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Tumor formation in a mouse model of colitis-associated colon cancer does not require
COX-1 or COX-2 expression
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Cyclooxygenase-2 (COX-2), a key enzyme of prostanoid biosyn-
thesis, plays an important role in both hereditary and spontane-
ous colon cancer. Individuals with ulcerative colitis are also at
high risk for colorectal cancer. To investigate the role of Cox-2
in colitis-associated colon cancer, we subjected Cox-2 luciferase-
knock-in mice and Cox-2-knockout mice to a well-known mouse
model of colitis-associated cancer in which animals are treated
with a single-azoxymethane (AOM) injection followed by dextran
sulfate sodium (DSS) administration. Tumors induced by AOM
and DSS expressed significantly higher Cox-2 levels when com-
pared with surrounding areas of colon, as detected both by lucif-
erase reporter gene expression driven from the endogenous Cox-2
promoter and by western blotting of COX-2 protein in Cox-2
luciferase heterozygous knock-in mice. Immunofluorescence re-
vealed that tumor stromal fibroblasts, macrophages and endothe-
lial cells express COX-2 protein. In contrast, little COX-2
expression was observed in myofibroblasts or epithelial cells. De-
spite a significant elevation of COX-2 expression in AOM/DSS-
induced colon tumors in wild-type mice, similar tumors developed
in AOM/DSS-treated Cox-22/2- and Cox-12/2-knockout mice.
These results indicate that cyclooxygenase-derived prostanoids
are not major players in colitis-associated cancer. In contrast,
tumor formation induced by multiple injections of AOM (with
no DSS-induced colitis) did not occur in Cox-22/2-knockout mice.
Our data suggest that the mechanism of colorectal tumor pro-
motion in colitis-associated cancer differs from the mechanism
of tumor promotion for hereditary and sporadic colorectal cancer.

Introduction

Epidemiological studies indicate that regular administration of
non-steroidal anti-inflammatory drugs (NSAIDs) reduces the risk
of colon cancer (1,2). The target molecules of the NSAIDs are
cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2). These
enzymes catalyze the conversion of arachidonic acid to prostaglandin
H2, the common intermediate for the synthesis of the various prosta-
noids (3). COX-1 is constitutively expressed in most tissues, whereas
COX-2 expression is induced in response to a wide range of physio-
logical inducers (4). Although a role for COX-1 in inflammation,
cancer and various neurodegenerative diseases is also probably to
exist, exaggerated COX-2 expression plays a major modulatory role
in many pathological conditions.

Human colorectal cancer is one of the most common fatal malig-
nancies. Colon cancer can be classified by etiology in three groups:
sporadic, inherited, including familial adenomatous polyposis, and
inflammatory. Inflammation is recognized as an important causal fac-

tor for many types of cancer (5,6). Inflammatory bowel disease (IBD),
including Crohn’s disease and ulcerative colitis, significantly in-
creases the risk of colon cancer. Colitis-associated colorectal cancer
accounts for up to 5% of all colorectal cancers. The cumulative
incidence of colitis-associated cancer in ulcerative colitis patients
25–30 years after diagnosis ranges from 8–43% (7). Crohn’s disease
patients also have a 40-fold excess risk for small bowel cancer (8).

COX-2 is significantly overexpressed in variety of tumors, includ-
ing colon cancer. Pharmacologic and genetic elimination of COX-2
activity reduces the progression of spontaneous and hereditary non-
inflammatory intestinal cancer, both in animal models and in patients
(9). Deletion of the Cox-2 gene in Apc (adenomatous polyposis coli)
gene-mutant mice, a model for human familial adenomatous polypo-
sis, results in significant reduction in both the number and the size of
polyps (10). Numerous studies have also demonstrated that NSAIDs
and COX-2-specific inhibitors suppress intestinal polyp formation in
Apc-knockout mice, in a chemical carcinogen-induced tumor model
and in xenograft colon cancer cell growth (11). The results of animal
experiments demonstrating suppression of tumor formation in Apc-
mutant mice (10) were confirmed in a clinical trial of familial adeno-
matous polyposis patients treated with COX-2 inhibitors (12).

Oral administration of a dextran sulfate sodium (DSS) solution to
rodents is a widely used IBD model (13). DSS dissolved in drinking
water is toxic to the epithelial lining of the mouse colon, resulting in
severe colitis characterized by body weight loss and bloody diarrhea.
Colitis-associated cancer development in the DSS colitis model typ-
ically requires long exposure periods or many cycles of DSS admin-
istration, and the incidence is relatively low. Inflammation-associated
reactive oxygen and nitrogen species have been proposed to damage
DNA and promote tumorigenesis (14). These steps can be accelerated
in an animal model that combines a single exposure to the mutagen
azoxymethane (AOM) with subsequent DSS administration, resulting
in an efficient animal model for colitis-associated carcinogenesis
(15,16).

NSAIDs and COX-2-specific inhibitors exacerbate DSS-induced
colon injury in rodent models (17). Cox-2-knockout mice exposed
to DSS have exacerbated weight loss and clinical symptoms (18).
Although there are contradictory reports, clinical data also suggest
that treatment with COX-2 inhibitors is associated with a high in-
cidence of exacerbation of the underlying IBD (19). These data sug-
gest that endogenous COX-2 activity plays a beneficial, rather than
a proinflammatory, role in colitis. COX-2 is also expressed in neo-
plastic lesions from ulcerative colitis patients (20) and AOM/DSS-
induced colon tumors (16). Although NSAIDs and COX-2 inhibitors
exacerbate DSS-induced colon inflammation, they have been reported
to reduce colon cancer if administered subsequent to inflammatory
promotion of initiated colorectal cancer precursor cells; despite exac-
erbation of DSS-induced inflammation, nimesulide (a preferential
COX-2 inhibitor) is reported to suppress both the incidence and
multiplicity of subsequent colon tumors (21,22). These data are also
supported by clinical observations; NSAID therapy is reported to
reduce colitis-associated colorectal cancer risk of by 75–81% (7). In
this study, we used Cox-2�/� and Cox-1�/�-knockout mice to clarify
the role of cyclooxygenases in colitis-associated tumors. Colitis-
associated tumors induced by AOM/DSS can fully develop without
either COX-1 or COX-2 expression.

Materials and methods

Mice

Mice carrying a knock-in allele of the firefly luciferase-coding region in the
Cox-2 gene (Cox-2luc) and mice in which we knocked out the Cox-2 gene were
created in our laboratory (23). Commercially available Cox-1- and Cox-2-
knockout mice were obtained from Taconic (Hudson, NY). Animal
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experiments were carried out with Animal Research Committee approval at
University of California, Los Angeles.

Mouse models of colon cancer

For the colitis-associated colon cancer model, mice were injected intraperito-
neally with 10 mg/kg of AOM (Sigma, St Louis, MO) in phosphate-buffered
saline. One week later, 2% DSS (MP biomedicals, Solon, OH) was given in the
drinking water for 7 days. The mice were killed at 12 weeks after injection
of AOM.

For the non-inflammatory ‘spontaneous’ colon cancer model, mice were
injected intraperitoneally with 10 mg/kg of AOM in phosphate-buffered saline
once a week for 6 weeks (15,16). Mice were killed 20 weeks after the first
AOM injection.

For macroscopic and histological examination of tumors, the colons were
isolated, rinsed with phosphate-buffered saline, filled with 4% paraformalde-
hyde and then opened longitudinally. Tumors were counted and size of each
tumor was determined using a dissection microscope.

Detection of luciferase activity

For ex vivo colon imaging, mice were anesthetized by intraperitoneal admin-
istration of a ketamine (80 mg/kg, Phoenix Pharmaceutical, St Joseph, MO)
and xylazine (4 mg/kg, Phoenix Pharmaceutical) mixture. Anesthetized mice
were injected intraperitoneally with D-luciferin (125 mg/kg, Caliper Life Sci-
ences, Hopkinton, MA) and placed in the light-tight box of the IVIS imaging
system (Caliper Life Sciences). Whole body 1 minute images were acquired
repeatedly. After the photon number during the 1 minute scans reached a max-
imum, the mice were killed and the colons were rapidly excised. Isolated
colons were placed on culture dishes and imaged with the IVIS system. Col-
lected photon number and images were analyzed using LIVING IMAGE soft-
ware (Caliper Life Sciences). Tumors and normal colon tissue samples were
then homogenized in passive lysis buffer (Promega, Madison, WI) and assayed
using the Luciferase Assay System (Promega). Relative light units for
each sample were normalized by lysate protein concentration (Bio-Rad,
Hercules, CA).

Western immunoblotting

Portions of the lysates used for luciferase assays were separated in 10% sodium
dodecyl sulfate–polyacrylamide gels and transferred to nitrocellulose mem-
branes (100 lg total protein per lane). COX-2 was detected with polyclonal
anti-murine COX-2 antibody (Cayman Chemical, Ann Arbor, MI); GAPDH
was detected with polyclonal anti-GAPDH (Santa Cruz Biotechnology, Santa
Cruz, CA). The enhanced chemiluminescence detection system (Thermo
Scientific, Rockford, IL) was used to visualize the signals on X-ray film.

Histology and immunohistochemistry

Mouse colon tissues were fixed in 4% paraformaldehyde, paraffin-embedded
and sectioned at 4 lm thickness. These sections were stained with hematoxylin
and eosin or processed for immunostaining. COX-2 was detected with poly-
clonal anti-COX-2 antibody (Thermo Scientific). To detect macrophages, rat
monoclonal antibody for F4/80 (Serotec, Oxford, UK) was used. To detect
fibroblasts, goat anti-vimentin antibody (Sigma) was used. To detect endothe-
lial cells, rat anti-mouse CD34 (BD Pharmingen, Franklin Lakes, NJ) was
used. Staining signals were visualized by using Alexa Fluor 594- or Alexa
Fluor 488-conjugated secondary antibodies (Molecular Probes, Eugene, OR).
To detect myofibroblasts, mouse monoclonal anti-a-smooth muscle actin Cy-3
conjugated (Sigma) was used. To detect epithelial cells, monoclonal antibody
for pan-keratin conjugated with Alexa Fluor 488 (Cell Signaling Technology,
Danvers, MA) was used.

Results

COX-2 is expressed in AOM/DSS-induced colon tumors

Although COX-2 expression is normally expressed at low levels
in colon tissue, significant elevation of COX-2 protein expression
was detected by immunohistochemistry in AOM/DSS-induced
(colitis-associated) tumors (16,21). We previously generated a Cox-2
luciferase-knock-in allele, Cox-2luc, in which the firefly luciferase re-
porter enzyme is expressed at the start site of translation of the endog-
enous Cox-2 gene, to analyze Cox-2 transcriptional activity in mouse
(23). A single intraperitoneal AOM administration (10 mg/kg) and
1 week of DSS treatment (2% in the drinking water) induced devel-
opment of multiple tumors in the middle to distal colon of Cox-2luc/þ

heterozygous knock-in mice (Figure 1A). Tumor burden is clearly
visualized by ex vivo imaging of luciferase activity (Figure 1B). Quan-

tification of luciferase activity from the images indicates significantly
higher luciferase signals from tumors when compared with normal
areas of colon in the same mouse (Figure 1C). Luciferase enzymatic
activity was then measured by conventional luciferase assay in lysates
from each tumor or normal colon (Figure 1D). The same lysates were
also analyzed for COX-2 protein expression by western blotting
(Figure 1E). Substantial COX-2 protein expression is present in all
tumor samples; in contrast, COX-2 expression in normal colon
samples is absent or barely detectable.

Strong COX-2 immunohistochemical staining has been shown in
stromal cells of AOM/DSS-induced mouse tumors (16,21); macro-
phages, fibroblasts and neutrophils are reported to express COX-2
in AOM/DSS-induced tumors (24). To determine the cell types that
express COX-2 in our experiments, double staining of COX-2 with
cell type-specific markers was performed on AOM/DSS-induced tu-
mors from wild-type mice (Figure 2). Tumor sections were stained for
COX-2 with F4/80, a representative macrophage marker and with
vimentin, a fibroblast marker. As expected, double-stained cells were
detected both for F4/80 (Figure 2A) and vimentin (Figure 2B). To
examine whether COX-2 expression occurs in stromal myofibroblasts,
a subclass of fibroblasts, sections were stained for COX-2 and
a-smooth muscle actin. Only a very small population of cells is dou-
ble stained, indicating myofibroblasts are not the fibroblast subclass
that expresses COX-2.

Epithelial cells express COX-2 in many human colon cancers (25).
However, double staining with a pan-keratin epithelial cell marker
antibody and anti-COX-2 antibody demonstrates that epithelial cells
are not the main cell type expressing COX-2 in AOM/DSS-induced
tumors (Figure 2D), only a small percentage of pan-keratin staining
cells are also stained with anti-COX-2 antibody. Endothelial cells
are reported to express COX-2 in Apcþ/�-knockout polyps (26)
Endothelial cells in AOM/DSS-induced colorectal tumors also ex-
press COX-2 (Figure 2E). We find that COX-2-expressing cells in
AOM/DSS-induced tumors are mainly macrophages, fibroblasts and
endothelial cells, with occasional expression in myofibroblasts and
endothelial cells.

AOM/DSS treatment induces tumors in Cox-2�/�-knockout mice

To clarify the role of COX-2 in colitis-associated colon cancer, 10
Cox-2�/�-knockout mice (27) and 10 wild-type controls were treated
with AOM and DSS (Figure 3). During the course of AOM and DSS
treatment, Cox-2�/� mice lost body weight and 6 mice died
(Figure 3A) because of the exacerbated colitis caused by DSS in
Cox-2�/� mice (18). Twelve weeks after AOM injection, surviving
mice were analyzed for colon tumor formation. All four surviving
Cox-2�/� mice, like wild-type mice, develop multiple colon tumors
(Figure 3B).
Cox-2 plays an important role in colorectal tumor formation in Apc-

knockout mice; deleting the Cox-2 gene reduces the number of tu-
mors. In addition, the tumors that do form in Apcþ/�/Cox-2�/� mice
differ morphologically from the tumors found in control mice (10). To
examine the effects of Cox-2 deletion in AOM/DSS tumor histology,
hematoxylin and eosin stained histology sections were compared.
Tumors induced on Cox-2�/� mice are indistinguishable from tumors
induced in control mice (Figure 3C).

To confirm our observation that Cox-2 deletion does not prevent
AOM/DSS induction of colorectal tumors, we increased the number
of Cox-2-knockout mice utilized in a second AOM/DSS tumor in-
duction experiment. In this experiment, knockout Cox2luc/� mice
were generated from Cox-2luc/þ and Cox-2þ/� mice (23). Eight of
15 Cox-2luc/�-knockout mice survived (Figure 4A). Although the
number of tumors varied in individual mice (0–30), 6 of 11 (54.5%)
Cox-2þ/þ control mice developed tumors (Figure 4B). Cox-2luc/�

mice developed numbers of tumors (0–28) comparable with
Cox-2þ/þ mice. The incidence of tumor formation in surviving
Cox2luc/� mice was 75.0% (six of eight, Figure 4B). Histological
analysis also showed no difference between control Cox-2þ/þ and
Cox-2luc/� mice (Figure 4C).
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AOM/DSS treatment induces tumors in Cox-1�/�-knockout mice

COX-1 is the constitutively expressed cyclooxygenase isozyme. In
addition to a homeostatic function for the gastrointestinal mucosa,
COX-1 also plays an important role in tumor formation in the ApcMin

mouse (28); deletion of the Cox-1 gene also reduces intestinal polyp
formation in ApcMin mice. Furthermore, nimesulide, which inhibits
both COX-2 and COX-1, suppresses the colitis-associated tumor for-
mation in the AOM/DSS mouse model (21,22), suggesting a possible
role of COX-1 in this type of tumor formation. Therefore, we inves-
tigated the effects of Cox-1 gene deletion (29) on AOM/DSS-induced
tumor formation. Cox-1�/�-knockout mice also show higher suscep-
tibility to DSS-induced colitis (18), reflected in differences of body
weight during the 12 weeks of tumor development (Figure 5A). How-
ever, all nine Cox-1�/� mice survived. Four of the nine (44.4%)
Cox-1þ/þ control mice developed (3–28) tumors (Figure 5B).
Cox-1�/� mice also developed (1–15) tumors, with 77.7% incidence
(seven out of nine mice). The morphology of AOM/DSS-induced
tumors in Cox-1�/� mice and AOM/DSS-induced tumors in
Cox-1þ/þ mice is indistinguishable (Figure 5C).

Repeated AOM administration cannot induce tumors in Cox-2�/�

mice

The results in the previous sections suggest that inflammation caused
by DSS is sufficient to promote tumor formation without COX-2
or COX-1 expression, in contrast to a requirement for COX-1 and
COX-2 expression in intestinal tumor formation in Apcmin mice,
where much less inflammation occurs. Although AOM is predomi-
nantly a tumor-initiating agent, AOM tumor-promoting activity has
also been reported (30). Thus, repeated AOM injection causes highly
efficient induction of colon tumors in mice; this protocol has been
described as a ‘sporadic’ and spontaneous rodent model of colon
tumor development (15). Nine Cox-2�/� and nine control Cox-2þ/þ

mice were injected with AOM every week for 6 weeks. Twenty weeks
after the first injection, mice were examined for tumor formation
(Figure 6). In wild-type mice, COX-2 expression was observed in
the stromal areas of AOM-induced colon tumors (Figure 6A). Six
of nine Cox-2þ/þ control mice developed tumors; tumor frequency
ranged from 1–13 (Figure 6B). In contrast, no tumors were detected in
Cox-2�/� mice. These data suggest that COX-2 plays a causal role in
colorectal cancer development in the AOM tumor induction protocol.

Discussion

Oral DSS administration is a widely used model of human IBD.
Although repeated oral DSS ingestion alone can cause colon tumor-
igenesis, DSS-induced inflammation is suggested to act mainly as
a tumor promoter rather than as an initiator (5). AOM is frequently
used to initiate tumors by alkylation of DNA. Prior AOM administra-
tion accelerates and increases the incidence of DSS-induced tumor
formation. To study the consequences of disruption of the Cox-2 and
Cox-1 genes on inflammation-mediated colorectal cancer, we utilized
a two-stage colon tumor model to mimic colitis-driven tumor devel-
opment (16). This model utilizes a single initiating AOM injection
and a single DSS 7 day cycle to promote colorectal tumor formation.

COX-2 protein is constitutively expressed in a variety of human
epithelial cancers and mouse experimental tumors. In the two-stage
AOM/DSS model, strong COX-2 expression was found by immuno-
histochemistry (16). Elevated COX-2 protein could be due to the
transcriptional activation of the Cox-2 promoter, posttranscriptional
stabilization of the COX-2 message and/or regulation of COX-2 mes-
senger RNA translation (3,4). We previously generated a knock-in
Cox-2luc mouse in which the coding region for a luciferase reporter
gene is placed at the start site of the protein-coding region of the
endogenous Cox-2 gene (23). Luciferase expression in Cox-2luc/þ

Fig. 1. COX-2 and luciferase expression in AOM/DSS-induced Cox-2luc/þ colon tumors. (A and B) Ex vivo imaging of luciferase expression in the colon of
a Cox-2luc/þ mouse 12 weeks after AOM injection. Photo (A) shows a fixed opened colon with tumors. The color overlay on the image (B) illustrates the photons
per second emitted from tissue, as shown in pseudocolor scales next to the image. (C) Quantification of luciferase activity determined by bioluminescent imaging.
A region of interest (ROI) was manually selected on each tumor and each normal area. The area of the ROI was kept constant. Average photon number was
measured. (D) Luciferase activity, measured by in vitro luciferase assay of tissue lysates, in tumors and normal colon regions. The same tissues analyzed in
(C) were homogenized and lysates were assayed. (E) Western blot analysis of COX-2 protein expression in tumors and normal areas of the colon. Lysates used for
luciferase assay in (D) were also used to detect COX-2 protein. GAPDH is a loading control.
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mice reflects Cox-2 promoter activity; the Cox-2luc allele has an SV40
3#-untranslated regions instead of Cox-2 3#-untranslated regions that
controls the posttranscriptional stability of the Cox-2 messenger RNA
(31,32). Therefore, elevated luciferase activity in AOM/DSS-induced
colon tumors is due to the constitutive activation of the Cox-2 pro-
moter.

Although COX-2 protein is highly expressed in epithelial cells of
human colon carcinomas, its expression is found in the stromal cells,
rather than the epithelial cells, of benign colon polyps, adenomas and
adenocarcinomas (33–35). In AOM/DSS-induced adenomas double
immunostaining with marker antibodies revealed that COX-2-
expressing cells are vimentin-positive fibroblasts, CD34-positive
endothelial cells and F4/80-positive macrophages. In contrast, cos-
taining with either the epithelial cell marker pan-keratin or the my-
ofibroblast marker, a-smooth muscle actin overlapped to only a small
degree with COX-2-positive cells. This pattern is similar to COX-2
expression in polyps of Apc-knockout mice, in which (i) epithelial

cells generally do not express COX-2 and (ii) the primary COX-2-
expressing cells are identified as fibroblasts, endothelial cells and
macrophages (26).

COX-2 plays important roles in tumorigenesis of Apc-knockout
mice (10). Tumor formation in Apc-knockout mice is suppressed by
Cox-2 gene deletion or by the administration of selective COX-2
inhibitors. AOM/DSS-induced tumor formation is also reported to
be suppressed by COX-2 preferential NSAIDs; e.g. nimesulide (21).
Consequently, we anticipated that deletion of the Cox-2 gene would
reduce AOM/DSS-induced colon tumor induction, as it does in the
Apc-knockout mouse. However, despite similar COX-2 expression
patterns in Apc-knockout tumors and AOM/DSS-induced colon tu-
mors, AOM/DSS tumor formation was not suppressed by deletion of
the Cox-2 gene.

Loss of the APC gene leads to the b-catenin stabilization and
transcriptional activation of downstream genes. In AOM/DSS tumor
formation, cytoplasmic b-catenin accumulation was observed (16),

Fig. 2. Immunofluorescent detection of COX-2-expressing cells. Dual-color double-staining immunofluorescent analyses of proteins expressed in AOM–
DSS-induced colorectal tumors from wild-type mice, performed with anti-COX-2 and antibody to cell type-specific marker proteins; (A) anti-F4/80 for
macrophage, (B) anti-vimentin for fibroblasts, (C) anti-a-smooth muscle actin for myofibroblasts, (D) pan-keratin antibody for epithelial cells and (E) anti-CD34
for endothelial cells. For each row, the two antibodies used for immunofluorescence are named in the right panel; the color of the antibody staining is indicated by
the color of the font.
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and mutations in the b-catenin gene were detected with high fre-
quency (36). This similarity of what are considered to be cellular
initiation events for tumor formation in Apc-knockout tumors and
AOM/DSS-induced tumors suggests a difference in tumor promotion
mechanisms between these two models. In the Apc-knockout mouse,
COX-2 expression is induced locally in the polyp stromal cells,
and COX-2-dependent prostaglandins support polyp cell growth
through stromal angiogenesis, basement membrane biosynthesis or
direct effects on adenoma epithelium (11). The causal role for
COX-2 in the tumor promotion process, and not in the initiation step,
is also suggested by transgenic mouse studies (37). Mice expressing
a Cox-2 transgene specifically in colon epithelial cells do not develop
tumors. However, carcinogen-treated Cox-2-transgenic mice have
a higher tumor load. In the AOM/DSS model, tumor initiation is
undoubtedly due to mutation caused by AOM, and initiated cells
are promoted by DSS-induced inflammation. This inflammation step
includes COX-2 expression. However, AOM/DSS-induced tumors
can fully develop in Cox-2�/�-knockout mice, indicating COX-2—
contrary to expectation—does ‘not’ play a crucial role in promoting
tumor formation.

In addition to Cox-2, nuclear factor-kappaB (NF-jB) is another key
gene in the inflammatory process and cancer development. NF-jB

regulates the expression of a large number of cytokines and modulates
the inflammatory processes in IBD. NF-jB also plays a procarcino-
genic role in both myeloid cells and epithelial cells in the AOM/DSS
model (38). NF-jB activation in intestinal epithelial cells promotes
the survival of premalignant cells, and NF-jB-driven cytokine pro-
duction by myeloid cells is important in tumor growth. IL-6, a multi-
functional NF-jB-regulated cytokine, and its downstream effector
STAT3 are important regulators of AOM/DSS-induced murine colon
cancer (39,40). tumor necrosis factor-a is another NF-jB-regulated
cytokine essential for AOM/DSS colitis-associated cancer (41). We
suggest that, in AOM/DSS tumor promotion, the absence of Cox-2 in
Cox-2�/� mice can be overridden by those proinflammatory cytokines
driven by NF-jB. We suggest that, in contrast, COX-2-derived pros-
taglandins are essential for colorectal tumor promotion in inherited
and sporadic colon cancer in which proinflammatory cytokines are not
strongly expressed.

Toll-like receptors (TLRs) play an important role in host defense
against microbial infection. TLRs also control intestinal epithelial
homeostasis and protection from injury (42). TLR4 is overexpressed
in colitis-associated cancer of human patients, and TLR4-deficient
mice exhibit a significantly decreased incidence and size of colorectal
tumors in the AOM/DSS model (24). COX-2, one of the downstream

Fig. 3. AOM/DSS-induced colon tumor formation in Cox-2�/�-knockout mice. (A) Viability of mice following AOM and DSS administration. (B) Numbers
of tumors per mouse in Cox-2�/�-knockout and Cox-2þ/þ wild-type mice. Vertical bars indicate the mean tumor number and SE. (C) Histological sections of
tumors in wild-type Cox-2þ/þ (left panels) and Cox-2�/�-knockout (right panels) mice.
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molecules induced by the activation of TLR4 (24,43), is proposed to
mediate the proliferation of colitis-associated tumors (44). However,
our results indicate other TLR4-downstream factors promote colo-
rectal cancer formation. Activation of TLR4, transduced by an in-
tracellular receptor complex that includes MyD88, activates a
variety of signaling pathways including NF-jB. MyD88-knockout
mice produce very low level of DSS-induced cytokines, such as tumor
necrosis factor, IL-6 and KC-1 (42). These studies of TLR4 signaling
also suggest that NF-jB-regulated cytokines can promote colitis-
associated tumor formation.

Repeated AOM injection is presumed to lead to colorectal cancer
by a pathway that employs the same (AOM) initiating event as AOM/
DSS-induced colorectal cancer but is dependent on a distinct—and
less florid inflammatory—promotion mechanism. In keeping with our
hypothesis that COX-2-dependent prostanoid production plays
a causal role in colon cancer progression when expression of other
inflammatory mediators is less florid, induction of colorectal cancers
by repeated AOM administration is suppressed in Cox-2�/�-knockout
mice, indicating COX-2 plays an essential role in this sporadic spon-
taneous (15) model of colon tumor formation.

COX-1, the constitutive cyclooxygenase isoform, also plays a sig-
nificant role in colon tumor formation. Like deletion of the Cox-2
gene, deletion of the Cox-1 gene in Apc-mutant mice reduces the

number and size of intestinal polyps (28). In contrast to COX-2, which
is induced only in polyps larger than 1 mm, COX-1 is found in polyps
of all sizes, suggesting that COX-1 expression in stromal cells secures
the basal levels of PGE2 required to support polyp growth to 1 mm in
size (45). In the AOM/DSS colon cancer model, Cox-1 deletion (like
Cox-2 deletion) did not reduce either the frequency of tumor induction
or the size of tumors. These data support the suggestion that that
cyclooxygenase dependent prostanoids are not major factors in pro-
moting tumorigenesis in the AOM/DSS model.

In conclusion, COX-2 is strongly expressed in stromal cells in the
AOM/DSS of mouse model of colitis-associated tumor; however,
AOM/DSS tumor formation is neither COX-1 nor COX-2 dependent.
Our results suggest that the stromal factors responsible for tumor
promotion in colitis-associated colorectal cancer differ from the
stromal factors that promote both inherited and sporadic colorectal
cancer.
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Fig. 4. AOM/DSS-induced colon tumor formation in Cox-2luc/�-knockout mice. (A) Viability of mice following AOM and DSS administration. (B) Numbers
of tumors per mouse in Cox-2luc/�-knockout and Cox2þ/þ wild-type mice. Vertical bars indicate the mean tumor number and SE. (C) Histological sections
of tumors in wild-type Cox-2þ/þ (left panels) and Cox-2luc/�-knockout (right panels) mice.
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Fig. 5. AOM/DSS-induced colon tumor formation in Cox-1�/�-knockout mice. (A) Body weight of mice following AOM and DSS administration. (B) Numbers
of tumors per mouse in Cox-1�/�-knockout and Cox1þ/þ wild-type mice. Vertical bars indicate the mean tumor number and SE. (C) Histological sections of
tumors in wild-type Cox-1þ/þ (left panels) and Cox-1�/�-knockout (right panels) mice.

Fig. 6. Colon tumor formation in Cox-2-knockout mice in response to repeated AOM injection. (A) Immunohistochemical detection of COX-2 expression in
a tumor induced by repeated AOM injection. (B) Numbers of tumors per mouse in Cox-2�/�-knockout and Cox-2þ/þ control mice. Vertical bars indicate the mean
polyp number and SE.
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