
Chronic epithelial NF-κB activation accelerates APC
loss and intestinal tumor initiation through
iNOS up-regulation
Helena Shakeda, Lorne J. Hofsethb, Alena Chumanevichb, Alexander A. Chumanevichb, Jin Wangc, Yinsheng Wangc,
Koji Taniguchia,d, Monica Gumaa, Steve Shenoudae, Hans Cleversf, Curtis C. Harrisg, and Michael Karina,1

aDepartment of Pharmacology and eLaboratory of Mucosal Immunity and the William K. Warren Medical Research Center for Celiac Disease, School of
Medicine, University of California at San Diego, La Jolla, CA 92093; bDepartment of Pharmaceutical and Biomedical Sciences, South Carolina College of
Pharmacy, University of South Carolina, Columbia, SC 29208; cDepartment of Chemistry, University of California, Riverside, CA 92521; dDepartment of
Microbiology and Immunology, Keio University School of Medicine, Tokyo 160-8582, Japan; fHubrecht Institute for Developmental Biology and Stem Cell
Research, 3584 CT, Utrecht, The Netherlands; and gLaboratory of Human Carcinogenesis, National Cancer Institute, National Institutes of Health, Bethesda,
MD 20892

Contributed by Michael Karin, July 12, 2012 (sent for review June 14, 2012)

The role of NF-κB activation in tumor initiation has not been thor-
oughly investigated. We generated Ikkβ(EE)IEC transgenic mice
expressing constitutively active IκB kinase β (IKKβ) in intestinal
epithelial cells (IECs). Despite absence of destructive colonic in-
flammation, Ikkβ(EE)IEC mice developed intestinal tumors after a
long latency. However, when crossed to mice with IEC-specific
allelic deletion of the adenomatous polyposis coli (Apc) tumor sup-
pressor locus, Ikkβ(EE)IEC mice exhibited more β-catenin+ early
lesions and visible small intestinal and colonic tumors relative to
Apc+/ΔIEC mice, and their survival was severely compromised. IEC
of Ikkβ(EE)IEC mice expressed high amounts of inducible nitric oxide
synthase (iNOS) and elevated DNA damage markers and contained
more oxidative DNA lesions. Treatment of Ikkβ(EE)IEC/Apc+/ΔIEC mice
with an iNOS inhibitor decreased DNA damagemarkers and reduced
early β-catenin+ lesions and tumor load. The results suggest that
persistent NF-κB activation in IEC may accelerate loss of heterozy-
gocity by enhancing nitrosative DNA damage.

Colorectal cancer (CRC) is one of the most common cancers
worldwide affecting 5% of Americans, nearly one-third of

whom will die from the disease (1). Patients with inflammatory
bowel disease (IBD), such as ulcerative colitis, are more likely to
develop CRC (2), underscoring the well-established link between
chronic inflammation and cancer (3). Genetic and functional
analyses of mouse models of inflammation-dependent cancer,
including colitis-associated CRC (CAC), have shown that in-
flammation mainly acts as a tumor promoter (4, 5). Nonetheless,
in certain colitis models in mice, inflammation alone suffices for
tumor development (6–8) and recent studies have suggested that
inflammation-induced DNA damage can link between chronic
colitis and tumor initiation (9, 10). These findings are consistent
with observations of oxidative DNA damage and increased p53
mutation load in the mucosa of ulcerative colitis patients (11, 12).
CRC can be caused by germ-line mutations in the adenoma-

tous polyposis coli (APC) tumor suppressor gene, a hallmark of
the familial adenomatous polyposis (FAP) syndrome, which
accounts for 0.2% of all CRC cases (13). APC loss of function is
a tumor-initiating event in sporadic cancer as well (14), and in
both cases mutations frequently involve allelic loss of APC (15).
Loss of APC function results in activation of β-catenin signaling,
the first step in the oncogenic pathway that leads to CRC de-
velopment (16). Nonsteroidal antiinflammatory drugs (NSAIDs)
can reduce the risk of sporadic CRC and FAP-induced CRC
(17–19), suggesting that inflammatory processes may contribute
to intestinal tumorigenesis also in the absence of preexisting
clinical inflammation. In mouse models of CRC induced by APC
loss of function, inhibition of two major enzymes responsible for
the generation of secondary inflammatory mediators, cyclo-
oxygenase 2 (Cox2) and inducible nitric oxide synthase (iNOS),
or genetic ablation of their respective genes, suppress tumor
formation (20, 21). Also, experimental colitis was shown to

increase tumorigenesis in Apc+/Min mice through an iNOS-de-
pendent mechanism (22).
The major role of iNOS, when expressed in phagocytic cells

upon activation of NF-κB and other transcription factors, is to fight
pathogens during infection by catalyzing the production of toxic
reactive nitrogen species (RNS) (23). However, iNOS has also
been implicated in the pathogenesis of IBD, where it is expressed
in intestinal epithelial cells (IECs) and contributes to tissue dam-
age (24, 25). iNOS is also expressed at physiological levels by IECs
in the distal portion of the small intestine (SI) (26). In Apc+/Min

mice, inhibition of nitric oxide radical (NO•) production or Nos2
gene ablation were shown to significantly reduce the number of
intestinal polyps, but the mechanism by which iNOS contributes to
polyp formation remains unraveled (21). For instance, it is not
clear whether iNOS expression promotes inflammation or whether
it leads to direct DNA damage in IECs, in vivo.
NF-κB is a transcription factor regulating immune and in-

flammatory responses that also has an important role in tumor-
igenesis, especially in inflammation-driven cancers (27). NF-κB
is expressed in many types of cancer and was shown to link in-
flammation to cancer development (3, 28). Previously, we found
that NF-κB activation in both IECs and lamina propria macro-
phages plays a critical role in the development of CAC (4). In
IECs, the protumorigenic function of NF-κB appears to be me-
diated through its antiapoptotic effect that prevents the elimi-
nation of premalignant cells, in which β-catenin signaling has
been activated due to mutations in the Catnb gene. Thus, in this
model NF-κB acts as a tumor promoter (4). More recently, IEC-
specific transgenic activation of IKKβ, a protein kinase that plays
a critical role in NF-κB activation (29), was shown to lead to
development of intestinal adenomas in older mice (30), but the
mechanisms through which IKKβ activation promoted the de-
velopment of such tumors were not fully described.
To further study the effect of chronic NF-κB activation in

IECs on tumor development, we used Ikkβ(EE)IEC mice that
express constitutively active IKKβ [IKKβ(EE)] from the IEC-
specific Villin promoter (31). Although IKKβ activation led to
development of spontaneous intestinal tumors, this process was
slow and inefficient. We therefore crossed Ikkβ(EE)IEC mice with
Apc+/F/Villin-Cre mice and found that IKKβ(EE) expression
strongly enhanced tumor development caused by allelic loss of
Apc. This effect was exerted very early in the tumorigenic
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pathway and is likely to be mediated through an apoptosis-in-
dependent mechanism that involves iNOS. Up-regulated iNOS
expression in Ikkβ(EE)IEC mice causes constitutive nitrosative
stress and DNA damage, thereby accelerating tumor initiation
due to Apc loss of heterozygocity (LOH).

Results
Expression of IKKβ(EE) in IECs Induces Tumorigenesis After a Long
Latency. To explore effects of chronic NF-κB activation in
IECs, we generated Ikkβ(EE)IEC transgenic mice (31). These
mice express constitutively active IKKβ(EE) from the Villin
promoter and display NF-κB activation in IECs of their SI and
colon and up-regulation of numerous NF-κB target genes (31).
Although the SI of Ikkβ(EE)IEC mice is hyperplastic (31), the
mice rarely exhibit spontaneous gastrointestinal tumors before
1 y of age. However, spontaneous tumors in the duodenum were
detected in 10 out of 10 one-year-old mice (Fig. S1A). Histo-
logical analysis indicated that these tumors were adenomas (Fig.
S1B). Curiously, none of these tumors exhibited nuclear β-cat-
enin staining (Fig. S1B). Immunoblot and IHC analysis revealed
elevated expression of p53 (Fig. S1 C and E), but RT-PCR
analysis showed no up-regulation of p53 target genes (Fig. S1D).
In fact, most p53 targets, as well as the β-catenin target Lgr5,
were down-regulated, whereas expression of c-Myc and Sox9,
two transcription factors involved in tumorigenesis and adult stem
cell maintenance (32–35), was up-regulated (Fig. S1D and E). We
therefore speculated that p53 might have been inactivated in aged
Ikkβ(EE)IEC mice. Moreover, we analyzed 10- to 12-mo-old mice
with IEC-specific deletion of p53 [p53F/F/Villin-Cre and p53F/F/
Villin-Cre/Ikkβ(EE)IEC] and found duodenal tumors in roughly
50% of them, regardless of the presence of the Ikkβ(EE)
transgene (data not shown). This finding supports the notion that
p53 loss of function may contribute to tumorigenesis in aged
Ikkβ(EE)IEC mice.

Expression of IKKβ(EE) in IECs Accelerates Tumorigenesis in Apc+/ΔIEC

Mice. The absence of nuclear β-catenin in spontaneous adenomas
was perplexing because previous studies have shown that in-
flammation-driven NF-κB activation in IECs potentiates tumor-
igenesis initiated by the chemical procarcinogen azoxymethane
(AOM), which induces activating mutations in the Catnb gene
resulting in nuclear β-catenin accumulation (4). Furthermore, the
long latency associated with formation of spontaneous tumors
made it difficult to understand whether and how NF-κB affects
tumor initiation. We therefore decided to test whether NF-κB
activation in IECs can accelerate tumorigenesis caused by Apc
loss. To this end, we crossed Ikkβ(EE)IEC mice with Apc+/F/Villin-
Cre mice, in which one Apc allele is deleted in IECs that express
Villin-driven Cre recombinase (36). Apc+/F/Villin-Cre mice,
herein referred to as Apc+/ΔIEC mice, develop SI and colonic
adenomas before 7 mo of age, upon loss of the wild type (WT)
Apc allele (36). We found that in Ikkβ(EE)IEC/Apc+/ΔIEC hybrids,
tumor development was highly accelerated relative to Apc+/ΔIEC

mice. Most of the hybrid mice started losing weight at 10 wk of
age and died shortly after 3 mo of age, whereas most of their
ApcΔIEC/+ counterparts survived more than 5 mo (Fig. 1A).
Three-month-old Ikkβ(EE)IEC/Apc+/ΔIEC mice displayed multi-
ple tumors in the proximal SI and the colon (Fig. 1B and Fig.
S2A), and colonic tumors were slightly larger in these mice than
in Apc+/ΔIEC mice (Fig. S2B). Correspondingly, average tumor
load, a sum of all tumor diameters in a given mouse (37), was
significantly higher in the SI and colon of Ikkβ(EE)IEC/Apc+/ΔIEC

mice than in Apc+/ΔIEC mice (Fig. 1B). All of the observed
tumors were adenomas that displayed β-catenin activation and no
obvious strain-specific differences in tumor histology were noted
(Fig. 1C). Genomic DNA analysis showed loss of the WT Apc
allele in colonic tumors of both strains (Fig. S2C).
Because the Ikkβ(EE) transgene appeared to mostly increase

tumor number and not size, we speculated that it might accel-
erate either tumor initiation or early establishment. Thus, we
analyzed histological sections from the proximal SI and colons of

4- to 6-wk-old Ikkβ(EE)IEC/Apc+/ΔIEC and Apc+/ΔIEC mice by
β-catenin staining. We observed a large increase in the number
of nuclear β-catenin+ foci in Ikkβ(EE)IEC/Apc+/ΔIEC mice rela-
tive to Apc+/ΔIEC mice (Fig. 1D). Collectively, these data suggest
that constitutive epithelial IKKβ activity in Apc+/ΔIEC mice may
increase tumor initiation by accelerating Apc allelic loss or by
enhancing the survival or proliferation of cells that have un-
dergone Apc loss.
To test whether constitutive epithelial NF-κB activity increases

survival or proliferation of cells in premalignant lesions, we
performed β-catenin, Ki67, and TUNEL staining on parallel
paraffin sections of intestinal tissue from 6-wk-old Ikkβ(EE)IEC/
Apc+/ΔIEC and Apc+/ΔIEC mice. We could not detect any major
differences in cell proliferation or apoptosis within tissue areas
with activated β-catenin between the strains (Fig. S2 D and E).

Ikkβ(EE)IEC Mice Show No Increase in β-Catenin Activation or Stem
Cell Populations. As NF-κB activation in IECs was suggested to
accelerate intestinal tumorigenesis through synergistic cooper-
ation with the β-catenin pathway (30), we examined nuclear
β-catenin localization by immunohistochemistry (IHC) and cell

A

C

D

B

Fig. 1. Increased tumorigenesis in Ikkβ(EE)IEC/Apc+/ΔIEC mice. (A) Survival
rates of the indicated strains of mice. (B) Tumor numbers and tumor load (the
sum of tumor diameters) in the proximal SI (proximal 6 cm, herein referred as
duodenum) and colon of Ikkβ(EE)IEC/Apc+/ΔIEC and Apc+/ΔIEC mice. (C) IHC for
β-catenin performed on paraffin sections of tumors from 3-mo-old mice of
the indicated genotypes. (D) IHC for β-catenin performed on “Swiss-roll”
preparations of 1-mo-old mice of the indicated genotypes. Bar graphs show
the numbers of β-catenin+ foci in 4- to 6-wk-old mice.
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fractionation of intestinal crypt cells. Neither approach revealed
increased amounts of nuclear β-catenin in Ikkβ(EE)IEC mice
(Fig. S3 A and B). Moreover, expression of key β-catenin target
genes and stem cell markers was not elevated either (Fig. S3C).
In situ hybridization for the stem cell marker OLFM4 (38)
showed similar stem cell populations in WT and Ikkβ(EE)IEC

mice, but the proliferative compartment, as shown by staining
with the Ki67 marker, was modestly increased in Ikkβ(EE)IEC

mice (Fig. S3D).

Ikkβ(EE)IEC Mice Express High Amounts of iNOS and Markers of
Nitrosative Stress. Exploring mechanisms through which chronic
IKKβ activation can influence intestinal tumor initiation, we
reexamined the results of our previous transcriptomic analysis (31)
and confirmed that expression of Nos2 mRNA was highly up-
regulated in IECs of Ikkβ(EE)IEC mice: 80-fold in proximal SI villi
and 7.8-fold in colonic crypts, following the Villin gene expression
gradient (Fig. 2A). IHC of paraffin sections with an iNOS antibody
revealed a substantial up-regulation of iNOS in Ikkβ(EE)IEC mice,
which was mostly visible on the apical side of the intestinal epi-
thelium (Fig. 2B). Elevated iNOS expression in villi and crypts of
Ikkβ(EE)IEC mice was confirmed by immunoblot analysis (Fig.
2C). We also detected the NO• metabolite, nitrite, in plasma of
Ikkβ(EE)IEC mice and its concentrations were reduced upon ad-
ministration of the partially selective iNOS inhibitor amino-
guanidine (AG) (39) in the drinking water (Fig. S4A). Accordingly,
nitrotyrosine, a marker for NO•-induced peroxynitrite formation,
was elevated in the IECs of Ikkβ(EE)IEC mice, as confirmed by
blind scoring (Fig. S4B). To test whether iNOS expression was
a direct result of NF-κB binding to the Nos2 promoter, we per-
formed chromatin immunoprecipitation (ChIP) analysis and
detected p65/RelA binding to a known κB site at position -85; the
p65 signal in the IECs of Ikkβ(EE)IEC mice was twice as strong as
the p65 signal in WT IECs (Fig. 2D). Collectively, these data
suggest that activated NF-κB in the intestinal epithelium of Ikkβ
(EE)IEC mice directly up-regulates Nos2 gene transcription, lead-
ing to elevated expression of iNOS protein and increased
NO• production.

Ikkβ(EE)IEC Intestinal Epithelium Is Subjected to Constitutive DNA
Damage. We hypothesized that chronic NO• production might
lead to elevation of RNS in IECs, causing DNA damage and
genotoxic stress. Indeed, we detected increased expression of

phosphorylated histone 2AX, γ-H2AX, a marker for DNA double-
strand breaks, in proximal SI and colonic crypts of Ikkβ(EE)IEC

mice by immunofluorescence staining of frozen intestinal sections
and by immunoblot analysis (Fig. 3 A and B). Additionally, we
analyzed DNA from the SI epithelium of WT and Ikkβ(EE)IEC

mice and using liquid-chromatography/tandem mass spectrometry
found elevated amounts of 8,5′-cyclo-2′-deoxyadenosine (cdA)
and 8,5′-cyclo-2′-deoxyguanosine (cdG) (40), which are oxida-
tively induced DNA lesions (41, 42), in Ikkβ(EE)IEC mice (Fig.
3C). It is important to note that cdA and cdG are two of many
endogenous reactive oxygen species (ROS)-induced DNA lesions.
Furthermore, cdA and cdG are stable lesions and their formation
is inhibited under aerobic conditions (42), rendering them unlikely
to decompose or be artificially generated during DNA isolation
and sample preparation. Thus, these lesions are valid and reliable
markers for oxidative stress. Although cdA and cdG are consid-
ered substrates for nucleotide excision repair (43, 44), many oxi-
datively induced single-nucleobase lesions are substrates for base
excision repair (BER). Along this line, we also found increased
expression of apurinic/apyrimidinic endonuclease 1 (APE1), an
enzyme involved in the BER pathway (Fig. S4 C and D) (45). The
BER pathway repairs damaged bases, which may be caused by
nitrosative and oxidative stress (46). These results indicate that
Ikkβ(EE)IEC intestinal epithelium is subjected to constitutive
DNA damage and ongoing DNA repair.

Inhibition of iNOS Diminishes the IKKβ-Mediated Increase in Tumor
Initiation. In view of the findings described above, we hypothe-
sized that Ikkβ(EE)IEC mice bearing a single Apc allele may be
more prone to tumorigenesis because RNS-induced DNA
damage in their IECs may lead to up-regulation of DNA re-
combination, as part of the global DNA damage response (47),
and thereby enhance LOH. To examine this possibility, we
treated mice with the iNOS inhibitor AG and analyzed them for
tumor formation at 3 mo of age or for β-catenin+ premalignant
foci at 6 wk of age. Both tumor number and tumor load, as well
as the number of early β-catenin+ foci were reduced upon AG
treatment of Ikkβ(EE)IEC/Apc+/ΔIEC mice (Fig. 4A). Consis-
tently, we observed decreased γ-H2AX abundance after 2 wk of
AG treatment in Ikkβ(EE)IEC mice (Fig. 4 B and C), suggesting
that NO• production may induce the accumulation of this DNA
damage marker.

A

CB

D

Fig. 2. iNOS is elevated in Ikkβ(EE)IEC mice. (A) qRT-PCR of
iNOS and Villin expression in various intestinal regions of 2-
mo-old mice of the indicated genotypes. (B) IHC for iNOS
performed on sections of SI of 2-mo-old mice. (C) Immuno-
blot analysis of iNOS expression in indicated intestinal
regions of 2-mo-old mice. (D) ChIP analysis of p65/RelA re-
cruitment to the indicated promoter regions performed on SI
villi of 2-mo-old mice. The Ccl20 (most up-regulated gene in
Ikkβ(EE)IEC mice) and Prlb promoters were used as positive
and negative controls, respectively.
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Discussion
The role of inflammation in cancer development is well estab-
lished and some underlying mechanisms were unraveled (3).
Transient NF-κB activation in IECs, caused by inflammation,
contributes to CAC tumorigenesis by inhibiting apoptosis in
premalignant cells, whereas inflammatory NF-κB activation in
lamina propria macrophages leads to production of growth fac-
tors and cytokines that stimulate the proliferation of premalig-
nant cells (4). These and other results suggest that inflammation
mainly affects tumor development at the tumor promotion stage
(3). However, it was also proposed that persistent chronic inflam-
mation can lead to induction of oncogenic mutations through
ROS/RNS-dependent mechanisms (48), with more recent findings
supporting this notion (10). Nonetheless, it has not been shown
whether and how asymptomatic epithelial NF-κB activation, such
as caused by local low-grade inflammatory processes, can affect
tumor initiation rates.
Using mice that express a constitutively active form of IKKβ in

IECs without active and tissue-destructive inflammation (31), we
investigated whether persistent NF-κB activation can affect tu-
mor initiation. We now show that activation of NF-κB in IECs
induces spontaneous duodenal adenomas in aged mice. These
tumors show no nuclear β-catenin activation, but express higher

amounts of p53 without the associated up-regulation of p53
target genes. We therefore speculate that p53 may have been
mutationally inactivated in these tumors. Although Ikkβ(EE)IEC

mice mainly develop duodenal tumors, they may represent a
model for at least some aspects of human colitis-associated tu-
morigenesis, those that lead to Tp53 mutations (12). Notably,
p53 loss of function was suggested to be the tumor-initiating
event in this type of cancer (49).
Our data also show that NF-κB activation in IECs of Apc+/ΔIEC

mice strongly enhances formation of colonic and SI adenomas by
3 mo of age and premalignant lesions containing activated β-cat-
enin already at 4 wk of age. Tumors in Apc+/ΔIEC mice are formed
when some cells randomly loose the WT Apc allele, thereby
allowing β-catenin activation and clonal expansion, similarly to the
Apc+/Min model (50). Because IKKβ(EE)-driven NF-κB activation
had no detectable effect on apoptosis of cells with activated
β-catenin (Fig. S2E) or on β-catenin signaling in mice that retain
APC expression (Fig. S3 A–C), we conclude that NF-κB activation
in IECs of Apc+/ΔIEC mice most likely enhances tumorigenesis by
accelerating loss of the WT Apc allele, thereby leading to accel-
erated formation of β-catenin+ lesions. This conclusion is consis-
tent with our inability to identify a measurable effect of NF-κB on
IEC survival and the size of the crypt stem cell compartment in
unchallenged mice, although NF-κB activation led to a modest
increase in the size of the transit-amplifying compartment. Fur-
thermore, Ikkβ(EE)IEC mice do not exhibit any colitis or tissue
destruction (31), further suggesting that less direct mechanisms of
tumorigenesis, such as compensatory proliferation, are unlikely to
be involved in this case of inflammation-driven tumor initiation.
Ikkβ(EE)IEC mice expressed high amounts of iNOS in their

IECs and displayed high levels of nitrosative and oxidative stress
and DNA damage, which were diminished after treatment with
the iNOS inhibitor AG. This treatment also decreased early
β-catenin+ premalignant lesions and visible tumors, suggesting
that elevated iNOS expression may be responsible for acceler-
ated tumor initiation in these mice. Previous studies have already
shown that inhibition of iNOS can attenuate formation of ade-
nomas in Apc+/Min mice (21). However, the cause of iNOS up-
regulation in these mice was neither identified nor was it dem-
onstrated that iNOS expression activity led to DNA damage.
Another model of IEC-specific NF-κB activation was recently

described, in which IKKβ-driven NF-κB was found to synergize
with the β-catenin pathway and increase expression of stem cell
markers (30). In this model, an IKKβ(EE) transgenewas integrated
into theRosa26 locus and was activated through Cre-recombinase–
mediated excision of a STOP cassette, resulting in efficient ex-
pression of IKKβ(EE) in all IECs. By contrast, in our system the
transgene itself is controlled by the Villin promoter and its ex-
pression level is directly proportional to that of Villin, such that it is
expressed in higher amounts in the proximal SI than in the distant
colon. Different patterns of transgene expression may explain why
our mice only exhibit spontaneous tumors in the proximal SI and
show no increase in stem cells markers. Nonetheless, the cause for
tumor initiation in their Ikk2(ca)IEC mice has not been identified,
but given the large increase in iNOS expression seen in our Ikkβ
(EE)IEC mice, we presume that the Ikk2(ca)IEC mice also express
high amounts of iNOS and undergo nitrosative and oxidative stress,
which contribute to tumor initiation.
Inflammation can contribute to tumorigenesis by various

mechanisms (3). DNA damage induced by chronic inflammation
was suggested to contribute to intestinal tumorigenesis in a mouse
model of colitis based on repetitive dextran sodium sulfate ad-
ministration (10). Also, iNOS was shown to contribute to colon
cancer development in Helicobacter hepaticus-infected Rag2-de-
ficient mice, where it is produced by infiltrating macrophages,
although its roles in colitis and in cancer development were not
dissected (51). Interestingly, these mice were recently found to
exhibit certain DNA damage products in their colonic epithelium,
associated with macrophage and neutrophil infiltration, which
may underlie tumor development in this model (9).

A

B

C

Fig. 3. DNA damage in Ikkβ(EE)IEC mice. (A) Immunofluorescence analysis
with anti–γ-H2AX antibody of frozen sections of intestinal tissue from 2-mo-
old mice. (B) Immunoblot analysis γ-H2AX abundance in indicated intestinal
regions of 2-mo-old mice. Shown are two mice per genotype with average
band intensities indicated below. (C) Levels of 8,5′-cyclopurine-2′-deoxy-
nucleosidesin mouse intestinal epithelium nuclear DNA (n = 3 for each ge-
notype). cdG, 8,5′-cyclo-2′-deoxyguanosine; cdA, 8,5′-cyclo-2′-deoxyadenosine.
R and S represent the 5′R and 5′S diastereoisomers, respectively.
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The role of NO• in promoting DNA damage was studied
mostly in vitro, and the chemistry of its action on DNA is com-
plex (52). NO•-derived ROS and RNS can cause single-strand
breaks by attacking sugar moieties and can also create nucleo-
base modifications, such as deamination (52). During BER,
modified nucleobases are removed by DNA glycosylases and
DNA single-strand breaks are formed at abasic sites by AP
endonucleases, such as APE1. These single-strand breaks are
further repaired by downstream BER enzymes, but in cells en-
gaged in DNA replication they can be converted into double-
strand breaks (53). Consistently, we find increased amounts of
γ-H2AX, a marker of double-strand DNA breaks, in crypts of
Ikkβ(EE)IEC mice. Because this constitutive increase in DNA
damage appears to be tolerated, as only rare apoptotic cells are
detected in unchallenged Ikkβ(EE)IEC mice, it is likely that the
NO•-exposed cells are engaged in DNA repair. A common way
to repair double-strand DNA breaks is homologous recombi-
nation (47); generally a neutral process, it can also promote LOH
in case of allelic mutation or deletion. Indeed, it was shown for
Apc+/Min mice, that tumor initiation is caused by LOH induced
by homologous recombination (54). Therefore, it is likely that
NO• production in Ikkβ(EE)IEC mice increases the rate of ho-
mologous recombination, leading to accelerated tumorigenesis
when coupled with allelic Apc deletion. Indeed, NO• was shown
to induce homologous recombination in cultured cells (55).
Collectively, our data strongly suggest that activated epithelial

NF-κB can accelerate tumor initiation by up-regulation of iNOS,
which induces DNA damage and elevates rates of LOH. These
findings further illustrate how subclinical, low-grade, proin-
flammatory processes contribute to tumor initiation and suggest
that iNOS inhibition may be a valid cancer preventive strategy.

Experimental Procedures
Mice and Tissue Analysis. All mice were on the C57BL/6 background. Ikkβ
(EE)IEC mice were previously described (31). Villin-Cre [B6.SJL-Tg(vil-Cre)
997Gum/J] mice were obtained from The Jackson Laboratory. ApcF/F mice
were from Eric R. Fearson (University of Michigan, Ann Arbor, MI). Apc+/ΔIEC

and Apc+/ΔIEC/Ikkβ(EE)IEC mice were generated by crossing Villin-Cre females
with ApcF/F/Ikkβ(EE)IEC males and selecting Cre+ mice; Ikkβ(EE)IEC transgene-

positive and -negative mice were born in the expected Mendelian ratio. All
mice were maintained in filter-topped cages on autoclaved food and water
at University of California at San Diego (UCSD) according to National Insti-
tutes of Health (NIH) guidelines, and all experiments were performed in
accordance with UCSD and NIH guidelines and regulations. For analysis,
intestines were removed and divided into duodenum (6 most proximal
centimeters), jejunum (the proximal half of the small intestine excluding
duodenum), ileum (the distal half of the small intestine), and colon (all of
the large intestine after cecum removal, including rectum); in other cases,
the proximal 15 cm were analyzed collectively as “small intestine.” Macro-
scopic tumors were counted and measured with a caliper. For nitrite analysis
in plasma, retroorbital blood was collected and ultra-filtered (Amicon 10K
filter; Millipore), and nitrite concentration was measured using a Griess re-
action kit (Promega).

Histological Analysis. Intestines were flushed with ice-cold 10% neutral
buffered formalin. Intestinal tissue was prepared as Swiss rolls, fixed in
formalin for 24 h, and transferred to 70% (vol/vol) ethanol. Fixed tissue was
embedded in paraffin and 5-μM sections were prepared and stained using
standard immunohistochemistry procedures. The sections were boiled in
citrate buffer for antigen retrieval and stained overnight with anti–β-catenin
or anti-Ki67 antibodies (GenTex; 1:200 dilution for both). For immunofluo-
rescence studies, tissues were frozen in optimal cutting temperature com-
pound, cut on a cryomicrotome, air-dried, and fixed in 25% (vol/vol)
methanol in acetone. The sections were incubated overnight with γ-H2AX
antibody (Cell Signaling). TUNEL assay was performed using a in situ death
detection TMR kit (Roche) on paraffin sections.

In Situ Hybridization. In situ hybridization was performed with OLFM4 probe
as previously described (38).

iNOS, Nitrotyrosine, and APE1 Staining. Serial sections of intestinal tissues were
incubated with antibodies against iNOS (160862; Cayman; 1:1,000), nitro-
tyrosine (N0409; Sigma 1:1,000), and APE-1 (NB100-101; Novus; 1:5,000). To
ensure even staining and reproducible results, sectionswere incubated by slow
rocking overnight in primary antibodies (4 °C) using the Antibody Ampli-
fierTM (ProHisto). Then sections were processed using EnVision+ System-HRP
kits (DakoCytomation) according to the manufacturer’s protocols. The chro-
mogen was 3,3′ diaminobenzidine and sections were counterstained with 1%
methyl green. Intensity and degree of staining were evaluated indepen-
dently by two blinded investigators. For each tissue section, the percentage

A B
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Fig. 4. AG treatment inhibits tumorigenesis in Ikkβ(EE)IEC/
Apc+/ΔIEC mice. (A) Tumor number and tumor load were de-
termined in 3-mo-old mice of indicated genotype (n > 10 per
group); β-catenin+ foci were determined in 6-wk-old mice (n >
8). AG mice were treated with 2 g/L of AG in drinking water
starting at 4 wk of age. (B) Immunoblot analysis of γ-H2AX in
SI villi and crypts of 2-mo-old mice untreated (−) or treated (+)
with AG for 2 wk. Quantification of band intensity for crypts is
shown. (C) Immunofluorescence analysis with γ-H2AX anti-
body of frozen sections of 2-mo-old WT and Ikkβ(EE)IEC mice,
untreated or treated with AG for 2 wk.
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of positive cells was scored on a scale of 0–5 for the percentage of tissue
stained: 0 (0% positive cells), 1 (<10%), 2 (11–25%), 3 (26–50%), 4 (51–80%),
and 5 (80%). Staining intensity was scored on a scale of 0–3. The two scores
were multiplied, resulting in an immunoreactivity score (IRS) ranging from
0 to 15. Average was taken from two slides analyzed for each sample.

IEC Isolation, qRT-PCR, and Immunoblot Analysis. Intestines were removed,
flushed with ice-cold PBS, and opened longitudinally on ice. For the small in-
testine,villiwereremovedbygentle scrapingwitha spatula, spundowninPBSat
300 × g, and snap frozen. The intestines were cut into 5-mm pieces, washed
briefly with PBS, and placed into PBS supplemented with 20 mM EDTA and
protease and phosphatase inhibitors. The tissue was vortexed for 20min at 4 °C
and passed through a 70-μm strainer; the resulting single crypts and cells were
spun down at 300 × g and snap frozen. For qRT-PCR, RNA was isolated with
RNeasy kit (Qiagen), converted into cDNA with reverse transcriptase (Biorad),
and analyzed via qPCR with primers from qPrimerDepot, using the Hprt gene
for normalization. For immunoblot analysis, cells were lysed in 1% SDS buffer
and analyzed for protein content by a bicinchoninic acid assay. Cytoplasmic and
nuclear extracts were obtained as previously described (31). Proteins were
separated by SDS/PAGE and transferred to nitrocellulose membranes that
were incubated with antibodies against iNOS (sc-8310), villin (sc-7672), APE1
(sc-55498; all three from Santa Cruz), actin (Sigma; A4700), tubulin (Sigma;

T5168), γ-H2AX (Cell Signaling; 9718), acetylated histone H3 (Upstate; 06–599),
p53 (Cell Signaling; 2524) and β-catenin (GeneTex; GTX61089).

ChIP Analysis. Epithelium from small intestine was scraped into 1% formal-
dehyde in PBS and fixed for 10 min at room temperature. Chromatin was
precipitated with a p65 antibody (Santa Cruz; sc-372) as previously described
(31). Precipitated material and input DNA were analyzed by qPCR and per-
centage of input was calculated and normalized to nonspecific DNA region
(Prlb gene promoter). Primer sequences are available upon request.

Oxidative DNA Lesion Analysis. DNA was extracted from intestinal villi and
analyzed as previously described (40).

Statistical Analysis. Throughout the manuscript, error bars represent SEM be-
tween samples from separate mice. P values of 0.05 or less are considered
significant.
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