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NF-kB transcription factors have been suspected to be involved in cancer development
since their discovery because of their kinship with the v-Rel oncogene product. Sub-
sequent work led to identification of oncogenic mutations that result in NF-kB activation
in lymphoid malignancies, but most of these mutations affect upstream components of
NF-«kB signaling pathways, rather than NF-kB family members themselves. NF-«B activation
has also been observed in many solid tumors, but so far no oncogenic mutations responsible
for NF-kB activation in carcinomas have been identified. In such cancers, NF-kB activation is
a result of underlying inflammation or the consequence of formation of an inflammatory
microenvironment during malignant progression. Most importantly, through its ability to
up-regulate the expression of tumor promoting cytokines, such as IL-6 or TNF-a, and survival
genes, such as Bcl-X|, NF-kB provides a critical link between inflammation and cancer.

n important chapter in the long saga of

NEF-kB is the one dealing with its role as a
pivotal link between inflammation and cancer.
A possible association between NF-kB and
cancer has emerged during the early days of
RelA/p65 cloning and sequencing, which in-
stantaneously revealed its kinship to c-Rel and
its oncogenic derivative v-Rel (Gilmore 2003).
However, oncogenic mutations that endow
RelA, c-Rel, or other NF-kB proteins with trans-
forming activity were found to be rare and
mainly limited to lymphoid malignancies
(Gilmore 2003). Yet, not only lymphoid can-
cers, but most solid tumors as well, exhibit
activated NF-kB (Karin et al. 2002). As in
most of these cases, no loss-of-function IkB

mutations or gain-of-function IKK mutations
have been detected. We have suggested that
NF-kB activation in cancer may be the result of
either exposure to proinflammatory stimuli in
the tumor microenvironment or mutational
activation of upstream components in IKK-
NF-kB signaling pathways (Karin et al. 2002).
Further bolstering our belief in the oncogenic
potential of “normal” NF-kB activated by stim-
uli that are extrinsic to the cancer cell were
the findings that NF-kB can inhibit apoptosis
(Beg and Baltimore 1996; Liu et al. 1996; Van
Antwerp et al. 1996; Wang et al. 1996), stimulate
cell proliferation (Joyce et al. 2001), as well as
promote a migratory and invasive phenotype
that is associated with tumor progression
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(Huang et al. 2001). Concurrently, we became
cognizant of a large body of epidemiological
and experimental data providing new support
for a causal link between inflammation and
cancer, an association that was first proposed
by Virchow during the 19th century (Balkwill
and Mantovani 2001). Considering these find-
ings, together with sightings of activated NF-
kB in a large number of cancers, most of which
are not associated with genetic alterations in
NF-kB, IKK, or upstream components of this
signaling system, we proposed that NF-kB may
provide a critical mechanistic link between
inflammation and cancer (Karin et al. 2002).
During the past seven years, this proposal has
been subjected to intense scrutiny by a number
of labs, in a variety of experimental systems,
and although complex and occasionally un-
predictable, the role of the NF-kB signaling
system in bridging inflammation and cancer is
currently well appreciated (Karin 2006). It was
also found that some IKK subunits (IKKa)
and closely related protein kinases (e.g., IKKe)
can play NF-kB independent roles in a variety
of cancers (Boehm et al. 2007; Luo et al. 2007).
In addition, new work has resulted in the iden-
tification of cancer-associated mutations in
upstream components of the IKK-NF-«kB sig-
naling system that can lead to cell autonomous
activation of NF-kB in multiple myeloma
(Annunziata et al. 2007; Keats et al. 2007). The
goal of this article is to review the experimental
evidence for the pathogenic function of NF-kB
in cancer and discuss whether and how IKK-
NF-kB targeted interventions can be used in
cancer prevention and/or therapy.

NF-«kB IN LYMPHOID MALIGNANCIES:
FROM CELL AUTONOMY TO PARACRINE
EFFECTS

As mentioned above, the first hint to a link
between NF-kB and cancer had emerged with
the cloning of RelA and the realization of its
close kinship to the viral oncoprotein v-Rel
and its cellular homolog c-Rel (Gilmore 2003).
Soon thereafter, the Bcl-3 oncoprotein, a
product of a gene activated by chromosomal
translocation in B-cell chronic lymphocytic

leukemia, was identified as a member of the
IkB family (Franzoso et al. 1992; Bours et al.
1993). Later, the NF-kB2 gene was also found
to be rearranged in B- and T-cell lymphomas,
giving rise to a truncated NF-kB2/p100 pro-
tein devoid of the IkB-like activity that is ex-
hibited by native p100 (Neri et al. 1991).
These early findings led to an extensive search
for mutations affecting the IkB-NF-kB system
in other lymphoid malignancies. This effort,
however, has netted few new results other than
those described previously. For instance, IkBa
gene mutations were detected in Hodgkin’s
lymphoma (Cabannes et al. 1999), but their
contributions to pathogenesis is still not clear.
Eventually, this has led to a broader view of
the role played by NF-kB in tumorigenesis,
according to which, mutations that cause NF-
KB activation in malignant cells may occur in
genes coding for signaling proteins that feed
into the IKK—NF-kB module. Indeed, translo-
cations that lead to Bcl-10 overexpression and
activation of IKK—NF-kB signaling were iden-
tified in MALT lymphomas (Willis et al. 1999).
Another product of a chromosomal transloca-
tion in MALT lymphoma is MAIT1, a protein
with paracaspase homology that interacts with
Bcl-10 and Carma-1 to yield IKK activation
(Uren et al. 2000). Given its well established
antiapoptotic function, especially in B cells
(Grossmann et al. 2000; Gugasyan et al. 2000;
Pasparakis et al. 2002), activation of NF-«kB
through MAIT1 or Bcl-10 is thought to be one
of the hallmarks and a key pathogenic event in
MAIT lymphoma.

Another B-cell malignancy in which the
CARDI11:MAIT1:Bcl-10 complex plays an im-
portant pathogenic role is diffuse large B-cell
lymphoma (DLBCL). Staudt and coworkers
made extensive use of DNA microarray technol-
ogy to identify genes that are misregulated in
different types of DLBCL and arrived at the
conclusion that NF-«B is constitutively active
in activated B-cell-like (ABC)-DLBCL, but not
in germinal center B-cell-like (GCB)-DLBCL
(Davis et al. 2001). Importantly, constitutively
active NF-«kB is required for the survival of
ABC-DLBCL (Davis et al. 2001). An shRNA-
based screen for genes, whose expression is
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required for the survival of DLBCL cells, iden-
tified CARDI1 as the driver of constitutive
NF-kB activity in ABC-DLBCL (Ngo et al.
2006). Furthermore, the CARDI1I gene was
found to be mutated in about 10% of ABC-
DLBCL (Lenz et al. 2008). The mutations all
affect residues within the coiled-coil domain
of CARDI11 and generate a protein that is a
constitutive activator of IKK-NF-kB signaling.
These results indicate that in a subpopulation
of ABC-DLBCL, CARDI1 acts as a bona fide on-
cogene and that its coiled-coil domain serves
a negative regulatory function. However, we
still do not know what causes the CARD11-
dependent activation of NF-«B in the remain-
ing 90% of DLBCL. Nonetheless, it is clear
that the CARDI1:MAIT1:Bcl-10 complex is
an important driver of malignant B-cell sur-
vival in more than one type of lymphoma.
Another lymphoid malignancy associated
with NF-kB activation is multiple myeloma.
Although activated NF-kB is a common fea-
ture of multiple myeloma, no mutations in
NF-kB or IkB encoding genes have been discov-
ered in this disease either. However, extensive
genetic analysis of primary tumors and multiple
myeloma cell lines have revealed a number of
mutations in genes encoding upstream signaling
molecules that lead to stabilization and accu-
mulation of NF-kB inducing kinase (NIK), a
member of the MAPK kinase kinase (MAP3K)
family (Annunziata et al. 2007; Keats et al.
2007). Normally, NIK is a very unstable pro-
tein whose activity is kept at a low level
because of its rapid turnover (Vallabhapurapu
etal.2008). However, mutations in genes encod-
ing components of an ubiquitin ligase complex
responsible for NIK turnover or in the NIK
gene itself result in accumulation and self-
activation of NIK. These mutations include
alterations in either NIK or in TRAF3 that
disrupt the interactions between the two pro-
teins (Annunziata et al. 2007; Keats et al.
2007). Normally, the binding of TRAF3 to NIK
in nonstimulated cells results in the recruitment
to NIK of a protein complex composed of the
ubiquitin ligases cIAP1 or cIAP2 and TRAF2
and this complex leads to degradative NIK
ubiquitination (Vallabhapurapu et al. 2008).

NF-kB in Inflammation and Cancer

Other multiple myeloma-linked mutations
include large deletions affecting the closely
linked cIAPI and cIAP2 loci, resulting in the
complete absence of their protein products,
thereby preventing degradative polyubiquitina-
tion of NIK (Annunziata et al. 2007; Keats et al.
2007). More rare mutations abolish the expres-
sion of TRAF2 (Keats et al. 2007). Although
related in structure to TRAF3, TRAF2 does not
directly interact with NIK and instead serves as
an activating ubiquitin ligase for cIAP1 and
cIAP2, enhancing their ability to polyubiquiti-
nate NIK (Vallabhapurapu et al. 2008). Based
on its known ability to activate IKKa and
thereby induce processing of NF-kB2/p100 to
NF-kB2/p52, it was expected that the elevated
and activated NIK in multiple myeloma exerts
its oncogenic activity via IKKa (Senftleben
etal. 2001). It was, therefore, much of a surprise
that only IKKB inhibition and not IKKa
depletion affected the proliferation and sur-
vival of multiple myeloma cells (Annunziata
et al. 2007).

NF-kB can also be activated in several other
lymphoid malignancies as a result of infection
with either DNA or RNA tumor viruses. For
instance, Epstein-Barr virus (EBV) activates
NF-kB through expression of latent membrane
protein 1 (LMP1), a protein that can induce
lymphomas when expressed in transgenic mice
(Eliopoulos and Young 2001; Thornburg et al.
2006). Curiously, LMP1 can induce NIK-
dependent NF-kB2/p100 processing (Luftig
et al. 2004), but the specific contribution of
NF-kB2/p52 formation to lymphomagenesis
is not entirely clear, unless NF-kB2/p100 acts
as a general NF-kB inhibitor in nontransformed
lymphocytes. Kaposi Sarcoma-associated her-
pesvirus (KSHV) can induce primary effusion
lymphoma (PEL) through expression of vFLIP,
a viral version of the cFLIP protein that can
lead to IKK activation (Liu et al. 2002).
Inhibition of NF-kB induces the apoptotic
death of PEL cells (Keller et al. 2000). Human
T-cell lymphoma virus (HTLV) leads to NF-
kB activation through expression of the Tax
oncoprotein, which binds to IKKy/NEMO
and induces IKK activation (Carter et al.
2001). Tax can also activate the alternative,
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IKKa-dependent, NF-kB pathway (Xiao et al.
2001), but in light of what has been discussed pre-
viously, the contribution of alternative NF-kB
signaling to lymphomagenesis is not entirely
clear.

NF-kB IN COLITIS-ASSOCIATED CANCER:
ONCOGENIC COOPERATION BETWEEN
NEIGHBORS

Whereas the involvement of NF-«kB and its ac-
tivators in lymphomagenesis was somewhat
anticipated, identifying a role for NF-«kB in
solid malignancies required a conviction in this
possibility and the use of specialized mouse
models, in which tumor induction depends on
inflammation, thus mimicking inflammation-
driven cancers in humans. The first such model
was a mouse model for colitis-associated cancer
(CAC), a type of colon cancer that appears in
patients suffering from ulcerative colitis, a
chronicinflammatorybowel disease. In this par-
ticular model, mice are given azoxymethane
(AOM), a procarcinogen that undergoes meta-
bolic activation in intestinal epithelial cells
(IEC) and can give use to oncogenic mutations,
such as those that lend to activation of B catenin
(Greten et al. 2004). Although B-catenin is the
most commonly activated oncogene in colon
cancer (Morin et al. 1997), AOM alone gives
rise to onlya small number of large bowel adeno-
mas, which can be strongly augmented through
concomitant induction of colonic inflam-
mation that in this model is elicited by repeated
administration of the irritant dextrane sulfate
sodium (DSS). Using the AOM and DSS
model for CAC induction (Okayasu et al.
1996) and conditional disruption of the Ikk(
gene in mice, we found that IKKB-driven
NF-kB activation in IEC is essential for the
development of colonic adenomas (Greten
et al. 2004). The oncogenic role of NF-«kB in
IEC appears to be mediated through its antia-
poptotic function (Lin and Karin 2003),
mainly through induction of Bcl-X;, which pre-
vents the apoptotic elimination of premalignant
cells (Greten et al. 2004). In addition to its
cell-autonomous function in premalignant
IEC, IKKB-driven NF-kB contributes to CAC

development by acting within myeloid cells,
most likely within lamina propria macrophages.
Activation of NF-kB in these cells was found to
stimulate the proliferation of premalignant
IEC, through the secretion of growth factors
(Greten et al. 2004). No effect of myeloid
IKKP on the survival of IEC was found.

We have searched for NF-kB-dependent
factors produced by lamina propria macro-
phages that stimulate CAC growth. As earlier
experiments suggested that IL-6 produced by T
cells at late stages of CAC progression enhances
adenoma growth (Becker et al. 2004), we first
examined the involvement of this cytokine in
early tumor promotion. We confirmed that
during CAC development, IL-6 is mainly pro-
duced by lamina propria macrophages and
dendritic cells as initially suspected (Grivenni-
kov et al. 2009). Most importantly, ablation of
IL-6 reduced both the multiplicity and size of
colonic adenomas in AOM plus DSS-treated
mice (Grivennikov et al. 2009). However,
unlike the ablation of IKKB in myeloid cells,
which had no effect on the survival of IEC and
their premalignant derivatives (Greten et al.
2004), the IL-6 deficiency compromised IEC
survival (Grivennikov et al. 2009). Both the pro-
liferative and the survival effects of IL-6 are
mediated through activation of the STAT3 tran-
scription factor and the ablation of STAT3 in
IEC dramatically compromised IEC survival
and greatly reduced CAC growth (Grivennikov
et al. 2009). These results suggest that some of
the protumorigenic effects of NF-kB activation
in myeloid cells could be caused by paracrine
signaling to STAT3 in epithelial cells (Fig. 1).
In addition, these results suggest that the pro-
proliferative and prosurvival effect of myeloid
cell NF-kB on premalignant IEC is predomi-
nantly mediated via other cytokines. Likely
candidates are I1L-22, IL-11, and EGF family
members (Bollrath et al. 2009; Pickert et al.
2009). IL-12 family members also play an im-
portant role in CAC development and growth,
as ablation of the gene encoding the p40
subunit, which is common to both IL-12 and
IL-23, greatly diminishes CAC induction and
growth (Gri-vennikov and Karin, unpubl.).
However, the effect of these cytokines on IEC
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Figure 1. NF-kB-dependent interactions between myeloid (M@, DC) and intestinal epithelial cells (IEC) drive

the development of colitis-associated cancer.

appears to be indirect, because IEC do not
express IL-12 /IL-23 receptors.

Activation of NF-kB in IEC results in in-
duction of antiapoptotic genes that increase
the survival of premalignant cells. In M@, how-
ever, the activation of NF-kB results in pro-
duction of cytokines, particularly IL-6, IL-11,
and IL-22, which drive the proliferation of
premalignant IEC. IL-6 and IL-11 exert their
proliferative effect via STAT3, which further
synergizes with NF-kB to increase the expression
of survival genes. NF-«kB also drives the pro-
duction of IL-12/IL-23 cytokines, which am-
plify the production of prosurvival cytokines.

An alternative mode of action for myeloid
cell NF-kB was suggested by Hagemann and
coworkers (Hagemann et al. 2008), who found
that inhibition of NF-«kB activity in tumor-
associated macrophages (TAM) through the
conditional deletion of IKKB re-educates
these immunosuppressive and protumorigenic
cells to acquire a cytotoxic, antitumorigenic
phenotype. Importantly, the adoptive transfer
of TAMs infected with a dominant—negative

IKKB adenovirus into mice bearing trans-
planted ovarian carcinomas resulted in inhibi-
tion of tumor growth, which was associated
with enhanced tumoricidal activity (Hagemann
et al. 2008). Thus, according to this work, an-
other tumor promoting function exerted by
IKKB and NF-kB in TAM is the maintenance
of a tumor suppressive phenotype characterized
by low levels of inducible NO synthase (iNOS)
and IL-12 expression, and high levels of IL-10,
TNF-a, and arginase-1. Exactly how NF-«kB
maintains this immunosuppressive phenotype
is not clear, but inhibition of NF-kB in TAMs
was seen to result in up-regulation of iNOS
and IL-12, leading to elevated production of
tumoricidal NO and enhanced activation of
NK-cell-mediated antitumor immunity, re-
spectively (Hagemann et al. 2008). It remains
to be seen whether this outcome of IKK(
inhibition in myeloid cells also contributes to
the results obtained in the CAC model that
were described previously, as well as those
found in the liver cancer model described
later, where IKK activation in liver myeloid
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cells also promotes tumor development. So far,
however, inhibition of IKKB-driven NF-kB in
lamina propria myeloid cells was not found to
result in increased IL-12 production (Greten
et al. 2004).

THE COMPLEX ROLE OF NF-«B IN
HEPATOCELLULAR CARCINOMA:
LOCATION, LOCATION, LOCATION

Another inflammation-linked cancer is hepato-
cellular carcinoma (HCC), the most common
form of liver cancer. HCC most commonly
develops in the context of chronic viral hepa-
titis caused by either HBV or HCV infection.
However, as neither virus infects mice, mouse
models of HCC are not based on viral hepatitis.
Nonetheless, one mouse model in which spon-
taneous HCC development is dependent on
chronic liver inflammation is the Mdr2™/~
knockout mouse, which develops hepatostea-
tosis caused by defective phospholipid and
bile acid export (Mauad et al. 1994). Hepatost-
eatosis in these mice leads to low grade hepatitis,
which eventually results in the development of
HCC. In this model, Pikarsky and colleagues
have examined the role of hepatocyte NF-kB
by expressing a nondegradable form of IkBa
from a doxycycline-regulated liver-specific
promoter (Pikarsky et al. 2004). Inhibition of
NF-kB activation in hepatocytes of Mdr2~/~
mice retarded and reduced HCC development.
Although the initial stimulus leading to NF-
kB activation in Mdr2~/~ mice has not been
fully identified, it appears to be associated
with a chronic inflammatory response that is
propagated via paracrine TNF-a production,
as treatment of these mice with a neutralizing
anti-TNF-a antibody inhibits NF-kB activation
in hepatocytes and decreases expression of
NF-kB-dependent antiapoptotic genes. The
major mechanism by which NF-kB was sug-
gested to exert its tumor promoting function
in Mdr2 ™/~ mice is the suppression of apopto-
sis (Pikarsky et al. 2004). However, the pub-
lished results are also consistent with a role
for hepatocyte NF-kB in the maintenance of
chronic inflammation in Mdr2~/~ mice that
is critical for tumor development.

An entirely different scenario applies to the
role of NF-kB in HCC development in mice
injected with the procarcinogen diethylnitro-
samine (DEN). DEN undergoes metabolic ac-
tivation in zone 3 hepatocytes and if injected
into 2-week-old mice, it acts as a “complete”
carcinogen that, unlike AOM, does not re-
quire assistance from concurrent inflammation.
Nonetheless, DEN-induced HCC requires NF-
KB activation in myeloid cells, in this case
Kupffer cells, the resident liver macrophages
(Maeda et al. 2005). As found in CAC, DEN-
induced HCC requires the NF-kB-dependent
production of IL-6 by Kupffer cells (Naugler
et al. 2007) and the activation of STAT3 by
IL-6 in hepatocytes (Yu and Karin, unpubl.)
(Fig. 2). However, in a striking difference from
CAC and HCC in Mdr2~/ ™ mice, development
of DEN-induced HCC is strongly enhanced by
inhibition of NF-kB activation in hepatocytes
through the targeted deletion of IKKB (Maeda
et al. 2005). An even more striking effect on
HCC development is seen upon the conditional
deletion of hepatocyte IKKy/NEMO (Luedde
et al. 2007). In this case, the “deleted” mice
exhibit spontaneous liver damage and sequen-
tially develop hepatosteatosis, hepatitis, liver
fibrosis, and HCC even without any injection
of a carcinogen. Enhanced chemical hepatocar-
cinogenesis was also observed in hepatocyte-
specific p38a knockout mice (Hui et al. 2007;
Sakurai et al. 2008). Mice lacking either IKKf3
(IkkBA"P) or p38a ( p38a*P) in their hepato-
cytes exhibit greatly enhanced accumulation of
reactive oxygen species (ROS) in zone-3 hepato-
cytes after DEN exposure (Maeda et al. 2005;
Sakurai et al. 2008). As a result of elevated
ROS accumulation, which can be prevented
by oral administration of antioxidant butyl-
ated hydroxyanisol (BHA), both IkkB*"* and
380 mice show increased hepatocyte
death. However, in the liver, an organ with unu-
sually high regenerative capacity, cell death
triggers compensatory proliferation. We pro-
posed that compensatory proliferation acts as
a tumor promoter in situations in which liver
tumorigenesis is driven by circles of injury and
regeneration, rather than low-grade chronic
inflammation, and is therefore the major cause
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Figure 2. NF-kB in Kupffer cells (KC) and STAT3 in hepatocytes drive the development of DEN-induced

hepatocellular carcinoma (HCC).

of enhanced hepatocarcinogenesis in IkkBAheP )

p38aAheP, and Ikky*"" mice (Sakurai et al.
2006). Indeed, in all of these mutant-mouse
strains, administration of BHA prevents liver
damage and inhibits compensatory prolifer-
ation and, where tested, it fully blocks the inc-
rease in hepatocellular carcinogenesis (Maeda
et al. 2005; Luedde et al. 2007; Sakurai et al.
2008). Reduced hepatocyte death, compen-
satory proliferation, and hepatocarcinogenesis
were also seen upon crossing of IkkB*"” mice
with JNKI1-deficient Jnkl /7 mice (Sakurai

et al. 2006). Contrary to IKKf, JNK1 promotes
the death of DEN-exposed hepatocytes and at
the same time stimulates compensatory pro-
liferation. Furthermore, ablation of hepatocyte
IKKP results in increased JNK activity (Maeda
et al. 2005) because of increased ROS accumu-
lation (Kamata et al. 2005). Collectively, these
results indicate that the major function of hep-
atocyte NF-kB in DEN-administered mice or
even in unchallenged mice is to maintain he-
patocyte survival and liver homeostasis, in part
by suppressing cytotoxic ROS accumulation.
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In the mouse, after 2 weeks of age, most hepato-
cytes withdraw from the cell cycle and arrest in
Gy. The same applies to human liver, although
in this case cell-cycle withdrawal occurs at a
later time point. Carcinogen exposure in a
tissue that does not undergo active proliferation,
such asthe uninjured liver, can not easily give rise
to cancer. Therefore, any injury or an alteration
that augments hepatocyte death and gives rise
to compensatory proliferation will enhance
HCC development. However, in the colon, IEC
undergo continuous renewal and the absence
of NF-kB in such cells does not further en-
hance cell proliferation, resulting in a net inc-
rease in cell death. Under these circumstances,
increased elimination of premalignant cells is
the dominant outcome of NF-kB inhibition,
resulting in reduced tumorigenesis. Thus, by
acting in different cells subject to different
tissue kinetics, NK-kB can either enhance or
suppress tumorigenesis.

Administration of DEN results in induction
of oncogenic mutations in some hepatocytes
and the necrotic death of others. Necrotic he-
patocytes release IL-1a that leads to activation
of NF-kB in Kupffer cells. This results in induc-
tion of IL-6, which is negatively regulated by
estrogen receptor (ER)a. The IL-6 produced
by Kupffer cells acts on neighboring hepatocytes
to activate STAT3 and induce the expression of
proliferation-promoting genes. If these cells
harbor oncogenic mutations, their proliferation
would eventually give rise to HCC.

Importantly, in all of the models discussed
so far, inhibition of NF-kB in myeloid cells
reduces tumor development. Furthermore, as
found in CAC, the major protumorigenic
effect of NF-kB in Kupffer cells is mediated
through the induction of IL-6, which is inhib-
ited by activation of estrogen receptor (ER)a
(Naugler et al. 2007). We found that DEN
administration, especially in IkkB*"” and
p380LAhep mice, gives rise to NF-«kB activation
in Kupffer cells in a manner that depends on
induction of hepatocyte necrosis (Sakurai et al.
2008). In this case, the primary mediator of
NF-kB activation in Kupffer cells is IL-la,
which is released in large amounts by necrotic
hepatocytes (Fig. 2). Importantly, mice that are

deficient in IL-1 receptor or its adaptor protein
MyD88 are quite refractory to DEN-induced
hepatocarcinogenesis, demonstrating the im-
portance of the IL-la-mediated cross talk be-
tween dying hepatocytes and Kupffer cells
(Sakurai et al. 2008).

Interestingly, the incidence of HCC is three
to five times higher in men than in women
(Bosch et al. 2004) and the same applies to
DEN-induced HCC in mice (Naugler et al.
2007). As mentioned previously, production of
IL-6 by Kupffer cells exposed to IL-1a or other
NF-kB activators is negatively regulated by
ERa. Thus, DEN-treated female mice produce
less IL-6 than similarly treated male mice and
contain less activated STAT3 in their hepatocytes
(Naugler et al. 2007). Ablation of the II6 gene
abolishes the gender difference in HCC in-
duction, whereas ovariectomy enhances IL-6
production and augments HCC induction
in female mice (Naugler et al. 2007). It is
likely that gender-specific differences in IL-6
expression also affect the incidence of human
HCC, as serum IL-6 is higher after menopause
(Jilka et al. 1992; Ershler and Keller 2000) and
postmenopausal women display higher HCC
incidence than premenopausal women (Bosch
et al. 2004). Recently, elevated serum IL-6 was
found to be associated with rapid progression
from chronic viral hepatitis to frank HCC in a
large cohort of HBV-positive patients in Hong
Kong (Wong et al. 2009).

AN IKK ACTIVATION CASCADE IN PROSTATE
CANCER: AN IKKB-IKKa RELAY

Although HCC and CAC are clearly inflam-
mation-linked cancers, there are many other
cancers that rarely arise in the context of under-
lying inflammation or infection and yet are
dependent on inflammatory processes, most
of which occur as a consequence of tumor pro-
gression. One such cancer is prostate cancer
(CaP), which is the most common malignancy
in older men. We have used the TRAMP
mouse in which CaP development and pro-
gression are driven by expression of SV40 T
antigen in prostate epithelial cells (Greenberg
et al. 1995; Gingrich et al. 1996) to study the
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role of IKK signaling in prostate tumorigenesis.
We first examined whether deletion of IKK in
prostate epithelial cells has any effect on CaP
development and found no effect whatsoever,
neither on tumor development and progression,
nor on the development of androgen-indepen-
dent (AI) cancer after castration (Ammirante
et al., in prep.). The latter results were surpris-
ing, as Al CaP usually exhibits activated NF-kB
(Gasparian et al. 2002). These findings led us
to examine whether IKKP in hematopoietic-
derived cells has a role in CaP development.
Although deletion of IKKf in the hematopoie-
tic compartment had no effect on development
and progression of primary CaP in TRAMP
mice, it slowed down the development of Al
CaP after castration and inhibited the appear-
ance of metastases (Ammirante et al., in prep.).
Similar results were obtained in a different
model based on subcutaneous implantation
of the androgen-dependent (AD) mouse CaP
cell line, Myc-CaP. In this case, the tumors
were allowed to grow to a size of 1000 mm’
before castration of the hosts, which subjects
the tumor to androgen deprivation, causing
near complete regression because of necrotic
and apoptotic death of CaP cells, which
depend on androgens (testosterone) for sur-
vival. However, through mechanisms that are
not entirely understood, almost as soon as
the original AD CaP disappear, an Al tumor
starts growing, as is often the case in prostate
cancer patients undergoing androgen ablation
therapy. Silencing of endogenous IKKB in
Myc-CaP cells had no effect on their primary
tumorigenic growth, regression upon castration,
and regrowth as Al CaP. However, deletion of
IKK@B in bone-marrow-derived cells (BMDC)
of the host substantially slowed down the
regrowth of Al CaP in castrated tumor-bearing
mice (Ammirante et al., in prep.). A similar
delay in the regrowth of AI CaP was seen
upon treatment of tumor-bearing hosts with
IKKPB inhibitors. As found in both the CAC
and HCC models described above, IKKP
ablation in BMDC-inhibited STAT3 activation
in CaP cells and a STAT3 inhibitor slowed
down the emergence of Al CaP (Ammirante
et al., in prep.).

NF-kB in Inflammation and Cancer

Curiously, the development of Al CaP is
associated with the accumulation of activated
IKKa in nuclei of CaP cells (Ammirante et al.,
in prep.). Accumulation of nuclear IKKa was
previously found to be linked with and nec-
essary for metastatic progression of CaP in
TRAMP mice (Luo et al. 2007). Furthermore,
accumulation of nuclear IKKa correlated
with progression and clinical grade in human
CaP (Luo et al. 2007). Importantly, IKKB in
BMCD is required for activation of nuclear
IKKa in CaP cells through the production of
IKKo-activating cytokines. The silencing of
IKKa in Myc-CaP cells delays the emergence
of Al CaP as effectively as the inhibition of
IKKpB does.

The mechanism by which nuclear IKKa
contributes to the growth of Al CaP remains
to be determined, but previous studies on meta-
static progression in TRAMP mice revealed that
nuclear IKKa enhances metastatic progression
by repressing transcription of the metastasis
inhibitor maspin (Luo et al. 2007). Although
the details of maspin repression by IKKa are
not fully known, it is clear that it does not
involve activation of either canonical or non-
canonical NF-«kB signaling (Luo et al. 2007).
Repression of maspin requires the kinase
activity of IKKa, suggesting that it is exerted
through the phosphorylation of another
protein, possibly a component of chromatin,
which is involved in the regulation of maspin
transcription. It remains to be seen whether
repression of maspin contributes to the emer-
gence of Al CaP, but maspin was shown to
have antiproliferative and proapoptotic activi-
ties (Lockett et al. 2006).

Concurrent with the death of AD CaP,
androgen withdrawal results in massive in-
flammatory infiltration of the tumor remnant.
Most immune and inflammatory cell types are
present within the regressing tumor transiently
and only B cells are the ones that remain within
the newly emerging Al CaP for at least 3 weeks
after castration (Ammirante et al., in prep.).
Curiously, we found that about 90% of hu-
man prostate tumors, but not normal, hyper-
plastic, or malignant tissue, contain B cells as
well. Most importantly, B cells, but not T cells,
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were found to be required for the rapid emer-
gence of Al tumors as well as for IKKa and
STAT3 activation in CaP cells of such tumors
(Ammirante et al., in prep.). Most likely, B
cells are required for production of cytokines
that lead to IKKa and STAT3 activation within
newly emerging Al CaP cells (Fig. 3). The acti-
vation of IKKa and STAT3 is likely to be
required for the survival and proliferation of
these cells.

In androgen-dependent (AD) CaP, IKKa,
and STAT3 are not activated and are located
in the cytosol. Androgen ablation results in
the death of most AD CaP cells. In response to
the release of inflammatory mediators by the
dying AD CaP cells, inflammatory and im-
mune cells, including B cells, are recruited into
the tumor remnant. In these tumor-infiltrating
B cells, IKKp is activated, resulting in the pro-
duction of NF-kB-dependent cytokines that
lead to activation of STAT3 and nuclear translo-
cation of activated IKKa in remaining CaP cells.
STAT3 and IKKa promote the survival of cells
that have become independent of androgens,

%

IKKao
O X & X
STAT3

leading to the development of Al CaP. Because
of the presence of nuclear IKKa, Al CaP is
often metastatic.

In summary, the findings described pre-
viously indicate that even a cancer whose devel-
opment is not associated with an underlying
inflammatory condition depends on an NF-
kB-regulated inflammatory response. In the
case of prostate cancer, tumor-associated in-
flammation is part of normal progression, but
can also be elicited and accelerated as a result
of therapy (in this case, androgen ablation)-
induced death of the primary tumor. It is
possible that in both cases, the localized tumor-
associated inflammatory response is triggered
by the necrotic death of malignant cells, either
as the result of hypoxia during normal pro-
gression or as the consequence of therapeutic
intervention. In the prostate cancer models
described previously, the inflammatory re-
sponse elicited by androgen deprivation is a
major contributor to the emergence of AI CaP.
The dependence of this response on IKK(3, B
cells, STAT3, and IKKa (Fig. 3) suggests that

B cell

&@X®)
(&E@X®)

Al CaP

Figure 3. IKKB—IKKa cross talk drives the development of androgen-independent (AI) prostate carcinoma

(CaP).
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therapeutic interventions targeting any of these
four elements may be used to improve the out-
come of androgen ablation therapy and delay
the appearance of Al CaP.

CONCLUSIONS AND TRANSLATIONAL
IMPLICATIONS

In the three types of epithelial cancers described
previously, inactivation of IKKf in premalig-
nant tumor progenitors or in the neoplastic
cell itself can either inhibit tumor development
(CAC), enhance tumor development (HCC), or
have no discernable effect (CaP). However, in all
three cancers, the inactivation or inhibition of
IKKp in cells of the hematopoietic compart-
ment (lamina propria macrophages, Kupffer
cells, or B cells) inhibits tumor growth and pro-
gression. We assume that the tumor-promoting
effect of IKKB in such cells is mediated via
NF-kB and at least in two cases (CAC and
HCC), we know that it depends, at least in
part, on the production of the NF-«kB regulated
cytokine IL-6. In all three cases, NF-kB signal-
ing in cells of the hematopoietic compartment
results in activation of STAT3, a transcription
factor that controls the expression of pro-
liferative and survival genes in premalignant
cells and their fully neoplastic derivatives.
In one case (CaP), IKKR signaling in tumor-
infiltrating lymphocytes results in the accu-
mulation of activated IKKa in cancer cell
nuclei. Thus, it can be generalized that IKKB-
dependent signaling to NF-kB in tumor-
associated inflammatory and immune -cells
results in the production of cytokines that
activate signaling pathways that stimulate the
proliferation and enhance the survival of malig-
nant carcinoma cells.

These findings suggest that regardless of
the direct effect of NF-kB on the survival of
neoplastic cells, IKKB inhibition can be used
to slow down tumor growth and enhance
susceptibility to cytocidal therapeutics (e.g.,
genotoxic chemicals, microtubule disruptors,
ionizing radiation, and apoptosis-inducing
cytokines). In this regard, it is important to
realize that the mere disruption of NF-kB or
STAT3 signaling does not lead to cell death.

NF-kB in Inflammation and Cancer

Hence, the requirement for classical cytocidal
therapy for which IKK@ inhibitors can serve
as adjuvants.

It should also be recognized that unless the
cytocidal agent being used in conjunction
with an IKK@ or another NF-«B inhibitor has
a wide safety margin, the systemic inhibition
of NF-kB function may result in enhanced
toxicity to normal cells and tissues. Two ways
to circumvent this problem are: (a) direct the
IKKB or NF-«B inhibitor to the relevant in-
flammatory or immune cell type; and (b)
direct the cytocidal therapy to the neoplastic
cell. Another potential complication of IKKp
or NF-kB inhibition is long-lasting immune
suppression and unpredictable effects on the
inflammatory response. For instance, we have
found that instead of reducing sepsis-induced
inflammation, systemic administration of a
specific IKKB inhibitor or the ablation of
IKKB in myeloid cells resulted in greatly en-
hanced inflammation and mortality driven by
elevated IL-1f production in mice infected
with bacteria or challenged with endotoxin
(Greten et al. 2007). Thus, a great deal of
caution needs to be exerted during clinical
development of IKK@ inhibitors as adjuvants
to chemotherapy or radiation. Limiting the
duration of treatment with an IKK inhibitor
to a short period preceding or concurrent with
cytocidal therapy may provide a solution to
this potential complication.

Given the complexities and unpredictable
nature of anti-IKK@ therapy, it is worthwhile
considering a more specific approach that
targets the IKKB-dependent cytokine respon-
sible for tumor growth and survival. For
instance, in the case of HCC and CAC, it may
make sense to target IL-6 by the use of anti-
IL-6 receptor antibodies. Although the cyto-
kines that are critical for the growth of AI CaP
and its metastatic spread remain to be ident-
ified, our initial analysis suggests that they may
be RANK ligand (RANKL) or lymphotoxin
(IT) (Luo et al. 2007). As both anti-RANKL and
anti-LT therapeutics have already been devel-
oped for other indications, it is worthwhile to
assess their effect on the emergence of AI CaP
and its progression into metastatic disease, first
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in animal models and if positive, in prostate
cancer patients receiving androgen ablation
therapy.

In summary, much has been learned about
therole of inflammation and inflammatory pro-
cesses in the pathogenesis of cancer by studying
the oncogenic functions of NF-kB. It is our
hope that the next stage in this long endeavor
would see this basic knowledge arriving at the
bedside to result in new and improved cancer
therapies and preventive agents.
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