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The study of experimental colon carcinogenesis in rodents has
a long history, dating back almost 80 years. There are many ad-
vantages to studying the pathogenesis of carcinogen-induced
colon cancer in mouse models, including rapid and reproducible
tumor induction and the recapitulation of the adenoma-—
carcinoma sequence that occurs in humans. The availability of
recombinant inbred mouse panels and the existence of transgenic,
knock-out and knock-in genetic models further increase the value
of these studies. In this review, we discuss the general mechanisms
of tumor initiation elicited by commonly used chemical carcino-
gens and how genetic background influences the extent of disease.
We will also describe the general features of lesions formed
in response to carcinogen treatment, including the underlying
molecular aberrations and how these changes may relate to the
pathogenesis of human colorectal cancer.

Rodent colon tumor models (history and overview)

The study of experimental colon carcinogenesis in rodents has had a
remarkably long history, dating back almost 80 years (1). Perhaps the
earliest published study of Lorenz et al. (2) demonstrated tumorigenesis
in the forestomach and intestine of mice following feeding with the
polycyclic aromatic hydrocarbon, methylcholanthrene. Lisco et al. (3)
reported that feeding radioactive yttrium to rats induced a high pro-
portion of colon tumors. Walpole et al. (4) reported that white rats given
injections of 4-aminodiphenyl and 3,2-dimethyl-4-aminodiphenyl de-
veloped colon tumors. However, the most commonly used model for
sporadic colorectal cancer (CRC) takes advantage of the organotropism
of the colon carcinogens, 1,2-dimethylhydrazine (DMH) and azoxy-
methane (AOM). Identification of these carcinogens arose initially from
an early population study of Guamanians in which hydrazines were
reported to be possible colon carcinogens with the hydrazine source
being consumed cycad flour (5). When large quantities of cycad flour
were fed to rats, adenocarcinomas in the colon arose in some of the
animals. The carcinogen in cycad flour was subsequently found to be
cycasin, a form of methylazoxymethanol (MAM) (6).

DMH, a metabolic precursor of MAM, was used in several early
studies to induce tumors in rats (7-9). Repetitive treatment with this
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methylating agent was reported to produce colon tumors in rodents
that exhibit many of the pathological features associated with the
human disease (10-13). Thus, DMH has provided cancer researchers
with a reproducible experimental system for studying ‘sporadic’ (non-
familial) forms of CRC (14). However, AOM offers advantages over
DMH, including enhanced potency and greater stability in dosing
solution (15,16). Since then, several thousand studies using AOM
have been published (17-19). We have used this mouse model exten-
sively for 15 years and have compiled considerable data on sensitivity
and lesion characteristics across a number of mouse lines (20-27).

The occurrence of spontaneously occurring cancers within the gas-
trointestinal tract of rodents is not as rare as might be expected. For
example, Rowlatt ef al. (28) described the occurrence of a wide range
of tumors of the intestinal tract in aged C57BL/6 mice, although the
majority of the lesions were located in the small intestine. Miwa et al.
(29) reported 28 cases of spontaneous colon tumors in male Wistar
rats. Vandenberghe et al. (30) in a study of Campylobacter-like bac-
teria reported 17 naturally occurring primary endophytic adenonocar-
cinomas in the ascending colon of Wistar rats. An examination of
animal husbandry also demonstrated the presence of adenocarcino-
mas in the ascending colon of ACI rats foster bred by an Osaka female
rat, perhaps depending on milk factor and humidity (31). Newmark
et al. (32) found that maintaining mice on a semipurified diet, referred
to as the new Western diet, designed to recapitulate a human Western
diet, was capable of inducing colon tumors in 42% of 18-month-old
C57BL/6 mice. Richie et al. (33) recently showed an induction of
colon tumors in p53 knockout mice by causing glutathione depletion
with buthionine sulfoximine treatment.

In summary, there are a number of advantages to studying the
pathogenesis of carcinogen-induced colon cancer in rodent models.
The models are highly reproducible, they can be readily tested on
animals with different genetic backgrounds and the pathogenesis re-
capitulates human CRC, at least at the early stages. Historically, the
majority of colon carcinogenesis studies have been carried out in rats
(34,35). However, the high frequency of tumors generated within the
distal colon of mice, as well as the histogenesis of multiple adenomas
with subsequent development of adenocarcinomas, also validate the
importance of this species for studying the pathogenesis of colon
cancer (36,37). An advantage of murine models is the availability
of extensive genetic information on individual mouse lines, the exis-
tence of recombinant inbred mouse panels and the ever-increasing
number of transgenic, knockout and knockin genetic models that
are available for study. Thus, the focus of this review will be mainly
on murine models. One notable disadvantage of these models is the
general lack of invasive and metastatic phenotype. However, in gen-
eral, rodent models recapitulate the adenoma—carcinoma sequence
that is found in human CRC. They have been used extensively to
study cancer chemoprevention agents and dietary factors, although
we will not discuss these studies in detail. In this review, we will
discuss the general mechanisms of tumor initiation by these agents,
describe the general features of the lesions formed by them and de-
scribe how they relate to human CRC.

Genetic background modulates carcinogen-induced tumors in
rodents

Strain sensitivity in mice

As in human populations, genetic background of laboratory animals is
a significant component of organ-specific carcinogenesis. Genetically
defined inbred mouse strains that differ in their sensitivity to colon
carcinogens offer distinct advantages for studying organ-specific car-
cinogenesis (Table I). For example, AKR/J and DBA/2J mice have
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Table I. Differential sensitivity to carcinogens across mouse lines

Strain® Carcinogen No. of tumors  References
per mouse
A/ DMH, AOM 9.2-41.6 (26,42,46,254,255)
STS/A DMH 8.2-18.4 (56)
SWR/J DMH, AOM 9.5-16 (26,41,42,255)
FVB/N AOM 3.6 (37)
C57Bl/6° DMH, AOM, 0-5.5 (37,41,49,255-257)
MAM acetate
BALB/cJ AOM 1-2 (24,44,45)
ICR/Ha® DMH n.d. (41,257)
DBA/2J 3-MC, DMH 0-1 (44,256,257)
AKR/] DMH, AOM, <1.0 (26,37,38,42,44,46,255)
MAM
129/SV AOM 0 (37)
BALB/cHeA DMH 0 (56)

3-MC, methylcholanthrene.

“Tumor incidence in the most sensitive strain that typically approaches 100%.
"Tumor incidences in the C57B1/6 line are dependent upon the particular
subline (N, J and Ha), ranging from 10 to 85% (251). n.d., not determined.
“Incidence was 100%, but total number of tumors per colon was not reported.

been shown to be relatively resistant to colon tumor development,
whereas Balb/cHea and SWR/J are moderately sensitive and A/J,
P/J, STS/A and ICR/Ha are highly sensitive to DMH (21,38-44).
These reported differences, however, are often variable and probably
the result of environmental conditions under which the animals are
maintained. For example, in one study, the relatively resistant AKR
strain was found to develop a high proportion of invasive tumors in
16/21 female mice exposed to DMH for 25 weeks (44). Interestingly,
route of administration is also important and directly influences colon
tumor incidence (45). Izumi et al. (45) compared the carcinogenicity
of DMH when given by oral, intragrastric and subcutaneous (s.c.)
administration. The s.c. treatment was most effective at yielding or-
ganospecificy to the colon. Addressing the wide variation in dosing
protocols, Bissahoyo er al. (46) reported that in A/J mice, s.c. injec-
tion of AOM yielded smaller tumors than following intraperitoneal
(i.p.) delivery, a difference that was not observed in SWR/J mice.

Our laboratory has identified a panel of inbred mouse lines that
differ markedly in their susceptibility to AOM at both early and late
stages of tumorigenesis (21,27,47). SWR/J and A/J mice are remark-
ably sensitive to AOM exposure. For example, A/J mice develop up to
20 tumors in the distal colon, whereas tumors in AKR/J mice are very
rare (25,27,37). These differences were also reported by Bissahoyo
et al. (46) who confirmed the importance of AOM dosing regimens
and environmental conditions on tumorigenesis in C57B1/6J, DBA/2J,
AKR/J, SWR/J and A/J mice. Such differential strain sensitivity to
chemical carcinogens provides an excellent experimental tool for
modeling interindividual sporadic cancer sensitivity that is evident
within human populations.

A number of potential molecular mechanisms that may contribute to
differential cancer sensitivity have been considered. These include rates
of carcinogen activation/detoxification, the extent of acute DNA alkyl-
ation and the efficiency of repair (16). In addition, the balance between
proliferation and apoptosis of initiated colon crypt cells has also been
examined (39,47). Based on proliferation kinetics, it was suggested that
AKR expresses a protective or resistance factor (repressor gene) that
impedes progression of carcinogen-induced foci into colon tumors (39).
Deschner et al. (48) further suggested that the differential sensitivity of
inbred mice to MAM may be predicted by the acute colonic prolifer-
ative response to carcinogen exposure, in which the sensitive SWR/J
colons demonstrated the largest expansion of the epithelial proliferative
compartment and the resistant AKR/J colons the least.

A limited set of mouse progenitor strains are commonly used for
constructing gene knockout and transgenic animals. As part of our
long-standing interest in differential sensitivity to colon carcinogens,
our laboratory established the AOM sensitivity of a panel of inbred
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mouse lines (FVB/N, 129/Sv], C57B1/6J and BALB/CJ) that are com-
monly used for constructing knockout and transgenic mouse strains
(37). We reported that FVB/N developed on average 3.6 tumors per
mouse and Balb/C mice developed one tumor per mouse (Table I).
The 129SvJ and C57B1/6J mice failed to develop tumors after four
weekly injections of AOM (37), although Diwan et al. (49) did report
differences in sensitivity to DMH of a panel of C57BI1/6 sublines (N, J
and Ha). Despite these differences in tumor multiplicity, however,
tumors shared a similar morphology regardless of strain. Of note,
there was a lack of invasiveness and metastasis in even the most
sensitive strains, an observation that underlies the vast majority of
murine colon tumor models (50).

Jacoby et al. (51) conducted a genetic analysis of colon cancer
susceptibility to DMH in mice. Mice were selected for study based
on their stark differences in sensitivity to DMH. The prediction was
that DMH-induced carcinogenesis would be a phenotype controlled
by several unlinked loci. Matings were performed between C57BL/
6Ha and ICR/Ha strains with DMH sensitivity of 0 versus 100%,
respectively. Tumors were found in 40 of 122 progeny. Segregation
analysis revealed that multiple loci contribute to the phenotype, but
with significant linkage to a novel locus, Ccs/ on chromosome 12.
Subsequent analysis identified a DNA mismatch repair gene, MIh3,
that physically maps to Ccs/, although there were no mutations iden-
tified in the protein-coding region of the gene in either susceptible or
resistant mouse strains (52).

Since a large number of laboratories are using carcinogens to induce
colon tumors in mice, the question of intralaboratory variability and
standardization has emerged. Bissahoyo et al. (46) assessed AOM-
induced tumorigenesis in A/J, SWR/J and AKR/J mouse strains using
a variety of dosing regimens, as well as dietary factors. Using A/J
mice, these investigators confirmed the utility of using 10 mg/kg body
wt of AOM to produce a maximal effect in terms of tumor multiplic-
ity, size and penetrance (26,37,42) although the maximum effect was
achieved with only four doses (46). Importantly, no sex-dependent
differences were reported and in utero exposure to AOM was not
found to be carcinogenic (46). Histologically, these investigators re-
ported that in SWR/J tumors from the 8 week treatment group, there
was increased tumor progression, and in 10% of the colons, there was
evidence for local invasion through the basement membrane, suggest-
ing that AOM may have tumor-promoting properties in addition to its
known ability to initiate tumors.

Recombinant inbred lines

Inbred mouse lines have also been used to map susceptibility quanti-
tative trait loci that influence colon cancer. The Demant laboratory
developed a series of recombinant congenic mouse strains referred to
as the CcS/Dem that were made from BALB/cHeA and STS/A strains
(53-55). Each substrain has a different random subset of ~12.5% of
genes from STS/A and 87.5% of genes from BALB/cHeA (53). Using
DMH, five susceptibility loci were identified (Scc/—Scc5) using 192
F2 mice between the susceptible recombinant congenic strain CsS-19
and BALB/c (56). A candidate for Sccl was subsequently identified as
protein tyrosine phosphatase receptor type-J (Ptprj) (57). A follow-up
study using AOM confirmed the original five Scc loci and also map-
ped five additional new Scc loci (Sccll-Sccl5) (58). Interestingly,
a different subset of susceptibility genes was involved in the forma-
tion of adenomas and premalignant aberrant crypt foci (ACF) (59).
Recently, Sevignani et al. (60) reported that microRNA (miRNA)
genes are frequently located near mouse cancer susceptibility loci.
Using a genome-wide approach, these investigators compared the
genomic position of mouse cancer susceptibility loci with the posi-
tions of a panel of mouse miRNAs. Using a random effect Poisson
regression model, they reported that a statistically significant number
of miRNAs are located close to tumor susceptibility loci. Overall,
41.9% of miRNAs were located <5 megabase from the peak of the
closest locus. These data thus provide a catalog of miRNAs in inbred
mice that could represent a new family of genes involved in the de-
velopment of human solid tumors (60).
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Fig. 1. Metabolism of AOM involves multiple transcriptionally regulated xenobiotic-metabolizing enzymes.

ApcMint mice

One mouse line that has been used to a limited extent for carcinogenesis
studies is the Apc™™+ mouse strain, developed from the results of a germ
line mutagenesis study with N-ethyl-N-nitrosourea combined with phe-
notypic screening (61). Although Apc™™/+ mice spontaneously form
a large number of benign adenomas in the small intestine, colon tumors
develop in fewer than half of the animals. AOM treatment, however, can
increase tumor incidence in the colons of these mice by up to 6-fold
(62,63), significantly decreasing the number of animals required for
a single experiment. It should also be noted that the number of colon
tumors formed in Apc™™+ mice are significantly greater than that
formed in wild-type C57BL/6 mice, which is a relatively resistant back-
ground (63). Although the number of studies in which AOM has been
given to ApcM+ is limited, this model has proven to be useful for
studying the effects of chemopreventive compounds (64), where differ-
ences in agent metabolism between the large and small intestine may
prove to be important. The tumors that form in AOM-treated ApcM™+
mice also have interesting genetic features as well. On most mouse
strain backgrounds, AOM induces tumors with activating mutations in
the f-catenin gene (see below). However, colon tumors formed in
AOM-treated Apc™™+ mice frequently undergo loss of heterozygosity
at the normal Apc locus (62). Although it is not clear how AOM might
promote loss of heterozygosity in this model, it is through this mecha-
nism by which colon tumors frequently form in human familial adeno-
matous polyposis patients, which is an advantage of this model.

Metabolism of DMH and AOM

DMH and its metabolite, AOM, are procarcinogens that require met-
abolic activation to form DNA-reactive products (65-67). Metabolism
of these compounds involves multiple xenobiotic-metabolizing en-
zymes (Figure 1), which proceeds through several N-oxidation and
hydroxylation steps, including the formation of MAM following
hydroxylation of AOM. The reactive metabolite, MAM, readily yields
a methyldiazonium ion, which can alkylate macromolecules in the
liver and colon (65,68,69), including the addition of methyl groups
at the 0% or N7 position of guanine (O°-methyl-deoxyguanosine
and N7-methyl-deoxyguanosine). MAM is a substrate of the nicotin-
amide adenine dinucleotide *-dependent dehydrogenase present in the
colon and liver, suggesting that the active metabolite of MAM might
be the corresponding aldehyde (70). A direct role for the alcohol-
inducible cytochrome P-450 isoform, CYP2EI, in activation of
AOM and MAM has been established (71). These metabolites of
CYP2E] are transported to the colon via the bloodstream. The ability

of AOM and DMH to target the colonic mucosa is probably a conse-
quence of the relative stability of the hydroxylated metabolite, MAM
(72); with a half-life of ~12 h, there is sufficient time for MAM to
distribute to the colon (73). Further activation of blood-borne metab-
olites may then proceed via non-P450-dependent mechanisms, in-
cluding possible oxidation of MAM, directly within the colon (71,74).

It was originally hypothesized that the differential sensitivity of
mouse strains to DMH may be attributed to differential activation
of the procarcinogen (26). Sohn et al. (71) suggested that MAM is
activated by alcohol dehydrogenase directly in rat colon to its prox-
imate mutagen, methyldiazonium ion. To determine whether this ul-
timate metabolic step is critical to the activation of MAM and strain
sensitivity, our laboratory evaluated the capacity of colon cytosols to
activate MAM in an in vitro system (75). Due to its reactivity, MAM
was generated from MAM acetate by acetylcholinesterase immedi-
ately prior to use. However, colon cytosols isolated from 7-week-old
sensitive or resistant mice (SWR/J and AKR/J mice, respectively) had
only minimal capacity to metabolize MAM, even at the highest con-
centration of MAM tested (2 mM). This result suggests that metabolism
of MAM occurs by processes in the mouse that are independent of
colonic alcohol dehydrogenase (75). The primary promutagenic lesion
produced by AOM is methylation at the O° position of guanine (76).
Maximum alkylation of target tissue DNA occurs 612 h after injection
with DMH (77,78). To examine the possibility that differential sensi-
tivity to DMH/AOM correlates with DNA methylation, Papanikolaou
et al. (16) measured DNA adduct levels 6 h after exposure of mice
to AOM (i.p. 20 mg/kg). Using both immunoslot blot and high-
performance liquid chromatography-fluorescence analyses, adduct
levels were found to be significantly higher (2- to 3-fold) in the colons
of the resistant AKR/J mice 6 h after exposure. In a second experiment,
adduct levels were slightly higher (1.4-fold) in the sensitive SWR/J
colons at 12 h, but had been markedly reduced by 48 h, whereas in
the AKR/J, levels were unchanged (16). Furthermore, incubation of
colon microsomes with AOM and calf thymus DNA showed compara-
ble levels of O%methyl-deoxyguanosine, demonstrating equivalent
metabolic capacity in both strains. From these experiments, it can be
concluded that the differential strain sensitivity is not the result of
differences in carcinogen metabolism, but instead probably involves
subsequent carcinogenic steps such as tumor promotion.

Other colon carcinogens

In addition to MAM acetate, AOM and DMH, there are other carcino-
gens that induce colon tumors to varying extents, including: (i) hetero-
cyclic amines (HCAs), e.g. 2-amino-1-methyl-6-phenylimidazo
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[4,5-b]pyridine (PhIP) and 2-amino-33-methylimidazo[4,5-f]quinoline
(IQ); (i) aromatic amines, e.g. 3,2'-dimethyl-4-aminobiphenyl
(DMAB) and (iii) alkylnitrosamide compounds, e.g. methylnitrosourea
(MNU) and N-methyl-N’-nitro-N-nitrosoguanidine (MNNG). These
carcinogens are summarized in Table II. Earlier studies tested the car-
cinogenicity of these agents, and subsequent studies were performed to
evaluate their effects on histogenesis, cell proliferation kinetics, inter-
action with genetic susceptibility traits, dietary components, fecal
stream components (e.g. bile acids) and bacterial flora, among other
factors (79,80). The spectrum of epithelial lesions including malignan-
cies induced in the colon by these carcinogens is similar to neoplastic
lesions observed within the human colon.

HCAs

The formation of mutagens upon broiling of fish and meat was first
discovered by the Sugimura laboratory (81-83). Since then, consider-
able progress has been made in this field. For example, 1Q, produced
from food pyrolysis, was first isolated from broiled fish and subse-
quently from a variety of broiled or cooked fish and meat (84,85). IQ
is a strong mutagen in Salmonella typhimurium and also induces
mutations in Chinese hamster lung cells and hepatocellular carcino-
mas in rodents and non-human primates (86,87). IQ has genotoxic
activity in different organs (88,89). Other cooked food mutagens in-
clude 2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline, 2-amino-3,4-
dimethylimidazo[4,5-flquinoline and PhIP. Among a number of
HCAs that have been demonstrated to be highly mutagenic and tu-
morigenic in rodent models, IQ and PhIP have received considerable
attention because they demonstrate a multitarget organospecificity,
with cancer induction in colon, mammary gland and prostate of ro-
dents (90-92). The precursors of 1Q-type HCAs are creatinine, amino
acids and sugars in meat and fish (93). It has been shown that IQ
requires metabolic activation by liver microsomes for conversion to
its ultimate carcinogen, while forming high levels of DNA adducts in
a number of organs (94,95).

Although it is not clear whether HCAs directly contribute to human
carcinogenesis, it is certain that these compounds are present in
cooked foods and thus pose a credible risk to human populations.
For example, colon tumors were induced in male F344 rats by admin-
istering PhIP in the diet at 100 and 400 p.p.m. for 52 and 104 weeks
(90,96). Although the incidence of colon tumors was ~43 and 55% in
animals given PhIP at 100 and 400 p.p.m., respectively, severe toxicity
resulted from the PhIP feeding regimen. Other investigators have also
utilized IQ and PhIP to induce colon tumors. The results of these
studies indicate that tumor incidence is very low, ranging from 5 to
28% when these agents were administered in the diet for up to 52
weeks (97). Most of the tumors were localized to the small intestine
(20%) and very few tumors were found in the colon (8%). Based on
these findings, Nakagama et al. (98) developed a novel animal model
to enhance the formation of colon lesions by using a combination of
PhIP and a high-fat diet. Short-term intermittent feeding of 400 p.p.m.
PhIP in combination with a high-fat diet resulted in accelerated tumor
formation. Since HCAs may contribute to human colon cancer de-
velopment, this latter model may be useful for inducing colon carci-

nogenesis in animal model systems and to investigate the
chemopreventive activity of potential agents against colon carcino-
genesis. Recently, Doi et al. (99) identified a set of PhIP-altered genes
(e.g. Statl and VEGF) in rat colon tumors by giving an initiating dose
of AOM followed by varying doses of PhIP (up to 200 p.p.m.), a
tumor-enhancing effect that was clearly dose dependent (100).

Following its administration, PhIP is rapidly absorbed from the
alimentary tract and widely distributed throughout the body. PhIP is
then metabolically activated by Phase I and Phase II enzymes mainly
in the liver, similar to other HCAs, and probably in terminal target
organs as well (82,101). As shown in Figure 2, cytochrome P450-
mediated N-hydroxylation of PhIP occurs predominantly by CYP1A2
in liver microsomes (82,101). N-hydroxylated metabolites of PhIP
bind covalently to DNA to form adducts, but are further metabolised
by Phase II enzymes, namely N- and O-acetyltransferases (NAT1 and
NAT?2) and sulfotransferases, and are required to generate carcino-
genic species. The Phase II enzymes add N-acetoxy or N-sulfonyl
moieties to N-hydroxylated PhIP in the liver and partly in the terminal
target organs, and arylnitrenium ions (R-NH™) derived from these
metabolites react with DNA to generate PhIP-adducted bases (101),
which can induce mutations. PhIP is also DNA reactive, wherein the
exocyclic amino group of PhIP covalently binds to the C8 of the
guanine base (dG-C8-PhIP). This is the major adduct found in calf
thymus DNA reacted in vitro with N-acetoxy-PhIP (82,101) and is
also found in DNA from rats exposed to PhIP. PhIP is detoxified
primarily via glutathione and glutathione transferases. In addition,
detoxification of N-hydroxylated PhIP occurs in the liver through
the generation of glucuronate conjugates (102). In this case, glucur-
onate-conjugated PhIP is secreted into the bile, de-conjugated by gut
flora and reabsorbed from the gut through enterohepatic circulation.
As a result, the colonic mucosa may undergo repeated exposures to
activated PhIP in vivo.

Aromatic amines

In 1941, Lorenz et al. (2) initially observed the chemical induction of
intestinal tumors in mice fed with the polyaromatic hydrocarbons,
dibenzanthracene or methylcholanthrene. The carcinogenic action
of DMAB was first recorded by Walpole ef al. (4), who described
the induction of colon tumors in rats by s.c. administration of DMAB.
The carcinogenic action of DMAB to produce colon tumors was also
evaluated (103,104). A total of 20 weekly s.c. injections of DMAB to
male F344 rats at a dose level of 50 mg/kg body wt induced multiple
colon tumors in ~26 to 30% of animals fed with a low-fat diet and
74% of animals fed with a high-fat diet. DMAB induced both benign
(adenomas) and malignant (adenocarcinomas with invasion into mus-
cularis mucosa) epithelial neoplasms, with a multiplicity of 1.2-2.7
tumors per tumor-bearing rat. The adenocarcinomas observed were
both histopathologically well differentiated and poorly differentiated.
One of the major weaknesses of this model, however, is that it requires
multiple injections of DMAB to induce colon tumors. On a molar
equivalent basis, DMAB is less potent in rodent models than the series
of compounds derived from DMH or AOM. Another weakness of this
model system is the induction of neoplasms in various other tissues,

Table II. Summary of carcinogens used to induce colon cancer in rodents

Carcinogens Route of administration Species References
MNNG Rectal infusion, 0.5 ml of 0.25% MNNG solution/day x 32 Rats (Donryu), females (108)
MAM acetate Rectal infusion, 1 mg MAM acetate in 0.5 ml deionized water/day x 7, 14 or 26 Rats (Donryu), males (258)
MAM acetate i.p. 20 or 35 mg/kg body wt x 1; intravenous, 35 mg/kg body wt x 1 Rats (Sprague-Dawley), males (259)
N-nitroso-N-butylurea i.p. 75 or 150 mg/kg body wt x 1 Mice (C57BL/6), males (260)
Methylnitrosourea Intrarectal, 2.5 mg/rat/week x 2 Rats (F344), males 261)
DMN-OAc i.p. 0.1 mmol/kg body wt x 1 Rats (Sprague-Dawley), males (262)
PhIP Diet, 400 p.p.m., 52 weeks Rats (F344) (96)

1Q Diet, 300 p.p.m., 55 weeks (male), 72 weeks (female) Rats (F344) (263)
DMAB s.c. 100 mg/kg, 20 weeks Rats (F344) (264)

186



Mouse models for colon carcinogenesis

[o]
{N"]]\/\NH
N7 N TNH,
dR
2'-Deoxyguanosine

| CHj /\T CH,
; N CYP1A2 : N
l [ 1, ——p || )—nHoH
=, S
NT N N N

PhIP N-hydroxy-PhIP NP P
[ )—nHococH, —P»
SN N

\ GHa
< » N

N
—NHOSO; =
Sy >

N-Sulfonyloxy-PhIP

STj

N-Acetoxy-PhIP

PhIP-G:A mispair—» T:A
| G to T transversion |

GGG to GG

Fig. 2. Metabolic pathway for PhIP activation and induced mutations.

such as adenocarcinomas of mammary glands in female rats, sarco-
mas of the salivary glands, squamous cell carcinomas of the ear duct
and skin, forestomach squamous cell papillomas, sarcomas and lym-
phomas and urothelial carcinomas of urinary bladder (11,105,106).

Alkylnitrosamide compounds

MNNG and MNU are direct alkylating agents that do not require
metabolic activation and thus are potent topical carcinogens (89).
Intrarectal instillation of MNU or MNNG has been reported to induce
colorectal tumors in rodent models (7,107-110). In rats and mice,
most of the induced colonic tumors are sessile or polypoid lesions.
Because biochemical activation is not required, these carcinogens are
ideal for inducing colon tumors in animals and studying the modify-
ing effects of xenobiotics without involving the metabolism of the
initiating carcinogen (110). Intrarectal administration of MNNG at
a dose rate of 1-3 mg/rat/week for 20 weeks induced colon tumors
in 100% of male F344 rats, of which 43% tumors were adenocarci-
nomas and 57% were adenomas. The neoplasms were all located in
the distal colon and rectum where MNNG and MNU were applied.
The adenocarcinomas induced were mostly well-differentiated types
with infiltration into the submucosa, whereas some were poorly
differentiated showing mucinous cancer cells infiltrating into the
submucosa. Metastases were not usually observed (111,112). Because
MNNG and MNU given intrarectally selectively induce tumors in the
distal colon and rectum, these models have been widely used. The
major weakness of this model is that intrarectal injection poses a sig-
nificant technical challenge, and quantification of carcinogens in-
stilled intrarectally is difficult.

Chemically induced gene mutations

There are a number of pathways leading to colon cancer in humans,
including the sporadic and FAP-associated adenoma—carcinoma se-
quence, hereditary non-polyposis colorectal cancer and colitis-related
cancer, and each is driven by distinct molecular events (113,114). In
human sporadic CRC, a large number of mutational events occur, and
the ‘genomic landscape’ of human CRC has recently been described
(115). Genomic sequencing of human CRCs has revealed frequent
somatic mutations and deletions in a spectrum of tumor-related genes,
including K-Ras, adenomatous polyposis coli (Apc) and p53 (116).
Chemical agents used to induce tumors in rodents target many of the
same genes or related genetic pathways. In this section, we discuss the
genetic alterations associated with colon carcinogenesis induced by
chemical carcinogens in rodent models. In the section that follows, we

will focus on the effects of these mutations on a number of tumor-
associated pathways.

A number of tumor-related genes are often targeted by colon carci-
nogens in rodent colon cancer models. One common genetic target
in human and carcinogen-induced rodent CRC is the K-Ras gene.
Jacoby et al. (117) showed that DMH caused K-Ras activating muta-
tions (G to A) in 66% of colon carcinomas. Similar K-Ras mutations
occurred in premalignant colonic mucosa in 2 of 11 rats by 15 weeks,
suggesting that this was an early mutational event (117). Interestingly,
this group further showed that only 2.5% of MNU-generated adeno-
mas had this mutation, whereas 33% of carcinomas had a G to A
transition in K-Ras (118). In AOM-induced lesions, K-Ras mutations
are frequently observed, whereas Apc and p53 mutations are less
frequently found (20,119,120). These differences cannot be explained
simply by species differences since p53 mutations have been detected
in MNU-induced rat colon tumors and Apc mutations have been found
in PhIP-induced tumors (121,122). Furthermore, K-Ras mutations do
not appear to be a feature of PhIP-induced colon tumors (123). It has
also been reported that in the rat, PhIP treatment causes a specific
guanine deletion at the 5'-GGGA-3’ site in the Apc gene, resulting in
a protein truncation (121). These different mutations probably result
from the types of DNA damage induced by the different carcinogens.
AOM causes point mutations (G:C to A:T transversions) in the K-Ras
gene (121,124,125), which may result from base misincorporation re-
sulting from the O%-methyl-deoxyguanine adducts (65,126). Recently,
Calcagno et al. (127) established an unequivocal role for K-Ras acti-
vation in neoplastic initiation and progression in mice. Transgenic mice
in which an oncogenic K-Ras (G12D) allele was activated in the colon
developed spontaneous ACF. Interestingly, the biological fate of these
lesions was dependent upon the anatomical region of the colon in which
they formed since oncogenic K-Ras-induced ACF were capable of pro-
gression only in the proximal colon (127). Thus, the differences in
genetic mutations that arise in chemically induced colon tumor models
are largely carcinogen specific. K-Ras activation appears to play an
important role in the AOM and DMH models, whereas this pathway
is not frequently targeted by PhIP. Conversely, MNU and PhIP have
been shown to target p53 and Apc, respectively.

A role for the B-catenin/T-cell factor (Tcf) pathway in carcinogen-
induced rodent colon cancer models has been clearly established.
Using immunohistochemistry, Maltzman et al. (128) were the first
to show that loss of wild-type Apc protein occurs in AOM-induced
mouse colon tumors. Takahashi er al. (129) reported pronounced
cytoplasmic and nuclear -catenin staining in AOM-induced rat colon
tumors. single strand conformation polymorphism analysis of the
glycogen synthase kinase-38 phosphorylation consensus motif
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revealed eight mutations in 6/8 carcinomas (129). A similar high
frequency of B-catenin mutations were found in AOM-induced colon
tumors in ICR mice (130). Using single strand conformation poly-
morphism analysis, Takahashi et al. (130) reported that 9/10 -catenin
mutations in colon tumors were G:C — A:T transitions, with a con-
comitant increase in cytoplasmic and nuclear staining. Koesters et al.
(131) tested the possibility that long-term treatment with a carcinogen
may alter the mutational spectrum of B-catenin mutations in rat colon.
Rats were treated for 20 weeks with DMH and B-catenin was se-
quenced. While mutations were found in 12/33 tumors (36%), only
one mutation affected the codon 33 mutation cluster region, whereas
11/12 (>90%) of the mutations were G—C mutations at codon 41. The
authors further speculate that codon 41 mutations may have greater
oncogenic potential, but require a sustained carcinogenic exposure to
enable selection in tumors (131). B-Catenin mutations have also been
found in PhIP-induced rat colon tumors without Apc mutations (132).
PhIP was also shown to induce B-catenin mutations in rat adenomas
(133) and even in dysplastic ACF (134). Similarly, a high frequency of
B-catenin mutations was found in rat colon tumors induced by 1Q
treatment (135). In mice, there is considerable evidence for both
B-catenin mutation and alterations in cellular localization (130). Guda
et al. (23) showed that in A/J mice, AOM treatment caused nuclear
accumulation of B-catenin. The secondary bile acid, deoxycholic acid,
has also recently been shown to increase nuclear 3-catenin levels in the
normally resistant AKR/J mice treated with AOM, an effect that was
not associated with a loss of plasma membrane E-cadherin (22). However,
in AOM-exposed Apc™i* mice, Suzui et al. (63) reported that mutations
in the P-catenin gene are less contributory to tumorigenesis than in
C57BL/6 wild-type mice, suggesting different genetic pathways for co-
lon cancer development in this model. Shitashige et al. (136) have fo-
cused on the potential role of splicing factor-1 (SF1I), a component of the
B-catenin-Tcf-4 complex. They report that AOM treatment resulted in
a significant increase in the volume and number of colon tumors in the
Sf1 heterozygous mice (137). These results indicate that consistent with
human colon cancers, the Wnt/Apc/B-catenin-signaling pathway indeed
plays an important role in chemical-induced rodent colon carcinogenesis.

A common genetic alteration found in human CRC that is not typ-
ically observed in rodent carcinogen models is a missense mutation of
the p53 gene (120,138-141). The p53 gene remains unmutated, even
though p53 knockout animals have an increased sensitivity to AOM
(142,143). Although the p53 gene is sequence-normal in AOM-induced
tumors, it is expressed at elevated levels, much like what is observed in
pS3-mutant lesions where the mutant p53 cannot activate expression of
its negative regulator, Mdm2 (139), the analysis of p53 target gene
expression and DNA binding activity revealed that the overexpressed
p53 protein has extremely low activity. Although it is not entirely clear
how the phenotypic repression of p53 activity is accomplished in these
tumors, evidence for a central role for Mdm?2 has been obtained (144).
Therefore, with regard to the p53 pathway, AOM-induced tumors may
be a good model human CRC in which p53 is normal (~50%), or
lesions with a wild-type p53 and overexpressed Mdm2, which have
been estimated to account for 15% of human CRC (145).

Phenotypic changes associated with chemically induced colon
carcinogenesis

As noted above, many of the cellular and biochemical defects found
in human carcinomas are recapitulated in chemical-induced rodent
models, supporting the use of experimental colon carcinogenesis in
animal systems as a model for human disease. These defects include
dysregulation of arachidonic acid (AA) metabolism, including ele-
vated cyclooxygenase (COX-2) activity with concomitant prostaglan-
din E, production (22,146), alterations in ornithine decarboxylase
(ODC) (147) and polyamine levels (148,149) and upregulation of
a number of proinflammatory cytokines, including tumor necrosis
factor (TNF)-a and interleukin-1a/f (150). In this regard, the rodent
carcinogen models have proven to be particularly useful for testing
and studying anticancer agents that target overexpressed proteins in
human colon cancers.
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AA/COX-2 pathway

Cellular fatty acid metabolism and downstream signaling events play
a critical role in colon carcinogenesis. Evidence suggests that the
modulation of AA metabolism with Cox inhibitors [e.g. non-steroidal
anti-inflammatory drugs (NSAIDs)] or dietary factors can be an
effective approach for lowering colon cancer risk or preventing polyp
recurrence (151-157). However, a number of important issues regard-
ing how lipid-signaling pathways impact early and late stages of colon
carcinogenesis remain unresolved. A better understanding of the
mechanisms by which AA, AA metabolites and related lipid-signaling
pathways affect colon carcinogenesis could greatly improve our
ability to target appropriate patient populations and design more ef-
fective treatment protocols that reduce colon cancer risk. Rodent
carcinogen models are well suited for studying the role of lipid sig-
naling in colon cancer.

A number of studies have reported that colon carcinogens, partic-
ularly AOM, can increase COX-2 expression and consequently pros-
taglandin E, (PGE,) levels within adenocarcinomas (130,158-163).
Elevated COX-2 expression has been shown to occur throughout the
carcinogenic process, beginning in rats within normal-appearing co-
lonic mucosa as early as 1 week following AOM exposure, an effect
that was enhanced by administration of a high-fat corn oil diet (163).
Elevated levels of COX-2 in AOM-induced rat tumors were also
shown by Rao er al. (164) using a high-fat diet containing mixed
lipids. Dong et al. (159) reported elevated COX-2 expression in A/J
mice 24 weeks after AOM treatment accompanied by increased PGE,
levels. Importantly, the formation of carcinogen-induced colon
lesions can be suppressed by NSAIDs or COX-2 inhibitors. For ex-
ample, the COX-2 inhibitor NS-398 significantly reduced the number
of ACF in rats given AOM (165). In addition, sulindac was shown
to be effective against certain types of ACF, including B-catenin-
accumulated crypt (BCAC) and hexosaminidase-negative foci in rats
(166), whereas the selective COX-2 inhibitor, JTE-522, was shown to
suppress total ACF counts in DMH-treated rats (167). This same
group, however, reported that COX-2 inhibition was effective when
applied during the initiation phase, but not the progression phase, of
DMH-induced carcinogenesis (167). These findings are, however, in
contrast to those reported by Reddy et al. (168) showing that Cele-
coxib treatment was effective throughout the carcinogenic process in
rats. Finally, Riehl et al. (169) have shown that COX-1-derived PGE,
may be important during early phases of colon carcinogenesis follow-
ing AOM, possibly by affecting stem cell survival in response to acute
damage.

Other components of the AA cascade have also been shown to
affect colon cancer pathogenesis. For example, coordinate with the
COXs, the secretory phospholipase and cytosolic phospholipase A,
(cPLA,) control the production of lipid mediators, including PGE,, by
regulating the release of AA from phospholipids membranes (170).
Overexpression of cPLA, has been reported in cholangiocarcinomas,
hepatomas, non-small cell lung cancers and small intestinal tumors
(171-173). Using AOM, our laboratory reported a strict inverse re-
lationship between cPLA, and COX-2 expression in human and mu-
rine colon tumors (159,174), with cPLA, levels reduced in neoplastic
lesions at both the messenger RNA and protein level. We have also
reported that genetic deletion of cPLA, dramatically enhances the
tumorigenic effects of AOM in the colon of Balb/c mice (24). The
mechanism for this enhanced tumor response may be related to im-
paired apoptosis within the colonic mucosa of cPLA,-deficient mice
(24), an effect that is related to reduced ceramide production in this
tissue, as initially proposed by Chan et al. (175).

15-Hydroxyprostaglandin dehydrogenase (15-PGDH), a prostaglandin-
degrading enzyme that is regulated by epidermal growth factor receptor
(EGFR) signaling through the transcription factor Snail, is down-
regulated in colon cancer (176,177). Mann et al. (176) showed that
pharmacologic disruption of EGFR signaling with erlotinib eliminated
tumor growth in a xenograft model while restoring 15-PGDH expression
and reducing intratumoral PGE, levels. Myung et al. (177) directly tested
the role of 15-PGDH in carcinogenesis by generating 15-PGDH-null



mice on the otherwise colon carcinogen resistant C57B1/6J background.
As predicted, the absence of 15-PGDH resulted in a marked increase in
susceptibility to AOM, both in the incidence of tumors as well as pre-
cancerous ACF.

As an alternative approach to reduce the levels of PGE,, without
affecting the production of other prostaglandins, our laboratory recently
tested the role of the terminal microsomal PGE, synthase 1, mPGES-1,
on intestinal tumorigenesis (178). While mPGES-1 deletion caused
a marked reduction in intestinal tumors in Apc-mutant mice, it also
suppressed the formation and growth of ACF induced by AOM, sug-
gesting that promotion associated with PGE, may also occur early in
carcinogenesis (178). Reduced ACF size was associated with an atten-
uated nuclear translocation of B-catenin, demonstrating for the first
time that PGE, may exert direct control over Wnt signaling in vivo.

ODC and polyamines

A number of biochemical pathways are altered in colon cancer cells to
sustain the high cell proliferation rates observed within tumors
(179,180). An important example of one pathway is cellular poly-
amine synthesis. Polyamines (putrescine, spermidine and spermine)
are necessary for cell growth and proliferation. They exist primarily in
complexes with RNA and their effect on cell proliferation is likely to
arise in part from a stimulation of protein synthesis (181). ODC is the
rate-limiting enzyme in polyamine synthesis that generates putrescine
from the decarboxylation of ornithine. ODC is intimately involved in
normal cellular proliferation and is likely to play a role in colon
carcinogenesis (182,183). Increased ODC activity and polyamine
synthesis is a phenomenon common to cells undergoing rapid pro-
liferation, including colon cancer (reviewed in 184). As shown by Luk
et al. (185), AOM treatment resulted in elevated ODC activity corre-
sponding to early (initiation) and late (promotion) phases of cancer
development. As shown by Pizzi et al. (186), AOM treatment caused
an extension of the crypt proliferative compartment to the upper third of
crypts with a corresponding upward shift of DNA-synthesizing cells.
These proliferation abnormalities were accompanied by increased
ODC activity. Since human colon cancers also display elevated levels
of polyamine synthesis and ODC activity, it was reasoned that ODC
inhibition by agents like difluoromethylornithine (DFMO) may be able
to suppress colon cancer development. The rodent carcinogen models
played a central role in demonstrating the effectiveness of DFMO for
colon cancer prevention (187-189). DFMO was subsequently tested in
combination with sulindac in clinical trials by Meyskens et al. (190)
and was found to reduce the risk of recurrent colorectal adenomas by up
to 95%, with relatively low levels of toxicity. The interaction with
sulindac may stem in part from sulindac’s ability to stimulate poly-
amine export from the cell (191). The common ODC phenotype of
human and carcinogen-induced rodent colon cancers was therefore in-
strumental in the preclinical development of DFMO.

Transforming growth factor-f§ and other cytokines

The transforming growth factor (TGF)-[3 pathway has been demonstrated
to play an important role in modulating colon carcinogenesis in humans
(192). In the normal colon, TGF-f has an antiproliferative effect on
epithelial cells, inducing growth arrest in G; and apoptosis (193-195).
These antiproliferative effects are mediated through the type I and type
II TGF-B receptors, which dimerize upon TGF-f binding leading to the
activation of the transcriptional regulatory SMAD proteins, SMAD2, 3
and 4. TGF- may also influence colon cancer development through its
potent immunosuppressive activities (196). Disruption of the TGF-
pathway is often observed in human colon cancers with microsatellite
instability. In these cancers, carcinogenesis proceeds through the silenc-
ing of genes involved in DNA mismatch repair, which leads to the
generation of frame-shift mutations in TGF-BRII. TGF-f signaling
may also become compromised in repair-competent colon cancers due
to point mutations in TGF-BRII or mutations in post-receptor signaling
molecules such as SMAD2 and SMAD4 (197-202).

Evidence has been obtained that this pathway becomes disrupted in
carcinogen-induced rodent models and may be an important factor for

Mouse models for colon carcinogenesis

determining the sensitivity of different mouse species to AOM-
induced carcinogenesis (203). Although the TGF-BRII is not mutated
in the AOM model, the expression of this receptor is significantly
downregulated in sensitive A/J mice, at both the messenger RNA
and protein level (203). Repression of TGF-BRII may render epithe-
lial cells insensitive to TGF-B-mediated growth arrest. AOM tumors
are also deficient for processing latent TGF-B1, with approximately
half of the TGF-B1 in the tumors present in an unprocessed, inactive
form (204). Finally, inhibition of the TGF-f} pathway in AOM tumors
is supported by microarray analysis showing that many TGF-p-
activated genes are not expressed at elevated levels in tumors (204).
The AOM model therefore provides investigators interested in under-
standing the role of TGF-f signaling in colon cancer a tractable model
in which to test different hypotheses.

TGF-p and other cytokines can have a profound, yet complex effect
on colon cancer. TGF-f for example may suppress early stages of
colon cancer, whereas its ability to stimulate stromal cells may ulti-
mately promote cancer invasion and metastasis. Chemical-induced
colon cancers in rodents support the expression of numerous cyto-
kines. Furthermore, these tumors can be promoted by the application
of inflammatory agents such as dextran sodium sulfate (DSS) or 2,4,6-
trinitrobenzene sulfonic acid. These rodent models are particularly
well suited for analyzing the role of different cytokines and cytokine
profiles in colon carcinogenesis. Using knockout mouse strains, Osa-
wa et al. (205) obtained evidence that the cytokine profile of a Th2
inflammatory responses (as observed in ulcerative colitis patients) is
generally tumor promoting. Specifically, interferon-gamma knockout
mice had a heightened tumor response relative to interleukin-4-
deficient animals. The role of other cytokines has also been explored,
with TNF-a being a particularly intriguing case. Although TNF-o
knockout mice are more susceptible to colonic inflammation than
wild-type animals (206), TNF-R1 knockout animals are resistant to
cancer development in the AOM/DSS model (207), suggesting that
signaling through different receptors may strongly influence colon
cancer development. The rodent carcinogen models promise to play
a central role in refining our understanding of the highly complex role
of the immune response and inflammatory cytokines in colon cancer.

Tumor progression in rodent models

Tumor histology

In a study from our laboratory (37), we described the histology of
tumors in A/J, FVB/N and Balb/CJ mice treated with four to six
injections of AOM (i.p.) and killed at 24 weeks after the last injection.
In each of these carcinogen-sensitive strains, tumors were localized to
the distal colon and could not be detected, either grossly or histolog-
ically within the proximal colon. Tumors were intramucosal, ranging
in size from 2 to 8 mm diameter and were exophytic, polypoid and tan
to red with irregular surfaces in all strains. In the A/J mouse, colons
were covered by multiple, coalescing tumors with minimal interven-
ing areas of macroscopically normal epithelium (37). This ‘carpeting’
of the distal colonic mucosa with tumors can present a challenge in
that it is often difficult to identify normal adjacent mucosa for com-
parison. Histologically, the cellular morphology within tumors in the
A/J, FVB/N and Balb/CJ mice show similarities. At higher magnifi-
cation, the intramucosal, expansile tumors are hypercellular, com-
prised of large numbers of closely packed epithelial cells, arranged
in crypt-like structures with occasional cystic lumina, loss of goblet
cell differentiation and supported by fibrovascular stroma. A common
histological feature of these murine tumors is the paucity of goblet
cells as demonstrated by markedly reduced periodic acid Schiff stain-
ing (37). These tumor crypts are arranged in a disorganized manner
with general loss of polarity and minimal infiltration of the lamina
propria by isolated islands of tumor cells derived from the epithelial
compartment. The nuclei are large, pseudostratified, hyperchromatic,
finely stippled and elongate to oval with mild to moderate anisokar-
yosis. Moderate to high numbers of lymphocytes and neutrophils are
found within the lesions. Few macrophages infiltrate the stroma of the
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tumors but are present within the crypt lumina. It is interesting to note
that the greatest degree of inflammatory cell infiltrate is present in
tumors of the highly sensitive A/J mouse strain, suggesting a strong
inflammatory component in the progression of these tumors (37).

In general, rodent colon tumor models tend to be non-metastatic
and rarely show evidence of tumor cell invasion (50,111,112,208).
However, in the study of Nambiar er al. (37), infiltrative cords of
epithelial cells were occasionally found to breach the muscularis
mucosa and another focal nest of epithelial cells were present in the
submucosal lymphatics of one tumor, indicating that progression to
infiltrating carcinoma is possible, although infrequent, in this model.
Another tumor that was present in an A/J mouse at the recto-anal
junction also showed infiltration into the submucosa. Finally, there
was evidence of a squamous cell carcinoma at the recto-anal junction
that infiltrates into the rectal wall, and large numbers of neutrophils
were present in this tumor. Thus, while metastasis is rare in these
rodent carcinogen models, the potential certainly exists that these
behaviorally benign tumors can be promoted under certain conditions
(e.g. genetically or through the use of tumor-promoting agents),
although this potential application has yet to be fully exploited.
Recently, Maggio-Price et al. (209) demonstrated environmental con-
ditions that favor neoplastic progression in otherwise unaffected mice.
SMAD3~'~ mice maintained free of Gram-negative enterohepatic
Helicobacter spp. for up to 9 months do not develop colon cancer,
whereas infection of these mice with Helicobacter was found to trig-
ger colon cancer within the cecum of 50-66% of the animals as early
as 5 weeks post-infection. Histologically, the majority of these tumors
were found to be infiltrative mucinous adenocarcinomas with evi-
dence of tumor cell penetration through the colon wall into the serosa
and mesentery (209).

Preneoplastic lesions

The observation that chemical carcinogens may induce macroscopic
alterations within the colonic epithelium has a long and interesting
history. Initial descriptions of preneoplastic alterations within the co-
lonic mucosa were made by Delapierre et al. (210) who monitored the
descending colon of rats by transmission electron microscopy and
observed preneoplastic lesions at 3 weeks after treatment with
DMH. Wargovich et al. (211) reported a number of histological alter-
ations, including mucin changes and alterations in crypt proliferation
rates after four injections of DMH to C57BL/6J and CF1 mice. While
these and other studies (18,212—214) have identified colon crypts with
altered histology, it was not until Bird (215) developed a methodology
that could readily identify and quantify macroscopic alterations on the
surface of the colon that they referred to as ACF. Using methylene
blue dye staining, it was found that carcinogen-induced cryptal le-
sions could be distinguished by their increased size, thicker epithelial
lining and increased pericryptal zone (216). ACF are morphological
lesions that represent an early stage in the stepwise progression of
colon cancer (216,217). These surface abnormalities often appear in
the distal colon within 2 weeks of carcinogen treatment. Sequential
analyses suggest that these early lesions increase in size and multi-
plicity and often exhibit nuclear atypia and dysplasia (42,217-219).
ACF also show increased proliferative activity, growth factor signal-
ing and K-Ras mutations, suggesting that at least a subset of ACF are
putative precursors of colon cancer (20,127). Human ACF share a sim-
ilar morphology and are present in grossly normal-appearing colon
tissue from patients with CRC (220,221). It has been suggested that
the nature and order of acquired genetic changes can profoundly
impact ACF morphology and likelihood of tumor progression
(222,223).

Since these early observations, a number of other investigators have
described subsets of ACF with various histological criteria, including
hexosaminidase-altered foci, BCAC, flat dysplasia and mucin-
depleted foci (reviewed in 219). The Pretlow laboratory (224,225)
demonstrated a marked reduction in hexosaminidase activity in
methacrylate-embedded aberrant crypts taken from the distal colons
of F344 rats treated with AOM. Tsukamoto et al. (226) then examined
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the transcription of the hexosaminidase o and B subunits in altered
foci and reported that both markers were downregulated in aberrant
crypts of DMH-treated rats. The same group then examined by scan-
ning electron microscopy the three-dimensional structure of DMH-
exposed rat colons and found that hexosaminidase-altered foci had
abnormal budding within the middle of the crypt body, distinct from
the symmetrical budding that occurred in hexosaminidase-
normal crypts (227). BCAC, described initially by (228), are report-
edly a premalignant lesion in the colon that lack some of the charac-
teristic histological features of traditional ACF, but may have a greater
likelihood for malignant transformation than ACE. When the fre-
quency of BCAC was studied in AOM-exposed resistant and sensitive
mouse strains, BCAC was found at a greater frequency in the distal
colon of the sensitive strain at a site associated with subsequent tumor
formation (229). On the other hand, ACF were more common in the
proximal colon and occurred at a similar frequency in the sensitive and
resistant strains, suggesting that BCAC may be a more reliable prog-
nostic lesion (229). Mucin-depleted foci, originally characterized by
their defective mucin production by the Caderni ef al. (230,231), are
dysplastic lesions that are found in the colons of carcinogen-exposed
rats. These lesions are induced by DMH, have a higher degree of
dysplasia than ACF, increase in response to tumor promoters such as
cholic acid or heme-rich diets and carry alterations in the Wnt-signaling
pathway, including mutations in B-catenin (232). In addition, it was
shown that the cancer-preventing agent polyethylene glycol suppressed
their growth, whereas a high-fat diet resulted in a modest increase in
mucin-depleted foci/colon with no change in ACF density (233). Fi-
nally, Paulsen et al. (233) identified flat dysplastic ACF in the colons of
ApcMin mice that have different macroscopic characteristics than car-
cinogen-induced ACF, as well as histological features consistent with
microadenomas. More recently, these investigators have identified flat
dysplastic ACF in the colons of AOM-treated A/J mice, as well as F344
rats (234). In both species, these flat ACF grew more rapidly than
classical elevated ACF, possibly as a result of Wnt activation and ac-
celerated crypt multiplication. Although limited in numbers, flat dys-
plastic ACF appeared to be more likely to become tumors than the
elevated ACF (234). Clearly, the expanding diversity of ACF identified
in rodent carcinogen models provides researchers with exciting new
tools for studying the earliest stages of CRC. Lesions characterized in
these models may ultimately become useful for predicting cancer risk
in humans.

AOM/DSS model

Colon cancer is the most serious complication associated with long-
standing inflammatory bowel disease (IBD), including ulcerative co-
litis and Crohn’s disease (235,236). The risk of CRC increases with
the extent and duration of the disease. Several animal models have
been reported that recapitulate many of the features associated with
IBD. Perhaps the most commonly used mouse model employs DSS
(237). CRC development in the DSS colitis model typically requires
arelatively long exposure period or cycles of DSS administration, and
the incidence and/or multiplicity of induced tumors are relatively low
(238). Many studies have suggested that chronic or repeated mucosal
inflammation may result in tumorigenesis through several proposed
mechanisms. These mechanisms include induction of genetic muta-
tions, increased cryptal cell proliferation, changes in crypt cell me-
tabolism, changes in bile acid enterohepatic circulation and
alterations in bacterial flora (239,240). CRC development following
DSS-induced inflammation supports the hypothesis that chronic in-
flammation in IBD plays a critical role in epithelial malignant neo-
plasia in the large bowel (239). In inflammatory and/or angiogenic
environments, superoxide anion may be produced by infiltrating mast
cells (241) or macrophages (242) to facilitate cancer development.
For understanding the pathogenesis of IBD-related CRC, we de-
veloped a novel colitis-related mouse CRC model (a two-stage mouse
colon carcinogenesis model) initiated with AOM and promoted by
DSS (243). In this model, mice develop tumors after a relatively short-
term DSS exposure, compared with DSS alone. Male Crj:CD-1 (ICR)



mice were given a single i.p. administration (10 mg/kg body wt) of
AOM, followed by a 1 week oral exposure (2% in drinking water) to
DSS (molecular weight 40 000). Within 20 weeks, numerous colonic
neoplasms (adenocarcinomas, 100% incidence with a multiplicity of
5.60 + 2.42 and adenomas, 38% incidence with a multiplicity of
0.20 + 0.40) and dysplastic lesions were observed (Figure 3). Immu-
nohistochemically, dysplasia and neoplasms showed positive staining
for B-catenin, COX-2 and inducible nitric oxide synthase, but did not
show evidence of p53 immunoreactivity. Thus, this novel mouse
model combining AOM with DSS can be used for investigating co-
litis-related colon. Interestingly, numerous mast cells are found sur-
rounding or within these carcinomas (243). Although the role of mast
cells in IBD development is still a matter of debate (244,245), in-
ducible nitric oxide synthase expression by these cells may be in-
volved IBD and IBD-related colon carcinogenesis (246).

Our recent studies on inflammation-related carcinogenesis, where
mice received a single dose of various colon carcinogens (i.e. AOM,
PhIP and DMH) followed by 1 week of exposure to 2% DSS, have
shown a high incidence of tumor formation within 20 weeks
(247,248). Importantly, we also observed differential sensitivities to
AOM/DSS-induced colon carcinogenesis among four different mouse
lines (BALB/c, C3H/HeN, C57BL/6N and DBA/2N) (249). When
these mice were given a single i.p. injection of AOM (10 mg/kg body
wt), followed by 1% DSS (wt/vol, molecular weight 36 000-50 000)
in drinking water for 4 days, the incidence of colonic adenocarcinoma
was 100% with a multiplicity of 7.7 + 4.3 in Balb/c mice, whereas
only 50% of C57BL/6N mice developed tumors with a multiplicity of
1.0 = 1.2. Moreover, only a few colonic adenomas, but no adenocar-
cinomas, developed in C3H/HeN or DBA/2N mice. The inflammation
and immunohistochemical nitrotyrosine positivity score of mice trea-
ted with AOM and DSS were (in decreasing order) as follows: C3H/
HeN > BALB/c = ICR > DBA/2N > C57BL/6N and BALB/c =
ICR > C57BL/6N > C3H/HeN > DBA/2N, respectively. These find-
ings suggest that susceptibility to AOM/DSS-induced colonic tumor-
igenesis may be directly influenced by the degree of nitrosative stress
in colonic tissue.

In a dose—response study of DSS as a tumor promoter (249), male
ICR mice were given a single i.p. injection of AOM (10 mg/kg body
wt), followed by DSS (molecular weight 40 000) at dose levels rang-
ing from 0.1 to 2% (wt/vol) in the drinking water for 1 week. At week
14, in the mice that received AOM and 2% DSS, the incidence and

Mouse models for colon carcinogenesis

multiplicity of colonic tubular adenoma (75% and 1.25 + 1.26 per
mouse) and adenocarcinoma (100%, 2.75 + 2.22 per mouse) were
the highest. Colon tumors did not develop in mice that received
AOM + 0.25% DSS and AOM + 0.1% DSS, although dysplastic
crypts were observed in these mice. Scoring of inflammation and
nitrotyrosine immunoreactivity suggested that severe inflammation
and nitrosative stress was caused by high doses (2 and 1%) of DSS.
Thus, the tumor-promoting effect of DSS is dose dependent, occurring
at 1% or higher, and the effect corresponds to the degree of inflam-
mation and nitrosative stress, assessed in this study by increased (2-
fold) nitrotyrosine immunoreactivity that was observed within a vari-
ety of cell types (neoplastic, cryptal and endothelial cells, as well as
infiltrative mononuclear cells) within the colonic mucosa (249).

In a time—course study, sequential analysis of pathological altera-
tions during carcinogenesis was conducted to determine the influence
of inflammation on colon carcinogenesis. Male ICR mice were given
a single i.p. injection of AOM (10 mg/kg body wt) followed by 2%
(wt/vol) DSS for 7 days, starting 1 week after AOM exposure. Colon
adenomas were identified in 2/5 mice at week 3 and colon adenocar-
cinomas developed in 2/5 mice at week 4. Tumor incidence gradually
increased with time and reached 100% with a multiplicity of
6.20 + 2.48 at week 6. At week 14, the multiplicity of adenocarcino-
mas was 9.75 + 2.49. In addition, colonic dysplasia was observed at
all time points. The scores of colonic inflammation and nitrotyrosine
immunohistochemistry were extremely high at early time points and
were well correlated. These results indicate that the AOM/DSS model
generates neoplasms that develop through dysplastic lesions in the
colonic mucosa.

Although the incidence of colon tumors in Apc™™+ mice is gen-
erally low, numerous colon tumors developed within 5 weeks in male
and female ApcM™+ mice when they received 2% DSS in drinking
water for 7 days (248). Further molecular analysis revealed a high
incidence (80—100%) of B-catenin gene mutations in AOM-induced
colonic adenocarcinomas (247,248). In DMH/DSS-induced adenocar-
cinomas, 10 of 11 (90%) adenocarcinomas had B-catenin gene muta-
tions. About half of the mutations were detected at codons 37 or 41
(247). In the AOM/DSS-induced colonic adenocarcinomas, mutations
of the B-catenin gene were present in codons 32 to 34 (248). These
mutations differ from those induced by AOM alone that were found in
codons 33, 37 and 41 (130). From these findings and other reports
(130,131), we postulate that mutations within codons 33 and 34 might

15-20 wks

DSS (1-2% in drinking water)

AOM (.p)
DMH (i.p.)
or PhIP

Fig. 3. (A) Protocol for AOM/DSS-induced colon carcinogenesis. Animals received a single i.p. injection (10 mg/kg body wt for AOM and 10 or 20 mg/kg body
wt for DMH), or intragastric intubation (PhIP, 200 mg/kg body wt), followed by a 1 week exposure of DSS (1-2%) in drinking water to induce colonic neoplasms.
Between 15 and 20 weeks, colon tumors in mice (B) and rats (C) develop. (D) Dysplastic crypts induced by the combination of AOM/DSS in mice. (E) Tubular
adenoma induced by AOM/DSS in mice. (F) A representative tubular adenocarcinoma induced by AOM/DSS in mice. Scale bar = 60 pum.
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be caused by AOM exposure, whereas codon 32 mutations result from
DSS exposure. Furthermore, we suggest that DSS promotes loss of
Apc in the ApcM™ model.

Within the inflamed colon of mice that received a combination of
AOM and DSS, gene expression was altered when compared with that
of untreated mice or mice treated with either AOM or DSS alone (250).
Global gene expression analysis was performed on normal-appearing
colonic mucosa at weeks 5 and 10 following treatment. Significantly
upregulated genes in the AOM/DSS group at week 5 include the Wnt
inhibitory factor 1 (Wifl), plasminogen activator (Plat) and myelocy-
tomatosis oncogene (Myc). At week 10, the level of phospholipase A,
group IIA (platelets and synovial fluid) (Plscr2) was increased. The
combination of AOM/DSS also resulted in the downregulation of the
peroxisome proliferator activated receptor-binding protein (Pparbp)
and the Tgfb3 at 10 weeks. In addition, the inflammation-related gene,
peroxisome proliferator activated receptor-y (Pparg), was also down-
regulated at 5 weeks. The impact of these gene expression changes on
cancer development has not yet been evaluated.

In summary, the AOM/DSS animal model has proven to be a power-
ful tool for investigating the pathogenesis and chemoprevention of
colitis-related colon carcinogenesis. Modifications of this model
might facilitate the detection of environmental carcinogens (251)
and other tumor risk modifiers (252), as well as novel chemopreven-
tive agents (253) against IBD-related CRC.
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