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Intestinal carcinogenesis: IKK can go all the way
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Chronic inflammation has long been suspected to support tumorigenesis
in a variety of cancers. The IkB kinase (IKK)/NF-xB pathway is the critical
signal transduction pathway regulating inflammation, and loss-of-function
studies have demonstrated its involvement in tumorigenesis. In this issue
of the JCI, Vlantis et al. present evidence that persistent genetic activation
of IKK/NF-kB signaling in intestinal epithelial cells not only accelerates
tumorigenesis in models of both carcinogen- and mutation-induced colorec-
tal cancer, but also is sufficient to induce intestinal tumors.

Inflammation and colorectal cancer
Colorectal cancer is one of the most com-
mon malignancies and causes of death
worldwide. Each year, more than 1.2 mil-
lion new cases are registered, and it is esti-
mated that approximately 600,000 people
die from the disease (1). The etiological
factors for colorectal cancer include genet-
ic mutations, chronic inflammation, diet,
and lifestyle (2). Among the dietary and
lifestyle risk factors that have been defined
are a diet rich in unsaturated fats and red
meat, consumption of alcohol, and reduced
physical activity (2), all of which are associ-
ated with the higher incidence of colorec-
tal cancer in developed countries. Critical
mutations underlying the pathogenesis of
colorectal cancer have been identified by
molecular genetic studies. The main tar-
gets of genetic change are the oncogene
KRAS and several tumor suppressor genes,
most prominently adenomatous polyposis
coli (APC) and PS3 (2, 3).

Many observations now indicate that
chronic inflammation is important in the
pathogenesis of colorectal cancer (2, 4).
For example, inflammatory cells are often
found infiltrated in human tumors and
preneoplastic lesions (5). These cells pro-
duce cytokines and chemokines involved in
propagation of the inflammatory response
and support the growth and survival of pre-
malignant cells (4). In addition, one of the
best established rodent models of intestinal
carcinogenesis, the azoxymethane/dextran
sulfate sodium model (AOM/DSS model),
involves the use of a chronic inflamma-
tory stimulant (DSS), which is critically
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required for the onset of tumorigenesis.
Furthermore, several mouse lines have
been generated in which the inflammatory
response has been blunted or enhanced
through genetic modification. These mice
are models for intestinal cancer and provide
clear evidence of the link between chronic
inflammation and intestinal cancer.

The IxB kinase (IKK)/NF-kB signaling
pathway represents the dominant regula-
tor of the inflammatory response. Multi-
ple proinflammatory mediators, including
TNF-q, trigger activation of the IKK com-
plex, which is made up of the two kinases
IKK1 and IKK2 and the regulatory protein
NEMO. This results in the phosphoryla-
tion and subsequent degradation of IkB
proteins, which are the direct negative
regulators of NF-kB transcription factors
(Figure 1). In this issue of the JCI, Vlantis et
al. directly prove that activation of NF-kB
signaling by overexpression of the activat-
ing kinase IKK2 in intestinal epithelial cells
(IECs) results in both inflammation and
tumorigenesis (6). These data demonstrate
that NF-kB plays a critical role not only as a
tumor promoter but also as an initiator of
the complex process of tumorigenesis.

NF-kB in IECs, a central regulator

in tumorigenesis

To understand the epithelial-intrinsic
role of NF-xB in intestinal tumorigenesis
in vivo, Vlantis and colleagues (6) gener-
ated mice expressing a constitutively active
Ikk2 allele (7) in IECs, utilizing mice that
express Cre under the control of the villin
promoter (8). Villin is an actin-binding pro-
tein expressed in the brush border of the
gut epithelium. The consequence of con-
stitutive expression of the active allele of
Ikk2 in IECs was that NF-kB became acti-
vated in these cells (6). These mice exhibited
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mild intestinal inflammation and immune
cell infiltration, mainly by macrophages
and granulocytes. IKK2-expressing IECs
showed upregulation of proinflammatory
cytokines, including TNF-a and IL-1f, and
chemokines, which mediate the infiltra-
tion of immune cells in a paracrine man-
ner. Of particular interest in the context of
colorectal cancer, the mice developed more
severe colitis when treated with DSS alone,
accelerated tumorigenesis in the AOM/DSS
model of colorectal cancer, and even epithe-
lial hyperplasia and early dysplastic lesions
in the intestine after repeated injection of
only AOM. Furthermore, when these mice
were crossed with mice bearing a truncated
Apc allele, a strong enhancement of tumor
formation was observed. Most strikingly,
activation of the IKK/NF-kB pathway
in IECs was sufficient to induce intesti-
nal tumors in aged mice after a latency
period of ongoing chronic inflammation.
With respect to the mechanism by which
IKK/NF-kB signaling accelerated/induced
intestinal tumors, both cell-intrinsic and
paracrine factors were identified. Enhanced
expression of cytokines and chemokines
providing a tumor-promoting proinflam-
matory microenvironment was detected, as
was induction of the Wnt/fB-catenin path-
way. This might explain the switch from
inflammation to transformation observed
by Vlantis and colleagues, because activa-
tion of the Wnt/B-catenin pathway is widely
accepted as the critical mechanism in intes-
tinal carcinogenesis (3). Taken together, the
findings of Vlantis and colleagues firmly
establish IKK/NF-kB signaling in IECs as a
master regulator for both intestinal inflam-
mation and tumorigenesis.

NF-kB and inflammation in intestinal
tumorigenesis revisited

NF-kB regulates DSS-induced tumorigen-
esis. A variety of genetic models have been
analyzed that support this conclusion.
These models have mainly studied the con-
sequences of blocked proinflammatory sig-
naling. Deletion of IKK2 in IECs decreases
the incidence of AOM/DSS-induced coli-
tis-associated cancer, but does not prevent
DSS-induced inflammation (9). The reduced
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tumor incidence in these mice is consistent
with the tumor-promoting function of
IKK2 in IECs shown by Vlantis et al. (6). In
line with these results, mice in which TNF-ou
signaling, which is mediated via the IKK2/
NF-kB pathway, is blocked show reduced
mucosal damage, immune cell infiltration,
and colitis-associated tumorigenesis follow-
ing administration of AOM/DSS (10).
Cross talk between intestinal inflamma-
tion and NF-kB has been proposed previ-
ously following a series of genetic experi-
ments (11). Mice in which either NEMO, the
regulatory molecule critical for activation of
NF-kB signaling, or both IKK1 and IKK2 are
specifically deleted in IECs develop sponta-
neous severe chronic intestinal inflamma-
tion but no tumors. This is because NF-kB
deficiency in IECs leads to enterocyte apop-
tosis via TNF-a, which results in disruption
of gut barrier function and concurrently
drives chronic inflammation by cytokines
and chemokines produced by infiltrated
immune cells fighting the resulting invad-
ing bacteria (11). Taken together with the
current data of Vlantis et al. (6), these results
indicate that both activation and inactiva-
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tion of the NF-kB pathway in IECs can lead
to intestinal inflammation, but the underly-
ing mechanisms are quite distinct.

The role of NF-kB in intestinal inflam-
mation and cancer has also been addressed
in mouse models modulating negative reg-
ulators of the NF-kB pathway. Mice with
IEC-specific deletion of A20, an NF-xB
target gene that is essential for the termi-
nation of NF-kB activation, are sensitized
for DSS-induced colitis (12). In addition,
mice lacking the cylindromatosis (Cyld)
gene, which encodes a negative regulator
of the NF-kB activation pathway, exhibit
increased chronic intestinal inflammation
and susceptibility to colitis-associated can-
cer (13). These observations further sup-
port the conclusion that dysregulation of
NF-kB in IECs supports inflammation and
colitis-associated cancer.

NF-kB regulates subordinate
activation of Wnt/B-catenin

Mutations of the APC tumor suppressor
gene lead to familial adenomatous polypo-
sis (FAP), an autosomal dominant heredi-
tary disease that is one of the principle pre-
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Figure 1

IKK/NF-kB signaling as a key mediator of
intestinal inflammation and tumorigenesis.
Proinflammatory cytokines, such as TNF-a,
trigger phosphorylation and activation of the
IKK complex, which is composed of two cata-
lytic kinase subunits (IKK1 and IKK2) and the
regulatory subunit NEMO. As a consequence,
the inhibitory protein IxB is phosphorylated,
ubiquitinated, and then degraded by the pro-
teasome. The NF-kB dimer (e.g., p50 and
p65) translocates into the nucleus and regu-
lates target gene expression. Vlantis et al.
overexpressed constitutively active IKK2 in
IECs (6). This led to inflammation (immune
cell infiltration) and tumorigenesis via intrin-
sic and paracrine mechanisms. As depicted
here, they found that overexpression of con-
stitutively active IKK2 led to activation of the
Whnt/B-catenin pathway. However, it is not yet
clear how this is regulated (directly via IKK or
indirectly via NF-xB or NF-«B target genes).

dispositions to colorectal cancer (14, 15).
The so-called Apc1638N mouse carries a
targeted mutant allele at the endogenous
Apc gene and spontaneously develops ade-
nomas and adenocarcinomas of the small
intestine at approximately 6 months of
age (16). APC is known to downregulate
[-catenin activity, and inactivation of APC
leads to stabilization of f-catenin (17).
There are several known downstream tar-
gets of APC/f-catenin, including MYC and
cyclin D1, which are considered highly rele-
vant in tumor formation (2). In their study,
Vlantis et al. showed that activation of the
NF-kB pathway in IECs through overex-
pression of constitutively active IKK2 accel-
erates tumorigenesis in Apcl1638N mice
(6). They also showed increased p-catenin
activity in IKK2-expressing IECs. However,
they did not observe induction of Myc and
cyclin D1 in Apc1638N mice after activation
of the NF-kB pathway in IECs. This could
be due to upregulation of SOX9, a Wnt/
B-catenin target (18), which can repress
Myc and cyclin D1 expression. Overlapping
as well as distinct mechanisms of tumori-
genesis supported by Wnt/p-catenin sig-



naling and NF-xB signaling might exist.
In any case, the new work by Vlantis et al.
(6) demonstrates that constitutive IKK2
activity results in activation of the Wnt/
[-catenin pathway. However, it remains an
open question whether IKK2 directly acti-
vates Wnt/fB-catenin or indirectly activates
Wnt/p-catenin via NF-kB or NF-kB target
genes, even in a paracrine fashion.

Relevance to human

colorectal cancer?

What is the relevance of the findings of
Vlantis et al. (6) for colorectal cancer in
humans? Activating mutations in intrinsic
components of the IKK/NF-kB pathway are
not commonly found in human colorectal
cancer, but patients suffering from chronic
intestinal inflammation (inflammatory
bowel disease) do have an increased risk of
developing intestinal tumors. The genetic
model used by Vlantis et al. relied on the
specific overexpression of a constitutively
active allele of Ikk2; the other components
of the IKK complex (IKK1 and NEMO) were
not correspondingly induced. It is there-
fore possible that this selective expression
unleashed a function of IKK2, potentially
beyond its prime target IKB, that is better
controlled when IKK2 is in its physiological
complex. Nevertheless, the data impressively
demonstrate that IKK2 in the absence of any
additional carcinogen, via intrinsic (poten-

tially Wnt/B-catenin) as well as paracrine
(tumor-supporting inflammatory cytokine
milieu) mechanisms, induces inflammation,
stem cell proliferation, and finally neoplas-
tic transformation of IECs (6). Its targeting
might well represent an attractive therapeu-
tic option in colorectal cancer.
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