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Abstract

Nuclear transcription factor NF-«kB, initially discovered as a factor in the nucleus of B cells that binds to the enhancer of the kappa light
chain of immunoglobulin, has since been shown to be expressed ubiquitously in the cytoplasm of all cell types, conserved from Drosophila
to man. It translocates to the nucleus only when activated, where it regulates the expression of over 200 genes that control the immune
system, growth, and inflammation. The dysregulation of NF-kB can mediate a wide variety of diseases including cancer. Whether NF-kB
activation is beneficial or harmful for cancer is controversial. The development of novel therapeutics targeting NF-xB requires full
understanding of its role in pathology and physiology. The current review is an attempt to describe two sides of the NF-kB coin; viz, as a

friend and as a foe.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The saying that “man proposes God disposes™ applies
not only to everyday life but also to scientific discoveries.
Our group isolated TNF in 1984 for the treatment of cancer,
but it turned out to cause cancer (for references see [1]).
Similarily, NF-kB, which was discovered by Ranjan Sen
and David Baltimore in 1986 as a factor in the nucleus of B
cells that binds to the enhancer of the kappa light chain of

Abbreviations: NF-xB, nuclear factor-kappa B; AP-1, activator protein-
1; IkB, IkappaB; IKK, IxB kinase; IL, interleukin; TNF, tumor necrosis
factor; PMA, phorbol myristate acetate; EGF, epidermal growth factor;
VEGEF, vascular endothelial growth factor; MCP, monocyte chemoattrac-
tant protein; GM-CSF, granulocyte macrophage colony stimulating factor;
NIK, NF-kB-inducing kinase; NEMO, NF-kB essential modulator; TRAF,
tumor necrosis factor receptor-associated factor; IFN, interferon; HIV,
human immunodeficiency virus; KSHV, Kaposi’s sarcoma-associated
herpes virus; EBYV, Epstein-Barr virus; ICAM, intracellular adhesion
molecule; VCAM, vascular cell adhesion molecules; ELAM, endothelial-
leukocyte adhesion molecule-1; ATL, adult T cell leukemia; AML, acute
myelogenous leukemia; COX, cyclooxygenase; MMP, matrix metallopro-
teinase; ECM, extracellular matrix; uPA, urinary plasminogen activator;
iNOS, inducible nitric oxide synthase; CDK, cell division kinase; IAP,
inhibitor of apoptosis; DMBA, 7,12-dimethylbenz(a)anthracene; PDTC,
pyridine-2,6-bis(monothiocarboxylic) acid

“Corresponding author. Tel.: +1 713 792 3503/6459;
fax: +1 713 794 1613.

E-mail address: aggarwal@mdanderson.org (B.B. Aggarwal).

0006-2952/$ — see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.bcp.2004.04.026

immunoglobulin [2], has since been shown to be expressed
ubiquitously in the cytoplasm of all cell types, conserved
from Drosophila to man. It translocates to the nucleus only
when activated, where it regulates the expression of over
200 genes that control the immune system, growth and
inflammation [3].

It seems that so many things in life are double-edged
swords. What determines which edge is functional at any
given time, and in what direction, may depend on the
inclination of the sword, i.e., the dose, the time, and the
environment. For instance, TNF when expressed locally is
needed for the function of the immune system [4], its
systemic appearance can cause inflammation and tumor-
igenesis [5]. Similarily, c-myc can mediate apoptosis [6]
(acts as tumor suppressor) under some circumstances,
whereas it induces cellular proliferation [7] (acts as onco-
gene) under other conditions. Transcription factor AP-1
has been shown to mediate both proliferation and apoptosis
[8], depending on the circumstances. NF-xB is no excep-
tion to this dual nature.

That duality is especially striking in relation to cancer.
Cancer is a proinflammatory disease [9]. Extensive
research during the last few years has shown that most
inflammatory agents mediate their effects through the
activation of NF-xB and that most anti-inflammatory
agents suppress NF-kB activation. Similarily, most carci-
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nogens and tumor promoters activate NF-xB, whereas
chemopreventive agents suppress it, thus suggesting a
strong linkage with cancer (for references see [10,11]).
Paradoxically, however, most agents including cytokines,
chemotherapeutic agents, and radiation, which are known
to induce apoptosis, have also been shown to activate NF-
kB [12], indicating that NF-xB is a part of the cells’ auto-
defense mechanism and thus may mediate desensitization,
chemoresistance, and radioresistance [13,14]. Whether
NF-«B activation favors or disfavors tumorigenesis will
be addressed in this commentary.

NF-kB is present in all cells in a resting state in the
cytoplasm; only when it is activated and translocated to the
nucleus is the usual sequence of events generated. Cur-
rently, NF-xB consists of a family of Rel-domain-contain-
ing proteins; viz., Rel A (also called p65), Rel B, c-Rel, p5S0
(also called NF-kB1), and p52 (also called NF-xB2).
While p100 undergoes phosphorylation-dependent clea-
vage to form p52 product, p105 is cleaved to form p50.
Similarily, a family of anchorin-domain-containing pro-
teins have been identified, that keep NF-kB in its inactive
state within the cytoplasm. These include IxBa, IxBf,
IkBy, IkBe, bcl-3, p105 and p100 (Table 1).

Under resting conditions, NF-kB consists of a hetero-
trimer of p50, p65 and IkBa in the cytoplasm. The
phosphorylation, ubiquitination and degradation of IxBa
leads to the release of the pS0—p65 heterodimer, which then
translocates to the nucleus and binds its specific 10-base-
pair consensus site GGGPuNNPyPyCC, where Pu is pur-
ine, Py is pyrimidine and N is any base. The individual
dimers have distinct DNA-binding specificities for a col-
lection of related kB sites [15,16]. In contrast to this
canonical pathway which is activated by multiple stimuli,
recently, an alternative NF-kB activation pathway has been
described. It involves proteosome-mediated processing of
p100 to produce p52 and is activated by B cell-activating
factor receptor, lymphotoxin-f receptor, CD40, and latent

membrane protein-1 (LMP)-1 of the Epstein-Barr virus
(EBV) [17,18].

2. NF-kB as a Foe

Numerous lines of evidence suggest that NF-kB may
actually mediate tumorigenesis. In general, it has been
found that NF-xB is constitutively active in most tumor
cell lines, whether derived from hematopoietic tumors or
solid tumors (for references see [10]). NF-xB, however, is
rarely found to be constitutively active in normal cells.
When in a proliferative state, normal T cells, B cells,
thymocytes, monocytes, and astrocytes were found to
exhibit activated NF-xB. Constitutively active NF-xB
has been identified not only in human cell lines but also
in tumor tissues derived from patients; e.g., multiple
myeloma [19], acute myelogenous leukemia [20], acute
lymphocyte leukemia [21], chronic myelogenous leukemia
[22], and prostate [23] and breast cancers [24]. More
importantly, suppression of NF-kB in these tumor samples
has been shown to inhibit proliferation, cause cell cycle
arrest and lead to apoptosis (for references see [11]),
indicating the crucial role of NF-xB in proliferation and
survival of cells.

What causes the constitutive activation of NF-kB in
tumor cells is incompletely understood. Some reported
mechanisms include mutation of IkBa, the inhibitor of
NF-xB (as reported in Hodgkin’s lymphoma) [25],
enhanced proteosomal activity (e.g., B cell lymphoma)
that induces IxBo degradation [26], or enhanced inflam-
matory cytokine expression (e.g., T cell lymphoma) [27].

Several carcinogens, such as DMBA and cigarette
smoke and tumor promoters, such as PMA, can induce
NF-kB activation [28,29]. Numerous studies indicate that
TNF, which can also mediate carcinogenesis through
induction of proliferation, invasion and metastasis of tumor

Table 1

Genetic deletions of the NF-kB proteins

Gene Phenotype Reference
rela Embryonic lethal; liver apoptosis; sensitivity to TNF [64]
c-rel Impaired T and B cell activation; systemic arthritis resistance [76,78]
relb Defects in acquired and innate immunity; T-cell infiltration of organs [83]
nf-xbl Immune response defects due to abnormal B-cell response; resistance to arthritis [74]
nf-kb2 Abnormal spleen and lymph node architecture; defective T-cell response [81,85]
nf-xbl/relB Lethal 3—4 weeks post-natal; increased organ inflammation [83]
nf-xbl Reduced growth; cranofacial abnormalities [85]
nf-kb2 Bone defects; B-cell defects [84]
c-rel/rela Embryonic lethal; early liver apoptosis [86]
ikbo Early neonatal lethal inflammatory dermatitis and granulocytosis [64]
ikbe Reduction in number of CDD44—CD25+ T cells [108]
bcl-3 Defects in B- and T-cell responses to antigens [85]
TKKo Early neonatal lethal; skin defects [90]
IKKpB Embryonic lethal; liver apoptosis; sensitivity to TNF [69]
IKKy (NEMO) Embryonic lethal; liver apoptosis; sensitivity to TNF [109]

Heterozygotes are model for incontinentia pigmenti

[110]
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cells [30,31], is perhaps the most potent activator of NF-
kB. The presence of constitutively active NF-xB in tumor
cells is not a co-incidence. Its consequences are enumer-
ated below.

2.1. NF-kB proteins are oncogenes

Certain members of the NF-xB family have been shown
to be oncogenic. Gilmore et al. showed that, among the
Rel/NF-kB family members, c-Rel consistently transforms
cells in culture. In addition, c-rel is activated by a retroviral
promoter insertion in an avian B-cell lymphoma, and
amplifications of REL (human c-rel) are frequently seen
in Hodgkin’s lymphomas, diffuse large B-cell lymphomas,
and some follicular and mediastinal B-cell lymphomas
[32]. The avian Rev-T retrovirus encodes the v-Rel onco-
protein. v-Rel induces a rapidly fatal lymphoma/leukemia
in young birds, and v-Rel can transform and immortalize a
variety of avian cell types in vitro. v-Rel is frankly
oncogenic in animal model systems. The potent oncogeni-
city of v-Rel is the consequence of a number of mutations
that have altered its activity and regulation [33].

Tumors with rel amplification have an increased fre-
quency of chromosomal aberrations, a condition pre-
viously associated with tumor progression, suggesting
an oncogenic effect of amplified re/ in B-lymphoid cells
that already contained a transforming genetic lesion. rel
amplification is frequent in diffuse lymphoma with a large
cell component and probably constitutes a progression-
associated marker of primary extranodal lymphomas [34].
The rel proto-oncogene has been mapped to chromosome
region 2p11.2-14, a site associated with non-random rear-
rangements in non-Hodgkin’s lymphoma. Lu et al. char-
acterized an abnormal rel mRNA from a cell line derived
from a diffuse large cell lymphoma in which the evolu-
tionarily conserved N-terminal half of the rel coding region
was fused with the C-terminal coding region of an unre-
lated gene. In addition, rearrangement or amplification of
the rel locus was found in the lymphomatous tissue of two
follicular and one diffuse large cell lymphoma. The find-
ings suggest involvement of rel in the pathogenesis of large
cell lymphoma [35].

2.2. NF-kB activation can induce cellular
transformation

Several oncogenes have been identified that mediate
their effects through activation of NF-kB. For instance
oncogenic Ras, which is constitutively active in several
tumor types [36,37] including prostate [38] and colon
cancer, has been shown to activate NF-xB. Similarily c-
myc, which can mediate tumorigenesis [39], has been
shown to be regulated by NF-«B. Pim-2, which is a
transcriptionally regulated oncogenic kinase, promotes cell
survival through activation of NF-kB [40]. Various viral
proteins that mediate tumorigenesis also signal through

NF-xB activation. For instance, Kaposi’s sarcoma-
associated herpes virus (KSHV), implicated in Kaposi’s
sarcoma, primary effusion B cell lymphomas, and multi-
centric Castleman’s disease, has been shown to induce
cellular transformation through p21-activated kinase
1(Pak 1)-mediated activation of NF-«xB [41]. EBV, a
ubiquitous herpes virus present in over 90% of the world’s
population, infects the oral epithelium and is then trans-
mitted to adjacent B cells, leading to lymphoid and epithe-
lial malignancies such as Burkitt’s lymhoma, Hodgkin’s
disease, posttransplant lymphoma, gastric carcinoma and
nasopharyngeal carcinoma. It mediates its effects through
LMP-1 which is a potent activator NF-xB [42]. LMP-1
induced NF-kB activation has been shown to be essential
for the transformation of B cells and fibroblasts. Another
example is human T lymphocytic leukemia virus
(HTLV)-1, which causes adult T cell leukemia (ATL): it
mediates its effects through a protein called tax that is a
potent activator of NF-kB [43]. All these examples indicate
that transformation of cells from normal to tumorigenic
phenotype is in part mediated through the activation of
NF-«B.

2.3. NF-kB activation mediates cellular proliferation

Numerous cytokines that are regulated by NF-kB have
been shown to be growth factors for tumor cells. These
include IL-1, TNF, and IL-6. While IL-1f has been shown
to be growth factor for AML, TNF is growth factor for
Hodgkin’s lymphoma, cutaneous T cell lymphoma, and
gliomas [3]. Similarily, IL-6 has been shown to be a growth
factor for a wide variety of tumors including multiple
myeloma [44]. Both IL-1 and TNF have been shown to
mediate their proliferative effects through activation of
NF-kB [45]. EGF, a growth factor for many different solid
tumors, has also been shown to activate NF-xB [46].
HER?2, a growth factor receptor, overexpressed in breast,
prostate and other cancers; it too mediates its effects in part
through NF-«xB activation [47,48]. Thus both cytokines and
cytokine receptors either are regulated by NF-kB or med-
iate proliferation through activation of NF-xB. Also, cer-
tain cell cycle proteins, such as cyclin D1, needed for entry
of cells from G1 to S phase are also regulated by NF-kB.

2.4. NF-kB activation can mediate cellular invasion

Tumor invasion is a critical component of tumor metas-
tasis. This process is regulated by numerous gene products
including matrix metalloproteinases (MMP), urinary plas-
minogen activator (uPA), interleukin-8 (IL-8) and other
chemokines, all regulated by the NF-xB [49-51].

MMPs promote angiogenesis by increasing the bioavail-
ability of proangiogenic growth factors. They also regulate
invasion and migration by degrading structural extracel-
lular matrix (ECM) components in particular by cleaving
laminin-5. It has been reported that MMP-9 expression is
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regulated transcriptionally through NF-«B elements within
the MMP-9 gene [49]. Bond et al., using an adenovirus that
overexpresses the inhibitory subunit IkBa, found that NF-
kB activation was an absolute requirement in upregulation
of MMP-9.

uPA is another critical protease involved in tumor inva-
sion and metastasis. Transcriptional activation of the uPA
gene by PMA, IL-1, and TNFqa requires the induction of
NF-«B activity and the decay of its short-lived repressor
protein, IxkBa [S51]. Wang et al. reported that uPA was
overexpressed in pancreatic tumor cells and that its over-
expression was induced by constitutive RelA activity [52].
The uPA promoter contains an NF-xB binding site that
directly mediates the induction of uPA expression by RelA.
Treating the pancreatic tumor cell lines with the NF-kB
inhibitors dexamethasone and n-tosylphenyalanine chlor-
omethyl ketone (TPCK) abolished constitutive RelA activ-
ity and uPA overexpression. These results showed that uPA
is one of the downstream target genes induced by consti-
tutively activated RelA in human pancreatic tumor cells
and suggested that constitutive RelA activity may play a
critical role in tumor invasion and metastasis.

Recent studies have shown that constitutively active PI
3-kinase controls cell motility by regulating the expression
of uPA through the activation of NF-kB [53]. In a very
recent study, Mahabeleshwar et al. demonstrated that
activation of Syk, a protein-tyrosine kinase, suppressed
cell motility and NF-xB-mediated secretion of uPA by
inhibiting phosphatidylinositol 3’-kinase activity in breast
cancer cells [54]. Thus, one of the ways to block the
invasion of tumors is to target NF-kB and thus its activation
of genes involved in cancer progression.

2.5. NF-kB activation can mediate angiogenesis

Angiogenesis is a process of blood vessel formation and
has been found to be critical for the growth of solid tumors.
Various growth factors that regulate angiogenesis have
been identified. These include chemokines (e.g., MCP-1,
IL-8), and growth factors (e.g., TNF, VEGF) produced by
macrophages, neutrophils, and other inflammatory cells
[55]. The production of these angiogenic factors has been
shown to be regulated by NF-kB activation [56].

NF-«B has been shown to mediate the up-regulation of
IL-8 and VEGF expression in bombesin-stimulated PC-3
cells [57]. NF-kB expression has been implicated in VEGF
expression and microvessel density in human colorectal
cancer [58]. Immunohistochemical expression of NF-kB,
VEGF, and CD34 was detected on paraffin-embedded
colorectal adenocarcinoma tissue sections. NF-xB and
VEGF were significantly overexpressed and associated
with increased microvessel density in colorectal cancer.
These results suggest that increased expression of NF-kB
contributes to tumor angiogenesis in colorectal cancer and
that VEGF may play an important role in mediating the
NF-xB angiogenic pathway.

Highly metastatic melanoma cells express high levels of
constitutive NF-kB activity that is suppressed by transfec-
tion with mutant [kBo (IxBaM). In one study, suppression
of constitutive NF-xB activity inhibited tumor growth,
prevented lung metastasis, and decreased microvessel
density (angiogenesis), which correlated with a decrease
in the level of interleukin-8 expression [59]. These studies
further underscore the role of NF-xB activation in mediat-
ing angiogenesis.

2.6. NF-kB activation can mediate metastasis

The metastasis of cancer requires the migration of
cancerous cells both into and out of the vessel walls that
transport them to other parts of the body. The ability to
penetrate vessel walls is mediated by specific molecules
expressed on the endothelial cells of the blood vessels in
response to a number of signals from inflammatory cells,
tumor cells, etc. Metastasis is mediated through the expres-
sion of various adhesion molecules including ICAM-1,
VCAM-1, and ELAM-1 [60]. All these adhesion molecules
are also regulated by NF-xB. The inducible nitric oxide
synthase (iNOS) has also been closely linked with meta-
static ability of the tumor [61]. The expression of this
protein once again is regulated by NF-xB.

Helbig et al. have demonstrated that NF-xB regulates
the motility of breast cancer cells by directly up-regulat-
ing the expression of chemokine receptor, CXCR4 [62].
They showed that the NF-xB subunits p65 and p50 bind
directly to sequences within the —66 to +7 region of the
CXCR4 promoter and activate transcription. They also
showed that the cell surface expression of CXCR4 and
stromal-derived factor-1o (SDF-1at)-mediated migration
are enhanced in breast cancer cells isolated from mam-
mary fat pad xenografts compared with parental cells
grown in culture. A further increase in CXCR4 cell sur-
face expression and stroma-derived factor-1a (SDF-1a)
migration was observed with cancer cells that metasta-
sized to the lungs. These results implicate NF-kB in the
migration and organ-specific homing of metastatic breast
cancer cells. Fujioka et al. showed that inhibiting con-
stitutive NF-kB activity by expressing IkBaM suppressed
liver metastasis [63]. The evidence indicates that NF-kB
could mediate metastasis.

3. NF-kB as a friend

While all the above evidence indicates that activation of
NF-kB could lead to tumorigenesis, suppressing NF-kB, in
some situations, could also prove harmful. Several studies
over the past few years on mouse models with a deletion of
one or more of the genes that code for specific Rel/NF-xB
proteins (termed ‘knockout mice’) have provided a valu-
able insight into the function and relevance of various NF-
kB gene products. Overall, individual knockouts have
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caused either mild to severe immune-related deficiencies
(e.g., pl05/p50, p100/p52, Rel A, Rel C, IxkBa), liver
apoptosis (Rel A), or various other developmental abnorm-
alities (e.g., IkBo, IKK). Knocking out the Rel A subunit
caused embryonic lethality as a result of fetal liver cell
apoptosis and granulopoiesis [64]. This implicates Rel A in
cell survival, specifically in response to the cytotoxic
effects of TNF via induction of IxkBa. Also, Rel A has
been shown to be important in induced lymphocyte pro-
liferation and isotype switching but not basal transcription
[65].

Knocking out the major inhibitory subunit [kBo in mice
produces severe runting (one-third of normal weight)
despite normal development, death by day 8 of life due
to widespread dermatitis and granulocytosis, scaly skin
with significant sloughing, extensive post-natal granulo-
poiesis, small spleen size caused by depletion of cells of
erythroid and lymphoid lineages (but not myeloid), and
elevated levels of NF-kB in hematopoietic tissues and
some NF-kB-dependent target genes (implying that addi-
tional transcriptional factors are involved) [66-68].
Recently, experiments with IKK and IKK knockout mice
have demonstrated that IKK is the major subunit involved
in NF-xB activation in response to a majority of stimuli
(i.e., pro-inflammatory cytokines) [69,70] (Fig. 1).

3.1. NF-kB activation is needed for immune function

NF-«B is required for the normal functioning of the
immune system. Cytokines and their corresponding recep-
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When p105/p50 is knocked out, functional defects in the
immune system appear despite otherwise normal develop-
ment and phenotype [74]. More specifically, p105/p50 is
essential for the survival of non-activated B cells but not for
all B cell-activated pathways [75-77]. For example, p50-
deficient mice are susceptible to Listeria monocytogenes
and Streptococcus pneumoniae infections and do not pro-
liferate in response to LPS but do respond to Haemophilus
influenzae and Escherichia coli. c-rel knockout mice show
normal development but have B and T cell deficiencies
[78]. Specifically, c-rel-deficient B cells cannot proliferate
in response to immunogens due to a cell cycle block at G1
and have increased activation-induced apoptosis due to a
failure to upregulate Al (homologue of Bcl-2), a prosur-
vival protein [76,79]. c-Rel has also been shown to cause a
tissue-specific deficiency of various cytokines and growth
factors in T cells and macrophages affecting both innate
and humoral immune responses in the host [66,80]. Mice
deficient in the NK-kB2 gene (p100/p52) mainly have
defects in lymph node and splenic architecture, although
development is normal [81]. This leads to antigen pre-
sentation impairment from accessory cells such as den-
dritic cells and macrophages but does not affect B or T cells
directly [82]. All these studies emphasize the significance
of NF-«xB in normal development and functioning of the
immune system.

3.2. NF-kB activation is needed for haematopoiesis

NF-«B is crucial for hematopoiesis. This is supported by
the observation that p65“~~ derived fetal liver cells have
severe deficits in lymphopoiesis, but relatively normal
development of myeloid and granulocyte lineage. By
comparison, deletion of both p65 and c-Rel led to defect
in lymphopoiesis, reduced colony forming unit progenitors
for myeloid cells, impaired erythropoiesis, and expansion
of granulocytes.

Deletion of both p5S0 and RelB genes in mice affects
lymphoid lineage development which may in part result
from a defective stromal environment. The p50/RelB
double knockout mice have impaired development of
B220" cells in bone marrow, traced to stages as early as
pre-B or pro-B stage [83]. These mice reveal thymic
atrophy and lack a CD4* CD8* DP thymocyte population.
Deletion of both p50 and p52 affects further maturation of
committed progenitors of the lymphoid and osteoclast
lineages [84,85]. The B cell development is arrested in
the discrete immature T1 stage because the double knock-
out mice are unable to form germinal centers in response to
antigen challenge. The p50/p52 double knockout mice
have no detectable peripheral T cells, but the defect is
not intrinsic to T cell development. Rather, it is due to
impaired thymic and splenic architectures. Thus, p50- and
pS2-containing complexes (which may include RelB) play
major roles in the development, differentiation, and traf-
ficking of medullary epithelial cells and dendritic cells.

Deletion of both p65 and c-Rel appears to only affect later
developmental stages of the lymphoid lineages. Together,
these studies suggest that the role of pS0O and c-Rel is
primarily restricted to mature lymphocytes, especially for
mediating antigen-induced clonal expansion, cytokine pro-
duction, effector function, and terminal differentiation that
are necessary for germinal center immune responses.

NF-kB/Rel plays a role in myeloid differentiation, as
deletion of both p65 and c-Rel affects early common
myeloid progenitors, leading to reduced colony forming
unit progenitors, impaired erythropoiesis, aberrant expan-
sion of granulocytes, and macrophage apoptosis [86]. The
double-knockout macrophages also have defects in the
production of IL-6 and GM-CSF, suggesting that p50/
p52 is also required for macrophage activation. RelB
knockout mice have defective development of thymic
medullary epithelial cells and of dendritic cells. These
reports demonstrate that p50/p65 are required for proper
development of both lymphoid and myeloid dendritic cells
[87].

3.3. NF-kB activation mediates apoptosis

Although rare, there are systems in which NF-kB plays a
pro-apoptotic role in addition to its more common anti-
apoptotic role. Examples of its pro-apoptotic effects in
cells include those found in B-cells, T-cells, neuronal cells,
and endothelial cells. The opposing effects of NF-«xB are
thought to be cell type-specific and/or dependent on the
inducing signal (e.g., IL-1, TNF, and UV radiation). Dif-
ferent activation pathways of NF-kB may cause the expres-
sion of proteins that promote apoptosis (e.g., Fas, c-myc,
p53) or inhibit apoptosis (e.g., TRAF2, IAP proteins, Bcl-
2-like proteins). In addition, NF-kB activation variably
controls the regulation of cell cycle proteins (e.g., cyclin
D1 and CDK2 kinase) and the interaction with various
cellular components (e.g., p300 and p53) that promote or
induce apoptosis (for references see [88]).

NF-kB activation mediates TNF-induced apoptosis in
murine clonal osteoblasts [89]. The suppression of the
growth of CD34" myeloid cells by TNF also correlates
with the NF-kB activation [90]. Apart from this, Fas
activates NF-kB and induces apoptosis in T-cell lines by
signaling pathways that are distinct from those induced by
TNF [91]. Human melanoma cells are protected against
UV-induced apoptosis through the down-regulation of NF-
kB activity and Fas expression [92]. Oxidative stress
induces apoptosis in human aortic endothelial cells through
the downregulation of bcl-2, translocation of bax, and up-
regulation of p53, which probably takes place through NF-
kB activation. Oxidative stress may play an important role
in endothelial apoptosis that is mediated by hypoxia
through the activation of NF-xB [93]. The activation of
NF-«B is required for apoptosis, as has also been shown for
other inducers such as H>O, [94]. Similarly, H,O,-induced
apoptosis is not suppressed by hyperoxia-induced NF-kB
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Fig. 3. Role of NF-kB regulated gene products in apoptosis.

activation [95]. In pancreatic islets, A20 inhibits both
apoptosis and the NF-kB activation that is induced by
cytokines. This suggests that NF-kB may actually mediate
apoptosis [96] (Fig. 3).

Apoptosis in HL-60 cells that is induced by chemother-
apeutic agents, such as etoposide or 1-f-p-arabinofurano-
sylcytosine was also found to require NF-«B activation: the
suppression of NF-kB by PDTC blocked apoptosis [97].
Recently, Stark et al. demonstrated that aspirin induces cell
death by an active apoptotic process that involves the
nuclear translocation of NF-«kB [98]. The inhibition of
breast cancer cell growth by mullerian inhibiting substance
also takes place through NF-kB mediated pathway [99].
The activation of NF-kB is essential for the cytotoxic
effects of doxorubicin and its analogues [100,101]. Simi-
larly, cellular resistance to vincristine has been shown to
suppress TNF-induced NF-xB activation [102].

Lin et al. showed that NF-xB can be proapoptotic or
antiapoptotic, depending on the timing of the modulating
NF-kB activity relative to the death stimulus [103]. How NF-
kB mediates apoptosis is unclear, but p53 and c-myc induc-
tion play a role [6]. In addition, NF-xB is required for the
anti-CD3-mediated apoptosis of double-positive thymocytes
through a pathway that involves the regulation of the anti-
apoptotic gene bcl-XL [104]. c-myc has also been implicated
in the survival of certain cells such as hepatocytes [7]. These
observations suggest that NF-xB activation both negatively,
and positively regulates apoptosis, thereby further strength-
ening the idea that NF-kB activation may be advantageous in
overcoming certain kinds of cancer.

3.4. NF-kB activation prevents tumorigenesis

NF-kB has also been implicated in epidermal squamous
cell carcinoma in mice [105]. Seitz et al. showed that

blockade of NF-kB predisposes murine skin to squamous
cell carcinoma [106]. Dajee et al. have shown that NF-kB
blockade triggers invasive human epidermal neoplasia
[107]. Thus these reports suggest that suppression of
NF-kB could be tumorigenic under some conditions.

4. Conclusion

NF-kB is activated in response to oncogenes, viral
proteins, carcinogens, tumor promoters, and inflammatory
stimuli. Its activation controls the expression of genes that
mediate transformation, proliferation, invasion, angiogen-
esis, and metastasis on one hand and apoptosis, immunity,
and hematopoiesis on the other. While NF-kB is required
for the normal function of the immune system and for
hematopiesis, its deregulation has been implicated in a
variety of cancer in which NF-«B is overexpressed. While
numerous pharmaceutical companies are developing inhi-
bitors of NF-kB for the treatment of cancer, these inhibitors
should be tested with caution in view of the dual nature of
NF-kB, in which either its activation or inactivation may
lead to tumorigenesis, depending upon circumstances.
Cancer is a proinflammatory disease is also indicated by
the fact that aspirin, an established NF-xB blocker and an
anti-inflammatory agent, has now shown promise in the
treatment of certain cancers. Blockers of NF-kB, that are
non-toxic such as plant polyphenols, should be beneficial
in not only prevention but therapy of cancer as well.

Acknowledgments

We thank Walter Pagel for a careful review of the
manuscript. We apologize to all whose work could not



1078

S. Shishodia, B.B. Aggarwal/Biochemical Pharmacology 68 (2004) 1071-1080

be cited because of the limitation of space. B.B. Aggarwal
was supported by the Clayton Foundation for Research (to
BBA), a Department of Defense US Army Breast Cancer
Research Program grant (BC010610, to BBA), a PO1 grant
(CA91844) from the National Institutes of Health on lung
chemoprevention (to BBA), and a P50 head and neck
SPORE grant from the National Institutes of Health (to
BBA).

References

(1]

[2]

(3]

(6]

[7]

(8]

[9]
[10]
(11]
[12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

Aggarwal BB. Signalling pathways of the TNF superfamily: a
double-edged sword. Nat Rev Immunol 2003;3(9):745-56.

Sen R, Baltimore D. Inducibility of kappa immunoglobulin enhan-
cer-binding protein Nf-kappa B by a posttranslational mechanism.
Cell 1986;47(6):921-8.

Pahl HL. Activators and target genes of Rel/NF-kappaB transcription
factors. Oncogene 1999;18(49):6853-66.

Locksley RM, Killeen N, Lenardo MJ. The TNF and TNF receptor
superfamilies: integrating mammalian biology. Cell 2001;104(4):
487-501.

Balkwill F. Tumor necrosis factor or tumor promoting factor?
Cytokine Growth Factor Rev 2002;13(2):135-41.

Nakai M, Qin ZH, Chen JF, Wang Y, Chase TN. Kainic acid-induced
apoptosis in rat striatum is associated with nuclear factor-kappaB
activation. J Neurochem 2000;74(2):647-58.

Bellas RE, Sonenshein GE. Nuclear factor kappaB cooperates with c-
Myc in promoting murine hepatocyte survival in a manner independent
of p53 tumor suppressor function. Cell Growth Differ 1999;10(5):287—
94.

Gagliardi M, Maynard S, Miyake T, Rodrigues N, Tjew SL, Ca-
bannes E, et al. Opposing roles of C/EBPbeta and AP-1 in the control
of fibroblast proliferation and growth arrest-specific gene expres-
sion. J Biol Chem 2003;278(44):43846-54.

Balkwill F, Mantovani A. Inflammation and cancer: back to Virch-
ow? Lancet 2001;357(9255):539-45.

Garg A, Aggarwal BB. Nuclear transcription factor-kappaB as a
target for cancer drug development. Leukemia 2002;16(6):1053-68.
Bharti AC, Aggarwal BB. Nuclear factor-kappa B and cancer: its role
in prevention and therapy. Biochem Pharmacol 2002;64(5-6):883-8.
Beg AA, Baltimore D. An essential role for NF-kappaB in preventing
TNF-alpha-induced cell death. Science 1996;274(5288):782—4.
Wang CY, Mayo MW, Baldwin Jr AS. TNF- and cancer
therapy-induced apoptosis: potentiation by inhibition of NF-kappaB.
Science 1996;274(5288):784-7.

Wang CY, Cusack Jr JC, Liu R, Baldwin Jr AS. Control of inducible
chemoresistance: enhanced anti-tumor therapy through increased
apoptosis by inhibition of NF-kappaB. Nat Med 1999;5(4):412-7.
Gilmore TD. The Rel/NF-kappaB signal transduction pathway:
introduction. Oncogene 1999;18(49):6842—4.

Ghosh S, May MIJ, Kopp EB. NF-kappa B and Rel proteins:
evolutionarily conserved mediators of immune responses. Annu
Rev Immunol 1998;16:225-60.

Dejardin E, Droin NM, Delhase M, Haas E, Cao Y, Makris C, et al. The
lymphotoxin-beta receptor induces different patterns of gene expres-
sion via two NF-kappaB pathways. Immunity 2002;17(4):525-35.
Cao Y, Bonizzi G, Seagroves TN, Greten FR, Johnson R, Schmidt
EV, et al. IKKalpha provides an essential link between RANK
signaling and cyclin D1 expression during mammary gland devel-
opment. Cell 2001;107(6):763-75.

Feinman R, Koury J, Thames M, Barlogie B, Epstein J, Siegel DS. Role
of NF-kappaB in the rescue of multiple myeloma cells from gluco-
corticoid-induced apoptosis by bcl-2. Blood 1999;93(9):3044-52.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Griffin JD. Leukemia stem cells and constitutive activation of NF-
kappaB. Blood 2001;98(8):2291.

Kordes U, Krappmann D, Heissmeyer V, Ludwig WD, Scheidereit C.
Transcription factor NF-kappaB is constitutively activated in acute
lymphoblastic leukemia cells. Leukemia 2000;14(3):399—402.
Baron F, Turhan AG, Giron-Michel J, Azzarone B, Bentires-Alj M,
Bours V, et al. Leukemic target susceptibility to natural killer
cytotoxicity: relationship with BCR-ABL expression. Blood
2002;99(6):2107-13.

Palayoor ST, Youmell MY, Calderwood SK, Coleman CN, Price BD.
Constitutive activation of IkappaB kinase alpha and NF-kappaB in
prostate cancer cells is inhibited by ibuprofen. Oncogene 1999;
18(51):7389-94.

Nakshatri H, Bhat-Nakshatri P, Martin DA, Goulet Jr RJ, Sledge Jr
GW. Constitutive activation of NF-kappaB during progression of
breast cancer to hormone-independent growth. Mol Cell Biol 1997;
17(7):3629-39.

Wood KM, Roff M, Hay RT. Defective IkappaBalpha in Hodgkin cell
lines with constitutively active NF-kappaB. Oncogene 1998;16(16):
2131-9.

Miyamoto S, Chiao PJ, Verma IM. Enhanced I kappa B alpha
degradation is responsible for constitutive NF-kappa B activity in
mature murine B-cell lines. Mol Cell Biol 1994;14(5):3276-82.
O’Connell MA, Cleere R, Long A, O’Neill LA, Kelleher D. Cellular
proliferation and activation of NF kappa B are induced by autocrine
production of tumor necrosis factor alpha in the human T lymphoma
line HuT 78. J Biol Chem 1995;270(13):7399-404.

Banerjee S, Bueso-Ramos C, Aggarwal BB. Suppression of 7,12-
dimethylbenz(a)anthracene-induced mammary carcinogenesis in
rats by resveratrol: role of nuclear factor-kappaB, cyclooxygenase
2, and matrix metalloprotease 9. Cancer Res 2002;62(17):4945-54.
Anto RJ, Mukhopadhyay A, Shishodia S, Gairola CG, Aggarwal BB.
Cigarette smoke condensate activates nuclear transcription factor-
kappaB through phosphorylation and degradation of IkappaB(al-
pha): correlation with induction of cyclooxygenase-2. Carcinogen-
esis 2002;23(9):1511-8.

Shishodia S, Majumdar S, Banerjee S, Aggarwal BB. Ursolic acid
inhibits nuclear factor-kappaB activation induced by carcinogenic
agents through suppression of IkappaBalpha kinase and p65 phos-
phorylation: correlation with down-regulation of cyclooxygenase 2,
matrix metalloproteinase 9, and cyclin D1. Cancer Res 2003;
63(15):4375-83.

Chen X, Shen B, Xia L, Khaletzkiy A, Chu D, Wong JY, et al.
Activation of nuclear factor kappaB in radioresistance of TP53-
inactive human keratinocytes. Cancer Res 2002;62(4):1213-21.
Gilmore TD, Starczynowski DT, Kalaitzidis D. RELevant gene
amplification in B-cell lymphomas? Blood 2004;103(8):3243—4
[author reply 3244-5].

Gilmore TD. Multiple mutations contribute to the oncogenicity of
the retroviral oncoprotein v-Rel. Oncogene 1999;18(49):6925-37.
Houldsworth J, Mathew S, Rao PH, Dyomina K, Louie DC, Parsa N,
et al. REL proto-oncogene is frequently amplified in extranodal
diffuse large cell lymphoma. Blood 1996;87(1):25-9.

Lu D, Thompson JD, Gorski GK, Rice NR, Mayer MG, Yunis JJ.
Alterations at the rel locus in human lymphoma. Oncogene
1991;6(7):1235-41.

Mayo MW, Norris JL, Baldwin AS. Ras regulation of NF-kappa B
and apoptosis. Meth Enzymol 2001;333:73-87.

Balmain A, Pragnell IB. Mouse skin carcinomas induced in vivo by
chemical carcinogens have a transforming Harvey-ras oncogene.
Nature 1983;303(5912):72—4.

Kim BY, Gaynor RB, Song K, Dritschilo A, Jung M. Constitutive
activation of NF-kappaB in Ki-ras-transformed prostate epithelial
cells. Oncogene 2002;21(29):4490-7.

Kim DW, Gazourian L, Quadri SA, Romieu-Mourez R, Sherr DH,
Sonenshein GE. The RelA NF-kappaB subunit and the aryl hydro-



[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

S. Shishodia, B.B. Aggarwal/Biochemical Pharmacology 68 (2004) 1071-1080

carbon receptor (AhR) cooperate to transactivate the c-myc promoter
in mammary cells. Oncogene 2000;19(48):5498-506.

Fox CJ, Hammerman PS, Cinalli RM, Master SR, Chodosh LA,
Thompson CB. The serine/threonine kinase Pim-2 is a transcription-
ally regulated apoptotic inhibitor. Genes Dev 2003;17(15):1841-54.
Dadke D, Fryer BH, Golemis EA, Field J. Activation of p21-
activated kinase l-nuclear factor kappaB signaling by Kaposi’s
sarcoma-associated herpes virus G protein-coupled receptor during
cellular transformation. Cancer Res 2003;63(24):8837-47.
Thornburg NJ, Pathmanathan R, Raab-Traub N. Activation of nu-
clear factor-kappaB p50 homodimer/Bcl-3 complexes in nasophar-
yngeal carcinoma. Cancer Res 2003;63(23):8293-301.

Mori N, Sato H, Hayashibara T, Senba M, Hayashi T, Yamada Y, et al.
Human T-cell leukemia virus type I Tax transactivates the matrix
metalloproteinase-9 gene: potential role in mediating adult T-cell
leukemia invasiveness. Blood 2002;99(4):1341-9.

Kawano M, Hirano T, Matsuda T, Taga T, Horii Y, Iwato K, et al.
Autocrine generation and requirement of BSF-2/IL-6 for human
multiple myelomas. Nature 1988;332(6159):83-5.

Osborn L, Kunkel S, Nabel GJ. Tumor necrosis factor alpha and
interleukin 1 stimulate the human immunodeficiency virus enhancer
by activation of the nuclear factor kappa B. Proc Natl Acad Sci USA
1989;86(7):2336-40.

Biswas DK, Cruz AP, Gansberger E, Pardee AB. Epidermal growth
factor-induced nuclear factor kappa B activation: a major pathway of
cell-cycle progression in estrogen-receptor negative breast cancer
cells. Proc Natl Acad Sci USA 2000;97(15):8542-7.
Bhat-Nakshatri P, Sweeney CJ, Nakshatri H. Identification of signal
transduction pathways involved in constitutive NF-kappaB activa-
tion in breast cancer cells. Oncogene 2002;21(13):2066-78.
Myers RB, Brown D, Oelschlager DK, Waterbor JW, Marshall ME,
Srivastava S, et al. Elevated serum levels of pl05(erbB-2) in patients
with advanced-stage prostatic adenocarcinoma. Int J Cancer
1996;69(5):398-402.

Farina AR, Tacconelli A, Vacca A, Maroder M, Gulino A, Mackay
AR. Transcriptional up-regulation of matrix metalloproteinase-9
expression during spontaneous epithelial to neuroblast phenotype
conversion by SK-N-SH neuroblastoma cells, involved in enhanced
invasivity, depends upon GT-box and nuclear factor kappaB ele-
ments. Cell Growth Differ 1999;10(5):353-67.

Bond M, Fabunmi RP, Baker AH, Newby AC. Synergistic upregula-
tion of metalloproteinase-9 by growth factors and inflammatory
cytokines: an absolute requirement for transcription factor NF-kappa
B. FEBS Lett 1998;435(1):29-34.

Novak U, Cocks BG, Hamilton JA. A labile repressor acts through
the NFkB-like binding sites of the human urokinase gene. Nucl
Acids Res 1991;19(12):3389-93.

Wang W, Abbruzzese JL, Evans DB, Chiao PJ. Overexpression of
urokinase-type plasminogen activator in pancreatic adenocarcinoma
is regulated by constitutively activated RelA. Oncogene
1999;18(32):4554-63.

Sliva D, English D, Lyons D, Lloyd Jr FP. Protein kinase C induces
motility of breast cancers by upregulating secretion of urokinase-
type plasminogen activator through activation of AP-1 and NF-
kappaB. Biochem Biophys Res Commun 2002;290(1):552-7.
Mahabeleshwar GH, Kundu GC. Syk, a protein-tyrosine kinase,
suppresses the cell motility and nuclear factor kappa B-mediated
secretion of urokinase type plasminogen activator by inhibiting the
phosphatidylinositol 3’-kinase activity in breast cancer cells. J Biol
Chem 2003;278(8):6209-21.

Loch T, Michalski B, Mazurek U, Graniczka M. [Vascular endothe-
lial growth factor (VEGF) and its role in neoplastic processes].
Postepy Hig Med Dosw 2001;55(2):257-74.

Chilov D, Kukk E, Taira S, Jeltsch M, Kaukonen J, Palotie A, et al.
Genomic organization of human and mouse genes for vascular
endothelial growth factor C. J Biol Chem 1997;272(40):25176-83.

(571

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

1079

Levine L, Lucci 3rd JA, Pazdrak B, Cheng JZ, Guo YS, Townsend Jr
CM, et al. Bombesin stimulates nuclear factor kappa B activation and
expression of proangiogenic factors in prostate cancer cells. Cancer
Res 2003;63(13):3495-502.

Yu HG, Yu LL, Yang Y, Luo HS, Yu JP, Meier JJ, et al. Increased
expression of RelA/nuclear factor-kappa B protein correlates with
colorectal tumorigenesis. Oncology 2003;65(1):37-45.

Huang S, DeGuzman A, Bucana CD, Fidler 1J. Nuclear factor-
kappaB activity correlates with growth, angiogenesis, and metastasis
of human melanoma cells in nude mice. Clin Cancer Res 2000;
6(6):2573-81.

van de Stolpe A, Caldenhoven E, Stade BG, Koenderman L, Raaij-
makers JA, Johnson JP, et al. 12-O-tetradecanoylphorbol-13-acetate-
and tumor necrosis factor alpha-mediated induction of intercellular
adhesion molecule-1 is inhibited by dexamethasone. Functional
analysis of the human intercellular adhesion molecular-1 promoter.
J Biol Chem 1994;269(8):6185-92.

Thomsen LL, Miles DW. Role of nitric oxide in tumour progression:
lessons from human tumours. Cancer Metastas Rev 1998;17(1):
107-18.

Helbig G, Christopherson 2nd KW, Bhat-Nakshatri P, Kumar S,
Kishimoto H, Miller KD, et al. NF-kappaB promotes breast cancer
cell migration and metastasis by inducing the expression of the
chemokine receptor CXCR4. J Biol Chem 2003;278(24):21631-8.
Fujioka S, Sclabas GM, Schmidt C, Frederick WA, Dong QG,
Abbruzzese JL, et al. Function of nuclear factor kappaB in pancreatic
cancer metastasis. Clin Cancer Res 2003;9(1):346-54.

Beg AA, Sha WC, Bronson RT, Ghosh S, Baltimore D. Embryonic
lethality and liver degeneration in mice lacking the RelA component
of NF-kappa B. Nature 1995;376(6536):167-70.

Doi TS, Takahashi T, Taguchi O, Azuma T, Obata Y. NF-kappa B
RelA-deficient lymphocytes: normal development of T cells and B
cells, impaired production of IgA and IgG1 and reduced proliferative
responses. J Exp Med 1997;185(5):953-61.

Gerondakis S, Strasser A, Metcalf D, Grigoriadis G, Scheerlinck JY,
Grumont RJ. Rel-deficient T cells exhibit defects in production of
interleukin 3 and granulocyte-macrophage colony-stimulating fac-
tor. Proc Natl Acad Sci USA 1996;93(8):3405-9.

Beg AA, Sha WC, Bronson RT, Baltimore D. Constitutive NF-kappa
B activation, enhanced granulopoiesis, and neonatal lethality in I
kappa B alpha-deficient mice. Genes Dev 1995;9(22):2736-46.
Klement JF, Rice NR, Car BD, Abbondanzo SJ, Powers GD, Bhatt
PH, et al. IkappaBalpha deficiency results in a sustained NF-kappaB
response and severe widespread dermatitis in mice. Mol Cell Biol
1996;16(5):2341-9.

LiZW, Chu W, Hu Y, Delhase M, Deerinck T, Ellisman M, et al. The
IKKbeta subunit of IkappaB kinase (IKK) is essential for nuclear
factor kappaB activation and prevention of apoptosis. J Exp Med
1999;189(11):1839-45.

Tanaka M, Fuentes ME, Yamaguchi K, Durnin MH, Dalrymple SA,
Hardy KL, et al. Embryonic lethality, liver degeneration, and im-
paired NF-kappa B activation in IKK-beta-deficient mice. Immunity
1999;10(4):421-9.

Liou HC, Jin Z, Tumang J, Andjelic S, Smith KA, Liou ML. c-Rel is
crucial for lymphocyte proliferation but dispensable for T cell
effector function. Int Immunol 1999;11(3):361-71.

Sanjabi S, Hoffmann A, Liou HC, Baltimore D, Smale ST. Selective
requirement for c-Rel during IL-12 P40 gene induction in macro-
phages. Proc Natl Acad Sci USA 2000;97(23):12705-10.
Weinmann AS, Mitchell DM, Sanjabi S, Bradley MN, Hoffmann A,
Liou HC, et al. Nucleosome remodeling at the IL-12 p40 promoter is
a TLR-dependent, Rel-independent event. Nat Immunol 2001;2(1):
51-7.

Sha WC, Liou HC, Tuomanen EI, Baltimore D. Targeted disruption
of the pS0 subunit of NF-kappa B leads to multifocal defects in
immune responses. Cell 1995;80(2):321-30.



1080

[75]

[76]

[77]

[78]

[79]

[80]

(81]

[82]

[83]

[84]

[85]

(86]

(871

(88]

(89]

[90]

[91]

[92]

(93]

S. Shishodia, B.B. Aggarwal/Biochemical Pharmacology 68 (2004) 1071-1080

Jefferies C, Bowie A, Brady G, Cooke EL, Li X, O’Neill LA.
Transactivation by the p65 subunit of NF-kappaB in response to
interleukin-1 (IL-1) involves MyD88, IL-1 receptor-associated ki-
nase 1, TRAF-6, and Racl. Mol Cell Biol 2001;21(14):4544-52.
Grumont RJ, Rourke 1J, Gerondakis S. Rel-dependent induction of
Al transcription is required to protect B cells from antigen receptor
ligation-induced apoptosis. Genes Dev 1999;13(4):400-11.
Snapper CM, Zelazowski P, Rosas FR, Kehry MR, Tian M, Baltimore
D, et al. B cells from p50/NF-kappa B knockout mice have selective
defects in proliferation, differentiation, germ-line CH transcription,
and Ig class switching. J Immunol 1996;156(1):183-91.

Kontgen F, Grumont RJ, Strasser A, Metcalf D, Li R, Tarlinton D,
et al. Mice lacking the c-rel proto-oncogene exhibit defects in
lymphocyte proliferation, humoral immunity, and interleukin-2 ex-
pression. Genes Dev 1995;9(16):1965-77.

Wesche H, Gao X, Li X, Kirschning CJ, Stark GR, Cao Z. IRAK-M is
anovel member of the Pelle/interleukin-1 receptor-associated kinase
(IRAK) family. J Biol Chem 1999;274(27):19403-10.

Gilmore TD, Cormier C, Jean-Jacques J, Gapuzan ME. Malignant
transformation of primary chicken spleen cells by human transcrip-
tion factor c-Rel. Oncogene 2001;20(48):7098-103.

Caamano JH, Rizzo CA, Durham SK, Barton DS, Raventos-Suarez
C, Snapper CM, et al. Nuclear factor (NF)-kappa B2 (p100/p52) is
required for normal splenic microarchitecture and B cell-mediated
immune responses. J Exp Med 1998;187(2):185-96.

Gerondakis S, Grossmann M, Nakamura Y, Pohl T, Grumont R.
Genetic approaches in mice to understand Rel/NF-kappaB and
IkappaB function: transgenics and knockouts. Oncogene 1999;
18(49):6888-95.

Weih F, Durham SK, Barton DS, Sha WC, Baltimore D, Bravo R.
p50-NF-kappaB complexes partially compensate for the absence of
RelB: severely increased pathology in p5S0(—/—)relB(—/—) double-
knockout mice. J Exp Med 1997;185(7):1359-70.

Iotsova V, Caamano J, Loy J, Yang Y, Lewin A, Bravo R. Osteope-
trosis in mice lacking NF-kappaBl and NF-kappaB2. Nat Med
1997;3(11):1285-9.

Franzoso G, Carlson L, Xing L, Poljak L, Shores EW, Brown KD,
et al. Requirement for NF-kappaB in osteoclast and B-cell devel-
opment. Genes Dev 1997;11(24):3482-96.

Grossmann M, Metcalf D, Merryfull J, Beg A, Baltimore D, Ger-
ondakis S. The combined absence of the transcription factors Rel and
RelA leads to multiple hemopoietic cell defects. Proc Natl Acad Sci
USA 1999;96(21):11848-53.

Ouaaz F, Arron J, Zheng Y, Choi Y, Beg AA. Dendritic cell
development and survival require distinct NF-kappaB subunits.
Immunity 2002;16(2):257-70.

Shishodia S, Aggarwal BB. Nuclear factor-kappa B activation: a
question of life and death? J Biochem Mol Biol 2002;35(1):28—40.
Kitajima I, Soejima Y, Takasaki I, Beppu H, Tokioka T, Maruyama I.
Ceramide-induced nuclear translocation of NF-kappa B is a potential
mediator of the apoptotic response to TNF-alpha in murine clonal
osteoblasts. Bone 1996;19(3):263-70.

Hu X, Tang M, Fisher AB, Olashaw N, Zuckerman KS. TNF-alpha-
induced growth suppression of CD34+ myeloid leukemic cell lines
signals through TNF receptor type I and is associated with NF-kappa
B activation. J Immunol 1999;163(6):3106-15.

Dudley E, Hornung F, Zheng L, Scherer D, Ballard D, Lenardo M.
NF-kappaB regulates Fas/APO-1/CD95- and TCR-mediated apop-
tosis of T lymphocytes. Eur J Immunol 1999;29(3):878-86.
Ivanov VN, Ronai Z. p38 protects human melanoma cells from UV-
induced apoptosis through down-regulation of NF-kappaB activity
and Fas expression. Oncogene 2000;19(26):3003—12.

Aoki M, Nata T, Morishita R, Matsushita H, Nakagami H, Yama-
moto K, et al. Endothelial apoptosis induced by oxidative stress
through activation of NF-kappaB: antiapoptotic effect of antioxidant
agents on endothelial cells. Hypertension 2001;38(1):48-55.

[94]

[95]

[96]

[971

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

Dumont A, Hehner SP, Hofmann TG, Ueffing M, Droge W, Schmitz
ML. Hydrogen peroxide-induced apoptosis is CD95-independent,
requires the release of mitochondria-derived reactive oxygen species
and the activation of NF-kappaB. Oncogene 1999;18(3):747-57.
Li Y, Zhang W, Mantell LL, Kazzaz JA, Fein AM, Horowitz S.
Nuclear factor-kappaB is activated by hyperoxia but does not protect
from cell death. J Biol Chem 1997;272(33):20646-9.

Grey ST, Arvelo MB, Hasenkamp W, Bach FH, Ferran C. A20
inhibits cytokine-induced apoptosis and nuclear factor kappaB-de-
pendent gene activation in islets. J Exp Med 1999;190(8):1135-46.
Bessho R, Matsubara K, Kubota M, Kuwakado K, Hirota H, Wa-
kazono Y, et al. Pyrrolidine dithiocarbamate, a potent inhibitor of
nuclear factor kappa B (NF-kappa B) activation, prevents apoptosis
in human promyelocytic leukemia HL-60 cells and thymocytes.
Biochem Pharmacol 1994;48(10):1883-9.

Stark LA, Din FV, Zwacka RM, Dunlop MG. Aspirin-induced
activation of the NF-kappaB signaling pathway: a novel mechanism
for aspirin-mediated apoptosis in colon cancer cells. Faseb J
2001;15(7):1273-5.

Segev DL, Ha TU, Tran TT, Kenneally M, Harkin P, Jung M, et al.
Mullerian inhibiting substance inhibits breast cancer cell growth
through an NFkappa B-mediated pathway. J Biol Chem
2000;275(37):28371-9.

Ashikawa K, Shishodia S, Fokt I, Priebe W, Aggarwal BB. Evidence
that activation of nuclear factor-kappa B is essential for doxorubicin-
induced cell death in myeloid and lymphoid cells. Bochem Phar-
macol 2004;67(2):353-64.

Bian X, McAllister-Lucas LM, Shao F, Schumacher KR, Feng Z,
Porter AG, et al. NF-kappa B activation mediates doxorubicin-
induced cell death in N-type neuroblastoma cells. J Biol Chem
2001;276(52):48921-9.

Giri DK, Pantazis P, Aggarwal BB. Cellular resistance to vincristine
suppresses NF-kappa B activation and apoptosis but enhances c-Jun-
NH,-terminal protein kinase activation by tumor necrosis. Apoptosis
1999;4(4):291-301.

Lin KI, DiDonato JA, Hoffmann A, Hardwick JM, Ratan RR.
Suppression of steady-state, but not stimulus-induced NF-kappaB
activity inhibits alphavirus-induced apoptosis. J Cell Biol
1998;141(7):1479-87.

Hettmann T, DiDonato J, Karin M, Leiden JM. An essential role for
nuclear factor kappaB in promoting double positive thymocyte
apoptosis. J Exp Med 1999;189(1):145-58.

van Hogerlinden M, Rozell BL, Ahrlund-Richter L, Toftgard R.
Squamous cell carcinomas and increased apoptosis in skin with
inhibited Rel/nuclear factor-kappaB signaling. Cancer Res
1999;59(14):3299-303.

Seitz CS, Lin Q, Deng H, Khavari PA. Alterations in NF-kappaB
function in transgenic epithelial tissue demonstrate a growth inhi-
bitory role for NF-kappaB. Proc Natl Acad Sci USA 1998;95(5):
2307-12.

Dajee M, Lazarov M, Zhang JY, Cai T, Green CL, Russell AJ, et al.
NF-kappaB blockade and oncogenic Ras trigger invasive human
epidermal neoplasia. Nature 2003;421(6923):639-43.

Memet S, Laouini D, Epinat JC, Whiteside ST, Goudeau B, Philpott
D, et al. IkappaBepsilon-deficient mice: reduction of one T cell
precursor subspecies and enhanced Ig isotype switching and cyto-
kine synthesis. J Immunol 1999;163(11):5994-6005.

Rudolph D, Yeh WC, Wakeham A, Rudolph B, Nallainathan D,
Potter J, et al. Severe liver degeneration and lack of NF-kappaB
activation in NEMO/IKKgamma-deficient mice. Genes Dev
2000;14(7):854-62.

Smahi A, Courtois G, Vabres P, Yamaoka S, Heuertz S, Munnich A,
et al. Genomic rearrangement in NEMO impairs NF-kappaB activa-
tion and is a cause of incontinentia pigmenti. The International
Incontinentia Pigmenti (IP) Consortium. Nature 2000;405(6785):
466-72.



	Nuclear factor-kappaB: a friend or a foe in cancer?
	Introduction
	NF-kappaB as a Foe
	NF-kappaB proteins are oncogenes
	NF-kappaB activation can induce cellular transformation
	NF-kappaB activation mediates cellular proliferation
	NF-kappaB activation can mediate cellular invasion
	NF-kappaB activation can mediate angiogenesis
	NF-kappaB activation can mediate metastasis

	NF-kappaB as a friend
	NF-kappaB activation is needed for immune function
	NF-kappaB activation is needed for haematopoiesis
	NF-kappaB activation mediates apoptosis
	NF-kappaB activation prevents tumorigenesis

	Conclusion
	Acknowledgements
	References


