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Nuclear factor-«kB (NF-«kB) and its activating signaling pathways are critical regu-
lators for cell lineage development, growth, differentiation, apoptosis, and tumori-
genic transformation. As one of the most important transcription factors, NF-«B has
been implicated in the transcriptional upregulation of a number of cytokines, adhe-
sion molecules, growth factors, oncogenes, antiapoptotic proteins, some proapoptotic
factors, and even certain viral genes. The role of NF-kB on tumor promoting has
been well-documented in the past two decades. However, during the past few years,
a considerable number of studies suggested that NF-«kB and its activating signal-
ing molecules may act as tumor suppressors under some circumstances. Thus, it is
highly possible that tumor promoting or tumor suppressing of NF-«B signaling is
determined by the type of cells, stimuli, simultaneous or asynchronous intracellular
signals, and other cellular contexts.
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INTRODUCTION

NF-«B was first discovered as a nuclear factor regulating the tran-
scription of immunoglobulin (Ig) genes during the maturation of B-
lymphocytes in 1986 by Sen and Baltimore [1]. By incubating nuclear
extract from B cells with a panel of 32P-labeled smaller DNA fragments
derived from the Ig uH chain enhancer, the xL chain promoter, and
the «L chain intronic enhancer, a new trans-acting complex was identi-
fied. The cis-acting motif recognized by this new trans-acting complex
encompasses a nucleotide sequence, GGGGACTTTCC, that was found
in the «L chain intronic enhancer region and SV40 gene. Because this
complex was identified as a nuclear factor regulating expression of Ig
kL chain in B cells, it was named as nuclear factor-«B (NF-«B). The
abundance of NF-«B in B cells appeared to be associated with the de-
velopmental stages of the cell lineage. The mature B cells exhibited a
relatively higher level of nuclear NF-«B complex, whereas this com-
plex was hardly detected in pre-B cells. Within a very short period (3
or 4 months) since the first discovery of NF-«B, the original group who
identified NF-«B and another group concurrently demonstrated that
the activation and activity of NF-«B were inducible [2, 3]. NF-«B was
induced by bacterial lipopolysaccharide (LPS) and phorbol ester in pre-
B cells, T-cell line (Jurkat), and a nonlymphoid cell line (HeLa). Based
on the fact that protein synthesis inhibitors failed to block the induc-
tion of NF-«B, it was hypothesized that posttranslational mechanisms
might be involved in the activation of NF-«B.

Considering the importance of NF-«B in the innate and possibly
adaptive immune responses, investigation of the activating mecha-
nism(s) and function of NF-<B was intensified, which bacame one of
the most rapidly growing research areas in the following years. Now it
has been well-established that NF-«B can be activated by a wide spec-
trum of extracellular inducers from bacterial products to inflamma-
tory mediators, environmental pollutants, occupational hazards, and
chemical or physical stressors. The key members of NF-«B family in-
clude RelA (p65), RelB, c-Rel, p50, and p52. The p50 and p52 proteins
are derived from their precursors, p105 (NF«<B1) and p100 (NF«B2),
respectively, largely through proteasome-dependent posttranslational
proteolytic processing and/or co-translational biogenesis [4, 5]. All of
these members share an N-terminal Rel homology domain (RHD) and
an Ig-like/plexins/transcription factors (IPT) domain with a total size
of about 300 amino acids. The RHD and IPT domains are important
for dimerization, nuclear translocation, and DNA binding. In addition
to the RHD and IPT domains, the p105 and p100 also contain 5 to
7 ankyrin repeat domains at their C-termini. The prototypical NF-«B
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complex is the p50/RelA heterodimer. Other dimers, such as p50/p50,
p52/p52, p50/c-Rel, p50/RelB, p52/RelA, p52/RelB, and c-Rel/c-Rel, have
also been found in many different cell types under certain developmen-
tal or differentiation states with or without stimulation. The majority
of NF-«B dimers are retained in the cytoplasm by binding with endoge-
nous inhibitors, including I«Be, I«kBB, IkBe, IkB: (MAIL, INAP), Bcl3,
p100, and p105. In response to inflammatory signals, a canonical sig-
naling pathway for NF-«B was activated, in which the I«B was phospho-
rylated by I«B kinase (IKK) complex containing two catalytic subunits,
IKKo and IKKB, and a scaffold subunit named IKKy or NEMO. The
IKKy subunit facilitates the assembly of the IKK complex and relays
upstream signals to IKK«a/B, partially through the formation of K63-
form polyubiquitin chains on upstream molecules and IKKy itself [6].
The phosphorylated 1«B proteins are recognized by ubiquitin ligases for
further ubiquitination and proteasomal degradation. After degradation
of inhibitors, NF-«B dimers are free to translocate to the nucleus. The
noncanonical signaling pathway for NF-«B activation is largely medi-
ated by the NF-«B—inducing kinase (NIK) and IKK« dimer in response
to signals from CD40, LTS receptor, and BAFF receptor. IKK« is able
to phosphorylate p100, leading to partial degradation of p100 to gen-
erate the p52/RelB heterodimer. In the nucleus, NF-«B can bind to the
enhancer or promoter region of a number of target genes containing
«B-binding site(s) to upregulate their expression.

CONTRIBUTION OF NF-«B SIGNALING TO CARCINOGENESIS

During the past two decades, NF-«<B was labeled as a critical factor
in many carcinogen-induced human malignancies. The evidence indi-
cating the tumor-promoting effect of NF-«B was largely based on ob-
servations showing an aberrant activation or activity of NF-«B in a
number of human cancers and cancerous tissues in experimental ani-
mals [7, 8]. This notion was further supported by the fact that NF-«B
is an essential transcription factor for the expression of genes critical
for inflammation, cell survival, cell cycle, angiogenesis, and tumor cell
invasion [9]. Inflammation, especially in the form of chronic inflamma-
tion, has been linked to several types of cancers including tumors in
lung, prostate, breast, gastric system, liver, bladder, and several malig-
nant lymphomatic diseases. Inflammation is a step-by-step pathophys-
iologic process that includes initial injury, repair, and resolution, which
is also considered as an important innate immune response to the in-
vasion of microorganisms. Recruitment of the inflammatory cells, such
as neutrophils, monocytes, macrophages, eosinophils, dendritic cells,
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mast cells, lymphocytes, and fibroblast cells, to the injury site of the
tissue is in a manner of self-amplification, especially if the resolution
process is impaired or fails. Persistent release of reactive oxygen species
(ROS), cytokines, chemokines, angiogenic factors, prostaglandins, and
matric metalloproteinases from these inflammatory cells under such
circumstances is not only tissue damaging but also mutagenic for the
genome. It is well-known that ROS are able to damage macromolecules
including DNA, RNA, lipids, and proteins directly through oxidation,
nitration, and halogenation [10]. Oxidation of DNA is highly mutagenic,
which causes purine, pyramidine, or deoxyribose modification, single-
or double-stranded DNA breaks, protein—DNA cross-links, and several
forms of DNA intrastrand adducts. The cytokines, chemokines, angio-
genic factors, metalloproteinases, and other inflammatory mediators,
on the other hand, provide advantageous conditions for cell growth, mi-
gration, and implantation. NF-«B and chronic inflammation can form
a deadly liaison, in which NF-«B is arguably the most important tran-
scription factor governing the expression or biosynthesis of the major
inflammatory factors, while many inflammatory factors, at the same
time, are potent activators for NF-«B.

One of the key features of malignant transformation of the cells is
the evasion of apoptosis, leading to a sustained clonal expansion of
cancerous cells. Many cancer cells are capable of generating antiapop-
totic proteins autonomously. Bcl2, Bel-xl, cIAP1, cIAP2, XIAP, TEX],
Bfl1/A1, A20, ¢-FLIP, and TRAF-2 are potent antiapoptotic proteins
that stabilize the mitochondrial membrane, inhibit proapoptotic cas-
pases, and/or induce cell growth. A vast majority of studies have doc-
umented the role of NF-«B in the transcription of these antiapoptotic
genes. In in vitro cellular models, the expression of these antiapop-
totic proteins was up-regulated when NF-«B was activated, and vice
versa, the expression of these antiapoptotic proteins was repressed
with NF-«B inactivation. In the case of human and mouse bcl-xl gene,
several NF-«B binding sites were identified in the promoter region of
this gene [11-13]. Facilitated by the electrophoretic mobility shift as-
say (EMSA), our earlier study demonstrated that at least four «B sites
were presented in the region of —1010 to —761 of the bcl-xI promoter.
All of these «B sites could be recognized by NF-«xB p50/p50 homodimer,
and three out of these four «B sites could be bound by p50/p65, the
most active NF-«B heterodimer. Giving the observations that Bcl-xI
was predominately expressed in many types of malignant cells, it is
plausible to speculate that the tumor-promoting effect of NF-«B very
likely resulted from its regulation on bcl-xI and other antiapoptotic
genes.
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The strongest evidence linking NF-«B to tumor promotion might
be from earlier studies suggesting that gain-of-function mutation of
the NF-«B subunits, especially the c-Rel and p100, is transformative
for cells [14, 15]. Gene amplification, deletion, and point mutation
of c-rel had been noted in human B-cell and T-cell malignancies. Its
retroviral counterpart, v-rel produced by avian Rev-T retrovirus, is a
well-established avian oncogene that is able to cause lymphoid cell
lymphomas and leukemias in infected chickens [16]. In some cases of
Hodgkin’s and non—Hodgkin’s lymphomas, 4 to 75 copies of c-rel locus
have been detected. Such gene amplification is obviously responsible
for the accumulation of c-rel mRNA and protein. Abnormality in c-rel
gene rearrangement, either due to a large deletion on chromosome 2 or
the gene translocation to a position near the Ig light chain enhancer,
generates c-Rel chimeric proteins that are constitutively nuclear lo-
calized. Chromosomal deletion or translocation of p100 gene locus has
been intensively investigated in cutaneous B- or T-cell lymphomas,
non—Hodgkin’s lymphomas, chronic B-cell lymphocytic leukemia, and
multiple myelomas. A c-terminal truncated p100 protein with a partial
or complete loss of the ankyrin repeats was detected in these malignant
cells. The c-terminal truncated p100 is often overexpressed and onco-
genic in mouse fibroblasts [17]. In addition to the gain-of-function mu-
tations of the NF-«B family members, loss-of-function mutations of the
inhibitory molecules, such as IxBa and CYLD, have also been studied in
both malignant cell lines and human lymphomatic diseases. A constitu-
tively active p50/RelA or p50/c-Rel complex was observed in some pri-
mary tumor samples from Hodgkin’s and Reed—Sternberg lymphomas
due to deletion or inactivation of the IxBoa gene or the second IxBa
gene allele [16, 18]. Genetic mutation of CYLD, a deubiquitinase that
specifically removes K63-type polyubiquitin chains conjugated on the
upstream signaling molecules for IKK activation, can causes cylindro-
mas, a rare and recessive genetic disorder featured with benign tumors
[19]. A study by Bignell et al. [20] demonstrated single nucleotide dele-
tion, insertion, and substitution in the multiple sites of the germ-line
CYLD gene. These mutations cause translational frameshifts, prema-
ture translational termination, and alternative splicing of the CYLD
mRNA. The mutated CYLD gene products are enzymatically inactive
and, therefore, tumorigenic due to constitutive activation of NF-«B.
Most recently, two teams concurrently revealed genetic alterations of
several additional NF-«B signaling molecules, such as TRAF2, TRAF3,
cIAP1, CD40, p105 (nfkb1), LTAR, and NIK, in human primary mul-
tiple myeloma and other cell lines [21, 22]. It was proposed that the
malignant transformation of the plasma cells is a result of promiscuous
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mutations of the proteins contributing to both canonical and noncanon-
ical NF-«B activation pathways, leading to a sustained NF-«B activa-
tion. This notion was supported by the apoptotic responses of the multi-
ple myeloma cells treated with a small-molecule inhibitor of IKKS that
showed substantial inhibition of NF-«B activation or activity. What is
the most interesting in these latest studies is the discovery of outlier
expression of NIK as a result of chromosomal translocations between
the NIK locus and the IgH locus or the IgL locus. These chromosomal
translocations brought the NIK promoter in proximity to the C\ en-
hancer, leading to a remarkably increased expression of the NIK gene.
Furthermore, another form of chromosomal translocation of the NIK
locus was identified in a multiple myeloma cell line (JJN3), which gen-
erates an in-frame EFTUD2-NIK fusion protein [21]. Although NIK
was viewed as an essential upstream kinase for the alternative acti-
vation of NF-«B, it can also activate the canonical pathway of NF-«B
when it is overexpressed [23].

TUMOR SUPPRESSION BY NF-«B AND ITS
SIGNALING MOLECULES

There is a large volume of original studies and reviews addressing the
tumor-promoting effects of NF-«B and/or its related signaling molecules
[24-28]. However, challenges to the tumor promoting of NF-«B have
been made recently by a considerable numbers of reports [29, 30]. In
fact, the involvement of NF-«B in tumor suppression, rather than tumor
promotion, was proposed more than one decade ago based on the NF-
xB—dependent expression of several proapoptotic genes, including Fas,
FasL, Bax, c-myc, DR4, DR5, TRAIL, and Bcl-xs. In a limited number of
cell types, NF-«B activation appears to be able to induce cell apoptosis,
such as in T cells, HeLa cells, and bone marrow cells. In mature T cells,
NF-«B had been shown to be capable of inducing expression of FasL to
eliminate those cells with potential genomic mutation due to exposure
to DNA damaging signals [31]. In addition, the proapoptotic activity of
NF-«B has also been implicated in CD4"CD8" double-positive thymo-
cytes [32]. Accordingly, it was believed that NF-<xB-mediated apoptosis
was an important step for the proper development of T-cell lineages
through both positive and negative selection in the thymus. A forced
over activation of NF-«B by transfection of c-Rel in HeLa cells caused
the onset of apoptosis associated with an inhibition of the E2F DNA
binding activity, CDK2 kinase activation, and Rb phosphorylation [33].
The majority of the cells with c-Rel overexpression exhibited cell cycle
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arrest at the G1/S phase, which was also correlated with an increased
level of p21¢iP1/Wafl (p21) protein, an endogenous inhibitor for CDK2 ki-
nase. Because p21is a classic target gene of the p53, it is very likely that
such an increase in p21 level is a result of p53 activation in these c-Rel
overexpression cells. Indeed, an enhanced stability of the p53 protein
was noted in the cells where NF-«B was overactivated in some other
studies [29, 33]. Because apoptosis is envisioned as one of the options
to limit the growth of the tumors, it should not be surprising to link
NF-«B with cancer suppression.

A few animal studies of NF-«B function in tumor suppression are
worth mentioning. The first evidence of NF-«B in tumor suppression
was provided by transgenic expression of I«Ba, an inhibitor of NF-
kB, in human and murine epidermis [34]. In the basal epithelial layer
of normal epidermis, NF-«B appeared to be inactive as evidenced by
the exclusively cytoplasmic location. In contrast, NF-«xB was nuclear
translocated in those nonproliferative and terminally differentiated
cells in the suprabasal layer. Transgenic expression of a degradation-
resistant form of I«Ba to block the activation of NF-«B in the suprabasal
layer cells fostered development of epidermal hyperplasia featured by
the thickness and invaginations of the suprabasal squamous layer.
The hyperplasia, which resembled human squamous cell carcinomas,
was reversed by the transgenic expression of the active NF-«B sub-
units, p50 and RelA. A similar observation was made in the trans-
genic expression of IKKa, an upstream kinase contributing to the non-
canonical NF-«B activation, in mouse skin cells [35]. A significantly
delayed onset and metastasis of carcinogen-induced skin carcinomas
was observed in suprabasal and basal epidermis where IKKa was
overexpressed.

Recent evidence also indicates a role of NF-«B in tumor suppres-
sion in chemical carcinogen—induced hepatocellular carcinoma (HCC)
in mouse models. A hepatocyte-specific knockout of the IkkB gene en-
hanced the formation of HCC induced by diethylnitrosamine, which
correlated with an increased ROS generation and JNK activation
[36]. The development of HCC is much faster and more severe when
the Ikky gene was disrupted specifically in hepatocytes in mice [37].
Both IKKB and IKKy are the key components of the IKK complex
responsible for the canonical activation of NF-«B. Deficiency in ei-
ther IKKg or IKKy blocks the basal and signal-induced activation of
NF-«B. Clearly, a signaling pathway that maintains normal activa-
tion of NF-«B is required for the protection of the liver from sponta-
neous or carcinogen-induced tumorigenesis, at least in experimental
animals.
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MOLECULAR MECHANISMS OF NF-«B-MEDIATED
TUMOR SUPPRESSION

Unlike its role in tumor promotion, the mechanism of tumor suppres-
sion of NF-«B is far from clear. In both studies of skin and liver cancer,
a compensatory secondary response, proliferation of bystander cells in
response to apoptosis of the cells with a permanent inhibition of NF-
kB, was hypothesized [29, 36]. If this hypothesis is truly authentic,
the antiapoptotic activity of NF-«B appears to be no longer tumor pro-
moting as widely assumed, but rather tumor suppressing. New ques-
tions then arise: How does apoptosis trigger overproliferation of the
bystander nonapoptotic cells? Does apoptosis potentiate tumor burden
through inducing bystander cell proliferation in a given tumor undergo-
ing chemotherapy? Why would some routine apoptotic processes, such
as lineage-specific development of the cells and tissue/organ remod-
eling, not trigger tumorigenesis through compensatory bystander cell
proliferation? The theory of compensatory secondary response is exclu-
sively focused on the role of NF-«B in antiapoptotic responses. Although
this hypothesis made a reasonable reconciliation with the widely ac-
cepted dogma of NF-«B in apoptosis, other factors beyond apoptosis
appear to be overlooked. Obviously finding these factors of NF-«B—
mediated tumor suppression will aid in a better understanding of the
molecular mechanisms of carcinogenesis. We believe that the following
findings emphasizing the tumor suppressing activity of NF-«B warrant
further discussion.

NF-«B Signaling Inhibits JNK

The cross-talk between NF-«B and JNK was extensively studied in
the 1990s [38]. Such cross-talk occurs at almost every level of the
signaling pathways leading to the activation of NF-«B and JNK.
There are many upstream signaling molecules, such as interleukin
1 receptor—associated kinases, TNFa receptor—associated proteins,
mitogen-activated protein/extracellular signal-regulated kinase ki-
nase kinase, protein kinase C¢, transforming growth factor-3, and scaf-
fold protein Actl, that are shared by both NF-«B and JNK activation
pathways. The downstream products of NF-«B and JNK also appear to
be mutually affected, for example, some NF-xB—induced cytokines and
proapoptotic proteins are activators of JNK, whereas JNK-regulated
B-TrCP is essential for NF-«B activation. Furthermore, there are a con-
siderable number of genes whose expression depends on both NF-«B
and JNK.
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FIGURE 1 Historical experiment data showing enhanced JNK activation in
NF-kB—inhibited cells. (A) Enhanced JNK activation in human bronchial ep-
ithelial cells (BEAS-2B) transfected with a kinase-mutated IKKg (IKKg-KM)
and treated with LPS or vanadate (V) for the indicated times. The JNK activa-
tion was prevented by expression of a kinase-mutated JNK kinase, SEK1-KM.
(B) Basal JNK activation was elevated in BEAS-2B cells transfected with IKKg-
KM transiently. (C) An enhanced JNK induction by chromium (VI)[Cr(VI)] was
observed in the IKKB-KM-transfected cells.

In the late 1990s, we were attempting to determine whether some oc-
cupational toxic metals induced human diseases through NF-«B signal-
ing. In several transfection experiments using human wild-type (WT)
or kinase-mutated IKKS (IKKB-KM) that inhibits NF-«B activation,
we frequently noted an enhancement of JNK activation by chromium
(VI) or vanadate (V) in the NF-xB—inhibited cells (Fig. 1A, C). In one
experiment, we even noted that transient transfection of IKKS-KM it-
selfinduced an appreciable JNK activation compared with control cells
or cells transfected with WT-IKK g (Fig. 1B). These preliminary results
were totally unexpected for us as we originally assumed that impair-
ment of NF-«B signaling might weaken the JNK activation based on
the fact that both JNK and NF-«B share some common upstream reg-
ulators. Disbelief was expressed when we discussed our preliminary
findings with some prominent scientists in the fields of NF-«B and
JNK. After an additional 1 or 2 years of painstaking investigation,
these observations were partially reported [39]. In that report, we used
human bronchial epithelial cell line (BEAS-2B) as a cellular model to
monitor the mutual regulation of NF-«B and JNK. The IKK kinase
activity and the consequent NF-«B activation were abrogated when
the cells were transfected with IKKB-KM. The activation of MAP ki-
nases was monitored by the treatment of these transfected cells with
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arsenic, a potent activator of Erk, JNK, and p38. In agreement with our
preliminary observation, we noted that inhibition of IKK and NF-«<B
remarkably enhanced arsenic-induced activation of Erk and JNK in a
dose-dependent manner. The activation of p38 appeared to be the same
between the cells expressing wild-type IKKB and the cells expressing
IKKB-KM, indicating that the NF-«B signaling only affects activation
of Erk and JNK, but not p38. Intriguingly, a further time-course study
suggested that JNK activation was undetected after 8 to 24 h of arsenic
treatment in the cells expressing wild-type IKKp. In contrast, in addi-
tion to the enhanced JNK activation at 1 and 4 h of arsenic treatment,
the JNK activation was still detectable after 8 and 24 h of arsenic treat-
ment in the cells transfected with IKKS-KM. Thus, these data, along
with our preliminary results depicted in Figure 1, clearly indicate that
NF-«B inhibition not only potentiates but also prolongs JNK activation.
In other words, NF-«B and its activating signaling are inhibitory for
JNK activation. In retrospect, our paper may have provided the first
evidence showing that NF-«B serves as a negative regulator for JNK
activation.

It was interesting to note that our findings of JNK inhibition by NF-
«¥B was independently confirmed several months later by two additional
groups who used mouse embryo fibroblast cells derived from wild-type
and relA and/or IkkS gene knockout mice [40, 41]. Both groups con-
firmed that inhibition of NF-«B by relA or Ikkg gene deficiency en-
hanced TNFa-induced JNK activation. Studies by De Smaele et al.
[40] indicated that NF-«xB-dependent expression of GADD458 was ca-
pable of inhibiting the activation of JNK. An appreciable decrease in
GADD45p expression was noted in the relA~/~ mouse embryo fibrob-
lasts (MEF's) in which JNK activation was greatly enhanced by TNF«.
Based on the observation that transfection of gadd458 gene reduced
JNK activation in a T-cell line, it was assumed that JNK inhibition by
NF-«B is through NF-«B—dependent expression of GADD458. At the
same time, Tang et al. [41] observed a marginal decrease in the expres-
sion of XIAP, another NF-kB—regulated gene, in relA~/~ MEFs where
JNK activation was enhanced. Transient transfection of the relA—/—
cells with an expression vector harboring the xiap gene partially re-
duced JNK activation at the 60-min, but not the 15-min, time point of
TNF« treatment, implying that XIAP might be involved in mediating
the JNK inhibition by NF-«B.

A number of studies had demonstrated that a sustained activation of
JNK gives rise to a growth advantage of the cells [42]. In mammalian
cells, at least 10 isoforms of JNK have been identified. These isoforms
are derived from the alternative splicing of JNK mRNAs of the jnkl,
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jnk2,; and jnk3 genes. It is noteworthy that JNK2 may play the most im-
portant role in cell growth regulation. In a mouse skin cancer model, ge-
netic disruption of the jnk2 gene reduced tumor incidence and delayed
tumor growth in response to DMBA along with TPA treatment [43]. Ab-
lation of JNK2 by antisense oligonucleotides blocked EGF-stimulated
proliferation and anchorage-independent growth of the lung cancer
cells [44]. Accordingly, the antagonism of NF-«xB on JNK may be an
important measure to keep the activation of JNK under check. Loss
of this antagonistic mechanism, therefore, will cause a sustained JNK
activation and, consequently, the malignant transformation of the cells.

NF-«B is An Inhibitor of ROS Generation

Reactive oxygen species (ROS), which include superoxide, hydroxyl free
radicals, and hydrogen peroxide, are highly reactive due to the pres-
ence of unpaired valence shell electrons. The main sources of ROS
are mitochondria, cytochrome p450, peroxomes, and NADPH oxidases.
Endogenous ROS are constitutively produced even under normal phys-
iologic conditions. However, these ROS are either removed or neutral-
ized by cellular antioxidant systems, mainly the superoxide dismutases
(SOD), catalases, glutathione peroxidases, and some small antioxidant
molecules, before they cause any damage to other macromolecules. Un-
der many pathologic circumstances, the balance between ROS genera-
tion and antioxidant defense systems is changed, leading to oxidative
stress responses that are usually associated with oxidative damage to
DNA, proteins, and lipids.

During the period of 1998 and 2000, when we were demonstrat-
ing that JNK activation was promoted by NF-«<B inhibition, we also
noted a substantial increase in ROS generation in the cells transfected
with IKKB-KM or the cells derived from IKKB gene knockout mice.
At that time, the assumption that ROS activate NF-«xB was dominant
among researchers working in the areas of oxidative stress and sig-
nal transduction [45]. Although studies showed involvement of NF-«B
in the regulation of superoxide dismutases (SODs), this effect of NF-
¥B was viewed as pro-oxidative because of the formation of HoOs by
the SODs [46]. Thus, we were very cautious to reach a conclusion and
actively communicating such issue with a well-established scientist
who has been working on IKK and JNK for some time. Despite two
Nature papers [40, 41] in late 2001 claiming that NF-«B inhibits JNK
through GADD458 and XIAP, respectively, we still strongly believed
that the major factors connecting NF-«B and JNK were the ROS. In
our own hands, we failed to see a difference in the expression of XIAP
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and GADD45p between wild-type and Ikkg~/— MEFs. Accordingly, we
hypothesized that the prolonged JNK activation in the cells with de-
ficiency in NF-«B signaling was caused by excessive ROS generation.
Our hypothesis was later supported by Sakon et al. [47] who reported
that ROS are accountable for the enhanced JNK activation by TNF«
in relA~/~ cells. It was very interesting that both Sakon’s [47] and our
paper [48] reached precisely the same conclusion, that is, inhibition
of NF-«B by disrupting either relA or Ikkg gene fosters a prolonged
JNK activation due to increased generation of ROS. To determine why
ROS were overproduced in the cells with a deficiency in NF-«B signal-
ing, we examined the expression of some redox-regulating molecules
in both wild-type and Ikkg~/~ MEFs. The gene for p450 CYP1B1 was
highly expressed, whereas the genes encoding both metallothionein I
(MT1) and metallothionein IT (MTII) were significantly decreased in
the IkkB~/~ cells relative to that in wild-type cells. It has been known
for decades that p450 members catalyze a large spectrum of oxidation of
endobiotics and xenobiotic chemicals, leading to ROS generation [49].
The MT1 and MT2 are cysteine-rich metal binding proteins capable
of detoxifying metal ions and scavenging ROS. Our finding of reduced
MT1 and MT2 expression in Ikk3~/~ cells was recently reproduced and
extended by Xia’s team, which demonstrated that ROS generation and
the enhanced JNK activation could be reversed by ectopic expression
of MT1 in Ikk~/~ cells [50].

The elevation in ROS generation in the cells with genetic deficiency
in NF-«B signaling suggests that NF-«B is important in maintaining
a normal redox status to prevent oxidative stress, at least in normal
cells. Without such a protective mechanism, genomic DNA will be in
danger of mutation due to excessive ROS generation. At the same time,
the DNA repairing machinery and checkpoint proteins might be inac-
tivated by ROS-mediated oxidation, leading to further accumulation
of genomic damage and evasion of the cells from apoptosis. Conse-
quently, the cells acquire features of malignant transformation and
tumorigenesis.

NF-«B Signaling Protects Cells from Epigenetic Abnormality

Epigenetics is a term that refers to some genetic events that cannot be
explained by the established genetic principles. The word epigenetics
was first created by Conrad Hal Waddington, an encyclopedic scien-
tist in development biology, paleontology, genetics, embryology, philos-
ophy, and, by today’s definition, system biology at the University of
Edinburgh from the 1940s to 1970s [51]. Because of the polymathic
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nature of his research interests in diverging areas, his name may not
be recognized by many life scientists who are working in a narrow dis-
cipline today. The theory of epigenetics is perhaps the most memorable
contribution of his to the modern biology or life sciences. The term
epigenetics first appeared in his book entitled Introduction to Modern
Genetics in 1939 [52]. In his original version, epigenetics is a process
linking genetics to phenotype in a random manner to determine the
fate of a given cell.

Today, epigenetics generally describes heritable phenomena occur-
ring in the genome without changes in DNA sequence, which includes
the accessibility of the genome, chromosome structure, genomic stabil-
ity, position effect variegation (PEV), and gene imprinting. Studies of
epigenetics were largely centered on DNA methylation during the past
three or four decades [53]. Until recently, extensive studies have been
made on the modification of histone proteins, such as methylation,
acetylation, and ubiquitination, among which methylation of lysine
residues may be arguably the most critical in affecting the epigenetic
landscape and genome function. The states of histone methylation, es-
pecially on the N-terminal tails of histones H3 and H4, determines the
accessibility of genes in the condensed packed chromatin environment.
The lysine residues in histones H3 and H4 can be modified by mono-,
di-, and trimethylation. It has been generally viewed that trimethy-
lation of lysines 4, 36, and 79 of histone H3 is associated with an ac-
tive transcription of the genes in the decondensed chromatin (euchro-
matin) region. In contrast, trimethylation of lysines 9 (H3K9me3) and
27 (H3K27me3) is refractory for gene expression due to the formation
of the highly condensed heterochromatin architecture [54]. A number
of histone methytransferases have been identified, among which hu-
man EZH2 and SUV39hl are the best characterized methytransferases
responsible for the trimethylation of lysines 27 and 9, respectively, on
histone H3 [55]. Histone methylation was traditionally regarded as a
permanent mark that was irreversible. Since the first discovery of hi-
stone lysine specific demethylases-1 (LSD1) in 2004 [56], such a view
has changed recently. Since 2006, several groups independently iden-
tified a JmjC family of histone demethylases that demethylate di- or
trimethylated lysines 9 and 27 on histone H3 [57—60]. In addition to
regulating transcriptional accessibility of the genome, histone methy-
lation may also affect DNA replication, recombination, and damage re-
pair [61]. The addition of a methyl group to lysine is unable to change
the charges that affect the chromatin structure due to the nature of
the low molecular weight of the methyl group. It is very likely that
methylation of the side chains of lysine residues creates a binding code
for some regulatory proteins.
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FIGURE 2 Differences in cell morphology, level of H3K27me3, and Perp ex-

pression (pointed by white block arrows) in wild-type (WT) and Ikky~/~ cells
treated with 10 M arsenic (As?*) for 12 h.

The involvement of NF-«B signaling in epigenetic regulation was re-
cently revealed in mouse bone marrow—derived macrophages based on
the demonstration of NF-xB-dependent induction of Jmjd3, a demethy-
lase for the trimethyl histone H3 lysine 27 (H3K27me3) [62]. The
demethylase activity of Jmjd3 is indispensable for the removal of
parental imprints and nuclear reprogramming of the embryonic cells.
In somatic cells, H3K27me3 along with H3K9me3 facilitates the forma-
tion of repressive chromatin structure to form constitutive, facultative,
and focal heterochromatins. The expression of some tumor suppres-
sor genes is silenced due to the abundant occurrence of H3K27me3
on the nucleosomes surrounding the transcription start sites. Accord-
ingly, histone demethylase, such as Jmjd3, is required for erasing the
repressive histone markers and initiating the expression of these tu-
mor suppressors. Six conserved NF-«B binding sites, five in the first
intron and one in 3-UTR, were found in both the mouse and human
Jdmjd3 gene. The functional authenticity of some of these NF-«B bind-
ing sites was validated by chromatin immunoprecipitation (ChIP) using
an antibody against RelA. Blockage of NF-«B activation by expression
of a degradation-resistant IxBa or knock-in deletion of the Ikky gene
strongly impaired Jmjd3 induction by inflammatory stimulation.

In our ongoing studies, we also noted an association between
IKKYy deficiency and the alteration of H3K27me3 in mouse embryonic
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fibroblast (MEF) cells. The level of H3K27me3 was downregulated
by arsenic, a potent stress inducer, in wild-type MEFs. In con-
trast, H3K27me3 was not decreased, but appreciably increased in the
Ikky~/~MEFs treated with arsenic (Fig. 2). To investigate whether such
a change in H3K27me3 correlates with dJmjd3, the protein level of
Jmjd3 in both wild-type and Ikky/~cells was compared. It is inter-
esting to note that arsenic induces accumulation of Jmjd3 protein in
wild-type MEFs in a dose-dependent manner, whereas it causes a dose-
dependent reduction of Jmjd3 in Ikky/~cells.

We had previously demonstrated that MEF's derived from Ikkg—/~
mice exhibited an altered cell morphology, along with enhanced stress
fiber formation, cell motility, and proliferation [63]. These character-
istics of IkkB~/~ cells are suggestive for potential malignant transfor-
mation of the cells. Recent studies by Chanda’s group not only con-
firmed but further extended our conclusion indicating that deficiency
in NF-«B signaling, such as gene disruption of Ikkp, is tumorigenic
[64]. Earlier studies by others have reported a protein-protein interac-
tion of IKK« and Aurora A kinase, a critical serine/threonine kinase
regulating the location, maturation, separation, and function of cen-
trosomes in HelL.a and COS7 cells [65]. The studies by Chanda and
colleagues [64] also revealed an association of IKK8 with Aurora A ki-
nases in mitotic HeLa cells. An abnormality in centrosome distribution
and spindle morphology was observed in Ikkg~/~ cells. The wild-type
MEFs were not tumorigenic in inoculated nude mice. In contrast, tu-
mor formation was observed after inoculation with Ikkg~/~cells. In our
current studies, we found that the Ikky/~MEFs resemble those of
Ikks~/~MEFs in morphology (Fig. 2). Considering the observed alter-
ations in H3K27me3 and Jmjd3, we believe that the changes in cell
morphology, mobility, and tumorigenecity might be directly linked to
the genes regulated by H3K27me3. Through gene profiling and ChIP,
we were able to show that the expression of Perp, a possible tumor
suppressor involved in p53-induced cell apoptosis [66], was silenced in
the Ikky~/~ cells (Fig. 2). Analyses of the histone methylation profiles
demonstrated that H3K27me3 is abundant in the region encompass-
ing the proximal promoter and the transcriptional start site of the perp
gene. The Perp protein had also been implicated in the assembly of
the cytoskeleton and desmosome complex. Thus, we assume that the
morphologic changes of Ikky~/~cells may result from repression of Perp
expression, which possibly is linked to the enhanced cell motility and
tumorigenic transformation.

Collectively, we believe that one aspect of the tumor-suppressing ef-
fects of NF-«B is achieved through epigenetic regulation that affects
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the lysine methylation states of histone proteins. In wild-type cells,
activation of NF-«B contributes to the expression of Jmjd3, a demethy-
lase that is able to erase the repressive histone marker, H3K27me3.
In response to stress or DNA-damaging signals, genomic reprogram-
ming occurs in the tumor suppressor gene loci, such as Perp, by Jmjd3-
mediated removal of H3K27me3. Consequently, transcription of these
tumor suppressors is initiated. The transformation of the cells is effec-
tively prevented or delayed by the elevated tumor suppressors. In the
cells where NF-«B signaling is deficient, such as those of Ikks~/~cells,
Ikky /= cells, and relA~/~cells, the expression of Jmjd3 is impaired,
leading to a sustained occupancy of H3K27me3 in the gene loci of tumor
suppressors. Because of the silencing of tumor suppressor expression,
these cells are prone to be tumorigenetic.

TUMOR PROMOTION OR TUMOR SUPPRESSION BY NF-«B
MAY BE CELL CONTEXT DEPENDENT

NF-«B or its activation signaling in tumor initiation and promotion
has been documented for almost two decades [24]. The biochemical
and pathophysiologic roles of NF-«B in carcinogenesis are confounded
by reports of tumor suppression activity of this ubiquitous transcrip-
tion factor. In addition to a large volume of circumstantial evidence
demonstrating constitutively active NF-«B in many types of cancer,
the underlying mechanism of the tumor-promoting effect of NF-«B has
been intensively explored. In contrast, how NF-«B or its activation
signaling contributes to tumor suppression remains a terra incognita.
Recent evidence showing tumorigenesis or malignant transformation
of the tissues or cells with genetic deficiency in Ikke, Ikkg, Ikky, and
relA clearly suggests that tumor suppression by NF-«B is not a fabled
phenomenon. It may be difficult to reconcile these two obvious oppo-
site roles of NF-«B (i.e., tumor promotion and tumor suppression) at
present. However, the differences in the experimental systems applied
by researchers may provide valuable insights into whether NF-«B is
tumor promoting or tumor suppressing. The involvement of NF-«B in
tumor promotion was largely demonstrated by overexpression of NF-«<B
subunits, observation of NF-«B activity in tumor samples, and exper-
iments in immortalized cell lines with transformative or tumorigenic
potential. On the other hand, tumor suppression by NF-«B was mainly
inferred from genetic deficiency of the functional subunits of NF-«B or
IKK complexes in normal tissues or cells. Thus, it may be plausible to
hypothesize that a normal level of NF-«B in developmentally normal
tissues or cells is tumor suppressive (Fig. 3). This normal level of NF-«<B
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FIGURE 3 The possible mechanisms involved in tumor suppression and tu-
mor promotion by NF-«B in a system with different cell context (see text for
details).

is capable of antagonizing aberrant JNK activation, ROS generation,
and epigenetic alterations. Furthermore, this normal level of NF-«B
in the normal tissues or cells is sufficient to maintain expression of
Jdmjd3 to prevent overaccumulation of H3K27me3 in the gene loci of
tumor suppressors, leading to de-repression of the tumor suppressors.
An occasional over activation of NF-«B in normal cells might be non-
tumorigenic because of the intact signaling pathways leading to tumor
suppressor production, antioxidant defense, and JNK inhibition. One
of the key characteristics of the transformed or tumor cell is the mul-
tiple mutations accumulated in the genome and aberrant alteration
of the epigenic landscape of the chromosomes. The NF-«B is usually
overactivated due to sustained activation of some upstream kinases in
tumor cells. The activation of NF-«B may be tumor promoting rather
than tumor suppressing in these transformed or tumor cells, because
of the loss of tumor suppressor expression, constitutive synthesis of
cyclins and other cell cycle regulating proteins, and a prolonged pro-
duction of growth factors for cell proliferation. An additional point in
this regard is that tumor suppression or tumor promotion is determined
by the extent or duration of NF-«B activation in any given cells. It is
conceivable that under a certain cellular context, the level of NF-«B
may be lowered below the threshold necessary for malignant transfor-
mation but remains high enough to execute its normal function. These
normal functions include but are not limited to tumor-suppressor pro-
duction, antioxidant defense, and JNK inhibition to prevent initiation
of tumorigenic transformation.
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CONCLUSION

The cell-context dependency of NF-«B in tumor promotion or tumor sup-
pression will certainly shed light on the design of NF-xB-based therapy
in either inflammatory diseases or cancer. It appears to be desirable to
develop reagents that remove excessively activated NF-«B but main-
tain a normal level of NF-«B. At experimental levels, more than 700
inhibitors for NF-«B have been identified to date, which target the up-
stream kinases, proteasomal degradation, nuclear translocation, DNA
binding, and some cofactors required for the functioning of NF-«B [67].
Intriguingly, a considerable number of existing drugs clinically used
for human diseases have been implicated in the inhibition of NF-«B,
such as aspirin and other nonsteroidal anti-inflammatory drugs. The
major limitation of these currently available NF-«<B inhibitors is that
almost all of these inhibitors are nonspecific with effects beyond NF-
«kB signaling. It is a real challenge to identify an inhibitor targeting a
specific module of NF-«B signaling because of the degree of complexity.
For example, a single molecule is shared by two or more overlapping,
parallel, or cross-talk signaling pathways. However, one may expect the
development of a regime in which several inhibitors targeting differ-
ent signaling points of NF-«B are combined and applied in a localized
manner, such as airway instillation or topical administration, to avoid
systematic and nonspecific effects.
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