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NF-κB in defense and disease

The transcription factor NF-κB is well established as a
regulator of genes encoding cytokines, cytokine recep-
tors, and cell adhesion molecules that drive immune
and inflammatory responses (1). More recently, NF-κB
activation has been connected with multiple aspects of
oncogenesis, including the control of apoptosis, the
cell cycle, differentiation, and cell migration. Addi-
tionally, activation of NF-κB in cancer cells by
chemotherapy or by radiation can blunt the ability of
the cancer therapy to induce cell death. Below, I
describe the compelling evidence that NF-κB is dys-
regulated in many forms of cancer and that its inhibi-
tion is a logical therapy for certain cancers and for
adjuvant approaches to cancer therapy.

Regulation of NF-κB activity
Presently, there are five known members of the NF-κB
family: p50/p105 (NF-κB1), p52/p100 (NF-κB2), c-Rel,
RelB, and p65 (RelA), each distinguished by its Rel
homology domain, the portion of the protein that con-
trols DNA binding, dimerization, and interactions with
inhibitory factors known as the IκB proteins (reviewed
in ref. 1). The various IκBs (IκBα, IκBβ, and IκBε) bind
NF-κB proteins and, in general, act to retain the latter
molecules in the cytoplasm (1). Another member of the
IκB family is Bcl-3, which interacts with p50 and p52
subunits of NF-κB to stimulate transcription and to
promote nuclear localization (1).

In most untransformed cell types, NF-κB complexes
are largely cytoplasmic and therefore remain transcrip-
tionally inactive until a cell receives an appropriate
stimulus. In response to bacterial LPS, or proinflam-
matory cytokines such as TNF and IL-1, the IκB pro-
teins become phosphorylated on two serine residues
located within the NH2-terminal region (1). Phospho-
rylation of the IκB proteins results in rapid ubiquiti-
nation and subsequent proteolysis by the 26S protea-
some. Proteasome-dependent degradation of the IκB
proteins results in the liberation of NF-κB, allowing
this transcription factor to accumulate in the nucleus
where it activates the expression of specific genes (1)
involved in immune and inflammatory responses and
in cell growth control. Recently, a large–molecular
weight complex was identified that is responsible for
phosphorylating IκBα and IκBβ. Two key catalytic sub-
units of the IκB kinase (IKK) complex were identified

as IKKα and IKKβ (reviewed in ref. 2). In addition to
signals that promote its accumulation in the nucleus,
NF-κB is controlled at the level of its transcriptional
activity by phosphorylation of its subunits (3). This
modification establishes a second level of control of
NF-κB function, governing its intrinsic capacity as a
transactivator rather than its subcellular localization.

NF-κB expression and oncogenesis
Evidence for the involvement of NF-κB in oncogenesis
is not new. The earliest support for this idea came from
work with retroviruses that encode v-Rel, a highly
oncogenic viral homologue of c-Rel that causes aggres-
sive tumors in chickens (reviewed in refs. 4, 5). Pre-
sumably more relevant to human cancer, the genes that
encode c-Rel, NF-κB2 (p100/p52), and Bcl-3 proteins
are located within regions of the genome that are
involved in rearrangements or amplifications. Thus,
the c-Rel gene has been found amplified in some cancer
cell lines and rearranged in others (4, 5). The Bcl-3 gene
was identified as a [t(14,19) (q32;q13.1)] chromosomal
translocation in a subset of B-cell chronic lymphocytic
leukemias (6) and is overexpressed in certain B-cell neo-
plasms (6). The t(10,14) chromosomal translocation
breakpoint associated with NF-κB2 was originally
found in a case of B-cell non-Hodgkin’s lymphoma and
occurs in a number of lymphoid neoplasms, particu-
larly cutaneous lymphomas (7). Additionally, expres-
sion of lymphoma-associated p52 enhances the
tumorigenic potential in 3T3 cells in a SCID mouse
system (8). Similarly, mice with a homozygous deletion
of the COOH-terminal ankyrin repeats of the p100 pre-
cursor (not found in the mature p52 protein) exhibit
increased lymphocyte proliferation and gastric hyper-
plasia (9). Mutations in the IκBα gene have been detect-
ed in Hodgkin’s lymphoma (10) and are suggested to
render NF-κB constitutively active in Hodgkin’s cells,
consistent with a role for IκB as a tumor suppressor.

Other compelling evidence links NF-κB with cellular
transformation independent of chromosomal translo-
cation events. Thus, NF-κB is activated by a number of
viral transforming proteins and, in some cases, is
required for virus-induced transformation. For exam-
ple, the Tax protein from the human T-cell leukemia
virus-I (HTLV-I) transcriptionally activates NF-κB (His-
cott et al., this Perspective series, ref. 11). It appears that
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Tax activates NF-κB through direct interactions with
the IKK complex (12) and that activation of NF-κB is
required for transformation of rat fibroblasts by Tax
(13). Other viral transforming proteins, such as the
Epstein-Barr virus–encoded (EBV-encoded) proteins,
EBV protein nuclear antigen 2, the latent membrane
protein 1 (LMP-1), the Simian virus-40–encoded Large-
T, and adenovirus-encoded E1A, all stimulate NF-κB
transcriptional activity (14). Consistent with a role for
this pathway in transformation and tumorigenesis,
many human solid tumor cell lines display increased
nuclear NF-κB levels and/or increased NF-κB–depend-
ent reporter expression.

Further support for the involvement of NF-κB in onco-
genesis comes from experiments in which the NF-κB
pathway has been directly perturbed. Inhibition of 
NF-κB by expression of a modified form of IκBα (super-
repressor IκBα) (15) or by a dominant negative form of
IKK (16) blocks focus formation induced by Ras. Tumori-
genesis driven by the oncogenic fusion protein BCR-ABL,
which activates NF-κB, is also blocked by super-repressor
IκBα (17). NF-κB is activated in Hodgkin’s lymphoma
(18) (and in a variety of transformed cell lines), and inhi-
bition of NF-κB blocks growth of these lymphoma cells
(18). Van Waes and colleagues (19) recently blocked 
NF-κB function in head and neck squamous cell carci-
noma cells and showed that this inhibited xenograft-
derived tumor growth. Sovak et al. (20) reported that the
classic form of NF-κB (p50-p65) is localized to the nucle-
us in breast cancer cell lines and in some breast tumors
(20). Our observations agree that NF-κB appears to be
dysregulated in breast cancer, but we find that human
breast tumors display an accumulation of nuclear p52
and Bcl-3 along with c-Rel, rather than consistent activa-
tion of p65 (21). Presumably Bcl-3 promotes transcrip-
tional activity through interactions with p52.

Regulation of NF-κB by oncoproteins
Early research on the regulation of NF-κB by activated
cellular oncoproteins involved studies on Ras and Raf.
NF-κB nuclear levels in Ras- or Raf-transformed fibrob-
lasts are not significantly higher than in parental fibrob-
last cell lines, but NF-κB–dependent reporter expression
is nevertheless strongly elevated (15). This enigma was
explained by showing that both Raf- and Ras-trans-
formed cells display enhanced NF-κB transcriptional
activity through the ability of these oncoproteins to
stimulate the inherent transcription function of the p65
subunit of NF-κB without strongly affecting p65 nuclear
accumulation (15, 22). Surprisingly, dominant negative
forms of Raf do not strongly inhibit the ability of Ras to
activate NF-κB–dependent transcription (22).

Several observations may help explain the Raf-inde-
pendent and Raf-dependent activation of NF-κB by
Ras. First, small molecule inhibitors of the stress-acti-
vated kinase p38 block the ability of Ras or Raf to acti-
vate the transcription function NF-κB (22). However,
p38 activation typically is found on a signal transduc-
tion pathway downstream of Ras, not Raf. This enig-
ma was explained by data indicating that the ability of
Raf to activate NF-κB involves the secretion of an
autocrine factor that stimulates NF-κB transcription-
al activity in a manner similar to the p38-dependent
mechanism used by Ras (22). Second, the serine/thre-
onine kinase Akt/PKB is activated by Ras and this
kinase can induce the transcriptional activity of the
p65 subunit of NF-κB (23). Using rat liver epithelial
cells, Sonenshein and colleagues show that Ras as well
as Raf transformation led to enhanced IκBα degrada-
tion and elevated NF-κB DNA binding activity that are
dependent on IKK activity (16).

Other oncogene products are known to activate 
NF-κB. As described above, HTLV-I Tax activates 
NF-κB at least partly through binding to IKK and stim-
ulating nuclear translocation of NF-κB. Her2/Neu,
which is amplified and active in a significant propor-
tion of breast cancer, stimulates the protein kinase Akt
and thereby activates NF-κB–dependent gene expres-
sion (24). The BCR-ABL fusion oncoprotein, involved
in chronic myelogenous leukemia, activates NF-κB by
stimulating its nuclear translocation and also by
enhancing its transactivation function (17).

Antiapoptotic and pro-proliferative roles 
for NF-κB in oncogenesis
Numerous studies have indicated that NF-κB activa-
tion can suppress cell death pathways and that NF-κB
activation is required to protect cells from the apop-
totic cascade induced by TNF and other stimuli (see ref.
25). NF-κB suppression of apoptosis appears to be a
transcriptional event since it activates expression of
TRAF1 and 2 and c-IAP1 and 2 to block caspase-8 acti-
vation (Figure 1). Other antiapoptotic genes that are
transcriptionally activated by NF-κB (Figure 1) include

Figure 1
Induction of NF-κB by TNF or other stimuli leads to the transcriptional acti-
vation of genes that suppress apoptosis. The proteins encoded by the genes
function at different levels in the caspase cascade to block apoptosis.



the Bcl-2 homologues A1/Bfl-1 and Bcl-xL, IEX-1, and
XIAP. Of potential interest regarding inhibition of
apoptosis is the observation that NF-κB can antago-
nize p53 function, possibly through the cross-compe-
tition for transcriptional coactivators (26). Conversely,
as discussed below, p53 may in some cases act through
NF-κB to induce apoptosis.

It has long been speculated that oncogenesis is asso-
ciated with antiapoptotic mechanisms. We therefore
asked whether one mechanism whereby NF-κB func-
tions to promote oncogenesis was to suppress a trans-
formation-associated apoptosis. We found that inhibi-
tion of NF-κB, via the expression of the super-repressor
form of IκBα, leads to the induction of apoptosis when
an oncogenic allele of H-Ras (RasV12) is expressed (27).
Other evidence has been presented that NF-κB plays a
survival role in oncogenesis since inhibition of NF-κB
in transformed cells can induce apoptosis (see ref. 20).
In addition, the EBV protein LMP-1 activates NF-κB
(see Hiscott et al., this Perspective series, ref. 11), sup-
pressing apoptosis in EBV-transformed cells (28). Acti-
vation of NF-κB by growth factors also suppresses the
apoptotic response induced by c-myc expression (29),
although it is unclear which of the antiapoptotic mech-
anisms that are regulated by NF-κB perform this func-
tion. Additionally, members of the IAP family of anti-
apoptotic proteins are upregulated in a variety of
cancers, possibly by the NF-κB pathway.

In addition to being required to suppress transfor-
mation-induced apoptosis, NF-κB can promote cell
growth by upregulating transcription of cyclin D1, an
event that is associated with Rb hyperphosphoryla-
tion, progression into the S phase of the cell cycle, and
inhibition of apoptosis (Figure 2). Importantly, cyclin
D1 is upregulated in a number of human tumors. In

light of its potent effects on cell survival and growth,
NF-κB may be found to control other aspects of cell
cycle progression as well.

NF-κB in other aspects of tumor progression
Gene regulation by NF-κB is presumed to control its
major oncogenic functions, as in the case of cyclin D1
and in the antiapoptotic response, noted above, that
blocks the ability of oncogenic Ras to induce apop-
tosis. Other NF-κB–regulated gene products that
contribute to oncogenesis may include tenascin-C, an
ECM protein involved in cell attachment and cell
growth. NF-κB also regulates ICAM-1 (1), a cell adhe-
sion molecule found expressed in about 70% of pri-
mary melanoma lesions and in about 90% of metasta-
tic melanomas. ICAM-1 expression is associated with
a poor prognosis and reduced disease-free intervals.
Cox-2, a protein involved in inflammation and angio-
genesis, is found upregulated in more aggressive
forms of colorectal cancer and is transcriptionally
activated by NF-κB (1). The upregulation of
inducible nitric oxide synthase and the enhanced
production of nitric oxide has also been proposed to
enhance tumor progression and angiogenesis. NF-κB
has also been shown to induce expression of the 
c-myc and c-myb proto-oncogenes and of groα
(melanoma stimulatory factor, which is implicated in
angiogenesis). Finally, hypoxia in regions of malig-
nant tumors is thought to influence tumor progres-
sion by activating angiogenesis. Since hypoxia/reper-
fusion can induce NF-κB activation, this pathway
may contribute to a pro-malignant phenotype not
only by promoting cell proliferation and survival, but
also by upregulating gene products that control cell
adhesion and angiogenesis.
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Figure 2
Roles of NF-κB in oncogenesis and in cancer chemo-
and radioresistance. Activation of NF-κB blocks
apoptosis, induces cell proliferation, potentially
blocks differentiation, and promotes metastasis.



NF-κB–dependent regulation of cell adhesion mole-
cules (1) and cell surface proteases (such as matrix met-
alloproteinase 9) (30) raises the possibility that NF-κB
can control metastasis. This idea is supported by the
findings that Cdc42 and Rac induce integrin-mediated
invasiveness through PI 3-kinase (PI3K) (31) and that
Rac and PI3K can activate NF-κB. Consistent with
these points, the finding that IκBα expression in tumor
cells decreases the frequency of metastases suggests
that the NF-κB pathway can promote metastasis (32).

Potential antioncogenic and proapoptotic
mechanisms for NF-κB
Although NF-κB clearly participates in many aspects
of oncogenesis, both by promoting cell growth and
blocking apoptosis, other evidence in the literature
indicates that NF-κB activity can in some cases prevent
oncogenesis and promote apoptosis. Thus, von Hoger-
linden et al. have noted that inhibition of NF-κB in the
skin via expression of the super-repressor form of IκBα
can lead to squamous cell carcinomas, as well as
increased apoptosis (33). Since NF-κB and IKKα have
been proposed to control skin differentiation (2, 34),
the loss of some form of NF-κB may promote oncoge-
nesis in this setting. However, the activation of NF-κB
seen in breast cancer generally is not the p50-p65 het-
erodimer but rather complexes that contain p50, p52,
and Bcl-3 (21). It is presently assumed that the nuclear
accumulation of Bcl-3 is independent of inhibition by
other IκB proteins and of IKK stimulation. Thus, IκB
expression does not generate a true NF-κB null phe-
notype and may, in fact, lead to the upregulation of
functionally different NF-κB complexes. Therefore,
different NF-κB complexes (some lacking p65) may
control growth and differentiation in different cell
types or in response to different stimuli. In this regard,
it is interesting to speculate that there are opposing
roles for NF-κB subunits in transformation.

Despite the strong evidence for NF-κB as an antiapop-
totic factor, there are cases in which NF-κB appears to
function proapoptotically. For example, Kasibhatla et al.
(35, 36) have provided evidence that NF-κB and AP-1
induce the proapoptotic Fas ligand (FasL) protein in
response to chemotherapeutic agents or T-cell activation
signals. In these studies, T cells can be induced, through
the NF-κB–dependent upregulation of FasL, to undergo
apoptosis in response to etoposide or T-cell activation
signals. Thus, the inhibition of NF-κB provided cell pro-
tection from genotoxically induced or T-cell activa-
tion–induced Fas-directed death signaling. Consistent
with the dysregulated NF-κB transcriptional activity in
human cancers, some transformed cells derived from
solid tumors display constitutive FasL expression. It
should be noted that Sun and colleagues have ques-
tioned whether NF-κB regulates FasL transcription (37).

Recently, different groups have described both antag-
onistic and interdependent roles for the tumor sup-

pressor protein p53 and NF-κB. Direct antagonism
between these proteins (26) is consistent with the estab-
lished antiapoptotic role of NF-κB and the proapop-
totic role of p53. However, there is evidence that NF-κB
can regulate p53 expression and that NF-κB is required
for p53 to induce cell death (38). Clearly, a better
understanding of the relationships between p53 and
NF-κB in general, as well as specific NF-κB subunits, is
required to elucidate the range of effects of these regu-
lators on cell proliferation and death.

Preventing and treating cancer by NF-κB
inhibition: promise and complications
Evidence that inhibition of NF-κB in cells induced to
express an oncogenic form of Ras or in some cancer
cell lines led to an apoptotic response (27) raised the
possibility that inhibitors of NF-κB may function as
stand-alone cancer therapies or as cancer-preventive
compounds. Regarding the first hypothesis, it is gen-
erally assumed that inhibition of NF-κB alone will not
dramatically affect most solid tumors, since they
express other antiapoptotic factors. However, NF-κB
inhibition may prove to be therapeutic in certain
leukemias or lymphomas (such as Hodgkin’s lym-
phoma), where NF-κB appears to play a unique sur-
vival role (18). Consistent with the hypothesis that
NF-κB may be an important target for chemopreven-
tive compounds, NF-κB is inhibited by aspirin or
other nonsteroidal anti-inflammatory drug (NSAID)
treatments (see Yamamoto and Gaynor, this Perspec-
tive series, ref. 39), which block the initiation and/or
progression of certain cancers, particularly colorectal
cancer. Interestingly, aspirin and sulindac both have
been reported to inhibit the activation of the IκB
kinase complex (39). Several dietary chemopreventive
compounds, including flavonoids, curcumin, and
resveratrol, are known to block NF-κB activation (39,
40). These studies strongly support the hypothesis
that NF-κB is a functionally relevant target of chemo-
preventive drugs and dietary compounds, possibly
indicating that the role of NF-κB is primarily in the
earliest stages of oncogenesis.

The demonstration that NF-κB can inhibit apoptosis
led us to examine whether NF-κB renders tumors resist-
ant to chemotherapies and radiation. Working with
HT1080 fibrosarcoma cells exposed to ionizing radia-
tion or to the chemotherapeutic agent daunorubicin,
we found that these treatments induce strong nuclear
accumulation of the NF-κB p50-p65 heterodimer (41).
Inhibition of NF-κB by expression of the super-repres-
sor form of IκBα dramatically improves the apoptotic
response to ionizing radiation or daunorubicin.
HT1080 fibrosarcoma–derived tumors grown in nude
mice are resistant to the drug CPT-11 but can be
induced to undergo apoptosis following treatment if
they are infected with an adenovirus expressing the
modified form of IκBα (42). Other tumors (for exam-
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ple, those derived from the colorectal tumor cell line
LoVo) showed nearly identical responses to the com-
bined treatment. In fact, LoVo tumors could be elimi-
nated with CPT-11 systemic treatment and with aden-
oviral delivery of IκBα either every 5 or 10 days (42, 43).
Importantly, the systemic use of inhibitors of NF-κB in
conjunction with CPT-11 treatment also led to signifi-
cantly improved chemotherapeutic responses through
enhanced apoptosis (J. Cusack et al., unpublished
results; and see Yamamoto and Gaynor, this Perspective
series, ref. 39). Other issues regarding chemotherapy
and NF-κB activation are summarized in ref. 44.

The form of chemotherapy used may determine
whether NF-κB is pro- or antiapoptotic. For example,
the majority of chemotherapies that we have studied
induce some form of DNA damage; inhibition of 
NF-κB activation, conversely, promotes cell death.
However, it was reported recently that NF-κB may be
required for cell death induced by the microtubule-
binding agent Taxol (45), which does not affect DNA
stability, but engages the mitotic spindle checkpoint.
In light of evidence from another group showing that
NF-κB inhibition can enhance Taxol-induced cell
death (46), it is clear that more studies will be needed
to define the effects of NF-κB on the efficacy of dif-
ferent chemotherapies for specific classes of tumor.

Summary
The abilities of NF-κB to promote cell proliferation,
suppress apoptosis, promote cell migration, and sup-
press differentiation apparently have been co-opted by
cellular and viral oncoproteins to promote oncogene-
sis (Figure 2). Direct evidence, using both in vitro and
in vivo models, indicates that NF-κB is required for
oncogenesis, probably at multiple levels. NF-κB likely
plays an important role in the early events of oncogen-
esis, possibly functioning primarily in protecting
against transformation-associated apoptosis. In most
late-stage tumor cells, classic NF-κB (the p50-p65 het-
erodimer) is clearly not the only survival factor, because
its inhibition does not induce apoptosis in many of
these tumor cells. This observation suggests that other
events have occurred to upregulate NF-κB–independ-
ent cell survival pathways. However, clearly some can-
cer cells depend on NF-κB for their survival. NF-κB
also can contribute to cell progression by transcrip-
tionally upregulating cyclin D1 with corresponding
hyperphosphorylation of the tumor suppressor protein
Rb. The induction of NF-κB–controlled proliferation
may correlate with loss of differentiation in certain set-
tings (47), which may promote oncogenesis. NF-κB is
known to regulate certain genes associated with metas-
tasis, such as matrix metalloproteinase 9, tissue plas-
minogen activator, and ICAM-1. Thus, a more relevant
role for NF-κB in later-stage oncogenesis may be to
promote metastasis and angiogenesis. Although many
tumor cells display some level of constitutive nuclear

NF-κB, higher levels of NF-κB and the transcriptional
potential of NF-κB can be further enhanced in
response to certain types of chemotherapy. Consistent
with this, inhibition of NF-κB in parallel with certain
(but apparently not all) chemotherapy treatments
strongly enhances the apoptotic potential of the
chemotherapy. This observation indicates that NF-κB
plays an important role in inducible chemoresistance
and establishes NF-κB inhibition as a new adjuvant
approach in chemotherapy.
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