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Abstract

Importance of the field—Nuclear factor kappa B (NF-κB) is activated by a variety of cancer-

promoting agents. The reciprocal activation between NF-κB and inflammatory cytokines makes

NF-κB important for inflammation-associated cancer development. Both the constitutive and

anticancer therapeutic-induced NF-κB activation blunts the anticancer activities of the therapy.

Elucidating the roles of NF-κB in cancer facilitates developing approaches for cancer prevention

and therapy.

Areas covered in this review—By searching PubMed, we summarize the progress of studies

on NF-κB in carcinogenesis and cancer cells' drug resistance in recent 10 years.

What the reader will gain—The mechanisms by which NF-κB activation pathways are

activated; the roles and mechanisms of NF-κB in cell survival and proliferation, and in

carcinogenesis and cancer cells' response to therapy; recent development of NF-κB-modulating

means and their application in cancer prevention and therapy.

Take home message—NF-κB is involved in cancer development, modulating NF-κB
activation pathways has important implications in cancer prevention and therapy. Due to the

complexity of NF-κB roles in different cancers, careful evaluation of NF-κB's in each cancer type

is crucial in this regard. More cancer cell-specific NF-κB inhibiting means are desired for

improving anticancer efficacy and reducing systemic toxicity.
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1. Introduction

Cancer cells acquire a number of characteristic alterations during the course of

transformation, including the capacity to proliferate autonomously, to invade surrounding

tissues, and to metastasize to distant sites. In addition, cancer cells elicit an angiogenic

response, evade mechanisms such as apoptosis that limit cell proliferation, and elude

immune surveillance [1]. These properties are initiated in part through alterations in the cell

signaling pathways that in normal cells control cell proliferation, motility, and survival. The

pathways controlling survival and cell proliferation include MAPK, PI3K-Akt, and NF-κB
[1]. In this review, we focus on the involvement NF-κB in cancer development and the

potential of targeting NF-κB for cancer prevention and therapy.
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2. NF-κB family of proteins

NF-κB is a transcription factor that consists of heterodimers or homodimers formed by the

members of the NF-κB family. In mammalian cells there are five NF-κB family members:

p65 (RelA), RelB, c-Rel, p50/p105 (NF-κB1), and p52 (NF-κB2). The NF-κB family of

proteins are characterized by their unique structure, an N-terminal Rel homology domain

(RHD) that is responsible for forming dimers, binding DNA, and associating with inhibitor

of NF-κB(IκB). The p65 (RelA), RelB and c-Rel proteins harbor a C-terminal

transactivation domain (TAD) that interacts with the transcription machinery that promotes

gene transcription. Lacking a TAD, the homodimers of p50 or p52 serve as transcription

repressors that provide a threshold for NF-κB activation [2]. A nuclear localization signal

(NLS) sequence that is required for translocation of NF-κB to the nucleus is located in the

middle of the NF-κB family proteins. In most quiescent normal cells the NF-κB dimers are

squelched in the cytoplasm by associating IκB proteins that mask the NLS in the NF-κB
proteins. There are seven members of the IκB protein family: IκBα, IκBβ, IκBγ, IκBε,
BCL-3, and the precursor proteins p105 and p100, which inhibit NF-κB by squelching it in

the cytoplasm [2].

3. NF-κB activation pathways

Two main NF-κB activation pathways, namely the canonical (classic) and non-canonical

(non-classic), mediate NF-κB activation (Figure 1). The canonical pathway is the major

pathway in most cell types and it involves p65, c-Rel and p50. This pathway consists of IKK

(an IκB kinase heterodimer consisting of IKKα/IKK1, IKKβ/IKK2, and IKKγ/NEMO, with

IKKβ as the catalytic subunit), IκB, and NF-κB (typically a p65/p50 heterodimer). It is often

activated by proinflammatory cytokines such as IL-1β and TNF-α as well as a variety of

cellular stresses [2]. The NF-κB activation pathway induced by TNF-α is the most

intensively studied one, which represents a typical canonical NF-κB activation pathway.

This pathway is turned on by the binding of TNF-α to TNF-α receptor (TNFR), which

recruits IKK to the TNFR1 signaling complex through TRAF2 and receptor-interacting

protein kinase 1 (RIP1). The K63 ubiquitination chain is added to RIP by E3 ubiquitin

ligases cIAP-1 and cIAP-2 and serves as a platform for the landing of IKK. IKK is then

activated through a RIP-mediated phosphorylation that involves MAPK kinase kinase 3

(MEKK3) or TGF-β-activated kinase 1 (TAK1) [3–5]. The activated catalytic subunit IKKb

phosphorylates the serine residues at positions 32 and 36 in IκB, triggering

polyubiquitination on IκB and rapid degradation in the proteasome. This process exposes the

NLS signal on p65 and p50, ensuring nuclear translocation of NF-κB to promote gene

transcription. The NF-κB transcription activity is further regulated by phosphorylation and

acetylation on the p65 subunit, thereby affecting its binding to DNA or interaction with

transcriptional co-activators such as CBP/p300 [2]. DNA damage induced by adriamycin,

camptothecin, etoposide or ionic radiation that induces NF-κB also uses the canonical

pathway. Through the DNA damage sensor kinase ataxia telangiectasia mutated (ATM), the

IKK subunit NEMO/IKKγ is phosphorylated and recruited to form a complex called the

PIDDsome, consisting of RIP1, p53-induced death domain (PIDD), and NEMO in the

nucleus, where RIP1 triggers NEMO activation [6–8]. During this process NEMO is

phosphorylated by ATM and migrates from the nucleus to the cytoplasm where it binds

IKKβ. The IKKβ subunit is then activated to trigger IκB degradation, turning on the

canonical NF-κB activation pathway [6,9].

The non-canonical pathway is activated by non-death receptor members of the TNF receptor

family such as CD40, lymphotoxin beta (LTβ), and B-cell-activating factor (BAF) and some

viral proteins such as LMP-1 from Epstein-Barr virus (EBV). This pathway is dependent on

NF-κB-inducing kinase (NIK)-mediated activation of IKKα, which triggers cleavage of
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p100 to generate p52. Then p52 forms a functional complex with RelB and translocates to

the nucleus to enhance gene expression [2]. Interestingly, the cIAP proteins, which promote

the canonical pathways, play a negative role in the non-canonical pathway by triggering

NIK ubiquitination and degradation [10]. Therefore, the canonical and non-canonical

pathways could be coordinately regulated under some circumstances.

In some rare cases alternative pathways, which are called atypical pathways, have emerged

to activate NF-κB in addition to the canonical and non-canonical pathways (Figure 1). For

example, short wavelength UV light causes an IKK-independent NF-κB activation pathway

that involves casein kinase 2 (CK2)-mediated phosphorylation and calpain-dependent IκB
degradation [11]. Hydrogen peroxide has been shown to activate NF-κB activation through

tyrosine phosphorylation of IκB at Tyr42, which likely involves c-Src or Syk kinases

[12,13].

4. Biological functions of NF-κB

As a multifunctional factor, NF-κB is involved in a variety of physiological and pathological

processes such as development, immunity, tissue homeostasis and inflammation. At the

molecular and cellular level NF-κB regulates gene expression, cell apoptosis and

proliferation.

4.1 Regulation of transcription

In most cases, NF-κB acts as a transcriptional activator by directly binding to the promoter

to facilitate gene transcription. NF-κB-inducd gene expression is responsible for most

biochemical and biological functions such as inflammation, growth, and immune response.

So far more than 200 genes have been identified as NF-κB-responsive genes [14]. Thus,

reagents that block gene expression at either the transcription or translation levels have been

readily used to suppress NF-κB's function. Conversely, NF-κB was recently reported to

suppress rather than activate gene transcription when it was induced by DNA-damaging

drugs [15]. NF-κB's mechanism of transcriptional suppression is still elusive; however,

interactions with transcriptional repressors or tumor suppressors such as p53 or ARF may be

involved [16]. NF-κB's transcriptional suppression property is probably cell-type-specific

because some of these agents-induced NF-κB was clearly transcriptionally active in different

tested cells [17,18].

4.2 Regulation of apoptosis

NF-κB is generally regarded as a cell survival factor because it confers cell survival [2].

Indeed, numerous NF-κB targets such as cIAP-1, cIAP-2, TRAF1, TRAF2, Bcl-xL, XIAP,

MnSOD, and IEX-1L have anti-apoptotic properties [19]. Specifically, cIAP-1 and cIAP-2

function as an apoptosis brake through directly binding and suppressing the effector

caspases. The IAP proteins may form a positive feedback loop for NF-κB activation because

ubiquitination of RIP by c-IAPs was thought to be important for recruitment and activation

of IKK [5,20–22]. However, NF-κB could be pro-apoptotic because it activates expression

of apoptosis mediators such as death receptor DR5, FAS ligand, PUMA and Bax [23–25].

4.3 Regulation of proliferation

NF-κB transactivates the expression of cyclin D1 and c-myc that promote cell proliferation.

Interestingly, proinflammatory cytokines such as TNF, IL-1β and IL-8, which trigger

inflammation as well as cell proliferation that is involved in carcinogenesis, are also NF-κB
targets [19]. However, because NF-κB is able to suppress the proliferation factor JNK and

induce the expression of the cycle suppressor p21/WAF1, it can function to inhibit cell

proliferation [14].
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5. NF-κB activation in cancer

NF-κB is aberrantly activated in tumor cells, contributing to the cells' advantage in survival

and proliferation [14,26]. The mechanism of NF-κB activation in tumor cells is not well

elucidated, but it is apparently complex and varies in different tumor types. Undoubtedly,

understanding the mechanism of NF-κB activation in tumor cells will facilitate development

of means for cancer prevention and therapy.

The constitutive NF-κB activation may be a result of mutations or epigenetic aberrations that

affect the expression of the NF-κB subunits. Genes regulating NF-κB activity, including IκB
and other genes directly or indirectly affecting NF-κB, may also be altered in tumors. For

example, mutations in the IκBα gene or a reduction in IκBα protein stability results in

constitutive NF-κB activation in Hodgkin's lymphoma. The mutation of Her2/Neu that is

frequently active in a number of cancers, such as breast and lung cancers, is able to activate

NF-κB in a CK2-dependent manner [27]. Transglutaminase (TG2) overexpression leads to

constitutive activation in an IKK-independent manner [28]. Moreover, virus-derived

oncoproteins such as human T-cell leukemia virus (HTLV) Tax protein, and hepatitis B

virus × protein activate NF-κB and contribute to viral-infection-associated carcinogenesis

[29,30].

In addition, while tumors often arise in an inflammatory environment and hypoxia presents

in the tumor tissue, tumor, stromal and inflammatory cells secret proinflammatory cytokines

such as TNF to establish a positive NF-κB activation loop [31,32]. Indeed, carcinogens and

tumor promoters induce NF-κB. For example, the carcinogen benzo[a]pyrene is capable of

activating NF-κB, at least in part through TNF autocrine action [33].

6. NF-κB in carcinogenesis

6.1 NF-κB in inflammation-associated cancer

It is estimated that approximately 15 – 20% of human cancers are strongly linked to

inflammation [34]. The reciprocal activation between NF-κB and inflammatory cytokines

makes NF-κB an important factor not only for inflammation but also for cancer

development. However, due to the complexity of carcinogenesis and the contribution of NF-

κB in different cell types, for example immune and parenchymal cells, NF-κB's complicated

roles are found in different tumor models as described below.

In the dextran-sulphate sodium (DSS)-induced chronic-inflammatory-colitis-associated

cancer mouse model, blocking NF-κB by knocking down IKKβ in enterocytes resulted in an

80% reduction in tumor multiplicity, although there were no changes in tumor size. These

results suggest that NF-κB functions during the early stages of colon cancer development

[35]. The blocking of NF-κB reduced anti-apoptotic gene BCL-XL expression and increased

apoptosis. The blocking of NF-κB in myeloid cells also reduced tumor multiplicity by 50%,

which was associated with reduction of growth factors such as IL-6 [35]. A similar effect of

NF-κB blockage on hepatocellular carcinoma (HCC) development was also seen in a

multidrug resistance 2 (MDR2)-knock-out mouse model. In this model, a defect in

transporting and secreting bile acids and phospholipids from hepatocytes leads to low-grade

chronic hepatitis and eventually HCC. The blockage of NF-κB with a hepatocyte-specific

expression of IκB super suppressor (IκB SR, an IκBα mutant that is resistant to

phosphorylation and degradation) resulted in increased liver cell apoptosis and reduced

HCC. The NF-κB activation and HCC development in this model is probably mediated by

cytokines, including TNF-α, because administration of a TNF-α antibody suppressed nuclear

RelA immunostaining in hepatocytes and reduced HCC [36]. Mucosal-associated lymphoid

tissue (MALT)-derived lymphoma, another tumor that results from chronic bacterial
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infection and inflammation, also involves NF-κB aberrant activation that is due to

overexpression of the Bcl10 and MALT genes [37].

However, a negative interplay between NF-κB and JNK is probably involved in a chemical

(diethylnitrosamine, DEN)-induced HCC model, in which NF-κB in parenchymal or

myeloid cells plays contradictory roles in tumor promotion. In this model the necrotic

hepatocyte death promotes inflammation and regenerative proliferation that leads to HCC.

NF-κB in hepatocytes blocks DEN-induced cell death, limiting liver inflammation and

regenerative proliferation and thereby suppressing HCC development. However, NF-κB is

required for secretion of the compensatory proliferation factors TNF-α, IL-6 and hepatocyte

growth factor (HGF) from liver myeloid cells known as Kupffer cells. Thus, NF-κB in

Kupffer cells plays a tumor-promoting role in this model. In the two-stage skin cancer model

induced by sequential and topical application of 7,12-dimethylbenz(a)anthracene (DMBA)

and phorbol ester TPA, NF-κB apparently plays a tumor-suppressing role. Blocking NF-κB
in keratinocytes substantially increased the incidences of squamous cell carcinoma (SCC),

suggesting NF-κB's tumor-suppressing role. In this tumor model, TNF-α-induced JNK-

mediated AP1 activation is crucial for tumor promotion. NF-κB suppresses TNF-α-induced

JNK activation, which explained the negative role of NF-κB tumor development in this

model. As the source of TNF-α has not been identified, it remains to be determined if the

myeloid or stromal cells secrete TNF-α in an NF-κB-dependent manner as seen in the DEN-

induced HCC model.

The aforementioned observations strongly suggest that there are distinct roles for NF-κB in

different cancer types that could be cell-, tissue- or carcinogen-specific [32,38,39]. Thus, it

is crucial to characterize the function of NF-κBin each type or even subtype of cancer

derived from different organs before using NF-κB as an intervention target in cancer

prevention and therapy.

6.2 NF-κB in cell transformation and tumor growth

Neoplastic transformation is an important step during cancer initiation. In vivo studies have

found that NF-κB contributes to the initiation and early progression of colon and liver

tumors and lymphoma [32,40]. In vitro studies also have suggested a positive role for NF-

κB in cell transformation induced by oncogenes such as Ras, Pim-2 and HTLV Tax in

prostate and colon epithelial cells, fibroblasts, and lymphocytes [29,41–43]. In addition,

neoplastic transformation of mam-mary cells induced by cigarette smoke is also dependent

on NF-κB activation [44]. NF-κB protects DNA-damaged cells from apoptosis and

stimulates cell proliferation, which at least partly contributes to its role in promoting cell

transformation. This may involve anti-apoptotic factors such as Bcl-XL and survivin;

proliferation regulators p21WAF1, cyclin D and cmyc; and growth factors including TNF-α,

IL-1β, IL-6 and EGF [31,32]. Because there is a hypoxic environment in tumors and

hypoxia-inducible transcription factor-1α (HIF-1α)is highly expressed in tumor cells, the

NF-κB-mediated HIF-1α expression in tumors as well as in myeloid cells during hypoxic

response may also contribute to tumor growth [45].

6.3 NF-κB and cancer cell invasion and metastasis

Tumor metastasis is a complicated process that involves adhesion, migration and invasion

that drives cancer cells to invade and translocate to remote tissues. NF-κB activates several

genes that affect cancer cell migration and invasion [14]. Epithelial–mesenchymal transition

(EMT), a critical step in tumor cell invasion and metastasis, is enhanced by NF-κB. NF-κB
induces EMT-related genes such as Twist, intercellular adhesion molecule-1 (ICAM-1),

endothelial leukocyte adhesion molecule 1 (ELAM-1), vascular cell adhesion molecule 1

(VCAM-1), MMPs, and serine protease urokinase-type plasminogen activator (uPA) in
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breast cancer [46,47]. NF-κB-activated Bcl-2 expression also promotes EMT in breast

cancer [48]. The tumor suppressor protein N-myc downstream-regulated gene 2 (NDRG2)

suppresses fibrosarcoma and melanoma cell invasion by suppressing NF-κB-mediated

MMP-9 and -2 expression and activity [49]. It was found that TNF enhanced the ability of a

variety of tumor cells to adhere to the mesothelium in vitro and increased tumor migration

and metastasis in vivo, partly through NF-κB-dependent induction of the chemokine receptor

CXCR4 and upregulation of monocyte chemoattractant protein-1 (MCP-1), ICAM-1, and

IL-8 in cancer cells [47].

6.4 NF-κB and tumor angiogenesis

Angiogenesis, the formation of new blood vessels, is important for tumor progression.

Tumor angiogenesis is dependent on proinflammatory cytokines, chemokines and growth

factors such as MCP-1, IL-8, TNF-α and VEGF secreted by macrophages and other

inflammatory cells. NF-κB in these cells plays a pivotal role in secreting the angiogenesis

factors [50,51]. Constitutive NF-κB activation in cancer cells also triggers autocrine of

angiogenic chemokines, and NF-κB inhibition substantially suppresses tumor growth and

angiogenesis [52]. Also, stromal cell-derived factor 1 alpha (SDF-1α) enhances tumor

angiogenesis in human basal cell carcinoma by upregulating several angiogenesis-associated

genes, at least partly via NF-κB [53]. Furthermore, the recruitment of bone marrow-derived

cells (BMDCs) to tumors for vasculogenesis is essential for tumor angiogenesis. NF-κB-

mediated IL-8 and angiogenin expression is involved in this process [54]. However, it was

surprisingly noticed that NF-κB inhibition leads to an increase in B16-BL6 tumor

angiogenesis in IκB SR transgenic mice [55]. However, due to the potential off-target effect

of IκB SR overexpression [17,56,57], this observation needs to be evaluated with other NF-

κB-blocking methods. Nevertheless, NF-κB's possible anti-angiogenesis role in some cancer

types should not be neglected [58].

7. NF-κB in cancer cells' response to therapy

Inducing tumor cell apoptosis is one of the main mechanisms underlying anticancer chemo-

and radiotherapy. Because NF-κB is constitutively activated in many cancer cells,

chemotherapeutic agents and radiation activate NF-κB, and both constitutive and therapy-

induced NF-κB activation is generally anti-apoptotic, blocking NF-κB has been tested and

found to sensitize cancer cells to radiotherapy and a variety of chemotherapeutics in

numerous tumor cell types [59,60]. As discussed above, induction of anti-apoptotic factors is

one of the main mechanisms involving NF-κB in cancer cells' resistance to therapy. The

induction of Bcl-2 family members such as Bcl2, Bcl-xL and the IAP family members

cIAP1, cIAP2, XIAP and cFLIP blunts both the intrinsic and extrinsic apoptosis pathways.

By inducing manganese superoxide dismutase or ferritin heavy chain, NF-κB suppresses

reactive oxygen species (ROS) that are often induced by anticancer therapeutic agents to

trigger cancer cell death [61]. NF-κB also suppresses the sustained JNK activation that is

apoptotic [62].

The tumor suppressor p53 and its family members play an important role in therapy-induced

cancer cell death and proliferation inhibition. NF-κB suppresses p53 functions through

distinct mechanisms. NF-κB inhibits the p53 response to DNA damage by inducing

expression of the E3 ubiquitin ligase Hdm2 (Mdm2 in mice) that destabilize p53 [63,64].

Furthermore, NF-κB attenuates the function of p53 family members through direct

interactions with the promoter. For example, RelA binds and suppresses p73's

transcriptional activity [65]. Thus, simultaneously inhibiting NF-κB and activating p53

could be an efficient way to enhance cancer cells' sensitivity to chemotherapeutics [66].
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In addition, other mechanisms involving NF-κB also may be involved in cancer cells'

resistance to chemotherapy. For example, NF-κB activates expression of multidrug

resistance 1 (MDR1), and MDR1 functions to blunt the anticancer activity of therapeutics by

efflux of the drugs from cancer cells [67].

Although there is abundant evidence to support NF-κB's important role in cancer cells'

resistance to therapy, other reports suggest that NF-κB is required for killing cancer cells

[15,68]. This may be partly explained by the fact that NF-κB induces apoptotic factors DR5,

FASL and Bax or that some therapeutic-induced NF-κB suppresses expression of anti-

apoptotic gene such as Bcl-XL in cells [15,23,24].It is noteworthy that controversial

observations were reported regarding IκB SR-mediated NF-κB suppression in cancer cells'

response to chemotherapy [69,70], which may be associated with cell types and the

approaches to gene delivery. Indeed, we recently found that different approaches, that is IκB
SR over-expression or knockdown of RelA or IKKβ, exerted distinct effects, suggesting that

the gene target or approach affect the anticancer outcomes [17]. It is possible that some of

the NF-κB-independent mechanisms caused by IκB SR may alleviate the pro-apoptotic

effect of NF-κB blockage [56,57,71].

8. Approaches targeting NF-κB for cancer therapy

Because NF-κB is commonly activated in cancer cells and is generally involved in cancer

cells' survival, blocking NF-κB is expected to reduce the survival threshold. NF-κB
inhibition alone is generally insufficient for inducing pronounced apoptosis in cancer cells.

Thus, NF-κB inhibition is being tested mainly for use with chemo- and radiotherapy. The

canonical pathway has received the most attention in this regard. Different points in this

pathway can be targeted for modulating NF-κB activity. In recent years, much effort has

been invested in developing and characterizing NF-κB-blocking agents, including naturally

occurring and synthetic compounds that are summarized in a recent review [72]. The main

targeted actions in the NF-κB signaling pathway include: IKK activation, IκB degradation

and NF-κB nuclear translocation and DNA binding. Promising progress has been made

using these NF-κB inhibiting approaches, and hopefully will bring more NF-κB inhibitors to

clinical trials.

8.1 IKK inhibitors

Due to its central role in NF-κB activation, IKK has been a major molecular target for NF-

κB inhibition. The list of IKK inhibitors developed and tested in anticancer therapy is

rapidly increasing. These inhibitors include BAY-11-7082, BAY-11-7085 [73], MLN120B

[74], BMS-345541 [75], SC-514 [76] and CHS828 [77]. These compounds can either

directly bind and inhibit the IKK kinase activity or indirectly inhibit IKK activation by

blocking upstream signaling that leads to IKK activation. Combining IKK inhibitors with a

variety of chemotherapeutics has been examined and sensitization was achieved in both in

vitro and in vivo systems [72].

8.2 Proteasome inhibitors

Inhibiting the activity of proteasomes blocks NF-κB activation during the process of IκB
protein degradation. Bortezomib, a reversible 26S proteasome inhibitor, is the first NF-κB
blocking drug approved by the FDA and the European Medicines Agency for the treatment

of multiple myeloma [78]. Preclinical studies show that bortezomib has manageable side

effects when used as a single agent. Bortezomib also has been tested for combined therapy

with other anticancer drugs, such as DNA-damage-inducing agents, in a variety of malignant

tumors including lung, breast, colon, bladder, ovary and prostate cancers and achieved better

responses [79]. Clinical trials have demonstrated a high anticancer efficacy when combining
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bortezomib and EGFR/HER2-targeting agents such as trastuzumab (Herceptin, a

monoclonal antibody against HER2) in breast cancer, cetuximab (a chimeric mouse–human

antibody targeted against EGFR) in NSCLC or head and neck cancers [80,81], and erlotinib

in nonsmall cell lung cancer [82]. New proteasome inhibitors such as RP-171, NPI-0052 and

CEP-18770 (carfilzomib) are being examined in vitro and in early-phase clinical trials [72].

8.3 NF-κB nuclear translocation and DNA binding inhibitors

Restraining NF-κB in the cytoplasm after IκB degradation is another strategy for blocking

NF-κB. SN-50, a peptide of 41 amino acid residues consisting of the p50 NLS sequence

blocking NF-κB activation by inhibition of the nuclear transport machinery, substantially

sensitized cisplatin's anticancer activity in ovarian cancer cells [83].

8.4 Anti-inflammatory drugs

NSAIDs, including sulindac, aspirin, ibuprofen, indomethacin, and COX-2 inhibitors, are

potential NF-κB blockers. They function by either suppressing the inflammatory cell

response to indirectly suppress NF-κB, or by directly suppressing NF-κB at key points along

the NF-κB activation pathway. Combining these drugs with anticancer agents has been

examined extensively for chemoprevention or chemosensitization [84,85]. Naturally

occurring anti-inflammatory compounds such as epigallocatechin gallate (EGCG),

eicosapentaenoic acid (EPA), curcumin (diferuloylmethane), and luteolin are also able to

block NF-κB, making them another group of NF-κB-blocking agents for cancer prevention

and therapy. These compounds block NF-κB at distinct steps of the pathway. For example,

apigenin and anacardic acid inhibit IKK, resveratrol inhibits p65 phosphorylation,

epicatechin inhibits p65 translocation to the nucleus and celestrol inhibits NF-κB's DNA

binding [86–88]. It is of note that these chemicals are mainly antioxidants and their

anticancer activity may be due to regulating the redox status of the cell. However, the

modulation of redox may contribute to NF-κB blockage. For example, we found that luteolin

blocks TNF-α-induced NF-κB through superoxide in lung cancer cells [89].Blocking NF-κB
by luteolin shifts TNF-α-induced cancer cell survival to apoptosis. Because TNF-α is

involved in inflammation-associated carcinogenesis, the blockage of NF-κB by luteolin may

convert TNF-α from a tumor promoter to a tumor suppressor [90,91], making luteolin a

potential chemopreventive agent [91].

8.5 Gene therapy targeting NF-κB

Gene therapy that directly targets a key component of the NF-κB activation pathway is a

more specific approach than the aforementioned NF-κB-blocking agents. One approach is

overexpression of IκB SR with a plasmid or viral vector [70]. RNA interference, which

specifically eliminates gene expression, is another widely tested approach for blocking NF-

κB. The application of siRNA molecules directed against IKKα, IKKβ and the upstream

regulatory kinase TAK1 has been used in many studies [88]. Additionally,

oligodeoxynucleotide-based NF-κB blocking was found to be effective for

chemosensitization [92]. However, use of gene therapy in a clinical setting is awaiting the

development of specific and efficient means for targeted delivery of genes to cancer cells.

Despite some inhibitors being designed to specifically target NF-κB pathway mediators,

many NF-κB inhibiting compounds are also potent in interfering with other pathways.

Interestingly, some of these effects could be beneficial for cancer therapy. For example,

Hsp90 inhibitors suppress both NF-κB and Akt, and Akt contributes to cancer cells' survival

and proliferation by both NF-κB-dependent and -independent mechanisms [93–95].

Concurrent blocking NF-κB and Akt achieves a synergistic anticancer activity [96].It should

be noted that anticancer chemicals targeting the same molecule may have a distinct

involvement with NF-κB. One example is the recently developed smac mimetics that
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potently kill cancer cells through autocrine TNF-α. NF-κB activation by different smac

mimetics appears to be due to different mechanisms, and therefore distinct roles for NF-κB
(pro- or anti-apoptotic) in cancer cell killing were observed [97–99]. Thus, a combination of

anticancer therapeutics and NF-κB blocking methods for cancer therapy should be evaluated

individually with regard to each drug.

9. Expert opinion

NF-κB is generally regarded as a cell survival signal in most cell types and is involved in

cancer development in various organs. Thus, suppressing NF-κB could be a molecular target

for cancer prevention [26]. However, due to the complex roles and mechanisms of NF-κB in

carcinogenesis, careful evaluation of NF-κB's role in the pathogenesis of each cancer type is

crucial before employing NF-κB inhibition approaches for cancer prevention. For example,

NF-κB in different organs could be either tumor-promoting (i.e., colon and liver) or -

suppressing (skin and liver), which is at least partly due to the functional interplay between

the immune cells and the parenchymal cells, and between different signaling pathways that

are simultaneously activated during inflammation. Specifically, NF-κB in immune cells

plays a critical role in cancer promotion; thus it could be a major target for cancer

prevention. However, because NF-κB is required for physiological immune functions of the

body, sustained and systematic immune suppression causes severe consequences associated

with immunodeficiency. Thus, currently available NF-κB-suppressing drugs are not suitable

in cancer prevention, and directly targeting NF-κB for cancer prevention is still a challenge.

An alternative approach is to target the upstream pathways for persistent NF-κB activation,

such as proinflammatory cytokines or the cause of inflammation such as microbial infection

in the tumor site organs. However, prolonged use of anti-inflammatory drugs can also cause

non-tolerable adverse effects [50]. Naturally occurring compounds having NF-κB-

suppressing properties are of great interest in relieving inflammation and preventing cancer

[91,100].It is desirable to develop approaches that deliver NF-κB inhibition more

specifically to transformed cells and immune cells residing in tumor-prone

microenvironments.

Because NF-κB contributes to proliferation and survival in most cancer cells and cancer

therapy is of a relatively shorter duration, NF-κB-inhibiting drugs can be administered

intermittently, thereby greatly relieving the concern with immunosuppression caused by

long-lasting NF-κB inhibition. Thus, targeting NF-κB could be a useful strategy for cancer

therapy. Various NF-κB inhibitors targeting different components of the NF-κB activation

pathway, that is, IKK or NF-κB subunits, are under development for cancer therapy. Also,

genetic methods such as overexpression of the IκB SR have been tested for cancer therapy.

Again, due to the important functions of NF-κB in normal cells, more selective methods of

inhibiting NF-κB in tumor cells are desired for reducing systemic toxicity. Additionally, due

to the insufficiency of mere NF-κB inhibition in inducing pronounced apoptosis in cancer

cells, it is more likely that NF-κB inhibitors will be used as an adjuvant along with chemo-

or radiotherapy. It is remarkable that because both the constitutive and induced NF-κB
activation by therapeutics or radiation blunts the anticancer activities of the therapeutic

agents, blocking NF-κB may circumvent this side effect and therefore achieve a synergistic

anticancer activity. Because NF-κB is required for apoptosis in some tumors, caution should

be taken when selecting some therapeutic drugs in combination with NF-κB blockers for

cancer therapy. Each NF-κB blocking approach needs to be validated for therapy in each

cancer type. For example, overexpressing the IκB SR is potent in blocking NF-κB, but it

does not exhibit an anticancer activity in lung cancer cells [17,69], which may be due to its

non-specific effect that that blocks cancer cell death [17,56,57]. Further studies on the

mechanisms for constitutive and therapy-induced NF-κB activation in various human

cancers are required when using NF-κB blocking in cancer therapy. Specifically, the
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involvement of the non-canonical and atypical pathways in each cancer type needs to be

determined. Nevertheless, with the recognition of NF-κB's critical role in malignant

phenotypes of cancer, great effort is being invested to develop NF-κB inhibitors for use in

cancer therapy. It is expected that along with the progress in elucidating NF-κB activation

mechanisms in tumors, more NF-κB-targeting drugs will be available for clinical trials in the

coming years.
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Figure 1. The NF-κB activation pathways

TNF-α is shown as a representative inducer of the canonical pathway. In this pathway, TNF

receptor 1 recruits and activates IKK to form a signaling complex through TNF receptor

associated death domain (TRADD), RIP, and TRAF2. IKK then phosphorylates IκB, which

leads to IκB ubiquitination and degradation in the proteasome. Subsequently, the NF-κB
complex (p65/p50) migrates to the nucleus and activates gene transcription. In the non-

canonical pathway (represented by CD40L), NIK-mediated IKKα activation triggers the

processing of p100 to create p52. Then the NF-κB complex (p52/RelB) moves to the nucleus

to activate gene transcription. In the atypical pathway such as that activated by UV, IKK-

independent mechanisms are involved in IκB phosphorylation.
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