance of the alternative NF-κB pathway in IBD 

patients, there is some indication of its contribution to the chronic inflammation underlying 

IBD and inflammation-associated gastrointestinal cancer [87-89]. Recent studies using Nfkb2-

/- mice that do not synthesize p100/p52, show they are resistant to dextran sodium sulphate 

(DSS)-induced colitis and to colitis-associated colon adenoma development [56]. Moreover, 

several other key studies have shown that alternative NF-B pathway signalling plays a role in 

regulating colonic inflammation [89] and in promotion of defence against enteric infection [85, 

90-92]. This has suggested that p100/p52 inhibition could be a potential therapeutic approach 

to improve inflammation-associated intestinal disease [93]. Recently, Ramakrishnan and 

colleagues, using NIK knockout (Nik-/-) mice, identified a role for the alternative NF-κB 

pathway in intestinal homeostasis, with this upstream protein kinase, that induces proteolytic 

processing of NF-B2/p100, being required for maintenance of key bacteria/antigen sampling 

microfold cells (M cells) that constitute about 5-10% of the dome or follicle-associated 

epithelium overlying Peyer’s patches in the distal ileum and smaller lymphoid follicles of the 

colon [94]. Constitutive intestinal epithelium NIK signalling is active in mouse models of 

colitis and patients with ulcerative colitis [94] .  
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Figure 3.  NF-B and its role in intestinal inflammation development and progression. 

The pathway (classical or alternative) and functional role of NF-B signalling relevant to the 

intestinal epithelium, endothelium, mucosal macrophages, dendritic cells and T lymphocytes 

(thin arrows and white boxes) are illustrated here, as are the cell-specific changes that have 

been observed in inflammatory bowel disease due to NF-B signal pathway dysregulation 

(thick arrows and grey boxes). Note, only the predominant NF-B dimer involved in classical 

NF-B signalling, heterodimer p50:RelA (white symbols), and that of the alternative NF-B 

pathway, heterodimer p52:RelB (black symbols), are shown for simplicity.  
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4. EPIGENETIC MODIFICATION OF NF-B AND IB FAMILY GENES 

There are numerous genetic studies that link mutations in the NF-B signalling pathway and 

human diseases [95], but very little is known about the epigenetic modifications of the NF-B 

family members, with DNA methylation being the most studied modification to date. 

Epigenetic modifications are changes that affect the regulation of chromatic structure and gene 

expression or cellular characteristics and processes. There are three major categories of 

epigenetic modification; 1) DNA methylation, 2) histone modification – such as acetylation, 

deacetylation, phosphorylation and methylation, and 3) non-coding RNA, all of which have 

been associated with the development of human diseases [96-98]; see Figure 4.  

 

 
 

 

Figure 4: Epigenetic mechanisms that regulate the NF-B transcription factor pathway. 

Non-coding RNAs, such as micro RNAs (miRNAs) and long non-coding RNAs (lncRNAs) 

regulate the transcription levels and the mRNA stability of the NF-B family members. On the 

other hand, NF-B dimers interact with enzymes that induce epigenetic modifications. 

Interaction with DNA methyltransferases (DMTs) induce DNA methylation. Instead, 

interaction with histone deacetylases (HDACs), histone acetylases (HATs) and chromatin 

readers, e.g. bromodomain and extraterminal proteins (BETs), induce histone modifications.  

Abbreviations: CH3, methyl group; PO3
-, phosphate group; OAc-, acetate functional group. 
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4.1. Classical pathway genes 

Studies on primary immune cells derived from healthy individuals, have shown that the 

methylation status of the promoter of NFKB1 varies among monocytes, neutrophils and 

lymphocytes and this could potentially impact on the inflammatory response during sepsis [99]. 

Several other studies have also observed strong correlation of altered methylation status of 

genes regulating inflammation and with high levels of pro-inflammatory cytokines. A 

controlled, pilot study showed that in older women, high dose of milk product intake post-

exercise induced hypermethylation of many genes driving inflammation, including NFKB1 and 

NFKB2 [100]. Hypomethylation of the NFKB1 gene promoter was also seen in peripheral 

blood mononuclear cells of type 2 diabetes mellitus patients and correlated with increased 

levels of IL-1β [101]. Moreover, changes in the methylation levels of the NFKB1 gene were 

correlated to decreased blood pressure after bariatric surgery [102]. Jeong and colleagues have 

shown that there was no significant difference in methylation status of NFKB1 and also for 

RELA, the gene that encodes the p65 subunit, when comparing tumours versus normal breast 

tissue [103]. It was notable in this study, that methylation of the RELA was upregulated in those 

tumour tissues demonstrating high levels of pro-inflammatory TNF [103]. There is therefore 

the potential for this to be important also in IBD, especially given the high intestinal mucosal 

pro-inflammatory cytokines levels seen, such as TNF, but no similar human studies that have 

been conducted to date. There is however some evidence from in vivo experiments where 

increased tri-methylation of lysine 27 on histone 3 (H3K27me3) in the promoter of Nfkb1 has 

been observed in the colonic tissue of mice fed with indigestible resistant starches known to 

attenuate intestinal inflammation [104]. This was due to an increase in butyrogenic intestinal 

bacteria and was supported by in vitro studies showing that exogenous addition of sodium 

butyrate produced similar tri-methylation of histone 3 in cultured human colonocytes [104]. 
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Using an intestinal epithelium-specific knockout mouse model of the transcriptional repressor 

of inflammatory genes, retinoic acid-related orphan receptor alpha (RORαΔIEC ), induction of 

colitis using dextran sodium sulphate (DSS) demonstrated that Nfkb1 was among the most 

upregulated genes the intestinal epithelium in the absence of ROR [105]. 

 

Whilst there are no direct studies examining epigenetic modification of RELA in IBD, there is 

evidence with respect to its impact on innate immune responses, with endogenous retroviral 

long non-coding RNAs (lncRNAs) shown to significantly alter transcriptional levels of RELA 

[106]. Similarly micro RNAs (miR) elevated in human colorectal tissues, such as miR-221 and 

miR-222, have been shown to directly bind to the coding region of the RELA gene and increase 

stability of RELA mRNA, a mechanism that could perhaps explain sustained activation of the 

NF-B pathway observed in colorectal adenocarcinoma [107, 108]. Another miR-181 also 

regulates the NF-B signalling pathway via inhibition of the tumour suppressor CYLD lysine 

63 deubiquitinase in inflammation-associated colorectal cancer [109, 110]. A further intestinal 

study also examined for methylation changes in mucosal biopsy tissue obtained from patients 

with coeliac disease, where RELA was the only member of the NF-B family that was observed 

to be significantly hypomethylated [111]. Epigenetic modification of RELA has also been 

studied with respect to aging pathologies [112], and in hyperglycaemia, methylation and 

acetylation modifications of the RELA promoter are also seen, leading to upregulation of RELA 

expression in both peripheral blood cells and endothelium [113, 114]. DNA methylation and 

acetylation of the RELA locus and the implications for type-2 diabetes have also been 

highlighted by Paneni and colleagues [115].  

 

In a recent epigenome-wide DNA methylation study, the atypical IB family member gene B-

cell lymphoma 3 (BCL3) was seen to be differentially methylated in newly-diagnosed IBD 
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cases versus controls [116]. BCL3 is a known regulator of NF-B mediated gene transcription 

[117] with levels elevated in the lamina propria of colonic tissues of patients with IBD [118]. 

Bcl-3 interferes with p50 function in a cell specific manner to drive colitis [118] and interaction 

of Bcl-3 with histone deacetylases leading to transcriptional termination is speculated as being 

perhaps a key mechanism of action [118, 119]. 

 

4.2. Alternative pathway genes 

Regarding the alternative pathway, RELB, together with other loci, has been identified as a 

target of histone 3 increased acetylation in diabetic patients with gastrointestinal symptoms 

[120]. As was observed for NFKB1, high dietary intake of milk products post exercise in older 

women also induced hypermethylation of the NFKB2 gene encoding p100/p52 [100]. In 

contrast, there is no literature to date regarding epigenetic modification of the other NF-B 

alternative pathway family member gene, REL encoding c-Rel. 
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Table 1: Epigenetic modifications affecting expression of genes that encode the NF-B 

and IB family members. 

Gene Epigenetic modification Condition  

BCL3 DNA hypomethylation Inflammatory bowel disease a  

 

NFKB1/Nfkb1 DNA hypomethylation 

 

DNA hypermethylation 

 

 

 

Deacetylation by RORα/HDAC3 

complex 

 

Trimethylation of histone 3 

Type 2 diabetes mellitus b  

 

Decreased blood pressure after 

bariatric surgery c  

Milk intake after exercise d  

 

Maintentance of homeostasis in 

intestinal epithelium e  

 

Resistant starch-derived butyrate 

effect on human colonic epithelial 

cells f  

 

NFKB2 Increased DNA methylation Milk intake after exercise d  

 

RELA DNA hypermethylation 

 

Induced mRNA expression by 

ERV-derived lncRNA  

 

Induced mRNA stability by micro-

RNA’s miR-221 and miR-222  

 

DNA hypomethylation 

 

Differential methylation changes 

Breast tumours g  

 

Antiviral responses h  

 

 

Colorectal adenocarcinoma i,j 

 

 

Coeliac disease k  

 

Hyperglyceamia l,m  

 

RELB Histone acetylation Diabetes and gastrointestinal 

symptoms n  

 

Footnote: References,  a [116]; b [101]; c [102]; d [100]; e [105]; f [104]; g [103]; h [106]; i, [107]; 
j [108]; k [111]; l [113]; m [114] and n [120]. Abbreviations: ERV, endogenous retrovirus; 

HDAC3, histone deacetylase 3; lncRNA, long non-coding RNA; miR, micro RNA; ROR, 

Retinoid-related orphan receptor alpha;  
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5. NF-B SUBUNITS AND THEIR ROLE IN EPIGENTIC MODIFICATION OF 

DOWNSTREAM TARGET GENES 

NF-B transcriptional activity can be enhanced or inhibited as a consequence of epigenetic 

modifications on the target genes [121-124]; see Figure 4. This is due to the ability of the NF-

B proteins, to attract and form complexes with key chromatin modifiers, such as histone 

deacetylases interacting with the NF-B p50 subunit [125], methyltransferases interacting with 

RelB, or chromatin reader proteins such as Bromodomain-containing protein 4 (BRD4) that 

recognizes and binds acetylated histones, interacting with the p65 (RelA) subunit [126, 127]. 

Extensive studies on the regulation of inflammatory responses identified an evolutionary 

conserved nuclear factor, Akirin 2, that links NF-B to chromatin remodellers within 

macrophages and B lymphocytes [128]. Moreover, interactions of NF-B with bromodomain 

and extraterminal (BET) proteins, key chromatin readers that recognise acetylated histones 

[129], are essential in the NF-B-mediated inflammatory response of Th17-cells during 

transplantation [130]. It is worth noting that NF-B is critical for the development of Th17 

cells [131], a T cell lineage now known to play an important role in IBD [132]. This is further 

supported by a recent study that showed that a specific BET inhibitor could block Th17 

development and ameliorate colitis in a T cell transfer mouse model [133]. In a DSS-induced 

colitis model, the p65/BRD4 complex is suggested to be active in the intestinal epithelium 

during the injury phase, while it upregulates transcription of proinflammatory cytokines TNF 

and IL-1.  During the recovery phase though, BRD4 is being replaced by a 

p65/HDAC3/RORa complex which leads to dampening of inflammation [105]. The p65/BRD4 

complex was shown to play an important role in regulating super enhancers during acute 

proinflammatory activation in human endothelial cells [134]. In that study, chromatin 

immunoprecipitation sequencing analysis revealed a striking colocalization of p65 and BRD4 

to enhancer and promoter regions marked by H3K27ac, in TNF-stimulated human umbilical 
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vein endothelial cells (HUVECs). The NF-B/BET protein complexes are therefore attractive 

pharmacological targets for treatment of inflammatory conditions and very recently a highly 

specific and potent inhibitor was suggested to block the BRD4/NF-κB/NLRP3 pathway in an 

acute gout arthritis rat model [135].  

In other inflammatory conditions, such as chronic obstructive pulmonary disorder (COPD) of 

the lung, studies indicate that the oxidative stress resultant of an increased burden of inhaled 

smoke and pollutants, as well as enhanced levels of reactive oxygen species generated by 

inflammatory, immune and epithelial cells of the airways, promotes the formation of NF-B 

and transcriptional co-activator complexes, which catalyse histone acetylation, leading to 

increased transcription of pro-inflammatory genes [136-138]. As a consequence, inhibition of 

histone deacetylases (HDAC) activity, histone deacetylation and downregulation of pro-

inflammatory genes has been the target of various anti-inflammatory and antioxidant 

compounds, including curcumin, resveratrol and glucocorticoids [137]. In a similar approach, 

sulforaphane has been suggested to prevent aging and neurodegeneration based on its ability 

to inhibit HDACs and DNA methyltransferases (DMTs) and inhibit the transcriptional 

activation of NF-B targets [139]. Sulforaphane has also been shown to supress HDACs in a 

model of intestinal inflammation and tumorigenesis [140]. MicroRNAs, also regulate the NF-

B pathway, either positively or negatively, and they have been shown to affect the innate 

immune responses [141], cell adhesion during inflammation [142], or contribute to the 

development of diseases, such as cancer [143-146]. MicroRNAs and long non-coding RNAs 

have been also linked to IBD [147, 148]. The caudal homeobox factor 1 (CDX1) is an essential 

transcription factor for intestinal differentiation and it is highly expressed in  intestinal 

metaplasia, as a result of chronic inflammation of the upper gastrointestinal tract [149, 150]. 

Rau et al. showed that in human gastric cell lines there is methylation-dependent NF-κB 

https://www.sciencedirect.com/topics/medicine-and-dentistry/homeobox
https://www.sciencedirect.com/topics/medicine-and-dentistry/fibrinogen
https://www.sciencedirect.com/topics/medicine-and-dentistry/intestinal-metaplasia
https://www.sciencedirect.com/topics/medicine-and-dentistry/intestinal-metaplasia
https://www.sciencedirect.com/topics/medicine-and-dentistry/upper-gastrointestinal-tract
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binding on the CDX1 promoter and in human biopsies DNA methylation levels correlate with 

its expression and inflammation-associated intestinal metaplasia [149].  

 

Table 2: Summary of NF-B subunit interactions with epigenetic modifiers and their 

downstream targets. 

NF-B 

subunit 

Epigenetic modifiers Transcriptional outcome 

p50 Histone deacetylases (HDAC1 and 

Sirt1) 

Suppression of Foxp3 renders iTregs 

permissive to differentiation into Th9 

cells.a,b  

 

RelA BET family of bromodomain proteins  

 

 

 

Histone acetyltransferases (HATs)/ 

Histone deacetylases (HDACs) 

 

BRD4/CBP and HDAC3/ROR 

 

 

 

Methylation-dependent binding on 

CDX1 promoter 

 

Micro-RNAs (such as miR‐29b, miR‐

146a, miR‐181b) 

Induction of proinflammatory response 

in respiratory syncytial virus-infected 

cells c, murine macrophages d, or 

endothelial cells e 

 

Redox effect on lung inflammation f  

 

 

Inflammation and intestinal epithelial 

regeneration in a murine DSS-induced 

colitis model g  

 

Gastritis and intestinal metaplasia f  

 

 

Expression of adhesion molecules in 

endothelial cells g  

 

RelB Histone methyltransferases (G9a and 

SETDB1)  

 

Acetyltransferase p300/CBP  

Block of Il17 expression and the 

suppression of Th17 cell induction h 

[121] 

 

Mediation of  Th9 cell induction h 

 

Footnote: References, a [121]; b [125]; c [126]; d [130]; e [134]; f [138]; g [105]; f [149]; g [142]; 
h [121]. Abbreviations: G9a, Euchromatic histone-lysine N-methyltransferase 2; BET, Bromo- 

and Extra-Terminal domain; BRD4, Bromodomain-containing protein 4; CBP, CREB-binding 

protein; CDX1, caudal homeobox factor 1; DSS, dextran sodium sulphate; Foxp3, forkhead 

box P3/scurfin protein; HDAC, histone deacetylase; miR, micro RNA; ROR, Retinoid-related 

orphan receptor alpha; SETDB1, Histone-lysine N-methyltransferase; Sirt1, sirtuin (silent 

mating type information regulation 2 homolog); iTregs, induced in cell culture T regulatory 

cells; Th, T helper cell.  
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6. CONCLUSIONS 

There is a wealth of evidence showing how various epigenetic modifications affect the NF-B 

pathways and consequently the expression of downstream target genes. All these studies shed 

light on how these effects modulate the inflammatory responses, how they can lead to the 

development of diseases and identify therapeutic targets.  Surprisingly, there is very limited 

literature in the field of gastrointestinal inflammatory diseases, including IBD, although, as 

discussed, the NF-B pathways play a major role. It would be of great interest to identify 

epigenetic modifications in human immune or intestinal epithelial cells that could segregate 

healthy donors from individuals with IBD. Furthermore, future research should be aimed 

towards dissecting the complicated links between environmental factors, such as diet, smoking 

and microbiota composition and the epigenetic profiles of cell types that can be affected. In 

support of this, recent analysis has shown differential DNA methylation observed in intestinal 

mucosal cells, whole tissue, whole blood and purified monocytes and T lymphocytes [116, 

151-155] obtained from IBD patients. An interesting hypothesis would be that environment-

induced epigenetic modifications and NF-B could be a significant underlying mechanism of 

IBD, and that once understood, personalised medicine approaches could lead to more effective 

treatment. 

 

  



24 
 

CONSENT FOR PUBLICATION: 

Not applicable. 

 

CONFLICTS OF INTERESTS:  

SP and BJC are employees of the University of Liverpool. BJC is a current advisory board 

member for Anatara Lifesciences Ltd; Melbourne, Australia.  

 

AUTHOR CONTRIBUTIONS:  

SP and BJC wrote the manuscript and approved the final version. 

 

ACKNOWLEDGMENTS:  

SP was supported by a Career Development Award scheme provided by the Technology 

Directorate, University of Liverpool and a Wellcome Trust Institutional Strategic Support Fund 

(ISSF) award to the Faculty of Health and Life Sciences, University of Liverpool 

[204822/Z/16/Z]. 

 

  



25 
 

REFERENCES: 

 

[1] Baumgart DC, Sandborn WJ. Crohn's disease. Lancet, 2012; 380: 1590-605. 

[2] Ordas I, Eckmann L, Talamini M, Baumgart DC, Sandborn WJ. Ulcerative colitis. 

Lancet, 2012; 380: 1606-19. 

[3] Neurath MF. Cytokines in inflammatory bowel disease. Nat Rev Immunol, 2014; 14: 

329-42. 

[4] Creed TJ, Probert CS. Review article: steroid resistance in inflammatory bowel disease 

- mechanisms and therapeutic strategies. Aliment Pharmacol Ther, 2007; 25: 111-22. 

[5] Laharie D, Bourreille A, Branche J, et al.Therapeutiques des Affections Inflammatoires 

D. Ciclosporin versus infliximab in patients with severe ulcerative colitis refractory to 

intravenous steroids: a parallel, open-label randomised controlled trial. Lancet, 2012; 

380: 1909-15. 

[6] Williams JG, Alam MF, Alrubaiy L, et al. Infliximab versus ciclosporin for steroid-

resistant acute severe ulcerative colitis (CONSTRUCT): a mixed methods, open-label, 

pragmatic randomised trial. Lancet Gastroenterol Hepatol, 2016; 1: 15-24. 

[7] Barre A, Colombel JF, Ungaro R. Review article: predictors of response to vedolizumab 

and ustekinumab in inflammatory bowel disease. Aliment Pharmacol Ther, 2018; 47: 

896-905. 

[8] Meserve J, Dulai P. Predicting Response to Vedolizumab in Inflammatory Bowel 

Disease. Front Med (Lausanne), 2020; 7: 76. 

[9] Lin L, Zhou G, Chen P, et al. Which long noncoding RNAs and circular RNAs 

contribute to inflammatory bowel disease? Cell Death Dis, 2020; 11: 456. 

[10] Wullaert A. Role of NF-kappaB activation in intestinal immune homeostasis. Int J Med 

Microbiol, 2010; 300: 49-56. 

[11] Atreya I, Atreya R, Neurath MF. NF-kappaB in inflammatory bowel disease. J Intern 

Med, 2008; 263: 591-6. 

[12] Boone DL, Lee EG, Libby S, et al.Recent advances in understanding NF-kappaB 

regulation. Inflamm Bowel Dis, 2002; 8: 201-12. 

[13] Schottelius AJ, Baldwin AS, Jr. A role for transcription factor NF-kappa B in intestinal 

inflammation. Int J Colorectal Dis, 1999; 14: 18-28. 

[14] Mitchell S, Vargas J, Hoffmann A. Signaling via the NFkappaB system. Wiley 

Interdiscip Rev Syst Biol Med, 2016; 8: 227-41. 

[15] DiDonato JA, Mercurio F, Karin M. NF-kappaB and the link between inflammation 

and cancer. Immunol Rev, 2012; 246: 379-400. 

[16] Baeuerle PA, Henkel T. Function and activation of NF-kappa B in the immune system. 

Annu Rev Immunol, 1994; 12: 141-79. 

[17] Hayden MS, Ghosh S. NF-kappaB in immunobiology. Cell Res, 2011; 21: 223-44. 

[18] Lawrence T. The nuclear factor NF-kappaB pathway in inflammation. Cold Spring 

Harb Perspect Biol, 2009; 1: a001651. 

[19] Zaidi D, Wine E. Regulation of Nuclear Factor Kappa-Light-Chain-Enhancer of 

Activated B Cells (NF-kappabeta) in Inflammatory Bowel Diseases. Front Pediatr, 

2018; 6: 317. 

[20] Ghosh S, May MJ, Kopp EB. NF-kappa B and Rel proteins: evolutionarily conserved 

mediators of immune responses. Annu Rev Immunol, 1998; 16: 225-60. 

[21] Wulczyn FG, Krappmann D, Scheidereit C. The NF-kappa B/Rel and I kappa B gene 

families: mediators of immune response and inflammation. J Mol Med (Berl), 1996; 

74: 749-69. 

[22] Mulero MC, Wang VY, Huxford T, Ghosh G. Genome reading by the NF-kappaB 

transcription factors. Nucleic Acids Res, 2019; 47: 9967-9989. 



26 
 

[23] Whiteside ST, Israel A. I kappa B proteins: structure, function and regulation. Semin 

Cancer Biol, 1997; 8: 75-82. 

[24] Hayden MS, Ghosh S. Shared principles in NF-kappaB signaling. Cell, 2008; 132: 344-

62. 

[25] May MJ, Ghosh S. Rel/NF-kappa B and I kappa B proteins: an overview. Semin Cancer 

Biol, 1997; 8: 63-73. 

[26] Baldwin AS, Jr. The NF-kappa B and I kappa B proteins: new discoveries and insights. 

Annu Rev Immunol, 1996; 14: 649-83. 

[27] Beinke S, Ley SC. Functions of NF-kappaB1 and NF-kappaB2 in immune cell biology. 

Biochem J, 2004; 382: 393-409. 

[28] Shih VF, Tsui R, Caldwell A, Hoffmann A. A single NFkappaB system for both 

canonical and non-canonical signaling. Cell Res, 2011; 21: 86-102. 

[29] Hacker H, Karin M. Regulation and function of IKK and IKK-related kinases. Sci 

STKE, 2006; 2006: re13. 

[30] Moynagh PN. The NF-kappaB pathway. J Cell Sci, 2005; 118: 4589-92. 

[31] Liu T, Zhang L, Joo D, Sun SC. NF-kappaB signaling in inflammation. Signal 

Transduct Target Ther, 2017; 2. 

[32] Sun L, Deng L, Ea CK, Xia ZP, Chen ZJ. The TRAF6 ubiquitin ligase and TAK1 kinase 

mediate IKK activation by BCL10 and MALT1 in T lymphocytes. Mol Cell, 2004; 14: 

289-301. 

[33] Solt LA, May MJ. The IkappaB kinase complex: master regulator of NF-kappaB 

signaling. Immunol Res, 2008; 42: 3-18. 

[34] Yu H, Lin L, Zhang Z, Zhang H, Hu H. Targeting NF-kappaB pathway for the therapy 

of diseases: mechanism and clinical study. Signal Transduct Target Ther, 2020; 5: 209. 

[35] MacFarlane AJ, Stover PJ. Convergence of genetic, nutritional and inflammatory 

factors in gastrointestinal cancers. Nutr Rev, 2007; 65: S157-66. 

[36] Soleimani A, Rahmani F, Ferns GA, et al.. Role of the NF-kappaB signaling pathway 

in the pathogenesis of colorectal cancer. Gene, 2020; 726: 144132. 

[37] Schottelius AJ, Dinter H. Cytokines, NF-kappaB, microenvironment, intestinal 

inflammation and cancer. Cancer Treat Res, 2006; 130: 67-87. 

[38] Wang S, Liu Z, Wang L, Zhang X. NF-kappaB signaling pathway, inflammation and 

colorectal cancer. Cell Mol Immunol, 2009; 6: 327-34. 

[39] Waldner MJ, Neurath MF. Mechanisms of Immune Signaling in Colitis-Associated 

Cancer. Cell Mol Gastroenterol Hepatol, 2015; 1: 6-16. 

[40] van der Sloot KWJ, Amini M, Peters V, Dijkstra G, Alizadeh BZ. Inflammatory Bowel 

Diseases: Review of Known Environmental Protective and Risk Factors Involved. 

Inflamm Bowel Dis, 2017; 23: 1499-1509. 

[41] Papoutsopoulou S, Satsangi J, Campbell BJ, Probert CS. Review article: impact of 

cigarette smoking on intestinal inflammation-direct and indirect mechanisms. Aliment 

Pharmacol Ther, 2020; 51: 1268-1285. 

[42] Eckmann L, Neish AS. NF-kappaB and mucosal homeostasis. Curr Top Microbiol 

Immunol, 2011; 349: 145-58. 

[43] Spehlmann ME, Eckmann L. Nuclear factor-kappa B in intestinal protection and 

destruction. Curr Opin Gastroenterol, 2009; 25: 92-9. 

[44] Pasparakis M. Role of NF-kappaB in epithelial biology. Immunol Rev, 2012; 246: 346-

58. 

[45] Wong J, Garcia-Carbonell R, Zelic M, et al. RIPK1 Mediates TNF-Induced Intestinal 

Crypt Apoptosis During Chronic NF-kappaB Activation. Cell Mol Gastroenterol 

Hepatol, 2020; 9: 295-312. 



27 
 

[46] Wullaert A, Bonnet MC, Pasparakis M. NF-kappaB in the regulation of epithelial 

homeostasis and inflammation. Cell Res, 2011; 21: 146-58. 

[47] deFoneska A, Kaunitz JD. Gastroduodenal mucosal defense. Curr Opin Gastroenterol, 

2010; 26: 604-10. 

[48] Pasparakis M. IKK/NF-kappaB signaling in intestinal epithelial cells controls immune 

homeostasis in the gut. Mucosal Immunol, 2008; 1 Suppl 1: S54-7. 

[49] Smythies LE, Shen R, Bimczok D, et al. Inflammation anergy in human intestinal 

macrophages is due to Smad-induced IkappaBalpha expression and NF-kappaB 

inactivation. J Biol Chem, 2010; 285: 19593-604. 

[50] Schreiber S, Nikolaus S, Hampe J. Activation of nuclear factor kappa B inflammatory 

bowel disease. Gut, 1998; 42: 477-84. 

[51] Naiki Y, Michelsen KS, Zhang W, et al. Transforming growth factor-beta differentially 

inhibits MyD88-dependent, but not TRAM- and TRIF-dependent, lipopolysaccharide-

induced TLR4 signaling. J Biol Chem, 2005; 280: 5491-5. 

[52] Yao X, Cadwell K. Tumor Necrosis Factor-alpha-Induced Apoptosis in the Intestinal 

Epithelium due to Chronic Nuclear Factor Kappa B Signaling Is Mediated by Receptor 

Interacting Serine/Threonine Kinase 1. Cell Mol Gastroenterol Hepatol, 2020; 9: 337-

338. 

[53] Greten FR, Eckmann L, Greten TF, et al. IKKbeta links inflammation and 

tumorigenesis in a mouse model of colitis-associated cancer. Cell, 2004; 118: 285-96. 

[54] Chen LW, Egan L, Li ZW, et al. The two faces of IKK and NF-kappaB inhibition: 

prevention of systemic inflammation but increased local injury following intestinal 

ischemia-reperfusion. Nat Med, 2003; 9: 575-81. 

[55] Burkitt MD, Williams JM, Duckworth CA, et al.Signaling mediated by the NF-kappaB 

sub-units NF-kappaB1, NF-kappaB2 and c-Rel differentially regulate Helicobacter 

felis-induced gastric carcinogenesis in C57BL/6 mice. Oncogene, 2013; 32: 5563-73. 

[56] Burkitt MD, Hanedi AF, Duckworth CA, et al. NF-kappaB1, NF-kappaB2 and c-Rel 

differentially regulate susceptibility to colitis-associated adenoma development in 

C57BL/6 mice. J Pathol, 2015; 236: 326-36. 

[57] Andersen V, Christensen J, Ernst A, et al. Polymorphisms in NF-kappaB, PXR, LXR, 

PPARgamma and risk of inflammatory bowel disease. World J Gastroenterol, 2011; 

17: 197-206. 

[58] Bank S, Skytt Andersen P, Burisch J, et al. Polymorphisms in the inflammatory 

pathway genes TLR2, TLR4, TLR9, LY96, NFKBIA, NFKB1, TNFA, TNFRSF1A, 

IL6R, IL10, IL23R, PTPN22, and PPARG are associated with susceptibility of 

inflammatory bowel disease in a Danish cohort. PLoS One, 2014; 9: e98815. 

[59] Gilmore TD. Introduction to NF-kappaB: players, pathways, perspectives. Oncogene, 

2006; 25: 6680-4. 

[60] Baratin M, Foray C, Demaria O, et al. Homeostatic NF-kappaB Signaling in Steady-

State Migratory Dendritic Cells Regulates Immune Homeostasis and Tolerance. 

Immunity, 2015; 42: 627-39. 

[61] Yang HT, Papoutsopoulou S, Belich M, et al. Coordinate regulation of TPL-2 and NF-

kappaB signaling in macrophages by NF-kappaB1 p105. Mol Cell Biol, 2012; 32: 

3438-51. 

[62] Bain CC, Mowat AM. Intestinal macrophages - specialised adaptation to a unique 

environment. Eur J Immunol, 2011; 41: 2494-8. 

[63] Smith PD, Smythies LE, Shen R, Greenwell-Wild T, Gliozzi M, Wahl SM. et al. 

Intestinal macrophages and response to microbial encroachment. Mucosal Immunol, 

2011; 4: 31-42. 



28 
 

[64] Papoutsopoulou S, Burkitt MD, Bergey F, et al.Macrophage-Specific NF-kappaB 

Activation Dynamics Can Segregate Inflammatory Bowel Disease Patients. Front 

Immunol, 2019; 10: 2168. 

[65] Mudter J, Neurath MF. Apoptosis of T cells and the control of inflammatory bowel 

disease: therapeutic implications. Gut, 2007; 56: 293-303. 

[66] Sriskantharajah S, Belich MP, Papoutsopoulou S, et al. Proteolysis of NF-kappaB1 

p105 is essential for T cell antigen receptor-induced proliferation. Nat Immunol, 2009; 

10: 38-47. 

[67] Silva A, Cornish G, Ley SC, Seddon B. NF-kappaB signaling mediates homeostatic 

maturation of new T cells. Proc Natl Acad Sci U S A, 2014; 111: E846-55. 

[68] Webb LV, Ley SC, Seddon B. TNF activation of NF-kappaB is essential for 

development of single-positive thymocytes. J Exp Med, 2016; 213: 1399-407. 

[69] Oh H, Ghosh S. NF-kappaB: roles and regulation in different CD4(+) T-cell subsets. 

Immunol Rev, 2013; 252: 41-51. 

[70] Chang M, Lee AJ, Fitzpatrick L, Zhang M, Sun SC. NF-kappa B1 p105 regulates T cell 

homeostasis and prevents chronic inflammation. J Immunol, 2009; 182: 3131-8. 

[71] Smids C, Horjus Talabur Horje CS, Drylewicz J, et al. Intestinal T Cell Profiling in 

Inflammatory Bowel Disease: Linking T Cell Subsets to Disease Activity and Disease 

Course. J Crohns Colitis, 2018; 12: 465-475. 

[72] Sehnert B, Burkhardt H, Wessels JT, et al. NF-kappaB inhibitor targeted to activated 

endothelium demonstrates a critical role of endothelial NF-kappaB in immune-

mediated diseases. Proc Natl Acad Sci U S A, 2013; 110: 16556-61. 

[73] Cromer WE, Mathis JM, Granger DN, Chaitanya GV, Alexander JS. Role of the 

endothelium in inflammatory bowel diseases. World J Gastroenterol, 2011; 17: 578-93. 

[74] Neurath MF, Becker C, Barbulescu K. Role of NF-kappaB in immune and 

inflammatory responses in the gut. Gut, 1998; 43: 856-60. 

[75] Joehanes R, Just AC, Marioni RE, et al. Epigenetic Signatures of Cigarette Smoking. 

Circ Cardiovasc Genet, 2016; 9: 436-447. 

[76] Berkowitz L, Schultz BM, Salazar GA, et al. Impact of Cigarette Smoking on the 

Gastrointestinal Tract Inflammation: Opposing Effects in Crohn's Disease and 

Ulcerative Colitis. Front Immunol, 2018; 9: 74. 

[77] Vedamurthy A, Ananthakrishnan AN. Influence of Environmental Factors in the 

Development and Outcomes of Inflammatory Bowel Disease. Gastroenterol Hepatol 

(N Y), 2019; 15: 72-82. 

[78] Li LF, Chan RL, Lu L, et al. Cigarette smoking and gastrointestinal diseases: the causal 

relationship and underlying molecular mechanisms (review). Int J Mol Med, 2014; 34: 

372-80. 

[79] Goncalves RB, Coletta RD, Silverio KG, et al. Impact of smoking on inflammation: 

overview of molecular mechanisms. Inflamm Res, 2011; 60: 409-24. 

[80] Wang H, Zhao JX, Hu N, et al. Side-stream smoking reduces intestinal inflammation 

and increases expression of tight junction proteins. World J Gastroenterol, 2012; 18: 

2180-7. 

[81] Van Welden S, Selfridge AC, Hindryckx P. Intestinal hypoxia and hypoxia-induced 

signalling as therapeutic targets for IBD. Nat Rev Gastroenterol Hepatol, 2017; 14: 596-

611. 

[82] Batie M, Frost J, Frost M, Wilson JW, Schofield P, Rocha S. et al. Hypoxia induces 

rapid changes to histone methylation and reprograms chromatin. Science, 2019; 363: 

1222-1226. 

[83] Taylor CT. Interdependent roles for hypoxia inducible factor and nuclear factor-kappaB 

in hypoxic inflammation. J Physiol, 2008; 586: 4055-9. 



29 
 

[84] Rius J, Guma M, Schachtrup C, et al. NF-kappaB links innate immunity to the hypoxic 

response through transcriptional regulation of HIF-1alpha. Nature, 2008; 453: 807-11. 

[85] Sun SC. The noncanonical NF-kappaB pathway. Immunol Rev, 2012; 246: 125-40. 

[86] Cildir G, Low KC, Tergaonkar V. Noncanonical NF-kappaB Signaling in Health and 

Disease. Trends Mol Med, 2016; 22: 414-429. 

[87] McDaniel DK, Eden K, Ringel VM, Allen IC. Emerging Roles for Noncanonical NF-

kappaB Signaling in the Modulation of Inflammatory Bowel Disease Pathobiology. 

Inflamm Bowel Dis, 2016; 22: 2265-79. 

[88] Merga YJ, O'Hara A, Burkitt MD, et al. Importance of the alternative NF-kappaB 

activation pathway in inflammation-associated gastrointestinal carcinogenesis. Am J 

Physiol Gastrointest Liver Physiol, 2016; 310: G1081-90. 

[89] Allen IC, Wilson JE, Schneider M, et al. NLRP12 suppresses colon inflammation and 

tumorigenesis through the negative regulation of noncanonical NF-kappaB signaling. 

Immunity, 2012; 36: 742-54. 

[90] Banoth B, Chatterjee B, Vijayaragavan B, Prasad MV, Roy P, Basak S. et al. Stimulus-

selective crosstalk via the NF-kappaB signaling system reinforces innate immune 

response to alleviate gut infection. Elife, 2015; 4. 

[91] Wang Y, Koroleva EP, Kruglov AA, et al. Lymphotoxin beta receptor signaling in 

intestinal epithelial cells orchestrates innate immune responses against mucosal 

bacterial infection. Immunity, 2010; 32: 403-13. 

[92] Giacomin PR, Moy RH, Noti M, et al. Epithelial-intrinsic IKKalpha expression 

regulates group 3 innate lymphoid cell responses and antibacterial immunity. J Exp 

Med, 2015; 212: 1513-28. 

[93] Karin M, Yamamoto Y, Wang QM. The IKK NF-kappa B system: a treasure trove for 

drug development. Nat Rev Drug Discov, 2004; 3: 17-26. 

[94] Ramakrishnan SK, Zhang H, Ma X, J et al. Intestinal non-canonical NFkappaB 

signaling shapes the local and systemic immune response. Nat Commun, 2019; 10: 660. 

[95] Courtois G, Gilmore TD. Mutations in the NF-kappaB signaling pathway: implications 

for human disease. Oncogene, 2006; 25: 6831-43. 

[96] Portela A, Esteller M. Epigenetic modifications and human disease. Nat Biotechnol, 

2010; 28: 1057-68. 

[97] Xiao Y, Xu J, Yin W. Aberrant Epigenetic Modifications of Non-coding RNAs in 

Human Disease. Adv Exp Med Biol, 2018; 1094: 65-75. 

[98] Tiffon C. The Impact of Nutrition and Environmental Epigenetics on Human Health 

and Disease. Int J Mol Sci, 2018; 19. 

[99] Unterberg M, Kreuzer MJ, Schafer ST, et al. NFKB1 Promoter DNA from nt+402 to 

nt+99 Is Hypomethylated in Different Human Immune Cells. PLoS One, 2016; 11: 

e0156702. 

[100] Masuki S, Nishida K, Hashimoto S, et al. Effects of milk product intake on thigh muscle 

strength and NFKB gene methylation during home-based interval walking training in 

older women: A randomized, controlled pilot study. PLoS One, 2017; 12: e0176757. 

[101] Margaryan S, Kriegova E, Fillerova R, Smotkova Kraiczova V, Manukyan G. 

Hypomethylation of IL1RN and NFKB1 genes is linked to the dysbalance in 

IL1beta/IL-1Ra axis in female patients with type 2 diabetes mellitus. PLoS One, 2020; 

15: e0233737. 

[102] Macias-Gonzalez M, Martin-Nunez GM, Garrido-Sanchez L, et al.Decreased blood 

pressure is related to changes in NF-kB promoter methylation levels after bariatric 

surgery. Surg Obes Relat Dis, 2018; 14: 1327-1334. 



30 
 

[103] Jeong YJ, Oh HK, Choi HR. Methylation of the RELA Gene is Associated with 

Expression of NF-kappaB1 in Response to TNF-alpha in Breast Cancer. Molecules, 

2019; 24. 

[104] Liu Y, Upadhyaya B, Fardin-Kia AR, Juenemann RM, Dey M. Dietary resistant starch 

type 4-derived butyrate attenuates nuclear factor-kappa-B1 through modulation of 

histone H3 trimethylation at lysine 27. Food Funct, 2016; 7: 3772-3781. 

[105] Oh SK, Kim D, Kim K, et al. RORalpha is crucial for attenuated inflammatory response 

to maintain intestinal homeostasis. Proc Natl Acad Sci U S A, 2019; 116: 21140-21149. 

[106] Zhou B, Qi F, Wu F, et al. Endogenous Retrovirus-Derived Long Noncoding RNA 

Enhances Innate Immune Responses via Derepressing RELA Expression. mBio, 2019; 

10. 

[107] Song Q, An Q, Niu B, et al. Role of miR-221/222 in Tumor Development and the 

Underlying Mechanism. J Oncol, 2019; 2019: 7252013. 

[108] Liu S, Sun X, Wang M, et al. A microRNA 221- and 222-mediated feedback loop 

maintains constitutive activation of NFkappaB and STAT3 in colorectal cancer cells. 

Gastroenterology, 2014; 147: 847-859 e11. 

[109] Iliopoulos D, Jaeger SA, Hirsch HA, Bulyk ML, Struhl K. STAT3 activation of miR-

21 and miR-181b-1 via PTEN and CYLD are part of the epigenetic switch linking 

inflammation to cancer. Mol Cell, 2010; 39: 493-506. 

[110] Yang X, Sun Y, Zhang Y, Han S. Downregulation of miR181b inhibits human colon 

cancer cell proliferation by targeting CYLD and inhibiting the NFkappaB signaling 

pathway. Int J Mol Med, 2020; 46: 1755-1764. 

[111] Fernandez-Jimenez N, Castellanos-Rubio A, Plaza-Izurieta L, et al. Coregulation and 

modulation of NFkappaB-related genes in celiac disease: uncovered aspects of gut 

mucosal inflammation. Hum Mol Genet, 2014; 23: 1298-310. 

[112] Salas-Perez F, Ramos-Lopez O, Mansego ML, et al.DNA methylation in genes of 

longevity-regulating pathways: association with obesity and metabolic complications. 

Aging (Albany NY), 2019; 11: 1874-1899. 

[113] Prattichizzo F, Giuliani A, Ceka A, et al. Epigenetic mechanisms of endothelial 

dysfunction in type 2 diabetes. Clin Epigenetics, 2015; 7: 56. 

[114] Brasacchio D, Okabe J, Tikellis C, Balcerczyk A, George P, Baker EK, Calkin AC, 

Brownlee M, Cooper ME, El-Osta A. et al. Hyperglycemia induces a dynamic 

cooperativity of histone methylase and demethylase enzymes associated with gene-

activating epigenetic marks that coexist on the lysine tail. Diabetes, 2009; 58: 1229-36. 

[115] Paneni F, Costantino S, Volpe M, Luscher TF, Cosentino F. Epigenetic signatures and 

vascular risk in type 2 diabetes: a clinical perspective. Atherosclerosis, 2013; 230: 191-

7. 

[116] Ventham NT, Kennedy NA, Adams AT, et al. Integrative epigenome-wide analysis 

demonstrates that DNA methylation may mediate genetic risk in inflammatory bowel 

disease. Nat Commun, 2016; 7: 13507. 

[117] Palmer S, Chen YH. Bcl-3, a multifaceted modulator of NF-kappaB-mediated gene 

transcription. Immunol Res, 2008; 42: 210-8. 

[118] Reissig S, Tang Y, Nikolaev A, et al. Elevated levels of Bcl-3 inhibits Treg 

development and function resulting in spontaneous colitis. Nat Commun, 2017; 8: 

15069. 

[119] Wessells J, Baer M, Young HA, et al. BCL-3 and NF-kappaB p50 attenuate 

lipopolysaccharide-induced inflammatory responses in macrophages. J Biol Chem, 

2004; 279: 49995-50003. 



31 
 

[120] Puthanmadhom Narayanan S, Lee JH, Bhagwate A, et al. Epigenetic Alterations Are 

Associated With Gastric Emptying Disturbances in Diabetes Mellitus. Clin Transl 

Gastroenterol, 2020; 11: e00136. 

[121] Zhang L, Xiao X, Arnold PR, Li XC. Transcriptional and epigenetic regulation of 

immune tolerance: roles of the NF-kappaB family members. Cell Mol Immunol, 2019; 

16: 315-323. 

[122] Momtazi AA, Shahabipour F, Khatibi S, et al. Curcumin as a MicroRNA Regulator in 

Cancer: A Review. In: Nilius B, de Tombe P, Gudermann T, Jahn R, Lill R, Petersen 

OH, ed.^eds., Reviews of Physiology, Biochemistry and Pharmacology, Vol. 171. 

Springer International Publishing: Cham, 2016; pp. 1-38. 

[123] Provencal N, Suderman MJ, Caramaschi D, et al.Differential DNA methylation regions 

in cytokine and transcription factor genomic loci associate with childhood physical 

aggression. PLoS One, 2013; 8: e71691. 

[124] Vanden Berghe W, Ndlovu MN, Hoya-Arias R, Dijsselbloem N, Gerlo S, Haegeman 

G. Keeping up NF-kappaB appearances: epigenetic control of immunity or 

inflammation-triggered epigenetics. Biochem Pharmacol, 2006; 72: 1114-31. 

[125] Xiao X, Shi X, Fan Y, et al. GITR subverts Foxp3(+) Tregs to boost Th9 immunity 

through regulation of histone acetylation. Nat Commun, 2015; 6: 8266. 

[126] Brasier AR. Therapeutic targets for inflammation-mediated airway remodeling in 

chronic lung disease. Expert Rev Respir Med, 2018; 12: 931-939. 

[127] Yang J, Tian B, Brasier AR. Targeting Chromatin Remodeling in Inflammation and 

Fibrosis. Adv Protein Chem Struct Biol, 2017; 107: 1-36. 

[128] Tartey S, Takeuchi O. Akirin2-Mediated Transcriptional Control by Recruiting 

SWI/SNF Complex in B Cells. Crit Rev Immunol, 2016; 36: 395-406. 

[129] Belkina AC, Denis GV. BET domain co-regulators in obesity, inflammation and 

cancer. Nat Rev Cancer, 2012; 12: 465-77. 

[130] Suarez-Alvarez B, Rodriguez RM, Ruiz-Ortega M, Lopez-Larrea C. BET Proteins: An 

Approach to Future Therapies in Transplantation. Am J Transplant, 2017; 17: 2254-

2262. 

[131] Park SH, Cho G, Park SG. NF-kappaB Activation in T Helper 17 Cell Differentiation. 

Immune Netw, 2014; 14: 14-20. 

[132] Hou G, Bishu S. Th17 Cells in Inflammatory Bowel Disease: An Update for the 

Clinician. Inflamm Bowel Dis, 2020; 26: 653-661. 

[133] Cheung K, Lu G, Sharma R, et al. BET N-terminal bromodomain inhibition selectively 

blocks Th17 cell differentiation and ameliorates colitis in mice. Proc Natl Acad Sci U 

S A, 2017; 114: 2952-2957. 

[134] Brown JD, Lin CY, Duan Q, et al. NF-kappaB directs dynamic super enhancer 

formation in inflammation and atherogenesis. Mol Cell, 2014; 56: 219-231. 

[135] Jiang F, Hu Q, Zhang Z, et al. Discovery of Benzo[cd]indol-2(1H)-ones and 

Pyrrolo[4,3,2-de]quinolin-2(1H)-ones as Bromodomain and Extra-Terminal Domain 

(BET) Inhibitors with Selectivity for the First Bromodomain with Potential High 

Efficiency against Acute Gouty Arthritis. J Med Chem, 2019; 62: 11080-11107. 

[136] Rahman I, Adcock IM. Oxidative stress and redox regulation of lung inflammation in 

COPD. Eur Respir J, 2006; 28: 219-42. 

[137] Rahman I, Marwick J, Kirkham P. Redox modulation of chromatin remodeling: impact 

on histone acetylation and deacetylation, NF-kappaB and pro-inflammatory gene 

expression. Biochem Pharmacol, 2004; 68: 1255-67. 

[138] Rajendrasozhan S, Yang SR, Edirisinghe I, et al. Deacetylases and NF-kappaB in redox 

regulation of cigarette smoke-induced lung inflammation: epigenetics in pathogenesis 

of COPD. Antioxid Redox Signal, 2008; 10: 799-811. 



32 
 

[139] Santin-Marquez R, Alarcon-Aguilar A, Lopez-Diazguerrero NE, Chondrogianni N, 

Konigsberg M. Sulforaphane - role in aging and neurodegeneration. Geroscience, 2019; 

41: 655-670. 

[140] Li J, Frederick AM, Jin Y, et al. The Prevention of a High Dose of Vitamin D or Its 

Combination with Sulforaphane on Intestinal Inflammation and Tumorigenesis in 

Apc(1638N) Mice Fed a High-Fat Diet. Mol Nutr Food Res, 2019; 63: e1800824. 

[141] Boosani CS, Agrawal DK. Epigenetic Regulation of Innate Immunity by microRNAs. 

Antibodies (Basel), 2016; 5. 

[142] Zhong L, Simard MJ, Huot J. Endothelial microRNAs regulating the NF-kappaB 

pathway and cell adhesion molecules during inflammation. FASEB J, 2018; 32: 4070-

4084. 

[143] Khan AQ, Ahmed EI, Elareer NR, et al. Role of miRNA-Regulated Cancer Stem Cells 

in the Pathogenesis of Human Malignancies. Cells, 2019; 8. 

[144] Wu J, Ding J, Yang J, Guo X, Zheng Y. MicroRNA Roles in the Nuclear Factor Kappa 

B Signaling Pathway in Cancer. Front Immunol, 2018; 9: 546. 

[145] Sundaram GM, Veera Bramhachari P. Molecular interplay of pro-inflammatory 

transcription factors and non-coding RNAs in esophageal squamous cell carcinoma. 

Tumour Biol, 2017; 39: 1010428317705760. 

[146] Garding A, Bhattacharya N, Claus R, et al. Epigenetic upregulation of lncRNAs at 

13q14.3 in leukemia is linked to the In Cis downregulation of a gene cluster that targets 

NF-kB. PLoS Genet, 2013; 9: e1003373. 

[147] Schaefer JS. MicroRNAs: how many in inflammatory bowel disease? Curr Opin 

Gastroenterol, 2016; 32: 258-66. 

[148] Zacharopoulou E, Gazouli M, Tzouvala M, Vezakis A, Karamanolis G. The 

contribution of long non-coding RNAs in Inflammatory Bowel Diseases. Dig Liver Dis, 

2017; 49: 1067-1072. 

[149] Rau TT, Rogler A, Frischauf M, et al. Methylation-dependent activation of CDX1 

through NF-kappaB: a link from inflammation to intestinal metaplasia in the human 

stomach. Am J Pathol, 2012; 181: 487-98. 

[150] Wong NA, Wilding J, Bartlett S, et al.CDX1 is an important molecular mediator of 

Barrett's metaplasia. Proc Natl Acad Sci U S A, 2005; 102: 7565-70. 

[151] McDermott E, Ryan EJ, Tosetto M, et al. DNA Methylation Profiling in Inflammatory 

Bowel Disease Provides New Insights into Disease Pathogenesis. J Crohns Colitis, 

2016; 10: 77-86. 

[152] Somineni HK, Venkateswaran S, Kilaru V, et al. Blood-Derived DNA Methylation 

Signatures of Crohn's Disease and Severity of Intestinal Inflammation. 

Gastroenterology, 2019; 156: 2254-2265 e3. 

[153] Howell KJ, Kraiczy J, Nayak KM, et al. DNA Methylation and Transcription Patterns 

in Intestinal Epithelial Cells From Pediatric Patients With Inflammatory Bowel 

Diseases Differentiate Disease Subtypes and Associate With Outcome. 

Gastroenterology, 2018; 154: 585-598. 

[154] Agliata I, Fernandez-Jimenez N, Goldsmith C, et al. The DNA methylome of 

inflammatory bowel disease (IBD) reflects intrinsic and extrinsic factors in intestinal 

mucosal cells. Epigenetics, 2020; 15: 1068-1082. 

[155] Hasler R, Feng Z, Backdahl L, et al. A functional methylome map of ulcerative colitis. 

Genome Res, 2012; 22: 2130-7. 

  

 


