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Summary. NF-kB/Rel transcription factors are best
known for their roles in innate and adaptive immunity
and inflammation. They also play a central role in
promoting cell survival. This latter activity of NF-xB
antagonizes programmed cell death (PCD) induced by
the proinflammatory cytokine tumor necrosis factor
(TNF)o and plays an important role in immunity,
lymphopoiesis, osteogenesis, tumorigenesis and radio-
and chemo-resistance in cancer. With regard to TNFo.,
the NF-kB-mediated inhibition of PCD seems to involve
an attenuation of the c-Jun-N-terminal kinase (JNK)
cascade mediated through the induction of select
downstream targets such as the caspase inhibitor XIAP,
the zinc-finger protein A20, and the inhibitor of the
MKK7/INKK?2 kinase, Gadd4563/Myd118. Notably, NF-
kB also blunts accumulation of reactive oxygen species
(ROS), which themselves are pivotal elements for
induction of PCD by TNFa, and this suppression of
ROS formation mediates an additional protective activity
recently ascribed to NF-kB. The antioxidant activity of
NF-xB has been shown to depend upon upregulation of
both Ferritin heavy chain (FHC) — a component of
Ferritin, the primary iron-storage protein complex found
in cells — and of the mitochondrial enzyme Mn**
superoxide dismutase (Mn-SOD). Indeed, the inductions
of Mn-SOD and FHC represent another important means
through which NF-xB controls proapoptotic JNK
signaling triggered by TNFo. These findings might
enable the development of new, more targeted
approaches to treatment of diseases sustained by a
deregulated activity of NF-xB, including some cancers
and chronic inflammatory conditions.
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Introduction

Programmed cell death (PCD) is a form of cellular
suicide that plays a central role in animal physiology,
being required for tissue homeostasis, organ
development and elimination of potentially harmful cells
such cancerous and virus-infected cells. In metazoa,
virtually all cells are programmed to self-destruct
(Danial and Korsmeyer, 2004), and the correct activation
and execution of the death program is critical for the
very existence of these organisms. Indeed, alterations of
the PCD process are a major contributing factor in the
onset of an array of human diseases, ranging from cancer
to autoimmune and neurodegenerative disorders such
Alzheimer’s and Parkinson diseases (Johnstone et al.,
2002; Rathmell and Thompson, 2002). Remarkably, a
critical element in the cell’s decision on whether to live
or die appears to be its ability to activate NF-kB-family
transcription factors (Kucharczak et al., 2003).

These are widely regarded as evolutionarily
conserved coordinators of innate and adaptive immune
and inflammatory responses (Li and Verma, 2002; Chen
and Greene, 2004; Hayden and Ghosh, 2004). During
these responses, NF-kB orchestrates in fact activation of
critical defense genes, including those encoding various
adhesion molecules, cytokines, chemokines, growth
factors and proinflammatory enzymes. In 1996,
approximately 10 years after its original discovery, NF-
kB was assigned yet another important biological
function — namely the control of PCD (Beg and
Baltimore, 1996; Liu et al., 1996; Van Antwerp et al.,
1996; Wang et al., 1996). This additional function of
NF-xB immediately attracted major biomedical interest
— which in fact has not faded until this day. This is in
part because through this ability to suppress PCD, NF-
kB seems to participate in numerous important
biological processes, including embryogenesis, B and T
lymphopoiesis, and development and homeostasis of the
skin, bone, liver and central nervous system (Karin and
Lin, 2002; Orlowski and Baldwin, 2002; Gerondakis and
Strasser, 2003; Kucharczak et al., 2003). An exaggerated
promotion of cell survival by NF-xB is also a key
contributing factor in tumorigenesis, cancer
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chemoresistance and chronic inflammatory diseases such
as rheumatoid arthritis (RA) and inflammatory bowel
disease (IBD) (Makarov, 2000; Orlowski and Baldwin,
2002; Kucharczak et al., 2003). The importance of the
NF-kB-mediated suppression of PCD in the
pathogenesis of human illnesses is underscored by the
fact that inhibitors of NF-xB have become drugs of
choice for treatment of some of these illnesses
(Makarov, 2000; Tak and Firestein, 2001; Orlowski and
Baldwin, 2002; Amit and Ben-Neriah, 2003; Karin et al.,
2004). In recent years, remarkable progress has been
made towards the understanding of the mechanisms
governing tumor necrosis factor oo (TNFo)-induced PCD
and NF-kB-mediated survival. Findings from several
laboratories, including our own, have in fact shown that
the protective action of NF-kB against TNFa-induced
cytotoxicity involves a crosstalk with the c-Jun-N-
terminal kinase (JNK) mitogen activated protein kinase
(MAPK) pathway (De Smaele et al., 2001; Javelaud and
Besancon, 2001; Tang et al, 2001). Interestingly, new
studies indicate that this crosstalk between the NF-xB
and JNK pathways is mediated in part through an
inhibition of the accumulation of ROS triggered by
stimulation of TNF-Rs (Sakon et al., 2003; Pham et al.,
2004). The current feeling is that this new, deeper
understanding of the molecular mechanisms controlling
cell fate downstream of TNF-Rs represents an
unprecedented opportunity for developing new drugs
capable of selective blockade of the prosurvival activity
of NF-kB in diseased tissues, without affecting other
important functions of NF-xB in immunity and
inflammation.

In this article, we will focus on recent discoveries
that have unveiled the mechanisms by which TNFo—
activated NF-kB complexes restrain accumulation of
ROS and, more broadly, engage in a negative crosstalk
with the INK MAPK pathway — a signaling pathway
known to promotes PCD (Davis 2000; Papa et al.
2004a). We then go on to discuss the relevance of this
negative crosstalk to the suppression of cell death in
animal physiology and disease. For other aspects of the
regulation and function of the NF-kB and JNK
pathways, we refer the reader instead to some of the
many excellent and broader-in-scope reviews that have
been recently published on these subjects (Karin and
Ben-Neriah, 2000; Silvermann and Maniatis, 2001; Li
and Verma, 2002; Ghosh and Karin, 2002; Kucharczak
et al., 2003; Chen and Greene, 2004; Hayden and Ghosh,
2004).

Biological relevance of the NF-xB-mediated control
of PCD

NF-xB transcription factors are a group of homo-
and heterodimeric complexes composed of nearly all
possible combinations of the members of the NF-xB
family of polypeptides, which in mammalian cells
consists of Rel (c-Rel), RelA (p65), RelB, p50/p105
(NF-xB1), and p52/p100 (NF-xB2) (Kucharczak et al.,

2003; Chen and Greene, 2004; Hayden and Ghosh,
2004). Typically, the most abundant of these complexes
is a heterodimer of the subunits RelA and p50. In
unstimulated cells, ubiquitous NF-xB dimers usually lie
latent in the cytosol, trapped there by binding to
inhibitory IxkB-family proteins (reviewed in Li and
Verma, 2002; Ghosh and Karin, 2002; Kucharczak et al.,
2003; Chen and Greene, 2004; Hayden and Ghosh,
2004). From these cytosolic pools, NF-xB complexes
can be rapidly activated by an array of stimuli capable of
triggering the sequential phosphorylation and
proteasome-mediated degradation of IkB proteins.
Newly-liberated NF-kB complexes, can then migrate
into the nuclei and activate transcription of coordinate
sets of target genes, thereby promoting inflammation,
immunity, cell growth and cell survival.

The protective function of NF-kB was originally
revealed in studies involving the use of genetically
modified cells or highly active variants of the NF-xB
inhibitor, IxBo., in the context of the stimulation of TNF-
Rs (Beg and Baltimore, 1996; Liu et al., 1996; Van
Antwerp et al., 1996; Wang et al., 1996). Subsequent
studies then showed that knockout mutations of genes
encoding NF-kB-family polypeptides cause profound
defects in development and homeostasis of various
organs including the skin, the central nervous system,
the bone, the liver and the lymphoid tissues (reviewed in
Kucharczak et al., 2003). It is now evident that many of
these developmental and homeostatic defects are owed
to an excessive PCD, and that this excessive PCD often
depends upon the triggering of receptors of the TNF-R
superfamily. It was shown, for instance, that RelA-/-
mice succumb in uterus due to massive apoptosis in the
liver (Beg et al., 1995) and that compound mutation of
either TNFow or TNF-R1 completely rescues these mice
from embryonic lethality (Doi et al., 1999; Rosenfeld et
al., 2000; Alcamo et al., 2001). Consistently, mouse
embryonic fibroblasts (MEFs) derived from RelA null
animals exhibit a strikingly high sensitivity to TNFo.-
induced PCD (Beg and Baltimore, 1996), as do most
other cells that have various forms of NF-xB deficiency
(Kucharczak et al, 2003). The concomitant inactivation
of genes encoding two or more members of the NF-xB
group revealed further redundant functions of these
transcription factors in cell survival (Kucharczak et al,
2003).

In addition to playing an important physiological
role, when deregulated the prosurvival action of NF-kB
is a major contributing cause of widespread human
diseases. For instance, an inappropriate suppression of
PCD caused by constitutively active NF-kB is
increasingly being recognized for participating in
chemo- and radio-resistance in cancer and in the
pathogenesis of a growing list of human tumors,
including diffuse large B-cell lymphoma (DLBCL),
multiple myeloma (MM), Hodgkin’s Lymphoma (HL),
chronic myelogenous leukemia (CML) and breast cancer
(Orlowski and Baldwin, 2002; Kucharczak et al., 2003).
The prosurvival activity of NF-kB is also involved in
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counteracting oncogene-induced PCD during malignant
cellular transformation (Orlowski and Baldwin, 2002;
Kucharczak et al., 2003).

The relevance of the NF-kB-mediated suppression
of cell death in human malignancies can be appreciated
especially if one considers that NF-kB-inhibiting
compounds are now drugs of choice for treatment of
some of these malignancies (Orlowski and Baldwin,
2002; Kucharczak et al., 2003; Karin et al., 2004). One
class of such anti-cancer compounds is constituted by
glucocorticoids, currently included in the therapeutic
regimen for HL. Proteasome inhibitors (e.g. PS-341), a
distinct class of NF-xB-targeting drugs, are instead
being used for treatment of patients with MM and appear
to have beneficial effects against cancers of the prostate
and the lung, as well as against certain lymphomas
(Orlowski and Baldwin, 2002; Kucharczak et al., 2003;
Karin et al., 2004). Blockers of IKKB, a catalytic
component of the IKK kinase complex responsible for
signal-induced phosphorylation of IkBs, represent
another group of promising new compounds for use in
anti-cancer therapy (Karin et al., 2004). Finally,
inhibitors of NF-kB have been shown to improve the
therapeutic response to ionizing radiation and standard
chemotherapeutic agents such as topoisomerase
inhibitors (Orlowski and Baldwin, 2002; Karin et al.,
2004).

Bases for the NF-xB-mediated suppression of TNF-R-
induced PCD

The prosurvival action of NF-xB was first
discovered and is best understood in the context of so-
called “death receptors” (DRs), a prototypic example of
which is TNF-R1 (Kucharczak et al, 2003; Wajant et al.,
2003). This receptor is ligated by TNFo., a pleiotropic
cytokine that plays a critical role in development,
inflammation, immunity and morphogenesis (Wajant et
al., 2003). TNFa also engages TNF-R2, a less well-
characterized receptor that is closely related to TNF-R1
(Wajant et al., 2003). Paradoxically, although TNF-Rs
are well known for their ability to elicit PCD, in most
cells stimulation of these receptor by TNFa is
insufficient to cause death (Kucharczak et al., 2003;
Wajant et al., 2003). This is due to the activation of NF-
kB complexes, which effectively antagonize TNF-R-
induced cytotoxicity (Kucharczak et al., 2003).

The functional dichotomy of TNF-R1 seemingly
stems from the ability of this receptor to activate
opposing signal transduction pathways (Micheau and
Tschopp, 2003; Wajant et al., 2003; Schneider-Brachert
et al., 2004). Indeed, it was recently shown that the
biological outcome to the ligation of TNF-R1 depends
upon sequential assembly and activation of at least two
multi-proteic complexes at the cytosolic tail of this
receptor (Micheau and Tschopp, 2003; Schneider-
Brachert et al., 2004): Complex I, consisting of the
adaptors TNF-R1-associated death domain (TRADD)
and TNF receptor-associated factor (TRAF)-2 along

with the kinase receptor interacting protein-1 (RIP1),
forms rapidly at the inner side of the plasma membrane
and leads to activation of the c-Jun N-terminal kinase
(JNK) cascade and NF-kB, which promotes cell survival
(Micheau and Tschopp, 2003; Wajant et al., 2003;
Schneider-Brachert et al., 2004). Complex II, also
known as the “death-inducing signaling complex”
(DISC), consists instead of TRADD, RIP1, Fas-
associated death domain (FADD) and caspase-8 and
appears to assemble on endocytic vescicles (so-called
“receptosomes”) in association with TNF-R1 (Micheau
and Tschopp, 2003; Wajant et al., 2003; Schneider-
Brachert et al., 2004). Here, caspase-8 becomes active
through auto-catalytic cleavage, causing proteolytic
processing of Bid (a “BH3-only” member of the Bcl-2
family) into tBid, which then targets mitochondria to
induce mitochondrial outer membrane permeabilization
(MOMP) and cytosolic release of cytochrome ¢ and
other factors, ultimately leading to PCD (Wajant et al.,
2003).

The NF-xB-mediated antagonism of the death-
inducing pathways triggered by TNFa depends, by and
large, upon transcriptional upregulation of cytoprotective
target genes (Kucharczak et al., 2003; Wajant et al.,
2003). This seems to explain the early observation that
unless inhibitors of RNA or protein synthesis are
provided, cells usually resist the induction of PCD by
TNFa (Kucharczak et al., 2003; Wajant et al., 2003). A
handful of effectors of this protective activity of NF-kB
have been identified and intensely investigated in recent
years. These were shown to block the execution of
TNFa-induced PCD through distinct molecular
mechanisms (reviewed in Kucharczak et al., 2003;
Wajant et al., 2003). Their best characterized examples
are: cellular FLICE-inhibitory protein long (c-FLIPL),
inhibiting early signal transduction events proximal to
TNF-R1 and so prohibiting activation of caspase-8; the
members of the Bcl-2 group of anti-apoptotic factors,
A1/Bfl-1, Bcel-x;, and Bcl-2, blocking PCD by
preventing TNF-R-induced MOMP; cellular inhibitor of
apoptosis proteins (c-IAP)1/2 and TRAF1/2, blunting
apoptosis through a negative feedback regulation of
receptor-triggered signaling, but apparently only when
activated simultaneously; Spi2A, a newly-identified
target of NF-«xB, inhibiting TNFo-induced killing via a
novel mechanism, entailing the suppression of cathepsin
B, and so, of the lysosomal pathway of PCD (Liu et al.,
2003).

The JNK MAPK pathway

The JNK pathway, also known as the stress activated
protein kinase (SAPK) pathway, is one of the major
mitogen activated protein kinase (MAPK) cascades
mediating intracellular transduction of signals (Davis,
2000; Chang and Karin, 2001). Like the other two main
MAPK cascades — the p38 and the extracellular-
regulated kinases (ERK) cascades (Chang and Karin,
2001) — the JNK pathway transduces, amplifies and
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integrates signals from a diverse array of cellular
receptors in order to elicit an appropriate biological
response. Signals are transmitted in these cascades
through sequential phosphorylation events mediated by
precisely regulated kinase modules (Davis, 2000; Chang
and Karin, 2001). INKs are encoded by the JNK1, JNK2
and JNK3 genes (Davis, 2000) and represent the
terminal enzymatic module of the JNK cascade. In
mammalian cells, kinases of the JNK group of MAPKs
are primarily activated by proinflammatory cytokines,
such as IL-1B and TNFo., and stress stimuli such as UV
radiation, pH changes, hypoxia, and genotoxic and
oxidative stress (Davis, 2000). Activation of JNK in
response to these stimuli has been linked to several
biological responses, including proliferation,
differentiation and apoptosis (Davis, 2000; Chang and
Karin, 2001; Kennedy and Davis, 2003). By and large,
however, induction of the JNK pathway, appears to be
associated with the induction of PCD.

This involvement of JNK in PCD signaling is best
illustrated by studies of mice harboring null mutations of
JNK genes. JNK17- and JNK27 double knockout (dKO)
MEFs are refractory to apoptosis induced by stress
stimuli such as UV radiation, exhibiting impaired
cytochrome c release and activation of caspase-3 in
response to these stimuli (Tournier et al., 2000).
Moreover, thymocytes lacking both JNK1 and JNK2
show a severe defect in the PCD response to the
triggering of CD3 (Sabapathy et al., 2001), a component
of the T-cell antigen receptor, in vivo. Finally, neurons
from JNK3-/- mice are protected against killing induced
by excitotoxins (Davis, 2000).

TNF-R-induced PCD signaling mediated by the JNK
pathway

It is becoming increasingly clear that activation of
the JNK cascade also plays an obligatory role in TNFa-
induced PCD signaling. Several laboratories, including
our own, have in fact reported that attenuation of this
cascade is a pivotal means through which NF-xB blocks
cytotoxicity triggered by the engagement of TNF-Rs (De
Smaele et al., 2001; Javelaud and Besancon, 2001; Tang
et al., 2001). Normally, TNFa only triggers transient
activation of the JNK pathway. Following a rapid
increase in the activity of JNK, occurring within minutes
of the stimulation of TNF-Rs, this activity returns to
basal levels usually within one hour (De Smaele et al.,
2001; Javelaud and Besancon, 2001; Tang et al., 2001).
However, upon inhibition of NF-xB by either knockout
deletion of RelA or IKKB — the catalytic subunit of the
IKK complex utilized by TNF-Rs (Hayden and Ghosh,
2004) — or overexpression of a degradation-resistant
variant of IkBa, the shutdown of JNK signaling is
severely compromised, thereby unveiling an additional
sustained phase of this signaling downstream of TNF-Rs
(De Smaele et al., 2001; Javelaud and Besancon, 2001;
Tang et al., 2001). It is in fact this late, sustained phase
of activation of JNK by TNFa that appears to be

involved in mediating PCD signaling (De Smaele et al.,
2001; Javelaud and Besancon, 2001; Tang et al., 2001;
see also Papa et al., 2004a). In support of this view,
persistent JNK activity induced by ectopic expression of
MKK7-JNKI1 proteins, mimicking constitutively active
JNK, is sufficient alone to induce cell death (Lei et al.,
2002). Thus, the NF-kB-mediated restraint of prolonged
JNK activation is now generally viewed as a mandatory
requirement for controlling PCD downstream of TNF-Rs
(Papa et al., 2004a). Consistently, suppression of JNK
activity by either treatment with pharmacological
inhibitors or ectopic expression of dominant-negative
JNK kinase mutants effectively rescues NF-xB null cells
from TNFo-mediated cytotoxicity (De Smaele et al.,
2001; Javelaud and Besancon, 2001; Tang et al., 2001).
Death triggered by TNFa in these cells is also abrogated
by siRNA-mediated silencing of MKK7 or compound
genetic ablation of JNK1 and JNK2 (Deng et al., 2003;
Ventura et al., 2004; Papa et al., 2004a). Interestingly,
the inhibition of JNK in NF-kB-deficient cells can also
block the necrosis-like response triggered by the
engagement of TNF-Rs (Ventura et al., 2004) (see
below).

It is worth noting that the inhibitory effects of NF-
kB on the JNK cascade are unlikely to be an indirect
consequence of suppressing activation of caspases,
despite that these proteases are potentially capable of
activating MAPKKKSs (Davis, 2000). This is because, in
NF-xB-deficient cells, JNK induction by TNFa remains
sustained even after antiapoptotic treatment with the
caspase inhibitor, z-VAD,,_,, (Javelaud and Besancon,
2001; Tang et al., 2001). Hence, compelling evidence in
the literature now concurs with the notions that the
TNFa-induced NF-kB and JNK pathways intersect and
that a crucial outcome of this intersection is the
inhibition of PCD.

Recent studies in animal models further highlight the
biological relevance of this antagonistic crosstalk
between the NF-kB and JNK pathways in promoting cell
survival. It was shown that suppressing NF-xB
activation in the liver of mice through conditional
knockout mutation of IKKf leads to an exaggerated
activation of JNK following systemic challenge with
concanavalin A (ConA) (Maeda et al., 2003) — an agent
that provokes hepatic damage through TNF-R-mediated
signaling. It was also shown that this exaggerated
induction of JNK correlates with the onset of liver injury
and that targeted deletion of either JKNI or JNK2 in
IKKB-deficient mice markedly diminishes TNF-R-
mediated injury triggered by ConA (Maeda et al., 2003).
Thus, NF-kB suppresses the JNK pathway in order to
prevent TNFo-induced hepato-toxicity, in vivo.

Mechanisms for JNK-mediated PCD signaling
downstream of TNF-Rs

Exactly how JNK promotes PCD is not known. In
some circumstances, JNK-mediated death signaling
involves modulation of gene expression, achieved in part
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via phosphorylation of the transcription factor, c-Jun
(Davis, 2000). The main targets of TNFa-triggered
cytotoxic JNK signaling, however, appear to be
constitutively present in the cell (Davis, 2000). A recent
report suggests a possible mechanism for the role of
JNK in TNFo-inflicted cell death (Deng et al., 2003).
The model envisions that activation of JNK by TNF-Rs
provokes PCD by promoting the formation of jBid, a
cleavage product of Bid that is generated through a
caspase-8-independent mechanism and is distinct from
tBid (Deng et al., 2003). Upon proteolytic processing,
jBid seemingly migrates to mitochondria to trigger the
selective release into the cytosol of the apoptogenic
factor Smac/Diablo, but not of cytochrome c. Here,
Smac/Diablo inhibits c-IAPs complexed to TRAF2,
thereby causing activation of caspase-8 and, ultimately,
PCD (Deng et al., 2003; Wajant et al., 2003) (Fig. 1).
Consistent with this view, downregulation of
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Smac/Diablo by RNA-interference diminishes TNFao.-
induced activation of caspase-8 and PCD (Deng et al.,
2003). The mechanism(s) by which JNK promotes
formation of jBid, however, is not known. It is also
unclear whether Bid is the only target of proapoptotic
JNK signaling, as there might be other means through
which JNK promotes TNFa-triggered cytotoxicity.
Indeed, killing by overexpressed MKK7-JNK1 chimeric
proteins was shown to require Bax-like factors of the
Bcl-2 group, but not Bid — inferred from the normal
activity of these chimeric proteins in Bid-/- cells (Lei et
al., 2002). Hence, “BH-3-only” factors other than Bid
might participate in JNK-mediated killing in this system.
JNK is also capable of triggering necrosis-like PCD
(Papa et al., 2004a; Ventura et al., 2004); yet, the means
by which JNK inflicts TNFoa-induced necrosis is not
known.

Interestingly, despite the crucial role of JNK in
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Fig. 1. Mechanisms behind the anti-apoptotic activity of NF-kB in ROS/JNK signaling. The accumulation of ROS upon engagement of TNF-R1 by TNFo
promotes cell death through activation of the JNK MAPK cascade. This occurs via at least two mechanism: inhibition of MKPs and activation of
MAPKKKs such as ASK1. Death signaling triggered by ROS-mediated activation of JNK is effectively antagonized by NF-xB, which upregulates
expression of protective genes such as FHC, Mn-SOD, A20, Gadd453 and XIAP, blocking the ROS/JNK pathway.
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TNFo-induced PCD, cell death does not appear to be the
only possible outcome of activation of JNK. In some
systems, JNK induction might in fact even be a signal
for cell survival (Lamb et al., 2003; Reuther-Madrid et
al., 2002). In a recent study, fibroblasts from JNKI-/-
JNK2-/- embryos were found to be highly sensitive to
apoptosis induced by stimulation with TNFo., suggesting
that in the presence of functional NF-kB complexes,
activation of the JNK pathway might serve to facilitate
cell survival (Lamb et al., 2003). In a subsequent study,
also utilizing JNK dKO MEFs, the same group reported
that, while blocking apoptosis, JNK is a key participant
in necrosis-like PCD induced by TNF-Rs (Ventura et al.,
2004). Nevertheless, the net result of activating JNK
following stimulation of TNF-Rs appears to be an
overall increase in cell death (Ventura et al., 2004). The
basis for the apparent discrepancies between some of the
studies present in the literature is not clear. Most of these
studies, however, seem consistent with the notion that
the biological outcome of JNK activation ultimately
depends also upon stimulus- and tissue-specific factors
involving crosstalk and integration of JNK signaling
with other pathways that might be concomitantly active
in the cell, such as the ERK and the Akt/PKB pathways
(Davis, 2000; Papa et al., 2004a). It is also likely that
prosurvival signaling involves a transient activation of
JNK, perhaps affecting gene expression (Lamb et al.,
2003), and that the role of JNK in TNFo-mediated PCD
relies instead upon this activation being sustained
(Davis, 2000; Papa et al., 2004a).

NF-kB-inducible inhibitors of the JNK pathway

The primary mechanism through which NF-xB
secures an effective shutdown of the JNK pathway
following the triggering of TNF-Rs seems to involve
activation of select downstream targets (Kucharczak et
al., 2003; Wajant et al., 2003; Papa et al., 2004a) (Fig.
1). Few such targets of NF-xB that encode bona fide
blockers of the INK pathway have been identified. The
best characterized of these are the zinc-finger protein
A20, the Gadd45-family member Gadd456/Myd118 and
the c-IAP-like factor, XIAP (Kucharczak et al., 2003;
Papa et al., 2004a).

Upon ligation of TNF-Rs, transcription of A20 is
rapidly induced by NF-kB (Boone et al., 2002;
Kucharczak et al., 2003). This induction seems to play a
critical role in the NF-kB-mediated downregulation of
the JNK cascade, because MEFs from A207- mice
display sustained activation of JNK and an exaggerated
apoptotic response following the triggering of TNF-Rs
(Lee et al., 2000; Boone et al. 2002). Interestingly,
however, ectopic expression of A20 fails to attenuate
PCD in NF-xB-deficient cells (Beg and Baltimore, 1996;
Kucharczak et al., 2003). Thus, whereas A20 appears to
be an essential mediator of the prosurvival activity of
NF-xB, this factor alone is insufficient to fully explain
the inhibitory action of NF-xB on JNK and PCD
signaling downstream of TNF-Rs. Furthermore, the

mechanism(s) by which A20 hampers the JNK cascade
remains unclear. A20 is a key player in the negative
feedback mechanism responsible for terminating NF-xB
activation during TNFa-triggered signal transduction
(Lee et al., 2000; Boone et al., 2002). This
downregulation of the NF-xB pathway by A20 was
reported to involve A20-mediated ubiquitination and
inactivation of RIP1 (Wertz et al., 2004), a factor needed
for activation of NF-xB by TNF-Rs (Wajant et al.,
2003). RIP1, however, does not participate in the TNF-
R-triggered induction of JNK (Wajant et al., 2003), and
so, the A20-mediated inhibition of the JNK pathway is
probably owed to a different mechanism. One possibility
is that A20 blocks TNFa-induced JNK signaling through
inactivation of TRAF2 — a molecule required for
activation of JNK by TNFa (Davis, 2000) — or of
another molecule residing proximal to TNF-R1 (Boone
et al., 2002; Wajant et al., 2003). Indeed, A20 is capable
of physically interacting with TRAF2 (Boone et al.,
2002) and is recruited to the TNF-R1 complex upon
engagement of this receptor by TNFa (Zhang et al.,
2000). Nevertheless, determining the precise mechanism
for how A20 mediates downregulation of the JNK
cascade requires further investigation.

Work from our own laboratory previously showed
that Gadd45f3, originally identified as an immediate-
early gene induced by TGFB (Liebermann and
Hoffmann, 2002), is another key component of the
transcriptional mechanism by which NF-kB contains the
JNK cascade (De Smaele et al., 2001). Gadd458 is a
member of the Gadd45 family of related factors, also
including Gadd45a and Gadd45y (Liebermann and
Hoffmann, 2002). Members of this family (and in
particular Gadd450a) have been implicated in multiple
processes, including the control of cell cycle, DNA
repair and the regulation of MAPKs (Takekawa and
Saito, 1998; De Smaele et al., 2001; Liebermann and
Hoffmann, 2002; Hollander and Fornace, 2002; Papa et
al., 2004a). Unlike other Gadd45-family genes, Gadd458
is upregulated by NF-xB in response to treatment with
TNFo (De Smaele et al., 2001). Moreover,
overexpression of Gadd45f in NF-xB null cells virtually
abrogates TNFa-induced activation of JNK signaling
(De Smaele et al., 2001). Most importantly, inactivation
of endogenous Gadd458 impairs the downregulation of
JNK activity induced by TNFa (De Smaele et al., 2001),
indicating that upregulation of Gadd458 is an obligatory
requirement for the NF-kB-mediated control of this
activity. Direct genetic evidence for an essential role of
Gadd458 in the NF-kB-mediated containment of TNFo.-
induced JNK signaling was also obtained with the
analysis of fibroblasts from Gadd456-/- mice (Papa et
al., 2004b). Nevertheless, work from another laboratory
suggests that knockout mutation of Gadd45 in MEFs
has no effect on PCD induced by TNFo (Amanullah et
al., 2003). The basis for this apparent discrepancy is
presently unknown. It is likely, however, that it is due, at
least in part, to the different experimental conditions
used in these two studies (further discussed in Zazzeroni
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et al. 2003).

In a recent report, we have shown that the Gadd458-
mediated suppression of JNK signaling involves the
direct targeting and inhibition of MKK7/JNKK2 (Papa et
al 2004b), the dominant JNK kinase induced by TNFo
(Davis, 2000; Tournier et al., 2001). Of interest,
preliminary in vitro experiments suggest that Gadd4503
blocks activity of this kinase by preventing its access to
ATP (Papa et al., 2004b). Consistent with the notion that
Gadd4506 is an important downstream effector of the
inhibitory activity of NF-xB on the JNK cascade, NF-
kB-deficient cells fail to properly shutdown activation of
MKK?7 during stimulation with TNFa (Papa et al.,
2004b). Hence, the interaction between Gadd458 and
MKK?7 represents a crucial molecular link between the
NF-xB and JNK pathways. Indeed, although Gadd458
has the ability to interact with other kinases in the JNK
pathway, blockade of MKK?7 alone seems to adequately
explain the inhibitory effects of Gadd458 on this
pathway (discussed in Papa et al., 2004a).

Another mechanism by which NF-xB has been
proposed to control the JNK pathway involves
upregulation of XIAP (Kucharczak et al., 2003), a
member of the TAP family of inhibitors of caspases
(Salvesen and Duckett, 2002). XIAP is also a known
target of NF-xB, and its overexpression in NF-kB-
deficient cells attenuates cytotoxicity induced by TNFo
(Stehlik et al., 1998). Indeed, thymocytes of XIAP
transgenic mice are refractory to PCD triggered by
various stimuli (Salvesen and Duckett, 2002). Moreover,
ectopic expression of XIAP in RelA null cells blunts
activation of the JNK cascade downstream of TNF-Rs,
but seems to have no effect on p38 and ERK signaling
(Tang et al., 2001). Notably, XIAP is capable of
inhibiting both the caspase-dependent and the caspase-
independent phases of JNK activation by TNFo (Tang et
al., 2001). Thus, the effects of XIAP on MAPK
signaling are unlikely to be solely due to its ability to
suppress activity of caspases (Salvesen and Duckett,
2002). Nevertheless, the precise mechanism for the
XIAP-mediated inhibition of the JNK cascade remains
unknown. In fact, whereas XIAP is apparently capable
of associating with kinases within the JNK pathway,
these interactions of XIAP have been shown to promote
(rather than inhibit) downstream activation of JNK
(Salvesen and Duckett, 2002; Sanna et al., 2002).
Finally, XIAP-/- mice display no apparent defect in JNK
or PCD signaling in response to the triggering of TNF-
Rs (Harlin et al., 2001; Kucharczak et al., 2003). Thus,
further studies are required to establish the physiological
relevance of the XIAP-mediated regulation of the JNK
cascade.

Transduction of TNF-R-induced PCD signaling by
ROS

Notably, recent studies have unveiled another key
mechanism by which NF-kB blocks cytotoxicity
triggered by TNFo, namely the suppression of the
accumulation of reactive oxygen species (ROS) (Sakon

et al., 2003; Pham et al., 2004). ROS are in fact
emerging as obligatory mediators of cell death signaling
induced in response to stimulation of TNF-Rs (Sakon et
al., 2003; Pham et al., 2004; Ventura et al., 2004,
Kamata et al., 2005). Compared to their wild-type
counterparts, NF-kB-deficient cells exhibit an abnormal
accumulation of ROS upon the engagement of these
receptors by TNFa (Sakon et al., 2003; Pham et al.,
2004; Ventura et al., 2004), and suppression of this
accumulation by antioxidant agents affords near-
complete protection against TNF-R-induced killing in
these cells (Sakon et al., 2003; Pham et al., 2004). Thus,
ROS appear to be at a crucial crossroad of the death-
inducing and pro-survival pathways elicited by the
triggering of TNF-Rs. Accordingly, they have now taken
center stage within the complex interplay of mechanisms
controlling cell fate downstream of these receptors. The
potent reactivity of ROS appears in fact to have been
exploited also by other pathways capable of inflicting
cell death, including the pathways initiated by radiation
and chemotherapeutic drugs (Curtin et al., 2002).

The precise means by which TNF-Rs induces
formation of ROS are presently unknown. It is normally
assumed that TNFa-induced ROS are primarily
produced in mitochondria — the main source of oxygen
radicals in eukaryotes (Curtin et al., 2002). However,
prior studies have not conclusively addressed this issue,
because these studies have generally measured TNF-R-
dependent ROS formation at rather late times (i.e.
several hours), and so cannot differentiate between the
ROS acting as second messengers in signal transduction
and those being produced as a consequence of the
oxidative burst that invariably follows MOMP, a sign
that cell might have already committed to die (Wajant et
al., 2003). Thus, whether mitochondrial ROS are a cause
or a secondary effect of cell death remains unclear.
Indeed, the previous observations that ROS formation is
not induced by the triggering of IL-1B-R and that this
formation downstream of TNF-R1 can be blocked by
knockout ablation of JNK1 and JNK2 might simply
reflect an absence of cell death in these systems (Sakon
et al., 2003; Ventura et al., 2004; Kamata et al., 2005).
The view that mitochondria are the primary source of
TNFo-stimulated ROS is also somewhat at odds with
the relatively weak protective activity of overexpression
of the mitochondrial antioxidant enzyme, Mn**
superoxide dismutase (Mn-SOD) (Sakon et al., 2003;
Pham et al., 2004). Extra-mitochondrial sources of ROS
have in fact been identified and proposed to play a role
in induction of PCD by TNF-R1 (Jaattela and Tschopp
2003). Thus, the issue of which is the precise origin of
ROS generated downstream of TNF-Rs requires further
investigation and the employment of new, more
sophisticated methods for their detection.

The bases for the ROS-mediated activation of JNK
signaling downstream of TNF-Rs

As it turns out, ROS-inflicted cytotoxicity
downstream of TNF-Rs depends in part on the induction
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of sustained JNK activity (Pham et al., 2004; Kamata et
al., 2005; Matsuzawa and Ichijo, 2005). Thus, the
activities of ROS and JNK appear to participate in the
same death-inducing mechanism activated by
stimulation of TNF-Rs. The antioxidant action of NF-xkB
represents in fact a pivotal mechanism through which
NF-xB restrains sustained activation of the JNK
pathway by TNFoa (Sakon et al., 2003; Pham et al.,
2004) (Fig. 1). Recent studies are now beginning to
elucidate how ROS promote the induction of JNK
signaling. One such study has identified phosphatases of
the MAP kinase phosphatase (MKP) group (Davis,
2000), including MKP-1, -3-, -5 and -7, as critical
molecular targets of ROS during TNFa-induced PCD
(Kamata et al., 2005). ROS-mediated inactivation of
MKPs — which play a critical role in the regulation of the
activity of MAPKs (Davis, 2000) — seemingly involves
oxidation of a cysteine residue within the catalytic
domain of these enzymes to sulfenic acid (Kamata et al.,
2005). The physiological relevance of this mechanism is
supported by the finding that this residue exhibits a
lower pKa than other, non-catalytic cysteine residues of
MKPs (Kamata et al., 2005), and so is more susceptible
to oxidation than these other cysteine residues. Thus,
ROS-dependent inhibition of MKPs causes persistent
activation of JNK by TNFa and, ultimately, PCD via
either a necrotic or an apoptotic pathway (Kamata et al.,
2005). Accordingly, treatment with antioxidants virtually
abrogates sustained activation of the JNK pathway and
both necrosis and apoptosis caused by the triggering of
TNF-Rs. These conclusions, however, await
confirmation through genetic means.

The inactivation of MKP phosphatases does not
appear to be the only mechanism for the ROS-mediated
activation of sustained JNK signaling downstream of
TNF-Rs. Previous studies have in fact shown that ROS
also promote activation of ASK1/MEKKS, a TRAF2-
binding MAPK kinase kinase (MAPKKK) involved in
prolonged induction of JNK and PCD by TNF-R1
(Tobiume et al., 2001; Matsuzawa and Ichijo, 2005).
This model is supported by knockout data, since ASK1-
fibroblasts exhibit a profound defect in the induction of
sustained JNK signaling and apoptosis in response to
stimulation with TNFo (Tobiume et al., 2001).
Interestingly, as reported for the inactivation of MKPs
(Kamata et al., 2005), ROS-mediated induction of ASK1
appears to depend upon inhibition of the redox-sensing
factor, thioredoxin (Liu et al., 2000; Matsuzawa and
Ichijo, 2005). Thus, both the amplitude and duration of
TNFo-induced JNK signaling are seemingly dictated by
a balance between the activities of inducing kinases and
those of inhibiting phosphatases. Most likely, the relative
importance of these opposing activities for induction of
JNK signaling ultimately depends upon the biological
context. The precise definition of the MAPKKKSs that
are involved in the acute and persistent phases of JNK
activation by TNF-Rs will help clarify the bases for the
ROS-mediated regulation of the JNK cascade.

Most available studies seem to concur that ROS lie

upstream of JNK in the TNF-R-triggered pathway of
PCD (Sakon et al., 2003; Pham et al., 2004; Kamata et
al., 2005). However, some evidence indicates that there
might be in this pathway a more complex crosstalk
between ROS and JNK activities. In fact, it was recently
found that the accumulation of ROS normally observed
in NF-kB-deficient fibroblasts after treatment with
TNFa is severely compromised by concomitant
knockout deletion of JNK1 and JNK2 (Ventura et al.,
2004), suggesting that in these cells TNF-R1-triggered
JNK activity is required for downstream induction of
ROS. Hence, INK and ROS might participate in a
positive feedback loop, and this loop might be what is
ultimately responsible for induction of cell death
(Ventura et al., 2004). It should be cautioned, though,
that while a dynamic relationship between ROS and JNK
is likely to exist, it is possible that the antioxidant effects
of ablating JNK genes in this system also depends upon
the suppression of cell death.

Interestingly, the actual ordering of the inductions of
ROS and JNK might dictate how a cell dies in response
to the triggering of TNF-Rs (i.e. via necrosis or
apoptosis). TNFa is in fact capable of eliciting both the
apoptotic and the necrotic (i.e. caspase-independent)
pathways of PCD (Sakon et al., 2003, Pham et al., 2004,
Ventura et al., 2004; Kamata et al., 2005), and so, based
on the aforementioned report (Ventura et al., 2004), it is
possible that in the TNF-R1-triggered pathway of
necrosis ROS lie downstream (rather than upstream) of
the activation of JNK. Which form of cell death is
predominantly activated following stimulation of TNF-
Rs is also likely to be determined by the specific cell
system and experimental conditions that are used. Yet,
despite that the precise relationship between ROS and
JNK signaling, as well as the biological consequences of
this relationship, remain to be defined, virtually all
studies seem to agree that activation of NF-kB is capable
of counteracting TNFo-triggered cytotoxicity regardless
of the specific pathway of PCD that is induced
downstream of TNF-Rs (Sakon et al., 2003, Pham et al.,
2004, Ventura et al., 2004). Further, irrespective of their
relative positioning with respect to JNK, ROS are now
being recognized as obligatory mediators in the death-
inducing mechanism triggered by TNFa (Sakon et al.,
2003; Pham et al., 2004; Ventura et al., 2004; Kamata et
al., 2005).

Mechanisms for the NF-xB-mediated suppression of
ROS

The importance of ROS generation in TNF-R-
induced PCD signaling is also underscored by the
finding that this generation is tightly controlled by NF-
KB (Sakon et al., 2003; Pham et al., 2004). The bases for
the NF-kB-dependent restraint of redox disequilibrium
are now beginning to be unveiled. So far, at least two
downstream targets have been proposed to mediate this
important function of NF-kB. Using a gene array-based
screen, we have identified Ferritin heavy chain (FHC) as
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a pivotal effector of the antioxidant and protective
actions of NF-kB downstream of TNF-Rs (Pham et al.,
2004). Together with light chains (FLC), FHC forms
Ferritin complexes, the primary iron storage mechanism
found in cells (Torti and Torti, 2002). FHC is
upregulated by TNFo through a mechanism controlled
by NF-kB, is required for inhibition of TNFo-induced
killing, and blocks PCD in NF-xB-deficient cells (Pham
et al., 2004). The FHC-mediated blockade of PCD
involves attenuation of ROS accumulation in response to
TNF-R stimulation, and this attenuation prevents
sustained activation of the JNK cascade (Pham et al.,
2004). The antioxidant activity of FHC depends on
sequestration of free iron (Pham et al., 2004) — a
transition metal that catalyzes the formation of ROS in
mitochondria and through Fenton reaction, resulting in
production of highly reactive hydroxyl (¢°OH) radicals
(Torti and Torti, 2002). Notably, gene-silencing
experiments suggest that, in certain tissues, FHC may
constitute a pivotal component of the protective
mechanism activated by NF-kB for controlling TNF-R-
induced JNK signaling and PCD (Pham et al., 2004).
FHC is one of several acute-phase proteins, induced
in the liver during the organismal response to stress,
injury and infection (Torti and Torti, 2002). Through this
induction of FHC, NF-kB may promote hypoferremia,
and so, restrict iron availability in peripheral tissues
during chronic inflammation, when the potential exists
for causing extensive ROS-mediated tissue damage
(Makarov, 2000; Tak and Firestein, 2001). Indeed, this
may represent a systemic cytoprotective mechanism that
is mediated by NF-B. Notably, FHC might also play a
prominent role in NF-kB-dependent oncogenesis, tumor
progression and cancer chemo- and radio-resistance
(Torti and Torti, 2002). High levels of FHC have in fact
been found in several tumors and have been associated
with resistance to anti-cancer treatment and an
aggressive malignant phenotype (Torti and Torti, 2002).
Another factor that has been proposed to play an
important role as effector of the ROS-inhibiting and
cytoprotective actions of NF-kB is Mn-SOD (Bernard et
al., 2001; Delhalle et al., 2002; Kucharczak et al., 2003;
Wajant et al., 2003) — an enzyme that catalyzes
dismutation of superoxide anion (*O,") into hydrogen
peroxide (H,0,) (Curtin et al., 2062). Mn-SOD is
upregulated by TNFo through a transcriptional
mechanism that requires NF-xB and can blunt TNFo.-
induced cytotoxicity in certain systems (Bernard et al.,
2001; Delhalle et al., 2002; Kucharczak et al., 2003;
Pham et al., 2004). Yet, the significance of Mn-SOD to
the protective mechanism activated by NF-kB against
ROS-inflicted tissue damage remains uncertain. This is
because, in NF-xB-deficient cells, ectopic expression of
Mn-SOD seems to afford little or no protection against
TNFo-induced killing (Sakon et al., 2003; Pham et al.,
2004). Moreover, in some tissues neither basal nor
TNFa-activated levels of Mn-SOD appear to be
controlled by NF-xB (Delhalle et al., 2002; St. Clair et
al., 2002; Pham et al., 2004). Nevertheless, despite that it

might be insufficient alone to effectively block ROS
accumulation and PCD triggered by TNF-Rs and that it
might mediate the NF-kB protective action only in
certain tissues, Mn-SOD might still be required for the
control of TNFo-prompted changes of cellular redox
status. Indeed, for an effective suppression of ROS, the
synergistic activities of FHC and Mn-SOD might be key.
Indeed, it is conceivable that whereas induction of Mn-
SOD promotes dismutation of 002‘ into Hzoz’ FHC-
mediated sequestration of iron permits disposal of H,O,
by peroxidases and catalases.

The coordinate upregulations of the antioxidant
genes, Mn-SOD and FHC, seem to provide also an
additional link between the NF-xB and JNK pathways
activated in response to stimulation of TNF-Rs (Fig. 1).
Hence, NF-xB appears to halt the JNK cascade through
two distinct mechanisms: directly, through an induction
of A20, Gadd458 and XIAP (Papa et al., 2004a); and
indirectly, through an induction of FHC and Mn-SOD —
which together restrain accumulation of ROS (Fig. 1)
(Bubici et al., 2004). Most likely, to ensure an effective
shutdown of proapoptotic JINK signaling, these factors
have to act cooperatively. Nevertheless, the biological
relevance of the specific mechanism for JNK inhibition
that is activated by NF-xB likely depends upon tissue
and biological context. Indeed, the adaptability of the
NF-xB-inducible program of JNK inhibition might allow
an organism to orchestrate an appropriate prosurvival
response to each apoptotic stimulus and biological
context.

Relevance to the treatment of human diseases and
future directions

Disturbances of the NF-kB-mediated suppression of
TNF-R-induced PCD play an important role in
widespread human diseases (Makarov et al., 2000;
Orlowski and Baldwin, 2002; Kucharczak et al., 2003).
Indeed, the positive feedback regulation existing
between TNFo and NF-xB represents a critical
pathogenetic mechanism perpetuating chronic
inflammation in conditions such as RA and IBD
(Makarov, 2000; Tak and Firestein, 2001; Kucharczak et
al., 2003). Accordingly, current treatments for these
conditions include drugs that inhibit either NF-kB, such
as non-steroidal anti-inflammatory drugs (NSAIDs) and
glucocorticoids, or TNFa, such as anti-TNFa
neutralizing antibodies (Makarov, 2000; Tak and
Firestein, 2001; Kucharczak et al., 2003; Karin et al.,
2004). Likewise, glucocorticoids and proteasome
inhibitors, which also block the NF-kB pathway, have
been used successfully to treat human malignancies such
as HL and MM (Orlowski and Baldwin, 2002;
Kucharczak et al., 2003; Karin et al., 2004). However,
the clinical applicability of these therapies has been
severely limited by their often serious side-effects —
most notably, the immunosuppressive effects. A radical
new approach to therapy is therefore needed. For
instance, to avoid harming the immune system, such
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approach should enable the selective targeting of the
downstream protective effectors of NF-xB, rather than
NF-xB itself. Remarkably, this goal has now become
realistic, as it is evident at this point that — while
integrated — the actions of NF-kB in immunity and cell
survival are executed through independent subsets of
targets genes.

Accordingly, an important future challenge is
identifying the effectors and precise mechanisms by
which NF-kB directs attenuation of ROS accumulation
and JNK signaling in specific patho-physiological
contexts. This might in fact lead to the development of
new drugs that selectively interfere with the crosstalk
between the NF-kB and ROS/INK pathways in these
contexts, and so, promote PCD in diseased tissues
without seriously impacting on the ability of NF-kB to
function in immunity (Kucharczak et al., 2003). For
instance, an augmentation of ROS and/or JNK signaling,
achieved through inhibition of select targets of NF-xB,
might trigger PCD in proinflammatory cells within
inflamed tissues — where there are high concentrations of
TNFo (Makarov, 2000; Tak and Firestein, 2001). The
emerging notion that the program activated by NF-«xB to
suppress the inductions of ROS and JNK signaling has
tissue- and context-specific components (Papa et al.,
2004a) suggests that it might be possible to further
increase selectivity of these drugs for specific tissues.
[lustrating this point is a recent study showing that the
ROS-mediated activation of JNK signaling in the liver is
selectively involved in concanavalin-A-inflicted injury,
but not in parenchymal regeneration following partial
hepatectomy, albeit both processes are governed by an
integration of the activities of TNF-Rs, JNK and NF-kB
(Kamata et al., 2005).

In addition to providing important new targets for
anti-inflammatory therapy, these studies might prove
crucial for developing new approaches for treatment of
cancer. In many tumors, JNK (and ROS) and NF-xB
seem in fact to have opposing biological effects.
Whereas NF-xB activation is required to block
transformation-associated PCD induced by oncoproteins
such as H-Ras(V12) and Her-2/Neu (Kucharczak et al.,
2003; Orlowski and Baldwin, 2002), these oncoproteins
are known to be potent inducers of JNK (Davis, 2000;
Kennedy and Davis, 2003). Moreover, NF-kB promotes
survival of certain late-stage cancers and antagonizes
cytotoxicity triggered by radiation and chemotherapeutic
drugs such as topoisomerase inhibitors (Orlowski and
Baldwin, 2002; Kucharczak et al., 2003). In contrast, the
inductions of JNK and/or ROS mediate cancer cell
killing induced by some anti-cancer agents, and
activators of the JNK pathway (such as JNK3, MKK4
and BRCA1) have been found to act as tumor
suppressors (Davis, 2000; Kennedy and Davis, 2003).
Thus, an augmentation of ROS or JNK signaling,
induced for instance through a blockade of select NF-xB
targets, might represent a powerful new line of attack for
anti-cancer treatment.

Concluding remarks

It is now becoming apparent that, while integrated,
the actions of NF-xB in immunity and cell survival are
executed through induction of distinct subsets of target
genes. The restraint that NF-xB imposes on ROS
accumulation and JNK signaling is critical for several
physiological processes, as well as for chronic
inflammation and cancer. In recent years, the
identification of several NF-kB-inducible inhibitors of
the JNK cascade and ROS formation has advanced our
understanding for how this restraint is mediated. The
redundancy reflected in having multiple effectors for
these activities of NF-kB may be crucial for ensuring an
effective shutdown of ROS accumulation and JNK
signaling. Further, redundancy might allow an organism
to modulate the prosurvival response according to
specific biological contexts and needs. Undoubtedly, it
would be of crucial interest to establish the precise
role(s) of individual NF-kB-inducible genes in each of
these contexts and determine exactly how their products
inhibit ROS formation and/or activation of the JNK
cascade. Since inappropriate blockade of PCD by NF-xB
appears to be a key pathogenetic element in widespread
human diseases, these endeavors will likely facilitate the
development of novel, highly selective approaches for
treatment of these diseases.
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