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Introduction

Colorectal cancer (CRC) is one of the most commonly 
diagnosed cancers. In developed countries, this multifactorial 
disease is the third most commonly diagnosed cancer in males, 
the second in females, and the second and third leading cause 
of cancer death in males and females, respectively (1). 

Factors that may increase the risk of colon cancer include 
advanced age, certain genetic features, (positive) smoking 
status, diet, the extent of physical activity, virus infection, 
environmental influences, intake of exogenous hormones, 
alcohol ingestion, and inflammation (2,3). Over the past 
decade, several notable studies have revealed a connection 
between inflammation and colon carcinogenesis (4,5). Both 
inflammatory bowel disease (IBD)-associated and sporadic 
CRC are characterized by a dysplastic cancer sequence; 
multiple mutations are required before carcinoma develops. 

Epidemiological studies have shown that chronic 
inflammation predisposes patients to cancers of many 
organs, and administration of non-steroidal anti-
inflammatory drugs (NSAIDs) decreases the incidence of 

CRC (6,7). Although many reports have documented the 
critical link between inflammation and development of 
colon cancer, our knowledge of the underlying mechanisms 
remains incomplete. Of the various signaling pathways 
involved in colonic inflammation, the NF-κB pathway 
is central. NF-κB proteins are involved in the control of 
many normal cellular and physiological processes, including 
immune and inflammatory responses, developmental 
processes,  cel lular  growth,  and apoptosis  (8-10).  
A relationship between cancer development and NF-κB 
signaling is becoming clear (11), and the present review 
will focus on the role played by this signaling pathway in 
colorectal carcinogenesis. Also, NF-κB-targeting therapies 
that may aid in treatment of CRC will be discussed. 

The NF-κB pathway

Overview

Nuclear Factor-Kappa B (NF-κB) proteins are transcription 
factors that regulate many physiological processes, 
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including the innate and adaptive immune responses, 
apoptosis, cell proliferation, inflammation, and malignant 
transformation. Deregulation of normal NF-κB activity, 
such as expression of an abnormal form of the protein, or 
interference with transcriptional activity from the normal 
gene, has been shown to be involved in development of 
leukemia, lymphomas, and solid tumors (12). NF-κB family 
members also influence tumor development via activation 
of apoptosis-resistant genes; this creates resistance to 
radiotherapy and chemotherapy (13). 

Structure, role and activation

Members of NF-κB are transcriptional factor and can 

either induce or repress gene expression by binding to 
specific DNA sequences in promoters of target genes; these 
sequences are termed κB elements. Mammalian cells express 
five members of the NF-κB family: RelA (p65), RelB, c-Rel, 
p50/p105 (NF-κB1), and p52/p100 (NF-κB2). Various 
NF-κB complexes containing homo- or hetero-dimers of 
these proteins can be formed. In most cell types, NF-κB 
complexes are retained in the cytoplasm by the actions of 
a family of inhibitory proteins termed inhibitors of NF-κB 
(IκB) (14) (Figure 1). The activation of the NF-κB is based 
on the induction of the IκB by IκB kinase (IKK). IKK is 
a protein complex composed of catalytic subunits, IKKα, 
IKKβ and a regulatory subunit named NF-κB essential 
modulator (NEMO) or IKKγ. 

Figure 1 Canonical and non-canonical pathway leading to the activation of NF-κB. The canonical pathway is induced by cytokines such as 
Tumor Necrosis Factor (TNFα), Interleukin-1 (IL-1). The activation results in the phosphorylation of IκBα by the IKK complex, leading to its 
ubiquitylation (Ub) and subsequent degradation by the 26S proteasome. The RelA/p50 complex is free to translocate to the nucleus to activate 
the transcription of target genes. The non-canonical pathway results in the activation of IKKα by the NF-κB-inducing kinase (NIK) after 
stimulation by TNF cytokine family. The formation of the complex NIK-IKKα-p100 leads to the phosphorylation of the p100 subunit. This 
results in 26S proteasome dependent processing of p100 to p52, which can lead to the activation of p52-RelB that target distinct κB element 
and induce the transcription of target genes. LPS, Lipopolysaccharide; NEMO, NF-κB essential modifier; p, phosphate group
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The transcriptional activity of NF-κB is regulated by 
two pathways, termed the canonical and non-canonical 
pathway. The canonical pathway requires activation 
by the RelA/p50 dimer and such activation is lacking 
if the relevant dimers are sequestered in the cytoplasm 
by inhibitory IκB proteins (14,15). Upon stimulation 
of various types, including that mediated by cytokines, 
growth factors, viral or bacterial proteins, or oxidative 
stress, IκB proteins are phosphorylated on specific serine 
residues by IKKα/IKKβ complex leading to ubiquitin-
dependent IκB degradation by the 26S proteasome (16). 
The RelA/p50 dimers are thus free to translocate to the 
nucleus and to bind therein to the κB elements, found in 
promoters and enhancers of target genes (Figure 1). The 
other pathway, the alternative or non-canonical pathway, 
is triggered by certain members of the TNF cytokine 
family and results in selective activation of RelB/p52 
dimers. The non-canonical pathway causes activation of 
IKKα by the NF-κB-inducing kinase (NIK), followed by 
phosphorylation of the NF-κB p100 subunit by IKKα. 
This, in turn, results in proteasome-dependent processing 
of p100 to p52, triggering activation of RelB/p52 
heterodimers that target distinct κB elements (14). 

NF-κB in colon carcinogenesis

Colitis-associated cancer

Colitis-associated cancer (CAC) is the subtype of CRC 
that is associated with IBDs including ulcerative colitis 
(UC) and Crohn’s disease (CD). A causal relationship 
between inflammation and cancer has been proposed by 
Virchow, who hypothesized that malignant neoplasms are 
consequences of chronic inflammation (17). The reported 
risk varies widely among studies, but it is now established 
that patients with UC or CD show an increased prevalence 
of CRC (18,19). 

Both IBD-associated and sporadic CRC are characterized 
by a dysplastic cancer sequence and multiple mutations 
must occur before a carcinoma develops (Figure 2) (20). 
When the CRC is sporadic, inflammation does not initiate 
tumorigenesis. Indeed, intratumoral immune cells are 
recruited after the tumor is formed and so, in this case, 
chronic inflammation does not precede but rather follows 
tumor development. In sporadic CRC, inflammation is thus 
more a consequence than a cause of tumor development. 
Unlike  what  i s  noted in  sporadic  CRC,  chronic 
inflammation precedes CAC development (Figure 2). 

The pivotal role plays by NF-κB in colitis-associated 
colorectal cancer

It is becoming increasingly clear that cytokines and growth 
factors released during chronic inflammation may influence 
carcinogenesis. In IBD, chronic inflammation causes 
the release of cytokines, growth factors, proteases, and 
reactive oxygen species (ROS). These materials control the 
sequential recruitment of leukocytes, stimulate endothelial 
cells and fibroblasts to divide, and induce tissue remodeling. 
It has also been shown that infection with Helicobacter pylori 
induces active inflammation with infiltration of lymphocytes 
and macrophages/monocytes into the lamina propria of 
the mucosa of the human gastric antrum. Neutrophils and 
macrophages/monocytes produce ROS or reactive nitrogen 
species, which potentially damage DNA. Oxidative DNA 
damage in gastric cells is more prevalent in some genes than 
in others; the preferentially targeted genes notably include 
p53. Mutations in this protein are usually observed in both 
tumor cells and inflamed tissues (21). Cytokines released 
during inflammation may contribute to cancer development 
via activation of NF-κB. 

NF-κB regulates the expression of various cytokines 
and modulates the inflammatory processes characteristic 
of IBD (22). Currently, several lines of evidence suggest 
that activation of NF-κB may play a crucial role in cancer 
development. Notably, it has been shown that NF-κB is 
aberrantly activated in 50% of CRC patients and those 
with colitis-associated tumors, and mouse studies have 
established that NF-κB plays a role in development of 
CAC (23,24). Further, NF-κB controls apoptosis, cell-
cycle progression, cell proliferation, and differentiation. 
Activation of the IKK/NF-κB pathway is a key survival 
mechanism in a variety of cancer types. Numerous studies 
have found that NF-κB can block apoptosis by positively 
regulating the expression of anti-apoptosis proteins, such 
as inhibitors of the actions of apoptotic proteins. Notably, 
negative feedback loops exist between NF-κB pathway and 
that of various death-promoting proteins. Caspase-mediated 
cleavage of RelA and IKKβ can prevent NF-κB activation (25). 
Another mechanism whereby NF-κB may inhibit apoptosis 
is its ability to suppress prolonged activation of c-Jun 
N-terminal kinases (JNKs) and the accumulation of ROS. 
Indeed, suppression of NF-κB by ablation of RelA or IKKb 
causes persistent JNK induction by TNFα, resulting in cell 
death (26).

The role played by NF-κB in tumor development 
involves both classical and alternative pathways. Both 
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Azoxymethane (AOM)/Dextran Sodium Sulfate (DSS) 
mouse models of CAC induction (27), and animal model 
carrying a conditional disruption of Ikkβ have been used to 
show that IKKβ-driven NF-κB activation within intestinal 
epithelial cells (IECs) is essential for development of colonic 
adenomas. The oncogenic role played by NF-κB in IECs 
appears to depend on anti-apoptotic functions of the protein, 
principally induction of Bcl-XL, which prevents apoptotic 
elimination of pre-malignant cells (23). In addition to this 

autonomous function in pre-malignant IECs, IKKβ-driven 
NF-κB activation contributes to CAC development when 
the process occurs in certain myeloid cells, most likely 
macrophages of the lamina propria. Activation of NF-κB in 
such cells stimulates the secretion of growth factors which, in 
turn, enhance proliferation of pre-malignant IECs. 

Constitutive activation of the non-canonical NF-κB 
pathway in CRC has been reported in response to β-catenin 
accumulation (28). In carcinoma tissues with high levels of 

Figure 2 Mechanism of colitis-associated cancer (CAC) development. Chronic inflammation is characterized by production of 
proinflammatory cytokines that can induce mutations in oncogenes and tumor suppressor genes (APC, p53) and subsequently the 
production of ROS. Persistent inflammation creates a favorable environment for the tumor promotion via the activation of proliferation and 
antiapoptotic properties of premalignant epithelial cells. The accumulation of mutations in the hyperproliferative cells leads to the tumor 
progression and metastasis. APC, Adenomatous polyposis coli; IL-6, Interleukin-6; IFNγ, Interferon-γ; NO, Nitric oxide; ROS, Reactive 
oxygen species; STAT3, Signal transducer and activator of transcription 3; TNFα, Tumor Necrosis Factor α
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nuclear β-catenin, the phospho-p105 level was increased 
and the total p105 concentration decreased in comparison 
to the levels seen in normal tissue, indicating that the NF-
κB pathway was activated in response to β-catenin.

Although NF-κB activation has been shown to be 
involved in CRC development, normally functioning NF-
κB is essential for maintenance of epithelial cell homeostasis 
in the gut. Deregulation of NF-κB expression can cause 
chronic inflammation (29). In gut epithelial cells, NF-κB 
regulates epithelial integrity and interactions between the 
mucosal immune system and the gut microflora. IEC-specific 
inhibition of NF-κB synthesis via conditional ablation of 
NEMO (also termed IKKγ), or by conditional inactivation 
of both the IKKα and IKKβ subunits essential for NF-
κB activation, results in the spontaneous development of 
severe chronic intestinal inflammation in mice. NF-κB 
deficiency caused colonic epithelial cells to enter apoptosis, 
impaired expression of antimicrobial peptides, and inhibited 
translocation of bacteria into the mucosa. NF-κB signaling 
maintains the host-microbiota homeostasis (29). 

High levels of NF-κB proteins have been detected in 
epithelial cells and macrophages from patients with UC, CD, 
and unspecific colitis, providing evidence for constitutive 
NF-κB activation in such patients (30). Various pro-
inflammatory stimuli induce NF-κB activation in different 
cell types; these stimuli include bacterial products interacting 
with Toll-like receptors, and/or cytokines (TNF-α and IL-
1α). Blockage of such signaling has been shown to suppress 
experimental colitis (31). On the other hand, translocation 
of activated NF-κB into the nucleus induces the expression 
of cytokines such as TNF-α and IL-6, and chemokines, 
all of which contribute to development of inflammation-
related tissue damage. Elevated IKK/NF-κB activity may 
cause aberrant upregulation of various tumorigenic proteins, 
adhesion proteins, chemokines, and inhibitors of apoptosis, 
all of which promote cell survival. Therefore, NF-κB may 
contribute to the development of colitis-associated CRC 
by sustaining an ongoing inflammatory process in the gut 
mucosa. Inactivation of the IκB kinase/NF-κB pathway 
at the site of inflammation, using mice that lack IKK only 
in intestinal epithelial cells, has been shown to attenuate 
formation of inflammation-associated tumors in the model 
AOM-DSS induced CAC (32). 

The NF-κB pathway as a therapeutic target in colon cancer 
patients

The fact that the NF-κB signaling pathway plays pivotal roles 

in apoptosis, tumor promotion, and tumor maintenance, 
strongly suggests that inhibitors of this pathway would be 
powerful anti-cancer agents. 

Thalidomide, a synthetic derivative of glutamate, has been 
shown to have both anti-inflammatory and anti-angiogenic 
effects in patients with several types of inflammatory 
diseases and cancers (33). This is attributable to the ability 
of thalidomide to suppress the DNA-binding activity of NF-
κB. Moreover, using a human epithelial colon cancer cell 
line, thalidomide was shown to inhibit the IL-1β-induced 
IL-8 production subsequently to an inhibition of the IκBα 
degradation and NF-κB nuclear translocation (34). 

Certain phytochemicals have beneficial effects in CRC 
patients. The most extensively investigated is curcumin, a 
yellow pigment from the turmeric plant (Curcuma longa). 
The pigment has been used for centuries to flavor and color 
foods, and as an anti-inflammatory medicine, in India and 
China (35). Extensive work has shown that curcumin exerts 
several pharmacological activities, including antioxidant, 
anticancer, and antiangiogenic effects. The anticancer 
properties of curcumin include inhibition of cancer cell 
proliferation in vitro, with enhancement of apoptosis, and 
anti-tumorigenesis effects in vivo. Many studies have shown 
that the inhibitory effect exerted by curcumin on the NF-
κB pathway is involved in its anti-carcinogenesis and anti-
angiogenesis properties. Curcumin suppresses NF-κB 
activation; downregulates expression of NF-κB-regulated 
genes; and inhibits cell proliferation, cell migration, and 
angiogenesis both in vitro and in vivo (36-41). Another 
compound derived from curcumin, termed C086, has 
recently been shown to be more potent than curcumin to 
inhibit cell growth and to downregulate NF-κB activity in 
both colon cancer cells and xenograft tumors (42). 

The interaction between tumor and immune cells 
primarily controls overall tumor progression (or regression), 
the spread or induction of antitumor immune responses, 
and tumor rejection (43). Cytokines can act as inducers 
of the immune system via activation of T cells. Notably, a 
recent study found that the newly discovered cytokine IL-
32γ, formerly termed natural killer (NK) cell transcript 4, 
can inhibit cancer cell growth. IL-32γ plays an important 
role in reducing colon cancer development via inhibition of 
NF-κB and STAT3 signaling, associated with reductions in 
the levels of pro-inflammatory cytokines (44).

Cancer cells express aberrant surface glycoproteins, 
including MUC1 and CD44, that have been suggested to 
play roles in cancer development by affecting tumor cell 
adhesion and signaling, and by reducing the effectiveness 
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of immune surveillance. In tumor cells, CD43, a type I 
transmembrane protein featuring a mucin-like highly 
O-glycosylated extracellular domain, is suspected to reduce 
the efficiency of tumor/immune cell interactions. Laos et 
al. (45) showed that overexpression of CD43 inhibited NF-κB 
transcriptional activity and reduced the DNA binding of the 
transcriptional factor p65 in colon cancer cell lines (45). These 
data thus also suggest that targeting of NF-κB expression 
may be very effective to prevent CAC.

Gurova et al .  (46) showed that quinacrine, first 
synthesized in 1931 and initially used as an antiprotozoal 
agent, upregulates p53 synthesis and inhibits activation 
of the NF-κB pathway in renal carcinoma cells. A more 
recent study using various carcinoma cell lines evaluated the 
possible role that quinacrine might play as a useful inhibitor 
of constitutive NF-κB activation. Inhibition of the NF-
κB pathway by quinacrine was cytotoxic to human colon 
carcinoma cell lines in a p53 independent manner (47).

Gallotannin, a hydrolysable form of tannin found in the 
leaves and bark of many plants, inhibits the proliferation of 
various tumor cells, including those of colorectal carcinoma, 
prostate cancer, and acute myeloid leukemia, without any 
evident toxicity on normal cells. Gallotannin was first found 
to inhibit NF-κB-mediated transcription in lung epithelial 
cells (48), and treatment of human colon cancer cells caused 
cell-cycle arrest at the S phase; cells accumulated in the 
pre-G1 phase. The molecule inhibited NF-κB pathway 
action and its DNA-binding activity. In vivo, gallotannin 
suppressed tumor growth, decreased the levels of mRNAs 
encoding various proinflammatory mediators, and reduced 
the concentrations of proteins required for proliferation and 
angiogenesis (49).

NSAIDs exhibit antineoplastic activities in the colon 
(50,51). Large population-based studies have suggested that 
the relative risk of developing colon cancer is reduced by 
approximately 40-50% upon chronic use of NSAIDs such as 
aspirin. Moreover, the NSAID sulindac, commonly used to 
treat fever or pain resulting from inflammation-associated 
diseases such as rheumatoid arthritis, reduces the size and 
number of colonic polyps in familial adenomatous polyposis 
(FAP) patients. Several lines of evidence suggest that NF-κB 
is an NSAID target (52). Stimulation of NF-κB expression 
may be inhibited by various NSAIDs including aspirin, 
salicylate, and sulindac (53,54). Interestingly, more recent 
reports describe NF-κB activation by NSAIDs (55,56). 
Hence, it appears that NSAIDs can either inhibit or activate 
NF-κB. Nuclear translocation of NF-κB is responsible for 
aspirin-induced cell death (56). Thus, the data indicate that 

aspirin has a novel mechanism of action and the work will 
be of assistance in development of new chemopreventive 
agents for cancer treatment. 

Dexamethasone, a glucocorticoid, is a potent NF-
κB inhibitor, and clinical trials have been conducted to 
investigate the effectiveness of this agent in combination 
with other therapeutic drugs. The results suggest that 
dexamethasone may be useful to inhibit CRC metastasis to 
the liver (57). 

The drugs described above potently inhibit NF-κB 
in vitro or in vivo or both, and some have already found 
clinical application. The NF-κB pathway is involved in 
many physiological functions. Thus, some adverse side-
effects have, not surprisingly, been noted when the pathway 
is systemically inhibited. An ideal drug would target the 
site of required action and would be effective even in small 
concentrations. 

Conclusions

Colorectal cancer is a common complication in IBD 
patients, and NF-κB is suspected to be the essential link 
between inflammation and carcinogenesis. Thus, proteins 
of the NF-κB pathway, or NF-κB per se, could be useful 
therapeutic targets in CAC patients. A considerable body 
of evidence from experiments with cells and whole animals 
indicates that NF-κB inhibitors may be potent if used 
as drugs to treat colon cancer. Although the expression 
of appropriate levels of NF-κB is essential if normal 
cell proliferation is to be maintained, constitutive NF-
κB activation is likely involved in the enhanced growth 
properties characteristic of many cancers. Work on 
inhibition of the NF-κB pathway in cancer patients is at an 
early stage. However, such approaches offer the promise of 
improving cancer chemotherapy and reducing production 
of the abnormal cytokines that may stimulate the growth of 
certain tumors. 

A problem is that the NF-κB signaling pathway is very 
complex and is involved in many physiological functions. 
Thus, wholesale inhibition of the pathway may have 
unanticipated adverse effects. An ideal NF-κB inhibitor 
should prevent NF-κB activation in the absence of any 
adverse effects on other signaling pathways and should not 
cause long-term immune suppression. 

Thus, the principal challenge to be dealt with before 
treatment of CAC patients via inhibition of the NF-κB 
pathway is to specifically target the site of inflammation and/
or cancer initiation by delivering drugs in dedicated carriers. 
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Nanotechnology may aid in therapeutic targeting of CAC. 
Nanoparticles are 1-100 nm in diameter and can transport 
drugs within the body. Thus, such particles may serve as 
carrier molecules delivering drugs to sites of inflammation. 
This drug delivery system is versatile and has been used 
to overcome physiological barriers to the targeting of 
some NF-κB inhibitors to the colon, the specific site of 
inflammation (58). With the aid of nanoparticles, NF-κB 
inhibitors can be used at very small concentrations because 
the drugs are delivered to restricted areas. Such technology 
would reduce or eliminate the adverse side-effects currently 
noted after systemic administration of anti-inflammatory 
drugs to patients with CRC or colitis. 
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