
NF-κB, an active player in human cancers

Yifeng Xia, Shen Shen, and Inder M. Verma*

Laboratory of Genetics, The Salk Institute for Biological Studies, La Jolla, California 92037, USA

Abstract

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) comprises a family of five

transcription factors that form distinct protein complexes, which bind to consensus DNA

sequences at promoter regions of responsive genes regulating cellular processes. The past three

decades have witnessed the remarkable progress in understanding the NF-κB signaling pathway in

physiologic and pathologic conditions. The role of NF-κB in human cancer initiation,

development, metastasis, and resistance to treatment has drawn particular attention. A significant

number of human cancers have constitutive NF-κB activity due to the inflammatory

microenvironment and various oncogenic mutations. NF-κB activity not only promotes tumor

cells proliferation, suppresses apoptosis, and attracts angiogenesis, but it also induces

epithelialmesenchymal transition, which facilitates distant metastasis. In certain circumstances,

NF-κB activation may also remodel local metabolism and anergize the immune system to favor

tumor growth. Suppression of NF-κB in myeloid cells or tumor cells usually leads to tumor

regression, which makes the NF-κB pathway a promising therapeutic target. However, due to its

vital role in various biological activities, components of the NF-κB pathway need to be carefully

selected and evaluated to design targeted therapies.

Introduction

Nuclear factor-κB (NF-κB) is a family of five master transcription factors, including NF-

κB1/p105, NF-κB2/p100, RelA/p65, RelB and c-Rel, which can form various heterodimers

or homodimers and bind to consensus DNA sequences at promoter regions of responsive

genes. Figure 1 shows some of the pathways and mediators involved in NF-κB activation in

tumor cells. Originally identified as a regulator of immunoglobulin κ-light chain expression

in B lymphocytes (1), its role has since been explored in inflammation, immunity, and in

almost all aspects of cellular activities. NF-κB can be activated by various stimuli, such as

cytokines (TNF-α, IL-1β), growth factors [epidermal growth factor (EGF)], bacterial and

viral products [lipopolysaccharide (LPS), dsRNA], UV and ionizing radiation, reactive

oxygen species (ROS), and DNA damage and oncogenic stress from inside the cells.

Through a so-called “canonical pathway”, almost all the stimuli eventually lead to the

activation of a large cytoplasmic protein complex, the inhibitor of κB (IκB) kinase (IKK)

complex. The precise nature of this complex remains to be elucidated but it contains IKK1/

IKKα, IKK2/IKKβ, and NEMO/IKKγ as the three seminal components. The activated IKK

complex is responsible for the phosphorylation of IκB, marking it for degradation through
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the β-transducin repeat-containing protein (β-TrCP)-dependent E3 ubiquitin ligase-mediated

proteasomal degradation machinery (2, 3). Thus, the free NF-κB dimers can translocate

from the cytoplasm to the nucleus, bind to DNA and regulate gene transcription.

Stringent regulation of NF-κB is indispensable for the integrity of cellular functions, which

requires both its prompt activation and termination. Dysregulation of this well-

choreographed pathway has been observed in many diseases, including cancer. The study of

NF-κB in cancer development started when several members of the NF-κB protein family

were found to be mutated in certain types of cancers, especially those with hematopoietic

origins. For example, v-Rel, the transforming gene of avian reticuloendotheliosis virus and

the mutated form of its cellular homolog c-Rel can induce lymphoid malignancies in both

chickens and mammals (4). Amplification and rearrangement of c-Rel are often detected in

various non-Hodgkin's B-cell lymphomas (5). Similarly, NF-κB2/p100 is frequently

activated through chromosomal translocations in lymphoma as well as in leukemia (6).

Direct NF-κB-activating mutations are extremely rare in solid tumors compared to

hematopoietic tumors. One example is the deletion of the NFKBIA gene (IκBα) in patients

with non-classical glioblastoma (7). This deletion seems to be mutually exclusive to EGFR

gene amplification, which suggests that NF-κB activation may substitute for aberrant EGF

signaling in certain contexts. IKK1, IKK2, and IKKε mutations have been reported in

genomic sequencing studies of breast and prostate cancers (8-10); however, a direct link of

these mutations and constitutive NF-κB activation in tumor cells has not been well

established. Thus, constitutive NF-κB activation in a variety of solid tumors may be

influenced by the microenvironment rather than by genetic mutations within the pathway.

Chronic inflammation, NF-κB, and cancer

Inflammation is a key defense mechanism in innate immunity that fights against bacterial

and viral infections, maintains tissue homeostasis, and facilitates wound healing.

Inflammation progression can be categorized at the acute, adaptive, and resolution stages

(11). Prolonged chronic inflammation may lead to tissue damage, autoimmune diseases,

degenerative diseases, and cancers of multiple types by enhancing cellular stress, recruiting

inflammatory factors, and accumulating DNA damage. Furthermore, chronic inflammation

also promotes tumorigenesis by altering genetic sequences and epigenetic states of the

damaged tissue and its microenvironment. Thus, “avoiding immune destruction” and

“tumor-promoting inflammation” have been described as two emerging hallmarks of cancer

(12). Inflammation plays a two-prong role in tumor formation: it disables the immune

system from attacking tumor cells; and it induces cell proliferation and genetic instability

that leads to oncogenic mutations.

NF-κB, the master regulator, mediates a crosstalk between inflammation and cancer at

multiple levels. In tumorous tissues with elevated NF-κB activity, the accumulation of pro-

inflammatory cytokines at the tumor site directly contributes to the pro-tumorigenic

microenvironment. In patients with inflammatory bowel disease (IBD), for example,

immune cells infiltrating the gastrointestinal mucosa secrete pro-tumorigenic cytokines such

as TNF-α, IL-1, and IL-17 to elevate NF-κB activity, and increasing the risk of colon cancer

(13). Through epigenetic mechanisms, these inflammatory signals may also fine-tune the
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level of the let-7 family of tumor suppressor microRNAs and modulate IL-6/STAT3

signaling to establish a positive feed-back loop that results in uncontrolled cell proliferation

and cancer initiation (14). Similarly, the cholestatic hepatitis that spontaneously develops in

Mdr2-knockout (Mdr2 KO) mice triggers NF-κB activity in a TNF-α-dependent manner.

Although this NF-κB activation has little effect on the hepatitis or tumor initiation, it is

indispensable for later tumor development (15). As a corollary, the frequent up-regulation of

the NF-κB signaling pathway in multiple forms of carcinoma establishes a permissive

microenvironment, which is critical for either tumor initiation or tumor development, or

both.

On the other hand, a chronic inflammatory microenvironment may lead to

immunosuppression and favor tumor escape from immunosurveillance. Myeloid-derived

suppressor cells (MDSC) expressing elevated levels of arginase I, inducible nitric oxide

synthases (iNOS), and GR1, are recruited to the tumor site to suppress antitumor T-cell

functions (16). Meanwhile, MDSCs also promote the development of FOXP3+ regulatory T

cells (Treg) in the presence of IFNγ and IL-10. NF-κB directly modulates Treg development

by regulating FOXP3 expression at its enhancer region (17). Treg infiltration into the tumor

not only leads to tumor immune escape, but also promotes angiogenesis through the release

of various chemokines (TGF-β, IL-10, and IL-35) (18). Furthermore, an inflammatory tumor

microenvironment often induces tumor-infiltrating macrophages (TAM) to switch from a

M1- to M2-polarized state (with low tumoricidal activity, more angiogenesis, and tissue

remodeling). Reciprocally, the inhibition of NF-κB in TAMs can revert them to a M1-

polarized state (19). Consistent with this idea, NF-κB protein p50 has been shown to

suppress M1- and induce M2-polarization of macrophage, thus favoring the

immunosuppressive microenvironment (20).

Chronic inflammation can lead to genomic instability and genetic mutations that favor tumor

initiation and development (21, 22). ROS are typically released by neutrophils and

macrophages at the site of inflammation, and can cause DNA damage. ROS and cytokines

released by immune cells also can activate the NF-κB pathway and form a positive feedback

loop to enhance NF-κB activity in different types of cells at the site of inflammation.

Interestingly, NF-κB activation has been shown to induce the expression of activation-

induced cytidine deaminase (AID), an enzyme that introduces mutations in p53, Myc and

other cellular genes (23). Furthermore, inflammatory mediators including cytokines,

prostaglandin E2 (PGE2), and ROS can suppress the DNA mismatch repair machinery

through different mechanisms leading to the accumulation of more genetic mutations (21).

Beyond inflammation

Although a major contribution of the NF-κB pathway in cancer development is through

inducing and maintaining a chronic inflammatory microenvironment, other effects are of

equal importance. Constitutive NF-κB activity in cancer cells promotes tumor initiation and

development, perhaps through the following four mechanisms.
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First, NF-κB stimulates cell proliferation and prevents apoptosis

NF-κB induces the expression of anti-apoptotic genes such as the caspase-8 inhibitor FLIP,

the inhibitor of apoptosis proteins c-IAP1/2 and XIAP, and members of the Bcl2 family of

apoptosis regulators (see http://www.bu.edu/nf-kb/ for a growing list of NF-κB target genes,

maintained by Gilmore). Mouse embryos devoid of RelA, IKK2, or NEMO die between

E12.5 and E15, mainly due to TNF-α-induced hepatocyte toxicity (see reference 24 for a

review of NF-κB knockout and transgenic mice). These observations support the idea that

tumor cells may also rely on the NF-κB pathway to escape from apoptosis, which has been

identified as one of the essential hallmarks of cancer (12). However, in vivo evidence of the

role of NF-κB has not been established for most cancer types. In Kras-induced lung

adenocarcinoma, for example, inhibition of the NF-κB pathway in tumor cells by either

overexpressing the IκBαM super-repressor or deleting RelA or IKK2 reduced tumor size in

general, but alterations in apoptotic pathways were not detected (25-27). Interestingly, data

from our lung cancer model indicate that tumor cell proliferation was significantly impaired

when IKK2 was deleted. We have also identified a positive feedback loop, Kras—Erk—NF-

κB—Timp1—CD63—FAK—Erk, which could be blocked when NF-κB activity is

inhibited (26). Based on this result, it is possible that the role of NF-κB in certain types of

cancer and at certain stages of cancer development is mainly through promoting cell

proliferation rather than inhibiting apoptosis.

Second, NF-κB regulates tumor angiogenesis

One of the most studied angiogenic factors is vascular-endothelial growth factor (VEGF),

whose expression is strongly regulated by HIF-1α in hypoxic conditions, and by numerous

other stimuli such as cytokines and oncogenes (28), which are also critical mediators of NF-

κB activation. It has been shown that inhibition of NF-κB abolishes VEGF production and

angiogenesis in a variety of conditions. Furthermore, basic fibroblast growth factor (bFGF),

IL-8, matrix metalloproteinase-9 (MMP-9), and other NF-κB target genes are involved in

multiple steps of angiogenesis (29). It is worth noting that matrix metalloproteinases

including MMP-2, -3, and -9 degrade the basement membrane and remodel the extracellular

matrix, which facilitates cell migration and favors either angiogenesis (endothelial cells) or

metastasis (cancer cells) in different microenvironment (30).

Third, NF-κB promotes tumor metastasis at different levels

Besides regulating the expression of MMPs as discussed above, NF-κB also plays a

significant role in many other aspects of metastasis. Epithelial-mesenchymal transition

(EMT) is an early event in metastasis (31). Twist1, one of the key transcription factors

modulating EMT, is an NF-κB target in breast cancer cells upon TNF-α stimulation (32).

Snail, a zinc-finger transcription repressor, on the other hand, is stabilized by the COP9

signalosome 2 (CSN2), a protein complex in the ubiquitin-proteasome pathway that

contributes to NF-κB activation in inflammation-induced cell migration and invasion (33).

Cell adhesion molecules such as selectins, integrins and their ligands are largely regulated

by the NF-κB pathway (34), and are important in promoting cancer cell extravasation and

colonization at distant sites, although the mechanistic details remain elusive (35). In addition

to a role in the primary tumor, NF-κB signaling in the pre-metastatic niche may help create a
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suitable environment for the seeding of primary tumor cells. In the premetastatic lung,

inflammation mediator serum amyloid A3 (SAA3)-TLR4 signaling induces NF-κB activity

in both lung epithelial cells and myeloid cells, which has been shown to help establish an

inflammatory state that facilitates metastasis (36).

Fourth, NF-κB directly remodels tumor metabolism

Reprogramming energy metabolism has been identified as another emerging hallmark of

cancer (12). Direct regulation of cell metabolism by the NF-κB pathway has long been

speculated and recently addressed by several studies. Tanaka and colleagues showed that

NF-κB activation in p53−/− mouse embryonic fibroblasts (MEF) can increase glucose uptake

by upregulating the expression of glucose transporter 3 (GLUT3) and maintaining a high

glycolytic flux (37). These investigators showed that high levels of glycolysis in the

transformed cells activate the NF-κB pathway via an O-linked N-acetylglucosamine (O-

GlcNAc) modification of IKK2, thus forming a positive feedback loop (38). However, most

of these observations are in immortalized MEFs, and the importance of this positive

feedback loop in tumor cells in vivo remains to be clarified. NF-κB also modulates

mitochondrial respiration by regulating cytochrome c oxidase (SCO2), a critical subunit of

the mitochondrial respiratory complex. NF-κB regulation of SCO2 is mediated by p53; in

the absence of p53, NF-κB translocates to the nucleus and blocks mitochondrial oxidative

phosphorylation, thus enhancing the “Warburg effect” in cancer cells (39). Regulation of

cellular metabolism by NF-κB depends on the status of p53 in cells. This is one of the many

aspects of the crucial crosstalk between NF-κB and p53.

NF-κB, Kras, and p53

Many oncogenic mutations, such as those in EGFR, Ras, PI3K and p53, contribute to NF-

κB activation in tumor cells. Kras and p53 mutations have been found in 20-25% and in

~50% of all cancers, respectively, and the mutation rates are especially high in pancreatic,

colorectal and lung cancers. The molecular mechanism by which Kras activates the NF-κB

pathway has been studied extensively. Jacks and colleagues showed in a mouse lung

adenocarcinoma model that Kras mutation and p53 deficiency cooperate to activate the NF-

κB pathway, which is essential for the survival of tumor cells (25). Results from our

laboratory and from the Baldwin laboratory indicate that Kras mutation alone is sufficient to

activate NF-κB both in vitro and in the mouse (26, 27). Nevertheless, studies from all three

laboratories demonstrated the importance of NF-κB activation in Kras-induced lung cancer.

Inhibition of NF-κB either by knocking out RelA or IKK2, or by overexpressing a dominant

negative form of IκBα, significantly reduced tumor volume, lowered tumor grade, and

prolonged mouse survival. In addition to the canonical pathway that requires IKK2,

activation of NF-κB by a non-canonical IκB kinase, TBK1, has been identified in a

synthetic lethality screen of Kras mutant tumors (40). c-Rel and Bcl-XL are two essential

elements for tumor cell survival downstream of TBK1. While the mechanism of how TBK1

is activated in Kras mutant tumors remains unknown, knockdown of RalB, a component

downstream of the Ras effector–RalGDS, selectively kills Kras-dependent tumor cell lines.

This observation is consistent with the earlier report that RalB-activated TBK1 signaling is

required for cancer cell survival and Kras-induced transformation (41). Furthermore,
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molecules critical for the survival of the tumors harboring mutated Kras also are involved in

the NF-κB pathway. Glycogen synthase kinase 3α (GSK-3α), for example, has been

reported to be upregulated in mutated Kras-induced pancreatic cancer. Pharmacologic

inhibition of GSK-3α suppresses the growth of human pancreatic tumor explants in mice

(42). Interestingly, GSK-3α not only promotes canonical IKK activity by stabilizing the

TAK1/TAB complex downstream of Kras, it also promotes the non-canonical NF-κB

pathway by controlling the level of NF-κB2 (p100) in the nucleus. Indeed, TAK1 inhibition

has also been shown to promote apoptosis in Kras-dependent colon cancers (43). p62

appears to be another critical adaptor linking Kras and NF-κB activation. p62-deficient mice

are resistant to Kras-induced lung adenocarcinomas. Mechanistically, Kras increases p62

expression, facilitating TRAF6 polyubiquitination and IKK activation, and thereby protects

cells from ROS-induced cell death (44). Furthermore, p62 is an NF-κB target gene with two

NF-κB binding sites within its promoter region, and thus it forms a positive-feedback loop

to sustain NF-κB activation downstream of Kras (45). Similar feed-forward loops are

established with IL-1α and Timp-1 (26).

The crosstalk between p53 and NF-κB has drawn much attention in the cancer research

community. As described above, wild-type p53 antagonizes NF-κB function and suppresses

tumorigenesis; about 50% of human cancers acquire p53 mutations (or lose the wild-type

allele) and thus release the brake on the NF-κB pathway during tumor development.

The first layer of crosstalk has been suggested by Perkins and others to be the competition

for a limited pool of transcription co-factor CBP, which binds the cAMP-response element-

binding protein (CREB). This suggestion was based on the observation that binding of CBP

to p53 or NF-κB decides a cell's fate for apoptosis or survival (46). However, many other

transcription factors, besides p53 and NF-κB, use the same pool of CBP/p300 family

members as co-factors to activate target gene transcription, so that the crosstalk may be

more complicated than passive competition. For example, upon encountering certain stimuli

IKK1 can directly phosphorylate CBP and increases its binding to RelA (47). Consistent

with this finding, IKK1−/− cells have more CBP bound to CREB, so it is possible that CBP

phosphorylation by IKK1 switches its binding affinity for different transcription factors.

Similarly, upon LPS stimulation, GSK-3β has been shown to reduce nuclear phosphorylated

CREB and their binding to CBP, making CBP more accessible to NF-κB (48). In contrast,

phosphorylated CREB facilitates the recruitment of CBP to p53 through the KIX domain on

CBP, which favors p53 target-gene expression(49). These studies indicate the complexity of

competing for CBP between NF-κB and p53.

The second layer of crosstalk involves the direct regulation of signal pathway components.

IKK2 is the essential kinase in the canonical IKK complex, but it also mediates NF-κB-

independent functions through phosphorylation of other substrates (2). p53 has been

identified as one of the IKK2 substrates, based on a consensus phosphorylation motif search.

p53 harbors in its C-terminus (Ser362 and Ser366) a (D/A)S(G/L/D/R){G/D/R}sXS motif

found in most of the IKK2 substrates including IκBα. This motif is readily phosphorylated

by IKK2 upon DNA damage induced by doxorubicin, and followed by β-TrCP-mediated

poly-ubiquitination and proteasomal degradation (50). Interestingly, this regulation only

occurs upon doxorubicin treatment but not after treatment with TNF-α, another potent NF-
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κB activator. This observation suggests that a prerequisite modification on p53 by a

particular stimulus is needed, which might be finely tuned in the tumor microenvironment.

Furthermore, the NF-κB pathway is also involved in the transcription of Mdm2, a key

ubiquitin E3 ligase of p53, thus indirectly regulating p53 protein stability (51).

On the other hand, as we have discussed earlier, wild-type p53 may suppress glucose intake

and glycolysis by reducing GLUT3 expression on the cell membrane (37). Low levels of

glycolysis result in impaired O-GlcNAc modification of IKK2 and thereby diminished

kinase activity (38). This may be one of the mechanisms by which wild-type p53 suppresses

the NF-κB pathway to a basal level in untransformed cells. In sharp contrast, p53 mutations

prolong NF-κB activation in the presence of inflammatory stimuli. For example, a recent

study from the Oren laboratory examined the correlation between nuclear p65 staining and

p53 mutation status in multiple head and neck squamous cell carcinomas and non-small cell

lung cancers (NSCLC). They found that mutant p53 overexpression correlates with

increased NF-κB activity and reduced apoptosis, while tumors harboring wild-type p53 have

much less nuclear p65 staining (52). Furthermore, mice harboring a germline p53 mutation

develop more severe chronic inflammation and persistent tissue damage in the dextran

sulfate sodium (DSS)-induced mouse colon cancer model. These mice are much more prone

to inflammation-associated colon cancer when compared to their p53 wild-type counterparts.

Pro- and anti-tumorigenesis in different human organs

As we have discussed, in most cases NF-κB plays a role as a tumor promoter, especially in

the chronic inflammation-related cancers. In a mouse model of colitis-associated colon

cancer, selective ablation of IKK2 in enterocytes significantly decreased tumor incidence

(53). Similarly, in an Mdr2 knockout (KO)-induced hepatocarcinoma model, overexpression

(OE) of the IκBα super-repressor in liver cells blocked tumor development significantly

(15). Furthermore, recent studies from many groups, including our own, showed that

inhibition of NF-κB in mutated Kras-induced lung cancer and pancreatic cancer greatly

reduced tumor initiation and progression (25-27). Figure 2 shows some of the antitumor or

protumor effects involving the NF-κB pathways in various human cancers.

However, every coin has two sides. In several specific cases NF-κB appears to be a tumor

suppressor, with the liver being one prime example. Although NF-κB has a tumor promoting

role in the Mdr2−/− hepatocellular carcinoma (HCC) model, studies in the

diethylnitrosamine(DEN)-induced HCC model yielded opposite results: IKK2 targeted-

deletion in hepatocytes strongly enhanced tumorigenesis (54). These IKK2-deficient

hepatocytes underwent cell death upon DEN treatment, and the compensatory liver

regeneration eventually resulted in HCC. Similarly, NEMO deletion in hepatocytes triggered

liver damage, hepatosteatosis, hepatitis, fibrosis, and finally HCC (55). The skin is another

special site, since inhibition of NF-κB in keratinocytes led to increased squamous cell

carcinoma (SCC) in both the DMBA/TPA- and Ras-induced models (56, 57). These results

suggest that suppression of NF-κB in keratinocytes might impair cell-cycle arrest upon

DNA damage or oncogenic stress. Interestingly, NF-κB and JNK are two of the major

signaling pathways downstream of TNFR1 that counter-regulate one another. Upon NF-κB

inhibition, JNK signaling is unleashed leading to excessive oxidative stress and DNA
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damage (58, 59). This could be one of the mechanisms by which NF-κB acts as a tumor

suppressor in both chemically-induced skin cancer and liver cancer.

Importantly, although NF-κB inhibition in different organs has varying effects on

tumorigenesis, the inhibition of NF-κB in inflammatory or myeloid cells consistently

suppresses tumor development in the models described above. NF-κB activation in myeloid

cells typically enhances inflammation in the tumor microenvironment by increasing the

secretion of pro-inflammatory cytokines such as TNF-α and IL-6, which eventually leads to

rapid proliferation of tumor cells (13).

Prospects: NF-κB in cancer therapy

Given that NF-κB has such an important role in both tumor cells and the tumor

microenvironment, targeting NF-κB as a cancer therapy has been explored extensively in the

past decades. Hundreds of natural and synthetic compounds have been reported as NF-κB

inhibitors, however their clinical application to date has shown little efficacy, except for

certain types of lymphoma and leukemia (60). One of the major concerns is

immunosuppression after long-term systemic administration of NF-κB inhibitors, since the

NF-κB pathway mediates pleiotropic functions in the innate and adaptive immune responses

(3). Furthermore, the NF-κB pathway has also been shown to regulate pro-IL-1β processing

and secretion. The selective deletion in myeloid cells or the pharmacologic suppression of

IKK2 in mice increased endotoxin susceptibility with elevated plasma IL-1β levels (61).

With these considerations, the dose, schedule and delivery strategy should be carefully

evaluated when applying NF-κB inhibitors to treat human malignancies. One possible future

direction is to design inhibitors targeting molecules that are only vulnerable in cancer cells,

such as TBK1 that was identified in Kras synthetic lethality screening (40), to avoid

systemic toxicity. Another concern is the rapidly-gained resistance to NF-κB inhibitors. In

the mouse NSCLC model induced by Kras and p53 compound mutations, treatment with

various NF-κB inhibitors prolonged mouse survival (26, 62), however resistant tumors

appeared within several weeks. Interestingly, these resistant tumors did not show noticeable

elevation of basal NF-κB activity or increased expression of NF-κB target genes (62).

Mechanisms that led to this resistance remain to be clarified. Nevertheless, NF-κB inhibitors

still appear attractive in combination with other chemotherapies. Many anticancer agents can

activate the NF-κB pathway through induction of TNF-α, ROS, and other cellular stresses,

or directly by generating DNA double-strand breaks that are sensed by the ATM-NEMO-

dependent pathway from inside the nucleus (63). Activation of the NF-κB pathway usually

protects cancer cells from apoptosis through antagonizing the p53 pathway or through direct

upregulation of a group of anti-apoptotic genes. For example, the adenoviral-mediated

delivery of IκBαM into tumor cells in a xenograft model enhanced sensitivity to various

chemotherapies (64). The proteasome inhibitor Bortezomib, which blocks IκB degradation,

showed similar effects (65). However, these results still need to be verified in human

patients with an intact tumor microenvironment. The bottom-line is that NF-κB activation

can be an important biomarker for chemo-radiation therapies. A recent study showed that

NF-κB activation is linked to mesenchymal differentiation of glioblastoma, and enhanced

resistance to radiation therapy (66). Clinical trials are currently investigating the activation

of NF-κB in response to treatment with external beam radiotherapy and chemotherapy on
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rectal carcinomas (NCT00280761) and stage II/III gastric cancers (NCT01905969), and its

association with therapeutic outcomes; the results of these studies will be of great interest.

It has been nearly three decades since NF-κB was identified. Since then, many researchers

have published thousands of papers delineating components of pathways leading to the

activation of NF-κB. A large number of NF-κB inducible genes have been identified in

response to a wide variety of stimuli. NF-κB is a central player in innate and adaptive

immune responses of the host. Yet it has been a challenge to tame or manipulate the activity

of this family of transcription factors because they are pleiotropic. Perhaps acute inhibition

of NF-κB may be more therapeutically manageable for beneficial outcome. NF-κB remains

a fascinating but elusive target!
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Figure 1. NF-κB activation in tumor cells
At tumor sites, NF-κB is activated by various stimuli, including cytokines, growth factors,

cellular and environmental stresses, and DNA damage. Tumor suppressor p53 antagonizes

NF-κB function at different levels.
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Figure 2. Protumor and antitumor effects of NF-κB in different human organs and related
cancers
Abbreviations: PN=proneural; MES=mesenchymal; KO=knockout; OE=overexpression;

Mdr2=P-glycoprotein; DEN=diethylnitrosamine; NEMO (IKK-g)=regulatory subunit of the

IKK complex; IκBαM=IκBα mutant; SCC=squamous cell carcinoma.
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