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Abstract

Colorectal cancer is a heterogeneous disease that afflicts a large number of people in the United
States. The use of animal models has the potential to increase our understanding of carcinogenesis,
tumor biology, and the impact of specific molecular events on colon biology. In addition, animal
models with features of specific human colorectal cancers can be used to test strategies for cancer
prevention and treatment. In this review we provide an overview of the mechanisms driving
human cancer, we discuss the approaches one can take to model colon cancer in animals, and we
describe a number of specific animal models that have been developed for the study of colon
cancer. We believe that there are many valuable animal models to study various aspects of human
colorectal cancer. However, opportunities for improving upon these models exist.
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[. Introduction

Human colorectal cancer is one of the most common malignancies in humans, particularly in
the Western hemisphere (1,2). As such, there is an urgent need for research to improve our
ability to diagnose, prevent, and treat this disease.

While human biopsy specimens, tumor xenotransplants, and /n vitro cell culture models
have been invaluable tools for developing and testing hypotheses regarding colorectal
cancer, these approaches are limited in several critical ways. First, established tumors and
colon cancer cell lines have a mutational complexity that limits clear understanding of the
impact of individual mutations. Second, cancer cell lines can grow in the absence of normal
microenvironments (e.g. stromal cell signals and matrix interactions) that are critical to
normal colon tissue homeostasis. Third, human tumors develop over long periods and are
generally identified after the third decade of life. Thus, biological events regulating cancer
initiation and promoting tumor growth are difficult, if not impossible to study due to
uncontrolled genetic and environmental diversity. Finally, ethical concerns limit the types of
interventions (or non-interventions) that can be applied to patient populations.

For these reasons, controlled /n vivo studies in animal models have been viewed as critical
tools necessary to study the molecular mechanisms of colorectal carcinogenesis, to test
potential preventative and therapeutic strategies, and to translate hypotheses derived from
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cell models into the complex physiology of the colon. This review will provide readers with
a comprehensive review of the strategies one can use to model different aspects of human
colorectal cancer and it will describe examples of models currently being used by the
scientific community.

I. A. An Overview of our Current Understanding of Mechanisms Causing Human Colorectal

Cancer

To effectively use animals to gain insight into the etiology of human colorectal cancer, or to
test the potential of therapeutics, one must have a firm understanding of the human disease.
In this section we will provide a brief overview of the molecular etiology and pathologic
features of colorectal cancer in humans. This section will identify key concepts and
molecular targets relevant to the challenge of modeling human colorectal cancer in animal
models. For a comprehensive review of the molecular genetics of colorectal cancer, readers
should consult the recent review by Fearon (3).

The vast majority of malignant colorectal cancers arise out of benign adenomatous polyps
over a course of several decades, so that the peak incidence of colorectal carcinoma occurs
between the ages of 60-80 years. A small percentage of human colorectal cancers are
associated with defined familial syndromes, for which the genetic etiology has been
determined (4). These diseases have revealed several mechanisms controlling the initiation
and progression of sporadic colorectal cancer of the ascending colon and descending colon
(Table 1).

The “Vogelstein model” (5) was a conceptual breakthrough in our understanding of the
molecular etiology of colorectal cancer. It described the sequential accumulation of
mutations in four genes that correlated with histological features that develop during
colorectal cancer progression, i.e. inactivating mutations in the APC gene, KRAS gene
activating mutations, inactivating mutations in chromosome 18 which later was identified as
including the DCC gene (“deleted in colon cancer”) and SMAD family members, and
inactivating mutations of the 7P53gene (5). Others have since conducted a detailed analysis
of the genome sequence in many human colorectal tumors and have described a “landscape”
of mutations that characterize the disease (6,7). This analysis shows that the average human
colorectal cancer contains approximately 76 somatic mutations and 1-2 chromosomal
amplifications or deletions. An important functional distinction must be made among these
mutations — some mutations are “drivers” that directly regulate carcinogenesis while others
are “passenger” mutations that occur as a consequence of the driver mutations and which
may have no functional significance in carcinogenesis. Of the somatic mutations observed in
a typical tumor, 5-12 are “driver” mutations that modulate approximately 12—20 core
pathways (7). The implication of the driver/passenger mutation model is that preventative
and therapeutic approaches should be targeted to “driver” mutations or pathways influenced
by “driver” mutations. Mutations commonly found in colorectal cancer are listed in Table 2
and described further below.

There is additional significance to the concept that mutations within core pathways drive
colorectal carcinogenesis. The morphology of colorectal cancer is directly influenced by the
molecular pathways that are disrupted. This relationship between molecular etiology and
morphology may account for the differences in cancers that develop in the ascending
(proximal or right) colon compared to the descending (distal or left) colon. Others have
described the molecular origins and clinical behavior of cancer in the ascending and
descending colon (4). The following section summarizes these differences.

I. A.1. Descending Colon/Rectal Cancers—Approximately 55% of colorectal cancers
occur in the descending colon and rectum. These tumors are typically initiated through the
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mechanism of chromosomal instability (CIN) (4). The classic example for this mechanism is
the rare human colorectal cancer susceptibility syndrome, Familial Adenomatous Polyposis
(FAP). FAP accounts for less than 1% of colorectal cancers and is caused by germline
mutations of the tumor suppressor gene APC. Consistent with Knudson’s two hit hypothesis
for tumor suppressor genes (8), loss of function of the remaining wild-type APC allele is
required for tumor initiation. Being born with the “first hit”, FAP patients have an
accelerated development of colorectal cancer and develop hundreds of intestinal polyps at a
relatively young age. Based on the role of APC mutations in FAP, researchers subsequently
determined that spontaneous mutations in the APC gene also play a critical role in initiation
of sporadic cancer of the descending colon and rectum (4,9).

APC is a 2843 amino acid protein that is part of the canonical WNT signaling pathway
where it helps form a destruction complex that regulates the cytoplasmic level of B-catenin
(10,11). Upon normal activation of WNT signaling by ligand, p-catenin is released from the
destruction complex (containing glycogen synthase kinase 3f, Axin, and Casein Kinase) and
accumulates in the cytoplasm and nucleus. In the nucleus, B-catenin is a co-activator for the
TCF/LEF family of transcription factors. p-catenin target genes are numerous and diverse,
but the protein products of these genes predominantly stimulate proliferation and delay
differentiation. APC can also be localized in the nucleus where it inhibits p catenin binding
to the TCF/LEF transcriptional complex (12) and mediates B catenin export to cytoplasm
(13). When WNT signaling is activated out of this context, e.g. due to mutations that disrupt
APC function, it promotes neoplastic transformation (14). In addition, APC is involved in
several biologic functions within the cell that are independent of the canonical WNT
pathway. The importance of these other roles of APC in colorectal cancer is uncertain, but
has been reviewed elsewhere (15,16).

Over 90% of germline APC mutations in FAP patients (17) and somatic APC mutations in
colorectal tumors (18) occur in a cluster between codons 1286-1513 that result in truncation
of the APC protein. The ability of APC to regulate p-catenin stability is dependent upon
three functional motifs in the central portion of the APC protein and mutation-induced
truncations eliminate this regulation. Two of the functional motifs confer the ability of APC
to bind B-catenin: three 15-amino-acid repeats between amino acids 1014-1210 (19) and
seven 20-amino-acid repeats that occur between amino acids 1034-2130 (10). The third
functional motif in APC is a series of three SAMP (serine-alanine-methionine-proline)
repeats between amino acids 1034-2130 that control binding of APC to the destruction
complex through Axin (20). Loss of APC’s ability to bind either B-catenin or Axin prevents
the normal regulation of B-catenin degradation and increases transcription of genes whose
protein products drive cell proliferation.

Neoplastic transformation resulting from APC gene mutations requires inactivation or loss
of both APC alleles. Even in FAP patients, the occurrence of the “second hit” in this process
is random (8) - but the behavior of “second hit” APC mutations is non-random (21). There
appears to be an optimal, or “just right”, level of WNT signaling that is imparted by the
truncated APC fragment resulting from somatic mutation or loss of heterozygosity (22). This
selective advantage is imparted by the retention of one or two of the 20 amino acid repeats
that bind p-catenin (22,23). The “just right” hypothesis is not an absolute requirement for
neoplastic transformation in the colon, as many colorectal tumors do not follow this pattern
of APC mutation (24). However, the pattern of APC mutation may affect the pathogenesis
of colorectal cancer. This hypothesis is consistent with the phenotypic variability among
mouse models that harbor truncating Apc mutations of different lengths (see below). In the
context of selecting an appropriate experimental model, it is important that the researcher
consider the potential influence of the length of the mutated Apc protein on the biologic
effect of interest.
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Progression of pedunculated adenomatous polyps that typically result from APC gene
mutations, to invasive and metastatic colorectal adenocarcinomas, is driven by accumulation
of mutations in at least three additional pathways: activating mutations of KRAS, deletions
that disrupt SMAD genes and TGFp-induced differentiation, and inactivation of 7P53 (5).
KRAS is a member of the Ras family of small-G proteins that facilitate downstream
signaling from growth factor receptors to kinase cascades, including the mitogen activated
protein kinase (MAPK) and phosphatidylinositol 3-kinase (P13K) pathways. KRAS
mutations are rare in the early stages of colorectal cancer, but greater than 40% of colorectal
cancers have acquired KRAS mutations by the time they grow beyond 1 cm in diameter
(25). In addition, approximately 15-20% of colorectal cancers have somatic mutations in the
PI3KCA gene that encodes class | PI3Ks (6). These mutations activate PI3K activity and
elevate levels of its second messenger, phosphatidylinositol-3,4,5-triphosphate (PIP3), an
activator of Akt kinase (26). Proteins phosphorylated by activated Akt stimulate progression
through cell cycle, cell growth, and cell survival. The PIP3/Akt pathway is held in check by
the phosphatase PTEN, which lowers PIP3 levels by converting it to PIP,. In this role, PTEN
is a tumor suppressor whose function is lost in 15-20% of colorectal cancers (27).

Disruption of TGFp signaling is estimated to occur in at least 40% of colorectal cancers as
they progress (28). TGFp signals through cell surface receptors leading to phosphorylation
of SMAD2 and SMAD3. When phosphorylated, the SMAD2/3 complex enters the nucleus
where they join SMADA4 to regulate transcription of genes that promote cellular
differentiation or apoptosis to exert a suppressive effect on tumor progression (28).
Deletions within chromosome 18q, where the SMADZ2and SMAD4 genes reside, are
observed in approximately 70% of colorectal carcinomas (25). Additionally, mutations of
the TGF type Il receptor occur in 30% of colorectal carcinomas (29) and mutations in the
SMADS3 gene on chromosome 15 are found in another 5% of colorectal cancers (7). The
DCC gene was originally identified as the putative tumor suppressor gene responsible for
the effects of deleting chromosome 18q (30). DCC was once viewed as a marker for the loss
of TGFp function but it has since been characterized as an inducer of apoptosis whose
function is reduced by binding to its ligand netrin-1 (31). Experimental evidence from
knockout mice suggests that DCC may play a role in limiting tumor progression (32).

Mutations in the 7P53 gene encoding the multifunctional p53 protein are found in more than
75% of colorectal carcinomas (25). The complex role of p53 in tumorigenesis has been
reviewed extensively (33). The p53 protein is a central transcriptional regulator responsible
for protecting genomic integrity, halting the cell cycle, and facilitating DNA repair. In the
presence of catastrophic DNA damage, p53 initiates apoptosis. In addition, numerous other
cellular functions have been attributed to p53 target genes, including responses to reactive
oxygen species, angiogenesis, and autophagy.

I. A.2. Ascending Colon Cancers—For the 20% of colon cancers that originate in the
ascending colon, cancer initiation is usually associated with microsatellite instability (MSI).
Thus, cancers of the ascending colon are distinct from those that develop through the classic
Vogelstein “adenoma to carcinoma” model (4). MSI results from genetic or epigenetic
inactivation of DNA mismatch repair (MMR) mechanisms. The loss of MMR allows for the
rapid accumulation of changes in the number of short tandem repeat sequences
(microsatellites) within the genome. Failure of MMR also increases the potential for
transformative mutations to occur in “driver” genes of colorectal cancer.

Germline mutations in one of two major mismatch repair genes, MSH2and MLH1, are
important for tumor initiation in approximately 90% of cases of hereditary Lynch Syndrome,
also known as Hereditary Non-Polyposis Colorectal Cancer (HNPCC). This disease
accounts for 5-8% of all colon cancers (34). The remaining 10% of HNPCC cases involve
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alterations of other MMR genes, such as MSH6, PMSZ, and MLH3 (34). In addition to
colon cancer, Lynch Syndrome is accompanied by early-onset cancers in several other
epithelial tissues, including the stomach, ovary, and endometrium. A high percentage of
HNPCC colon cancers also exhibit increased WNT signaling (35). However, in these tumors
APC mutations are rare while p-catenin gene (CTNNBI) mutations are common (36).

Sporadic cancers of the ascending colon are also strongly associated with a failure of MMR
(37). In contrast to Lynch Syndrome, sporadic colon cancer MSI commonly results from
hypermethylation of MMR gene promoters, particularly MLHZ (38). Another distinguishing
feature underlying the molecular pathogenesis of sporadic, ascending colon cancers is a high
frequency of mutations in the BRAF gene, whose gene product regulates MAPK signaling
(39). Sporadic MSI colon cancers frequently exhibit activated WNT signaling resulting from
hyper-methylation of the APC promoter or mutation of other components of the canonical
WNT pathway, rather than from truncating mutations of the APC gene (40). Finally, MSI
cancers deviate from the VVogelstein model in that KRASand 7P53 mutations are
uncommon (41). However, inactivation of the type Il TGFp receptor (42) and the pro-
apoptotic gene BAX (43) are frequently found in MSI cancers.

In addition to these important differences in molecular pathogenesis, there are important
morphologic differences between tumors exhibiting MSI in the ascending colon and those
exhibiting CIN in the descending colon. Descending colorectal adenomas typically present
as pedunculated tumors composed of neoplastic epithelial cells forming well-differentiated
tubular glands. MSl-associated tumors, by contrast, frequently exhibit an exophytic or
sessile gross phenotype. Microscopically, MSl-associated tumors are characterized by
excessive mucin production, poor epithelial differentiation, and lymphocytic infiltration
(37). A unique morphologic variant of hyperplastic polyp, exhibiting a serrated glandular
morphology, is believed to represent a precursor lesion to MSI cancers. Lesions of this
phenotype harbor BRAF mutations, and down-regulation of p21(WAFL/CIPL) that may lead to
a hypermethylator phenotype that silences MMR genes (44,45).

[I. Animal Models of Human Colorectal Cancer

While it is seems obvious, the goal of modeling human colorectal cancer in animals is to
recapitulate the molecular etiology, pathology, and clinical progression of the disease. As a
result, the known diversity of human colorectal cancer makes it impossible for a single
animal model to adequately represent all forms of the disease. None-the-less, we believe that
three characteristics are important to maintain the translational potential of the studies
conducted in the animal models. First, the cancer that develops in the animal model should
be limited to the large intestine so that researchers can study the development of the disease
without the confounding effects of disease in other tissues. Second, the histologic and
molecular features of colorectal lesions should be similar to those observed in human tissue.
Finally, the models should capture the complex cellular interactions that are relevant to
human colon cancer. For example, while xenografts of human tumor into nude mice are
often cited as highly relevant to the study of human cancer, these mice are immune-
compromised and this eliminates the impact of this critical system on the tumors.

Potential animal models for colorectal cancer fit into three broad categories: spontaneous
intestinal cancers in various animal species, chemically or environmentally induced cancers
in rodents, and cancers induced by genetic manipulation of mice.

Il. A. Spontaneous Colorectal Cancer in Animals

II. A.1. Non-Rodent Species—The dog has become an attractive model for comparative
oncology research, as is highlighted by the National Cancer Institute (NCI) Comparative
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Oncology Program (https://ccrod.cancer.gov/confluence/display/ CCRCOPWeb/Home).
There are many similarities between canine colorectal cancer and the human disease. Canine
intestinal cancer occurs more commonly in the large intestine than in the small intestine
(46). Like humans, pedunculated adenomas are more prevalent in the distal colon/rectum,
whereas tumors in the middle or proximal colon are more likely to exhibit a sessile, annular
phenotype that cause luminal stricture (46). Immunohistochemical evaluation of canine
colorectal adenomas revealed cytoplasmic and nuclear accumulation of B-catenin,
suggesting that dysregulation of the WNT signaling pathway is also an important driver of
colorectal carcinogenesis in the dog (47). Canine colorectal adenomas demonstrate a
tendency to progress to malignancy (48), but unlike human colorectal tumors this malignant
behavior is not accompanied by acquisition of 7p53 mutations (49,47). Despite all of the
similarities between colon tumors in dogs and humans, the utility of dogs for colorectal
cancer research is severely limited by the low prevalence of the disease in the pet dog
population (less than 1%) (50,46).

The incidence of feline gastrointestinal adenocarcinoma is also less than 1% and over 70%
of these tumors occur in the small intestine (51). The low incidence and disparity of tumor
location from the human condition make feline gastrointestinal adenocarcinoma a poor
model for colorectal cancer research.

The only other domestic veterinary species with a significant incidence of intestinal cancer
is sheep. In New Zealand, intestinal adenocarcinomas were found in 1.6% of normal adult
sheep (52). Sheep are an attractive model for human colorectal cancer because their
adenocarcinomas share many histologic features with the human lesion and mimic many
aspects of the metastatic behavior of the human disease (53). However, in contrast to the
human disease, 100% of the intestinal adenocarcinomas of sheep are found in the small
intestine. An obvious weakness of sheep as a model of human intestinal disease is the
unique physiology of the ruminant forestomachs. The potential influence of this anatomic
variant on intestinal carcinogenesis is unclear.

Among non-human primates, the cotton-top tamarin (Saguinus oedipus) is predisposed to
idiopathic ulcerative colitis and a high percentage of animals with colitis develop colorectal
adenocarcinomas (54). In some colonies, the incidence of colorectal adenocarcinomas at
death can be as high as 39% (55). The adenocarcinomas, arose within the cotton-top
tamarin, exhibit mucinous or signet-ring morphology and rarely originate from adenomatous
polyps. In addition, they metastasize early and aggressively to regional lymph nodes (54).
The average age of death due to colonic adenocarcinoma ranges from 5-7 years (55). Efforts
to identify a heritable or familial cause for this syndrome have failed (55) and there are no
reports detailing the molecular nature of these adenocarcinomas. The cause of the syndrome
is unknown, but there is evidence that environmental stress (56) and luminal bacteria (57)
may play a role in its pathogenesis. The similarities to the human disease and spontaneous
nature of these adenocarcinomas are features beneficial in modeling therapeutic and
preventative interventions. However, the long latency of carcinogenesis, costs, and ethical
concerns of using non-human primates for biomedical research are barriers to wide-spread
use of this model.

Il. A.2. Rodents—Spontaneous gastrointestinal neoplasia is rare in rodents. In a 1969
survey of three early sublines of C57BL mice (designated C57BL green, C57BL blue, and
C57BL lcrf), 9.5% of aged mice had neoplastic or hyperplastic lesions in the gastrointestinal
tract (58). However, the majority of epithelial glandular adenomas or adenocarcinomas were
found in the small intestine and only two epithelial glandular adenomas were found in the
colon. A more contemporary study reported that the incidence of intestinal tumors in C57BI/
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6J mice fed a common semi-purified diet (AIN-76A, (59)) was 1% in the large intestine and
4% in the small intestine (60).

II.B. Exogenous Promoters of Colorectal Cancer

Il. B.1. Western Diet-Induced Rodent Neoplasia—Epidemiologic evidence points to
diet as a strong modulator of colorectal cancer risk in humans (61). Several rodent studies
have been conducted to examine the influence of a diet designed to model a typical
“Western diet” on the incidence of colorectal cancer. Several modifications of this diet have
been used, but the common features are increased concentrations of fat (20% vs. 5% in the
AIN76A diet) with decreased levels of calcium (0.05% vs. 0.5% in the AIN76A diet) and
vitamin D (100 1U/kg diet vs. 1000 1U/kg in the AIN76A diet) (62). Feeding the Western
diet for as little as 12 weeks induces hyperplasia of colonic crypts in rats and mice (62). This
effect can be prevented by increasing dietary calcium levels to 0.7% (63). In addition, when
C57BI/6J mice were fed the Western diet for two years, they developed dysplastic crypts
and small (< 2mm) polypoid lesions predominantly within the distal colon. At the end of
two years, approximately 70% of the mice fed the Western diet exhibited microscopic
evidence of nuclear atypia in colonic epithelia (believed to be a precursor to dysplasia) and
40% of the mice had dysplastic crypts (64). In another study using a Western diet modified
to have lower fiber, folate, methionine, and choline content (65), intestinal tumors developed
in 25% of C57BI/6J mice fed the diet for 2 years and the lesions demonstrated evidence of
invasive adenocarcinoma (60). However, while feeding diets with elevated calcium (0.7%)
and vitamin D (2300 1U/kg diet) content prevented colonic tumors, repletion of methyl-
donor nutrients and fiber did not (60). Interestingly, almost all of these tumors developed in
the small intestine, cecum, or most proximal extent of the colon (65,60). Feeding the
Western diet to mice also induced a transcript profile in normal-appearing colonic mucosa
that was similar to the pattern seen upon loss of an Apcallele in the Apc638N* mouse (66).
In addition, feeding the Western diet increased expression of transcripts for the Paneth cell
and WNT signaling in the small intestinal villi and colon (67). These two observations
suggest that the Western diet reprograms the intestinal mucosa to be “at risk” for colorectal
cancer.

The Western diet model of spontaneous colorectal cancer is attractive because it appears to
capture much of the complexity that underlies spontaneous colorectal carcinogenesis in
humans. However, there are several weaknesses to the model. First, an analysis of the
molecular mutations responsible for tumor formation after feeding the Western diet has not
been reported so it is not clear whether carcinogenesis follows the VVogelstein model or
another route. In addition, the dietary level of calcium used (1/10t" of the level found in
AINT76A diets) is clearly deficient based on studies published with bone and calcium
metabolism as endpoints (68,69,70,71). As a result, the “Western diet” may change
physiology in ways that do not reflect the etiology of human colorectal cancer.

I1.B.2. Chemical Induced Models of Colorectal Cancer—A large number of
chemicals are known to have mutagenic potential and many cancer studies have used this
characteristic to controllably induce cancer (72). Below we will discuss the most commonly
used chemical inducers of colorectal cancer in rodents.

11.B.2.a. DMH and AOM: The compound 1,2-dimethylhydrazine (DMH) and its
metabolite, azoxymethane (AOM), are the two most commonly used carcinogens to induce
and promote colorectal cancer in rats and mice (73). DMH and AOM are alkylating agents
that are typically injected intraperitoneally or subcutaneously over several weeks to induce
development of tumors in the distal colon. The majority of these tumors harbor mutations in
the B-catenin gene (CtnnbI), which is similar to HNPCC (36). These mutations affect the N-
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terminal amino acids of the B-catenin gene product, making the protein resistant to
regulatory degradation, stabilizing p-catenin, and increasing WNT signaling to drive
tumorigenesis (74). In addition, tumor incidence and multiplicity can be altered by both
genetic background and by diet (73). This makes the models useful for the study of gene-
gene and gene-environment interactions that influence the pathogenesis of colorectal cancer.
However, there is little evidence that a large proportion of human sporadic colorectal cancer
results from exposure to alkylating agents so some have questioned the translational
potential of data generated with the model. Perse and Cerar (75) recently conducted a critical
review of the morphologic and molecular changes related to the induction of colon cancer in
rats by DMH and AOM that interested readers should consult for more details.

[1.B.2.b PhlP: PhIP (2-amino-1-methyl-6-phenylimidozo [4,5-b] pyridine) is a heterocyclic
amine produced during the cooking of meat and fish (76) that is a colon cancer-causing
mutagen in rats (77). In mice PhIP induces formation of colonic aberrant crypt foci (78) but
not colon tumors (79). However, combining PhIP with either DSS treatment or treating
ApcVin mice with PhIP can enhance tumorigenesis (80,81). Epidemiologic evidence links
PhIP from cooked meat to increased colorectal cancer risk (82,83) and so the data obtained
from the study of PhIP in rodents is highly relevant to human cancer. At typical PhIP doses
(100-400 ppm), approximately 50% of male rats develop aberrant crypt foci or colonic
adenomas within 1-2 years. In PhIP-induced tumors, mutations in the CnntbZand Apc genes
are common while Krasand Tp53 mutations are rare (84,85). Colon cancers develop
typically in the middle to distal regions of the colon and exhibit a polypoid, tubular adenoma
morphology. Invasion and metastasis are rare. Similar to what others have shown in mice
fed a Western diet (67), PhIP induces colonic adenomas in rats with a gene expression
profile that includes markers of Paneth cell differentiation (86). PhlP-induced cancer is
modulated by genetic background; BUF rats are highly responsive, F344 and Brown-
Norway rats are moderately sensitive, and ACI are relatively resistant to PhIP-induced
formation of aberrant crypt foci (87). For more information about this model, the reader
should refer to the review by Nakagama et. a/.(77)

[1.B.2.c. N-methyl-N-nitro-N-nitr osoguanidine and N-methyl-N-nitr osourea: N-methyl-
N-nitro-N-nitrosoguanidine (MNNG) and N-methyl-N-nitrosourea (abbreviated as both
MNU and NMU) are direct-acting carcinogens that have been administered to mice and rats
to induce neoplasia in a variety of organs (88). When given orally, cancer develops in the
stomach, small intestine, large intestine, kidney, skin, lung, and thymus (89,90). Injection of
MNU also induces prostate (91) and breast cancer (92). Unfortunately, the high incidence of
extra-colonic neoplasia induced by these nitroso compounds is a confounding variable in
this model. When administered via the rectum, MNU reproducibly causes a high incidence
of colon cancer, but still induces thymic lymphoma and pulmonary cancers that can cause
mortality (93). This local route of administration of MNU has been shown to cause DNA
adduct formation and aberrant crypt foci (94). Intrarectal administration of 5 weekly MNNG
doses to rats induced formation of colonic adenoma and carcinoma (1-2 per in rat) and was
modified by the level of dietary fat (95,96). When compared to DMH, 3 week or 15 week
courses of MNNG induced tumors with similar histopathologic features (97). MNU-induced
colon cancer has been used to test a host of other potential preventive interventions against
colorectal cancer (e.g. lalpha-hydroxy-24-ethylcholechalciferol vitamin D analogue (98),
dietary restriction (99), dietary fatty acids (100), ursodeoxycholic acid (101)). The complete
molecular profile of mutations induced by MNU and MNNG is unknown, but 15- 30% of rat
colonic tumors induced by MNU or MNNG have been found to contain Kras mutations
(102,97). Endo et. al. (97) also found Apc mutations in 6% colon tumors induced by DMH
or MNNG in rats. Interestingly, in aberrant crypt foci induced by MNNG in rats the
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MUC5AC gene product, gastric M1 mucin, is expressed. This is also observed in human
colonic aberrant crypt foci (103).

Il. C. Mutagen-Induced Germline Mutation Models

Il. C. 1. The ApcMi" Mouse—The workhorse for preclinical colorectal cancer research
over the past 30 years has been the Apc"” mouse. This mouse was identified in 1990 from
an ethylnitrosurea (ENU) mutagenesis screen in C57BI1/6J mice. The phenotype of the first
of these mutant mice was severe, sometimes fatal, regenerative anemia that was attributed to
multiple intestinal neoplasms or “Min”. The Min mutation is autosomal dominant and
homozygosity for the mutant allele is embryonic lethal. Heterozygous ApcV mice became
anemic by 60 days of age and often died by 120 days of age (104). Tumors occurred in the
small and large intestine, but greater than 10-fold more lesions were found in the small
intestine. The genetic basis for the intestinal phenotype is a T-to-A transversion at
nucleotide 2549 of the mouse Apc gene that truncates the Apc protein at amino acid 850
(105). Similar to FAP, loss of heterozygosity of the remaining wild type Apc allele was
required for adenoma formation (106). Because of its molecular and pathologic similarity to
human FAP, ApcMi mice have been used extensively to study the development, treatment,
and prevention of colorectal cancers that contain somatic APC mutations (107).

Although many researchers use the ApcV™ model to study carcinogenesis or test treatment
and prevention strategies, the Apc” mouse has also been useful for identifying genetic
modifiers of colorectal cancer risk, which are collectively referred to as Modifiers of Min
(Mom) (108). Using classical genetic mapping strategies and congenic mouse lines
researchers have identified 13 genetic modifiers of the Apc" phenotype (108,108). These
modifiers provide the underlying mechanistic basis for the diversity of the Min phenotype
across inbred mouse lines (109). For example, C57BL/6J mice heterozygous for the ApcVin
mutation have a large number of polyps and this causes early mortality due to intestinal
bleeding (104) while hybrid F1 offspring from C57BL/6J; ApcM™* mice crossed to either
AKR/J, MA/MyJ, or Mus musculus castaneus mice have a significant decrease in polyp
number (110). Information about “modifiers of Min” may help explain familial associations
of cancer risk that account for 25% of human colorectal cancer cases (111). Because of the
profound impact that genetic background has on the phenotype of the Apc" mouse, it is
critical for researchers to know and accurately report this information in their publications,
especially if they are crossing their mice to other transgenic lines.

II. C. 2. The F344-Pirc Rat—An ENU mutagenesis approach also led to the development
of the Pirc (polyposis in the rat colon) rat (112). The rat FAP model harbors a mutation at
nucleotide 3409 of the Apc gene that results in truncation of the Apc protein at codon 1137.
On a F344 background, heterozygous Pircrats developed adenomas throughout the intestine,
with 100% having at least one colonic tumor. There are several differences between the
F344-Pircrat and Apc”"” mouse. Whereas ApcV" mice develop tumors with a small
intestine-to-colon ratio of 40:1, the Pircrat develops adenomas at a ratio approaching 1:1.
As in the mouse, the adenomas of the Pircrat mirror the morphology of human adenomas,
including progression to invasive adenocarcinoma. The cancer incidence in Pircrats is
increased in males, while a gender effect has not been reported in the ApcV” mouse. The
increased size of the rat over the mouse offers advantages for sample collection and use of
advanced imaging techniques for longitudinal study.

II. D. Genetically Modified Mice

Genetically modified mice offer the potential to precisely recapitulate specific molecular
etiologies relevant to human disease. When considering the features that would make an
optimal mouse model of sporadic colon cancer, several features are desirable. First, a
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researcher should be able to increase or reduce the expression of genes that are
hypothesized, or known, to influence human colorectal cancer. Chemically-induced cancer
may lead to mutations in relevant human cancer genes, but they do not have the ability to
target them, per se. Second, a researcher should be able to control the timing of the cancer-
inducing molecular event. Like familial human cancers, traditional transgenic and knockout
mice have germline modifications and express that modification embryonically. In contrast,
most human cancers develop in adults (even if initiating events occur earlier in life). Later
onset of controlled genetic modifications in animal models, rather than during the hormonal
milieu of adolescent growth, could improve our ability to translate animal data to humans.
Controlling the timing of induction is an advantage of chemically-induced cancers, but
advances in inducible transgenic mouse models has made this feasible for genetically
modified mice as well. Finally, the molecular event should be limited to the colon and/or
rectum. Most genetically modified mouse models were generated to have a single gene
defect in all cells in the body. While we’ve learned a lot about cancer from these models,
they are often confounded by the existence of precancerous or cancerous lesions in other
tissues. In this section we will describe the novel approaches one can use to make
genetically modified mice that control the type, timing, or location of genetic alterations and
we will then examine how these models have been used to disrupt expression of specific
genes in the context of colon cancer.

II. D. 1 Tissue-specific and Inducible Genetic Modifications

II. D.1.a. Site-Specific Recombinases Provide Flexibility for Silent M odifications that
can be Regulated: The use of DNA site-specific recombinases has been reviewed
extensively by others (113,114). However, the recombination of genomic DNA by bacterial
recombinases is an important and versatile tool used to generate conditional genetic
modulation in mouse models, so the topic deserves a brief review. The most common
system for controlled genomic recombination is the use of the bacteriophage enzyme Cre
recombinase (Cre) to delete sequences between two LoxP (Locus of X-over of P1) DNA
sequences by recombination (114). Use of this approach requires two genetically modified
mice: a transgenic mouse expressing Cre and a mouse created by homologous
recombination in ES cells to introduce LoxP sites flanking a biologically important DNA
sequence into a gene. By using a gene promoter whose expression is specific to a cell or
tissue type, Cre transgenic mice can be made that confer tissue-specific gene modifications
(this will be discussed in greater detail below). In addition, a modified version of the Cre
protein has been designed that allows tamoxifen-inducible control of Cre activity (115). In
this system, the Cre coding region is fused to a modified estrogen receptor (ER) ligand
binding domain with high affinity only for the estrogen analog tamoxifen (ERT2). As such,
when the Cre-ERT2 fusion protein is expressed in cells, it is restricted to the cytoplasm.
When tamoxifen is administered and binds to the Cre-ERT? protein, a nuclear localization
signal is revealed and the Cre is translocated to the nucleus where it can delete floxed alleles
in the genome.

LoxP sites can be used in two ways. When deletion of gene function is desired, LoxP sites
are introduced to flank an exon, that when deleted, prevents the production of a functional
protein. This is the way that researchers have created mice with Apctruncation mutations
limited to the intestine (Table 4 and described in greater detail below). When over-
expression of a natural or mutated protein is desired, a gene is designed where the LoxP sites
flank an artificial STOP codon that precedes the coding sequence for a natural or mutated
gene sequence. In this case, Cre mediated deletion of the STOP codon permits the protein to
be translated. This was the strategy used to make mice expressing a constitutively active
Kras protein (116) (Table 4).
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[1.D.1.b. Methodsto Make Genetic M odifications I ntestine-Specific: Sporadic colorectal
cancer in humans is not accompanied by primary tumors in other organs. In contrast, gene
knockouts and transgenes driven by general promoters are expressed in every cell type and
frequently cause tumors outside the large intestine. One advantage of the genome era is that
we are identifying genes with tissue specific expression patterns. As a result, this
information is being used to improve the tissue specificity of gene expression in genetically
modified mice. Several intestine specific promoters have been developed and are proving
useful for the study of intestinal cancers (Table 3). We will discuss these models below.

One of the first intestine-specific promoters to be developed was a 12.4 kb fragment of the
Villin gene that contains promoter elements and enhancer regions necessary for intestine
specific gene expression (117). This promoter drives expression of transgenes to the
epithelial cells of the intestine along the entire crypt-villus axis and is expressed from the
duodenum to the colon. A small amount of extra-intestinal expression is seen in the
proximal tubules of the kidney, but no other tissues are transgene positive. Expression of a
Villin-LacZ transgene is apparent at embryonic day 9 within the intestine. While this pattern
of expression is earlier than desired, the restricted pattern of expression means that the use
of the Villin12.4 kb promoter is not likely to be embryonic lethal. There are two
modifications of the Vi/fin construct that make it even more useful: a Villin-Cre version that
permits intestine specific deletion of floxed alleles and an inducible Cre-ERT2 version (118).

While the Villinpromoter limits transgene expression to the epithelial cells of the intestine —
and this was a large improvement from models that influence every cell in the body - the
fundamental problem with the Vi//in promoter transgenic mouse is that it does not restrict
intestinal expression to the epithelial cells of the colon. As a result, a number of groups have
attempted to create models with a more restricted intestinal expression pattern. Saam and
Gordon (119) created a mouse with Cre expression driven by a modified rat fatty acid
binding protein gene (Fab/)(120). Intestinal expression was detected as early as embryonic
day 13.5 in the epithelial cells of the jejunum, ileum, cecum, and colon but extra-intestinal
expression was seen in the renal calyces, pelvis, ureter, and bladder (119). The predominant
cytokeratin expressed in the epithelial cells of the intestine is cytokeratin 19 (CK19) (121).
A 6.3 kb fragment of the CKZ9 promoter has been used to drive expression of a Cre-ERT2
transgene that permits tamoxifen-inducible expression throughout the intestinal epithelium,
but this gene is also expressed in the pancreatic ducts, hepatic ducts, and stomach (122).
Lgr5 has been identified as a marker of the intestinal stem cell (123). Barker et al. (123)
used homologous recombination of the Lgr5gene locus to create a gene that marks
expression of Lgr5 (with an EGFP cDNA) and permits tamoxifen-inducible Cre-mediated
deletion of floxed alleles from the intestinal stem cells (Lgr5-EGFP-IRES-Cre-ERT2 mice).
However, Lgr5is expressed in the stem cells throughout the gastrointestinal tract, as well as
in a number of other tissues (e.g. hair follicle) (124) so while this mouse may be useful to
study early carcinogenic transformation /7 vivo, it may also lead to confounding phenotypes
in other tissues that make it more difficult to study colon tumor formation or potential
treatments in these mice.

Another model developed used a 9.5 kb fragment of the CDX2gene promoter to drive Cre-
expression (CDX2P9.5-NLS-Cre). In adults, the expression of this transgene is limited to the
ileum, cecum, and colon. Unfortunately, during embryonic development the CDX2P9.5-
NLS promoter is transiently expressed in multiple tissues of the distal half of the mouse,
including the intestine, the muscle and bones of the rear legs, kidney, spleen and skin (125).
This could lead to embryonic lethality or additional cancers outside the colon. In fact,
embryonic lethality occurs when this mouse is used to remove a floxed STOP codon from a
transgene encoding a constitutively active Kras protein (unpublished data from the Fleet
lab). A variant of the CDX2P9.5-NLS promoter construct was used to construct the
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CDX2P9.5 G22-Cre mouse. The G22 addition is comprised of 22 guanine repeats in the
transgene coding region prior to the normal translation start site of Cre. This addition is out
of phase with the normal Cre start site, meaning that a somatic frameshift mutation must
occur before Cre can be transcribed and translated from the CDX2P9.5-G22 promoter and
making embryonic expression unlikely. Spontaneous single-base deletions in the G22 repeat
put the Cre coding sequence in phase, allows translation of a functional Cre enzyme, and
this permits deletion of floxed alleles. p-galactosidase expression from a CDX2P9.5-G22-
LacZ transgene was limited to the ileum and proximal colon (126).

Our lab recently developed a transgenic mouse that restricts gastrointestinal Cre expression
to the cecum and colon (127). In this mouse, Cre expression is driven by a modified mouse
Carbonic anhydrase-1 promoter/enhancer. Transgene expression is mosaic, affecting
approximately 10% of large intestinal epithelial cells. In the proximal colon, expression is
mainly in the surface epithelium while distal colon transgene expression occurs from the
crypt base to the luminal surface in groups of 3-6 crypts (unpublished data from our lab).
The transgene drives expression of LacZ as early as 14.5 days post-coitum and a small
amount of staining is also seen in the liver. When we crossed CAC mice to mice with a
floxed Apcallele, 20% of the mice developed at least one colonic tumor by 20 weeks of age
and no tumors developed in the small intestine or liver (127).

Each of the promoters described so far target transgene expression to all epithelial cell types
within the intestine. However, there are two promoters that drive expression specifically to
cells of the secretory lineage. Gum et al. used either the /ntestinal trefoil factor (ITF) gene
promoter (128) or the Mucin-2 gene promoter (129) to drive expression of the SV40 T
antigen in the intestine of mice. Earlier, Itoh et al. (130) reported that the —6,353 to +24 /TF
gene promoter caused goblet cell specific expression of a B-galactosidase reporter gene in
transgenic mice. Gum et al. (128) found that the /7F/promoter-SV40 T antigen transgene
limited transgene expression to the proximal small intestine and colon. It also induced
formation of tumors in the proximal colon that were similar to human small cell carcinoma
of the colon and which originated from cells of the enteroendocrine lineage. Gum et al.
(129) had previously shown that the Mucin-2 promoter drove SV40 T antigen transgene
expression in the small intestine (proximal>>distal), spleen, and lymph nodes, and that this
caused goblet cell death by increased apoptosis.

[1.D.1.c. Inducible Models: A limitation of both traditional transgenic mice and transgenic
mice made with intestine specific promoters is that they do not replicate the post-natal
acquisition of somatic mutations that cause the vast majority of human sporadic colorectal
cancers. To address this challenge, several systems have been used to control the temporal
expression of Cre in transgenic mice. The most popular method for inducible transgene
expression is the Cre-ERT2 system we described briefly above. This Cre-ERT2 fusion
protein has been expressed under the control of the Vi/linpromoter (131,118) and the Lgr5
promoter (123). While Cre-ERT2 has proven very effective at inducing precisely timed
deletion of floxed alleles in the intestine when linked to these promoters, the liability of this
approach is that it requires injection of a potent estrogenic compound (tamoxifen). Another
system for tissue-specific inducible transgene activation is the reverse tetracycline activator
system (132,133). This approach requires development of two or three transgenic mice. The
first transgenic mouse uses a general or tissue-specific promoter to drive expression of the
reverse tetracycline-regulated transactivator (rtTA). The rtTA is a tetracycline-responsive
transcription factor that binds to the bacterial tetracycline (fef) operator sequence. When
crossed to a second mouse that has a transgene that uses the fetf operator sequence combined
with a minimal human cytomegalovirus promoter (fefO-Pncpmy-), the promoter will drive
expression of a transgene in the tissues specifically expressing rtTA. If a Cre transgene is
being driven, then a third mouse with a gene containing a floxed allele is needed. So far,
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only one system relevant to intestinal biology has used this approach. Saam and Gordon
(119) generated a triple transgenic mouse where floxed Apc alleles were recombined by Cre
expression from a fefO-Ppcpmy-Cre transgene that was induced by rtTA expressed from the
intestinal fatty acid binding protein promoter (Fabp/**@-132). A variation on this system can
also be used to limit Cre expression only to when tetracycline antibiotic administration is
stopped (134), but there are no reports of this particular induction system being used for the
study of colon cancer.

There are two inducible systems that are made tissue-specific by non-transgenic methods.
AhCre mice use the rat cytochrome P4501A1 promoter to drive Cre expression through an
aryl hydrocarbon receptor (AhRc)-dependent mechanism. By treating mice with the AhRc
ligand, B-napthoflavone, Cre is induced and can recombine floxed alleles (135). Injection of
B-napthoflavone induced Cre expression in the liver, gallbladder, pancreas, esophagus,
stomach, and small intestine (including the crypt stem cell compartment) (135). However,
when pB-napthoflavone is delivered orally, Cre expression is limited to the transit amplifying
compartment and differentiated cells of the intestine (136). This model was used to delete
floxed Cinnbl1 (B-catenin) (135) or Apc (137) alleles in mouse intestine. An important
limitation of the p-napthoflavone- AACre model is that Cre induction is very weak in the
colon (135).

A unique approach to restrict the temporal-spatial activity of Cre was developed by Hung et.
al. (138). This group introduced an adenovirus vector expressing Cre through the rectum to
infect colonic epithelial cells. While this approach provides very precise control over when
and where Cre will be expressed, its implementation is limited by the surgical procedure
required for efficient adenoviral delivery. The technique requires anesthesia of the mice,
applying surgical clamps to the distal colon, creating abrasive injury to the colonic mucosa,
followed by 30 minutes for adenoviral infection before removing the clamps and closing the
abdomen. Without abrasive injury to stimulate cell proliferation, the colonic epithelial cells
are less receptive to adenovirus infection and this approach will not lead to deletion of the
floxed alleles in self-renewing cells (139).

Il. E. Phenotypes of Mice with Specific Gene Deletions

In this section we will describe the mouse lines that have been created to model human
cancer. Fearon recently reviewed the molecular genetics of colorectal cancer and listed 22
genes with recurrent somatic mutations driving the disease (3). In addition, Poulogiannis et
al. (140) recently identified 39 genes that are involved in mismatch repair (MMR)-deficient
colorectal cancers. Mouse models have not been developed to study the impact of each of
these mutations in the context of the colon. However, we will describe the molecular and
histological features for a number of mice whose mutations reflect changes in human cancer
and we will identify the strengths or weaknesses of these models.

[ll. E. 1. Apc Mutant Mice—Several researchers have used homologous recombination in
embryonic stem cells to generate mice with germline mutations in the Apc gene (Table 5).
These Apc mutations are present in all cells and affect all cells in the body to some extent.
As such, these mice are a model of human FAP. The goal of making these models was to
overcome limitations of the Apc” mouse, e.g. either to shift the distribution of tumors
away from the small intestine and towards the colon, to create models whose truncated Apc
proteins are more like those found in humans, or to test the role of specific regions in the
Apc protein. Given the differences between the small intestine and colon in terms of cell
biology (e.g. existence of Paneth cells in small intestine), embryonic origin (e.g. foregut for
duodenum, midgut for distal small intestine and proximal colon, hindgut for distal colon),
and luminal environment (e.g. low pH and aseptic in upper small intestine, high pH with a
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diverse microflora in colon), targeting Apc mutations to the colon may be critical for studies
of colon carcinogenesis and colon cancer prevention.

Oshima et. al. (141) generated a mouse expressing an Apc allele mutated to truncate
translation at nucleotide 2150 and making an Apc protein 716 amino acids long, the

ApcA 716 mouse. These mice develop more intestinal polyps than the Apc™” mouse, but the
majority of polyps still develop in the small intestine. Microadenomas from Apc4 726 exhibit
loss of heterozygosity and invasive or metastatic adenocarcinomas do not develop. As a
result, these mice were not a significant improvement upon the Apc™” mouse. A mouse
created by Saisi et. al. (142) introduced duplication of exons 7-10 and caused a frameshift of
the Apc gene that truncated the Apc product at 474 amino acids (Apcd474 mice). The
ApcA474 intestinal tumor phenotype was virtually identical to that of the ApcV"” i.e. small
intestinal adenomas and rare colon tumors. These mice also developed mammary
adenocarcinoma between 3 and 5 months of age (142). The Apct3227 mouse was designed
to express a truncated 1322 amino acid Apc protein that retains one of the 20 amino acid
repeats that bind p-catenin (143). This models a truncation common in human sporadic
colon cancer and so is useful for testing the “just right” hypothesis proposed for the
development of APC-mediated tumors in humans (22) (i.e. that cells which retain one 20
amino acid repeat express an optimal level of WNT signaling that favors neoplastic
transformation and progression). Apcl5227 mice develop intestinal adenomas at a faster rate
than ApcMin and they have a more proximal distribution of polyps within the small intestine.
Relative to Apc mice, Apc!322T mice exhibited less nuclear B-catenin within intestinal
epithelial cells, a greater frequency of Paneth cell differentiation, and increased crypt fission
within adenomas and morphologically normal crypts (143).

Fodde et. al. (144) targeted a mutation at nucleotide 4913 of the Apc gene that truncates the
Apc protein at codon 1638. These Apcl638N mice developed small and large intestinal
adenomas similar to the ApcM" mouse. The authors found few invasive adenocarcinomas in
the small intestine and one case of metastasis to the liver (144). Interestingly, the truncated
1638 amino acid protein was not detected in tissues, suggesting that the truncated protein
was unstable. By reversing the transcriptional orientation of their selection cassette, the
Apcl638T mouse was generated and this animal stably expressed the truncated 1638 amino
acid Apc protein. In contrast to the Apcf635N (and most other Apc truncation mutants) the
Apcl638T gllele was not homozygous lethal to embryos, nor did this mouse develop
intestinal adenomas (145). As such, this model is useful for studying the functions of the C-
terminal aspect of the Apc protein, but is not very useful for studying intestinal
carcinogenesis. Lewis et al. (146) recently made a mouse with deletion of the central portion
of the Apc gene, but retained the C-terminus region by engineering an in-frame deletion of
codons 1322-2006 to create the ApcASAMP mouse. The tumor phenotype of the ApcASAMP
mouse was indistinguishable from that of the Apc?5227 mouse (146), confirming the
observation that the C-terminus of Apc has no significance in intestinal tumorigenesis. This
group subsequently created a mouse with truncation of the Apc gene at codon 1572
(Apct®72T) that deleted the only SAMP repeat that was remaining in Apct838T mice (147).
This mouse had a moderate level of WNT/B-catenin activation (more than WT or Apcl638T
but less than other truncation mutants and Apc™" mice). No intestinal cancer was observed
in these mice but multifocal tumors developed in the mammary gland. This demonstrates
that the cancer risk conferred by some Apc gene mutations may be tissue specific. The
Apct3%9 mouse harbors a mutation identical to the most common form of FAP in humans
and behaves similar to the ApcM™ mouse (148,149). However, this mouse is not available in
the United States and a detailed description of the mouse has not been reported in the
English-language literature.
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ApcA14 mice were created by homologous recombination to remove exon 14 in the mouse
Apc gene (150). Removal of exon 14 causes a frameshift in the Apc coding region and
results in a truncated protein containing 580 amino acids of the Apc protein. They have
polyps and microadenomas throughout the gastrointestinal tract but a greater percentage of
their polyps are in the distal colon and they exhibit earlier mortality than ApcV mice. In
addition, Apc414 mice raised under specific pathogen free conditions have fewer tumors,
demonstrating strong environmental effects on incidence (150). The increased colonic
exposure and environmental modification are attractive features of this model.

Two laboratories have independently generated mice with a floxed exon 14 of the Apc gene.
Shibata et. a/. (139) called their model the Apc®9%S mouse and Kuraguchi et. a/. (151) called
theirs the Apc“<© mouse. Upon recombination of the LoxP sites, the mice were designated
as Apc890 or ApcA980, respectively. A recent review by Phelps et. al. refers to the existance
of an Apc™f mouse in which the entire Apcallele is floxed (16); this model is actually the
Apc805 mouse. Adenovirus-Cre mediated recombination of LoxP sites in mice homozygous
for the Apc8%5 allele leads to formation of colonic polyps within 4 weeks (139). When B-
napthoflavone was used to induce Cre expression from an AhRc driven CYP1A-Cre
transgene, Apc®800/5800 mice experienced severe morbidity within 5 days and so tumor
formation could not be studied. However, there was rapid nuclear localization of B-catenin,
an increased number of proliferating cells, loss of discrete crypt structure, and loss of
differentiated phenotypes (e.g. reduced expression of absorptive enterocyte markers and
decreased goblet cells) (152).

Using the CDX2P9.5-NLS or CDX2P9.5 G22 promoter to drive Cre expression and
recombine the Apc®9%S allele shifts polyp development distally, but some tumors still
develop in the ileum (125,126). CDX2P9.5-NLS;:Cre; Apc>89P/5800 embryos were not viable
but CDX2P9.5-NLS;:Cre;Apc>4?/* mice developed three ileal tumors and five colonic
tumors per mouse by 200 days of age (125). In contrast to CDX2P9.5-NLS;Cre; Apc>800/*
mice, the CDX2P9.5-G22:Cre; Apc>89P/* mice failed to develop grossly apparent intestinal
adenomas (126). Cre expression is delayed in CDX2P9.5-G22;Cre;Apc>802/580D mice so
they survive to develop fatal intestinal tumor burdens by four weeks of age.

Apc©KO mice were not originally used to study intestinal cancer (151) but they are the
mutant Apc line available in the National Cancer Institute Mutant Mouse Repository. When
we crossed these mice to the CAC mouse (with large-intestine specific Cre expression
driven by a modified Carbonic anhydrase-1 promoter) to generate CAC, APCA%80/* mice,
20% of mice developed adenocarcinoma in the distal colon by 20 weeks of age (127). The
incidence of adenoma formation was significantly increased by a 5-7 day course of 2% DSS
given at 10 weeks of age. Thus, these mice can be used to study the interaction between
inflammation and Apc gene mutations. In addition, since Cre expression is limited to the
large intestine in embryos and adults, CAC, ApcA58%/A580 mice are viable and all have
extensive colonic hyperproliferation in the distal colon at weaning that develops into
adenocarcinoma by 6 weeks of age. Although there is a small amount of Cre expressed from
the CAC transgene in the liver, no lesions form in that organ in either CAC,Apc2580'+ or
CAC, Apch589/A580 mice. The restricted embryonic expression of Cre in this mouse may
make it useful for assessing the impact of combining gene mutations.

Robanus-Maandag et. a/. (153) created a mouse with LoxP sites surrounding exon 15, the
Apc15 mouse. Cre-mediated deletion of exon 15 results in a truncated 650 amino acid Apc
protein that, like the Apc?658N mouse, is detected only at low levels (5% of the wild type
Apc level). However, unlike Apcl638N mice, ApcA2% mice exhibit a severe ApcM-like
phenotype characterized by a high intestinal tumor burden with 95.5% of lesions occurring
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in the small intestine. In addition, intestinal obstruction usually caused death by 2.5-4.5
months of age, making these mice a poor choice for colorectal cancer studies.

Exon 15 also contains two nuclear localization signals (NLS) necessary to allow for APC
movement into the nucleus; when localized in the nucleus APC can also impair B catenin
mediated gene transcription by promoting B catenin nuclear export (13). Zeineldin et al.
(154) recently created a mouse whose Apc gene has mutated NLS signals (ApcMNLS/mNLSy
Compared to mice with wild-type Apc alleles, ApcMNLS/MNLS mice have elevated Wnt
target gene expression and an increased crypt cell proliferation index. When crossed to
ApcMin* mice, the resulting ApcMI"MmNLS mjce have increased 50% more polyps in the
jejunum and ileum but no increase in the low number of colon polyps normally found in
ApcMin* mice,

II. E. 2. DNA Mismatch Repair Genes—DNA MMR systems were first identified in
bacteria and the bacterial MutL, MutS, and MutH genes are well conserved in mammals
(155). Mice heterozygous or homozygous for a null MutL homologue 1 (M/h1) gene exhibit
defects in DNA MMR that result in microsatellite instability (156). The M/h17~ mice
develop cancer in both lymphoid tissue and in the intestine and they die as a result of these
tumors by 9 months of age. Approximately 70% of MutS homologue 2 (Msh2) knockout
mice developed intestinal tumors after 6 months of age, but these mice succumb primarily to
lymphomas (157). Tumors from Msh2~~ mice acquire Apc gene mutations (157) and when
either MIh1 or Msh2knockout mice are crossed to mice heterozygous for a mutated Apc
allele, intestinal tumorigenesis is markedly increased (158,156). However, small intestinal
tumors are more common than colon tumors in both the M/h1 and MshZ2 knockout models.
Combining MshZ2null mice with mice carrying an inducible Kras mutant allele increased the
number of adenomas per mouse 5-fold, but there were still 3 times more tumors in the
jejunum compared to the colon (159). Recently, Kucherlapati ef a/. (160) made a Msh2
mutant mouse with LoxP sites surrounding exon 12 (Msh2-9%F mice) and used £//a-Cre
mice for embryonic recombination or Vi/lin-Cre mice to recombine the floxed alleles in
intestine. While £//a-Cre; Msh2-0XF/LoxP mice had both lymphoma and small intestinal
tumors, the Villin-Cre; Msh2-0XF/LoXP mice had only small intestinal tumors (100%
incidence, 1.6 tumors per mouse).

Although the focus of DNA MMR gene mutations has been on MLHI and MSHZ, other
MMR genes are also relevant. MLH1 heterodimerizes with MSH3 or PMS2 to have activity
and PMSI1and PMSZ2 genes can be mutated in HNPCC (161), while MSH6 forms a dimer
with MSH2 (162). Unlike Msh1 and Msh2knockout mice, neither PmsI nor Pms2 null mice
develop intestinal tumors (163). However, 50% of Msh3 knockout mice develop both
adenomas and adenocarcinomas in stomach, small intestine, colon, and rectum (163). By
crossing Msh3knockout mice to Apcl63N/* mice, there was an increase in frameshift
mutations in the wild type Apc allele that caused higher incidence and more tumors per
mouse compared to the Apcl63N/* mice (164). On their own, Msh6 knockout mice develop
many tumors, but few of these are in the intestine (<10%) (162).

II. E. 3. B-catenin (Ctnnb1)—p-catenin is the downstream target of the tumor suppressor
Apc. The complex that includes Apc facilitates phosphorylation of serine and threonine
residues of the N-terminus of p-catenin by glycogen synthase kinase 3 (GSK3p). All of
these serine/threonine residues (S33, S37, T41, and S45) are transcribed from exon 3 of the
[-cateinin gene, Ctnnb1. Harada et. al. (165) inserted LoxP sites to flank exon 3 in the
Ctnnb1 gene to make Catnb/oX(eX3)/* mice which were then crossed to keratin19 promoter-
Cre (K19-Cre) or intestinal fatty acid binding protein promoter-Cre (Fabp-Cre) transgenic
mice. Upon recombination, the mice produce a form of -catenin that cannot be
phosphorylated and is therefore stabilized and localized in the nucleus leading to
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uncontrolled p-catenin function. Although recombination of the floxed allele was seen in all
intestinal segments of the K19-Cre; Catnt/*X(¢x3)/* mouse, 3000 polyps formed in the small
intestine (with the highest densities in the duodenum and proximal jejunum) and only
microadenomas were found in the colon. In contrast, 200-700 polyps were seen in the small
intestine of mice crossed to the Fabp-Cre line. Histologically, the tumors that developed
were similar to those seen in Apc4 726 mice (165).

Il. E. 4. Kras—KTras is a membrane associated GTPase that functions downstream of a
variety of receptor tyrosine kinase growth factor receptors. Oncogenic missense mutations in
codons 12, 13, or 61 dramatically decrease the GTPase activity of the protein and lead to
constitutive activation. Approximately 40% of human colorectal cancers harbor somatic
mutations of the KRAS gene, usually within codon 12 (3). Jackson et. al. (116) used
homologous recombination to replace an endogenous Kras allele with an allele that had a
floxed translational stop site (Lox-STOP-LoX) in front of a gene encoding the oncogenic
Kras©120 gllele (i.e. where the mutated codon 12 replaces an aspartate with a glycine, LSL-
Kras @120 mice). In the presence of Cre activity, the STOP codon is removed and the
constitutively active Kras @220 is expressed. Deletion of the STOP codon throughout the
body using a CMV promoter-Cre transgene is embryonic lethal (166). This demonstrates the
importance of limiting the distribution of mutant Kras during embryonic development when
one wants to model human colorectal cancer.

Fabl-Cre; LSL-Kras®20/* mice have diffuse colonic hyperplasia with extreme lengthening
of the crypts and development of large goblet cells, however, no tumors developed (167).
When combined with the Apc 424 mouse to make Fab/-Cre; L SL-KrasC12P/*; ApcA 14+ mice,
the tumors that developed were more advanced than those from the Apc4Z4 mouse and
showed uniform, high-grade hyperplasia, a complete lack of terminally differentiated cells,
loss of cell polarity, and fused glands with serrated borders. Villin-Cre; L SL-KrasG120/*
(168) and CDX2P9.5-G22:Cre;Kras®120/* (169) mice exhibited a similar phenotype of
epithelial hyperplasia. In addition, others have shown that combining the KrasGZ2P allele
with either the ApcVi genotype or AOM chemical induction increased the number of
colonic lesions (170). Similarly, although neither Villin-Cre; LSL-KrasS22P/* nor Villin-
Cre; TGFb2R/oX/1oX0 mice form intestinal neoplasms, Villin-Cre; L.SL-
KrasG12D/* - TGFh2RIoXP/1oXD triple transgenic mice form tumors that metastasize through a
[-catenin-independent mechanism (171).

Luo et al. (159) have also created a Lox-STOP-Lox mouse for the Kras mutation that is
thought to be the most aggressive KRAS mutant found in humans (KRASS22Y). When an
AhRc-regulated promoter was used to drive inducible Cre expression and recombination of
the LSL-Kras@22Y mice, only minor effects were observed in the intestine (170). However,
this mutant did accelerate tumorigenesis in Apc” mice (170) as well as cancer caused by
DMH treatment (172).

Il. F. Other Models

Table 2 summarizes the genes whose mutations have been shown to contribute to colon
cancer (3). We cannot describe all of the models that have been used for the study of colon
cancer, but we will review several others that we think are worth consideration.

II. F. 1. p53, p21, p27—Although mutations in the p53 gene are common in human
colorectal cancers, intestinal cancers are rarely seen in heterozygous or homozygous p53
null mice, where lymphomas and sarcomas are the most common malignancies (173). In a
survery by Harvey et. al.(174), only 2% of p53*/~ mice developed intestinal
adenocarcinomas and p53~ mice failed to develop intestinal tumors. p53 null mice do
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develop increased numbers of intestinal tumors when treated with carcinogens, such as
AOM (175,176,177) and DMH (178). In addition, p53 null genotypes increase susceptibility
to intestinal tumorigenesis driven by inflammation (179) or Apc mutation (180). When
Mdm2, a negative regulator of p53, is conditionally deleted from intestinal epithelial cells in
Villin-Cre; Mdm2'™4 mice, epithelial cells paradoxically increased proliferation via WNT
and EGFR signaling, apparently in an attempt to compensate for increased p53-mediated
apoptosis (181). Other p53 target genes and negative regulators of the cell cycle, such as p21
and p27, have been studied in transgenic mice. Mice null for p21 (p217") do not form
intestinal tumors on their own, but increased tumor susceptibility of Apc mutant mice,
especially when fed a Western diet (182). In contrast, p277~ mice developed small and large
intestinal tumors in the absence of other cancer-related promoters (183), in addition to
increasing susceptibility in mice with Apc mutation (184) or on a Western diet (183).

II. F. 2. PTEN—The negative regulator of PI3K signaling, PTEN, is a tumor suppressor
involved in numerous cancers, including colorectal cancer (169). Pten™~ mice do not exhibit
an increased incidence of intestinal neoplasia, but when crossed with ApcMi mice, Pten™~
mice have larger, more invasive tumors (185). Marsh et. a/. (186) later confirmed this
observation by demonstrating that conditional deletion of one Apc®4%S and one floxed Pten
allele in intestinal epithelial cells led to more advanced adenocarcinomas than what was seen
in mice with one deleted Apcallele.

II. F. 3. Mucin 2—Although it is not an oncogene or tumor suppressor gene, Mucin 2 is a
major component of the mucus layer that lubricates and protects the intestinal epithelium
from physical damage and from chemicals in the intestinal lumen (187). As a result, even
though the Muc2 gene is not mutated in human colon cancer, this deletion may accelerate
the spontaneous development of intestinal cancer in mice by increasing the rate of mutations
caused naturally by the contents of the lower bowel. Consistent with this, Muc2knockout
mice have bacteria in direct contact with the intestinal epithelium and bacteria can be found
deep within the crypt where their metabolic products could have negative effects on
intestinal stem cells (188). Microarray analysis of MucZknockout mice show that they have
a transcript profile reflective of low level inflammation and increased oxidative stress (189).
Muc2knockout mice have a higher rate of intestinal epithelial cell proliferation than normal
mice and 68% of MucZknockout mice develop intestinal cancer within 1 year (2:1 ratio of
small intestine to colon) (189). Deletion of Muc2from Apcl638N* and ApcMin* mice
increased the incidence of tumors, increased the number of tumors per mouse, and shifted
tumor burden towards the large intestine (190), suggesting an increased rate of cellular
transformation in the absence of the protection provided by Muc2.

II. F. 4 Foxw7—FBXW?7 is a component of the Skp1/Cullin/F-box protein E3 ubiquitin
ligase complex and a tumor suppressor gene for human colorectal cancer (3). This ubiquitin
ligase is involved in the ubiquitin-mediated degradation of proto-oncogenes, like cyclin E
(191) and c-Myc (192). Babaei-Jadidi et. a/. (193) deleted Foxw7 from the intestine of
Villin-Cre; Fbxw710%/flox mice and found that intestinal adenomas formed by 10 months of
age. Tumorigenesis was accelerated when Villin-Cre; Fbxw770%/floX mice were crossed to
Apc" mice. In addition, the small intstine of Villin-Cre; Fbxw 7710X/flox mice had a
reduction in Mucin 2-positive goblet cells and Paneth cells, but increased Notch and c-Jun
activation, increased nuclear levels of the proto-oncogene DEK, and increased proliferation
of progenitor and transit amplifying cells.

Il. F. 5. The Sleeping Beauty Model—A unique model has been used to screen for

additional genes that may play a critical driver role in intestinal carcinogenesis. Starr et. al.
(194) used a “Sleeping Beauty” system to drive genomic transposition in the gastrointestinal
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tract of triple transgenic Villin-Cre; LSL-SB11 transposase; T2/Onc transposon mice. This
transgenic combination facilitates random transposon insertion into the genome, where by
insertion into a tumor suppressor gene will lead to inactivation and tumor formation.
Analysis of the most common insertion sites within intestinal tumors from these mice
identified 77 candidate tumor suppressor genes, including 17 novel genes. This model may
be useful for other studies wishing to explore tumor suppressor genes of colorectal cancer.

I1.G. Models of Colorectal Cancer Metastasis

A general weakness of animal models of colorectal carcinogenesis is the rarity by which
colorectal adenocarcinomas metastasize beyond local invasion of the colon wall. Aside from
xenotransplantation of human colorectal tumors or cancer cell lines into mice, researchers
studying colorectal cancer metastasis have very few /n vivotools at their disposal. One
mouse model that seems to be predisposed to more aggressive and metastatic colorectal
adenocarcinomas is the Smad3 knockout mouse. Smad3 is a signaling molecule within the
TGFp pathway, and TGF is disrupted in a high percentage of human colorectal cancers
(28). Smad3knockout mice on the 129/Sv background developed aggressive colorectal
adenocarcinomas within 4—6 months and this was accompanied by frequent metastasis to
regional lymph nodes (195). Tumors were present in 100% of the mice, they developed
independent of Apc mutations, and they were found in both the proximal and distal colon.
The importance of genetic background was highlighted by the observation that only 30% of
129/SV x C57BI/6 mice developed colon tumors. In addition, cancer driven by Smad3 gene
deletion is dependent upon the presence of gut microflora; when Smaa3 knockout mice are
grown in specific pathogen free housing they do not develop colon tumors (196).

Hung et al. (138) used surgical introduction of a Cre expressing adenovirus to induce
recombination of floxed alleles in the distal colon of ApcCKO/*; LSL- KrasG12P/* mice.
Over 90% of the mice developed tumors within 3 weeks (3.6 tumors per mouse).
Carcinomas appeared in these mice within 20 weeks of the adenovirus injection and
spontaneous gross liver metastases were observed by 24 weeks after the injection (138). As
we described above in section 11.E.4, others have combined Apc mutations with the
activated KrasGZ2D but this is the only report to identify carcinoma and metastasis. The
major difference between the Hung et a/. study and these other reports is that the Hung
group was able to restrict tumor formation to the distal colon and they studied the
development of the phenotype for a much longer period. Similarly, although neither Villin-
Cre; LSL-KrasC12D'* nor Villin-Cre; TGFb2RIoXP/1oX0 mice form intestinal neoplasms, 15%
of Villin-Cre; LSL-KrasC12D/* TGFb2R/OXP/10Xp triple transgenic mice developed lymph
node and lung metastases by 22 weeks of age (171).

[1l. Conclusion

This review demonstrates that there are many animal models from which researchers can
gain valuable insights into the biology of human colorectal cancer. However, no single
animal model faithfully recapitulates all aspects of the human disease, so researchers must
carefully select the model that is most appropriate for testing their specific hypothesis.
Despite the progress made in the development of animal models of human colorectal cancer,
there are several clear weaknesses with these models. First, all of the global gene deletion
and chemically-induced models develop cancer outside the colon; in some models colon
cancer is a minor phenotype. As a result, long-term studies of colorectal cancer development
are limited due to high morbidity and mortality from these other phenotypes. Second, only
some of the genes relevant to human colorectal cancer have been modified to make mice
with floxed alleles. As a result, we are often left with models where the cancers develop
early in life and their development may be confounded by the anabolic environment of
growth. In addition, the lack of mice with floxed gene alleles limits the use of tools for both
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intestine-specific and inducible gene modifications in mice. Third, only a few of the animal
models for colorectal cancer are relevant to natural initiating events that drive human
colorectal cancer. This limits our ability to study the initial stages of colorectal
carcinogenesis as well as primary cancer prevention in animal models. Finally, only a few
mouse models have been developed to study metastatic events. Thus, we lack models for
testing late-stage colorectal cancer. This is an untapped opportunity for mouse model
development.

Acknowledgments

Supported by NIH award CA165240 to JCF

References

1. Sun Hee R, Laura S, Faruque A, Jessica BK, Steven SC. Colorectal cancer incidence in the United
States, 1999-2004. 2009; 115

2. American Cancer Society. Colorectal Cancer Facts & Figures 2011-2013. 2011.

3. Fearon ER. Molecular genetics of colorectal cancer. Annu Rev Pathol. 2011; 6:479-507. [PubMed:
21090969]

4. Gervaz P, Bucher P, Morel P. Two colons-two cancers: paradigm shift and clinical implications. J
Surg Oncol. 2004; 88:261-266. [PubMed: 15565587]

5. Fearon ER, Vogelstein B. A genetic model for colorectal tumorigenesis. Cell. 1990; 61:759-767.
[PubMed: 2188735]

6. Wood LD, Parsons DW, Jones S, Lin J, Sjoblom T, Leary RJ, Shen D, Boca SM, Barber T, Ptak J,
Silliman N, Szabo S, Dezso Z, Ustyanksky V, Nikolskaya T, Nikolsky Y, Karchin R, Wilson PA,
Kaminker JS, Zhang Z, Croshaw R, Willis J, Dawson D, Shipitsin M, Willson JK, Sukumar S,
Polyak K, Park BH, Pethiyagoda CL, Pant PV, Ballinger DG, Sparks AB, Hartigan J, Smith DR,
Suh E, Papadopoulos N, Buckhaults P, Markowitz SD, Parmigiani G, Kinzler KW, Velculescu VE,
Vogelstein B. The genomic landscapes of human breast and colorectal cancers. Science. 2007;
318:1108-1113. [PubMed: 17932254]

7. Leary RJ, Lin JC, Cummins J, Boca S, Wood LD, Parsons DW, Jones S, Sjéblom T, Park BH,
Parsons R, Willis J, Dawson D, Willson JKV, Nikolskaya T, Nikolsky Y, Kopelovich L,
Papadopoulos N, Pennacchio LA, Wang TL, Markowitz SD, Parmigiani G, Kinzler KW, Vogelstein
B, Velculescu VE. Integrated analysis of homozygous deletions, focal amplifications, and sequence
alterations in breast and colorectal cancers. Proceedings of the National Academy of Sciences.
2008; 105:16224-16229.

8. Knudson AG. Mutation and cancer: statistical study of retinoblastoma. Proceedings of the National
Academy of Sciences of the United States of America. 1971; 68:820-823. [PubMed: 5279523]

9. Solomon E, Voss R, Hall V, Bodmer WF, Jass JR, Jeffreys AJ, Lucibello FC, Patel I, Rider SH.
Chromosome 5 allele loss in human colorectal carcinomas. Nature. 1987; 328:616-619. [PubMed:
2886919]

10. Rubinfeld B, Souza B, Albert |, Muller O, Chamberlain SH, Masiarz FR, Munemitsu S, Polakis P.
Association of the APC gene product with beta-catenin. Science. 1993; 262:1731-1734. [PubMed:
8259518]

11. Munemitsu S, Albert I, Souza B, Rubinfeld B, Polakis P. Regulation of intracellular beta-catenin
levels by the adenomatous polyposis coli (APC) tumor-suppressor protein. Proceedings of the
National Academy of Sciences of the United States of America. 1995; 92:3046-3050. [PubMed:
7708772]

12. Sierra J, Yoshida T, Joazeiro CA, Jones KA. The APC tumor suppressor counteracts beta-catenin
activation and H3K4 methylation at Wnt target genes. Genes Dev. 2006; 20:586-600. [PubMed:
16510874]

13. Henderson BR. Nuclear-cytoplasmic shuttling of APC regulates beta-catenin subcellular
localization and turnover. Nat Cell Biol. 2000; 2:653-660. [PubMed: 10980707]

Cancer Metastasis Rev. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Johnson and Fleet

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Page 21

Porfiri E, Rubinfeld B, Albert I, Hovanes K, Waterman M, Polakis P. Induction of a beta-catenin-
LEF-1 complex by wnt-1 and transforming mutants of beta-catenin. Oncogene. 1997; 15:2833-
2839. [PubMed: 9419974]

Senda T, lizuka-Kogo A, Onouchi T, Shimomura A. Adenomatous polyposis coli (APC) plays
multiple roles in the intestinal and colorectal epithelia. Med Mol Morphol. 2007; 40:68-81.
[PubMed: 17572842]

Phelps RA, Broadbent TJ, Stafforini DM, Jones DA. New perspectives on APC control of cell fate
and proliferation in colorectal cancer. Cell Cycle. 2009; 8:2549-2556. [PubMed: 19597346]
Miyoshi Y, Ando H, Nagase H, Nishisho I, Horii A, Miki Y, Mori T, Utsunomiya J, Baba S,
Petersen G. Germ-line mutations of the APC gene in 53 familial adenomatous polyposis patients.
Proc Natl Acad Sci U S A. 1992; 89:4452-4456. [PubMed: 1316610]

Miyoshi Y, Nagase H, Ando H, Horii A, Ichii S, Nakatsuru S, Aoki T, Miki Y, Mori T, Nakamura
Y. Somatic mutations of the APC gene in colorectal tumors: mutation cluster region in the APC
gene. Hum Mol Genet. 1992; 1:229-233. [PubMed: 1338904]

Su LK, Vogelstein B, Kinzler KW. Association of the APC tumor suppressor protein with catenins.
Science. 1993; 262:1734-1737. [PubMed: 8259519]

Spink KE, Polakis P, Weis WI. Structural basis of the Axin-adenomatous polyposis coli
interaction. The EMBO journal. 2000; 19:2270-2279. [PubMed: 10811618]

Lamlum H, llyas M, Rowan A, Clark S, Johnson V, Bell J, Frayling |, Efstathiou J, Pack K, Payne
S, Roylance R, Gorman P, Sheer D, Neale K, Phillips R, Talbot I, Bodmer W, Tomlinson I. The
type of somatic mutation at APC in familial adenomatous polyposis is determined by the site of
the germline mutation: a new facet to Knudson’s ‘two-hit’ hypothesis. Nature Medicine. 1999;
5:1071-1075.

Albuquerque C, Breukel C, van der Luijt R, Fidalgo P, Lage P, Slors FJM, Leitto CN, Fodde R,
Smits R. The “just-right” signaling model: APC somatic mutations are selected based on a specific
level of activation of the beta-catenin signaling cascade. Human Molecular Genetics. 2002;
11:1549-1560. [PubMed: 12045208]

Rowan AJ, Lamlum H, llyas M, Wheeler J, Straub J, Papadopoulou A, Bicknell D, Bodmer WF,
Tomlinson IP. APC mutations in sporadic colorectal tumors: A mutational “hotspot” and
interdependence of the “two hits”. Proceedings of the National Academy of Sciences of the United
States of America. 2000; 97:3352-3357. [PubMed: 10737795]

Crabtree M, Sieber OM, Lipton L, Hodgson SV, Lamlum H, Thomas HJ, Neale K, Phillips RK,
Heinimann K, Tomlinson IP. Refining the relation between “first hits’ and ‘second hits’ at the
APC locus: the ‘loose fit” model and evidence for differences in somatic mutation spectra among
patients. Oncogene. 2003; 22:4257-4265. [PubMed: 12833148]

Vogelstein B, Fearon ER, Hamilton SR, Kern SE, Preisinger AC, Leppert M, Nakamura Y, White
R, Smits AM, Bos JL. Genetic alterations during colorectal-tumor development. The New England
journal of medicine. 1988; 319:525-532. [PubMed: 2841597]

Castellano E, Downward J. RAS Interaction with PI3K: More Than Just Another Effector
Pathway. Genes Cancer. 2011; 2:261-274. [PubMed: 21779497]

Laurent-Puig P, Cayre A, Manceau G, Buc E, Bachet JB, Lecomte T, Rougier P, Lievre A, Landi
B, Boige V, Ducreux M, Ychou M, Bibeau F, Bouche O, Reid J, Stone S, Penault-Llorca F.
Analysis of PTEN, BRAF, and EGFR status in determining benefit from cetuximab therapy in
wild-type KRAS metastatic colon cancer. J Clin Oncol. 2009; 27:5924-5930. [PubMed:
19884556]

Lampropoulos P, Zizi-Sermpetzoglou A, Rizos S, Kostakis A, Nikiteas N, Papavassiliou AG.
TGF-beta signalling in colon carcinogenesis. Cancer Letters. 2012; 314:1-7. [PubMed: 22018778]
Bellam N, Pasche B. Tgf-beta signaling alterations and colon cancer. Cancer Treat Res. 2010;
155:85-103. [PubMed: 20517689]

Fearon ER, Cho KR, Nigro JM, Kern SE, Simons JW, Ruppert JM, Hamilton SR, Preisinger AC,
Thomas G, Kinzler KW, et al. Identification of a chromosome 18q gene that is altered in colorectal
cancers. Science. 1990; 247:49-56. [PubMed: 2294591]

Cancer Metastasis Rev. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Johnson and Fleet

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 22

Mazelin L, Bernet A, Bonod-Bidaud C, Pays L, Arnaud S, Gespach C, Bredesen DE, Scoazec JY,
Mehlen P. Netrin-1 controls colorectal tumorigenesis by regulating apoptosis. Nature. 2004;
431:80-84. [PubMed: 15343335]

Castets M, Broutier L, Molin Y, Brevet M, Chazot G, Gadot N, Paquet A, Mazelin L, Jarrosson-
Wouilleme L, Scoazec J-Y, Bernet A, Mehlen P. DCC constrains tumour progression via its
dependence receptor activity. Nature. 2011; 482:534-537. [PubMed: 22158121]

Vousden KH, Prives C. Blinded by the Light: The Growing Complexity of p53. Cell. 2009;
137:413-431. [PubMed: 19410540]

Geiershach KB, Samowitz WS. Microsatellite Instability and Colorectal Cancer. Archives of
Pathology & Laboratory Medicine. 2011; 135:1269-1277. [PubMed: 21970482]

Isinger-Ekstrand A, Therkildsen C, Bernstein I, Nilbert M. Deranged Wnt signaling is frequent in
hereditary nonpolyposis colorectal cancer. Fam Cancer. 2011; 10:239-243. [PubMed: 21132538]
Miyaki M, lijima T, Kimura J, Yasuno M, Mori T, Hayashi Y, Koike M, Shitara N, Iwama T,
Kuroki T. Frequent Mutation of p-Catenin and APC Genes in Primary Colorectal Tumors from
Patients with Hereditary Nonpolyposis Colorectal Cancer. Cancer Research. 1999; 59:4506-4509.
[PubMed: 10493496]

Kim H, Jen J, Vogelstein B, Hamilton SR. Clinical and pathological characteristics of sporadic
colorectal carcinomas with DNA replication errors in microsatellite sequences. Am J Pathol. 1994;
145:148-156. [PubMed: 8030745]

Cunningham JM, Christensen ER, Tester DJ, Kim CY, Roche PC, Burgart LJ, Thibodeau SN.
Hypermethylation of the hMLH1 promoter in colon cancer with microsatellite instability. Cancer
Research. 1998; 58:3455-3460. [PubMed: 9699680]

Deng G, Bell I, Crawley S, Gum J, Terdiman JP, Allen BA, Truta B, Sleisenger MH, Kim Y'S.
BRAF mutation is frequently present in sporadic colorectal cancer with methylated hMLH1, but
not in hereditary nonpolyposis colorectal cancer. Clin Cancer Res. 2004; 10:191-195. [PubMed:
14734469]

Thorstensen L, Lind GE, Lovig T, Diep CB, Meling GI, Rognum TO, Lothe RA. Genetic and
epigenetic changes of components affecting the WNT pathway in colorectal carcinomas stratified
by microsatellite instability. Neoplasia. 2005; 7:98-108.

Samowitz WS, Holden JA, Curtin K, Edwards SL, Walker AR, Lin HA, Robertson MA, Nichols
MF, Gruenthal KM, Lynch BJ, Leppert MF, Slattery ML. Inverse relationship between
microsatellite instability and K-ras and p53 gene alterations in colon cancer. Am J Pathol. 2001;
158:1517-1524. [PubMed: 11290569]

Markowitz S, Wang J, Myeroff L, Parsons R, Sun L, Lutterbaugh J, Fan RS, Zborowska E, Kinzler
KW, Vogelstein B, et al. Inactivation of the type Il TGF-beta receptor in colon cancer cells with
microsatellite instability. Science. 1995; 268:1336-1338. [PubMed: 7761852]

Rampino N, Yamamoto H, lonov Y, Li Y, Sawai H, Reed JC, Perucho M. Somatic frameshift
mutations in the BAX gene in colon cancers of the microsatellite mutator phenotype. Science.
1997; 275:967-969. [PubMed: 9020077]

Hawkins NJ, Bariol C, Ward RL. The serrated neoplasia pathway. Pathology. 2002; 34:548-555.
[PubMed: 12555993]

Goldstein NS. Serrated pathway and APC (conventional)-type colorectal polyps: molecular-
morphologic correlations, genetic pathways, and implications for classification. Am J Clin Pathol.
2006; 125:146-153. [PubMed: 16483003]

Church EM, Mehlhaff CJ, Patnaik AK. Colorectal adenocarcinoma in dogs: 78 cases (1973-1984).
J Am Vet Med Assoc. 1987; 191:727-730. [PubMed: 3679965]

McEntee MF, Brenneman KA. Dysregulation of beta-catenin is common in canine sporadic
colorectal tumors. Vet Pathol. 1999; 36:228-236. [PubMed: 10332831]

Valerius KD, Powers BE, McPherron MA, Hutchison JM, Mann FA, Withrow SJ. Adenomatous
polyps and carcinoma in situ of the canine colon and rectum: 34 cases (1982-1994). J Am Anim
Hosp Assoc. 1997; 33:156-160. [PubMed: 9111726]

Wolf JC, Ginn PE, Homer B, Fox LE, Kurzman ID. Immunohistochemical detection of p53 tumor
suppressor gene protein in canine epithelial colorectal tumors. Vet Pathol. 1997; 34:394-404.
[PubMed: 9381650]

Cancer Metastasis Rev. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Johnson and Fleet

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Page 23

Schaffer E, Schiefer B. Incidence and Types of Canine Rectal Carcinomas. Journal of Small
Animal Practice. 1968; 9:491-496.

. Cribb AE. Feline gastrointestinal adenocarcinoma: a review and retrospective study. Can Vet J.

1988; 29:709-712. [PubMed: 17423115]

Simpson BH. The geographic distribution of carcinomas of the small intestine in New Zealand
sheep. N Z Vet J. 1972; 20:24-28. [PubMed: 4521186]

Munday JS, Brennan MM, Jaber AM, Kiupel M. Ovine Intestinal Adenocarcinomas: Histologic
and Phenotypic Comparison with Human Colon Cancer. Comparative Medicine. 2006; 56:136—
141. [PubMed: 16639981]

Lushbaugh CC, Humason GL, Swartzendruber DC, Richter CB, Gengozian N. Spontaneous
colonic adenocarcinoma in marmosets. Primates Med. 1978; 10:119-134. [PubMed: 417316]

Cheverud JM, Tardif S, Henke MA, Clapp NK. Genetic epidemiology of colon cancer in the
cotton-top tamarin (Saguinus oedipus). Hum Biol. 1993; 65:1005-1012. [PubMed: 8300080]

Wood JD, Peck OC, Tefend KS, Stonerook MJ, Caniano DA, Mutabagani KH, Lhotak S, Sharma
HM. Evidence that colitis is initiated by environmental stress and sustained by fecal factors in the
cotton-top tamarin (Saguinus oedipus). Dig Dis Sci. 2000; 45:385-393. [PubMed: 10711456]

Mansfield KG, Lin KC, Xia D, Newman JV, Schauer DB, MacKey J, Lackner AA, Carville A.
Enteropathogenic Escherichia coli and ulcerative colitis in cotton-top tamarins (Saguinus oedipus).
J Infect Dis. 2001; 184:803-807. [PubMed: 11517446]

Rowlatt C, Franks LM, Sheriff MU, Chesterman FC. Naturally occurring tumors and other lesions
of the digestive tract in untreated C57BL mice. J Natl Cancer Inst. 1969; 43:1353-1364. [PubMed:
5396221]

AIN: Report of the American Institute of Nutrition ad hoc committee on standards for nutritional
studies. J Nutr. 1977; 107:1340-1348. [PubMed: 874577]

Newmark HL, Yang K, Kurihara N, Fan K, Augenlicht LH, Lipkin M. Western-style diet-induced
colonic tumors and their modulation by calcium and vitamin D in C57BI/6 mice: a preclinical
model for human sporadic colon cancer. Carcinogenesis. 2009; 30:88-92. [PubMed: 19017685]
Magalhaes B, Peleteiro B, Lunet N. Dietary patterns and colorectal cancer: systematic review and
meta-analysis. Eur J Cancer Prev. 2012; 21:15-23. [PubMed: 21946864]

Newmark HL, Lipkin M, Maheshwari N. Colonic hyperplasia and hyperproliferation induced by a
nutritional stress diet with four components of Western-style diet. Journal of the National Cancer
Institute. 1990; 82:491-496. [PubMed: 2313721]

Richter F, Newmark HL, Richter A, Leung D, Lipkin M. Inhibition of Western-diet induced
hyperproliferation and hyperplasia in mouse colon by two sources of calcium. Carcinogenesis.
1995; 16:2685-2689. [PubMed: 7586187]

Risio M, Lipkin M, Newmark H, Yang K, Rossini FP, Steele VE, Boone CW, Kelloff GJ.
Apoptosis, cell replication, and Western-style diet-induced tumorigenesis in mouse colon. Cancer
Research. 1996; 56:4910-4916. [PubMed: 8895743]

Newmark HL, Yang K, Lipkin M, Kopelovich L, Liu Y, Fan K, Shinozaki H. A Western-style diet
induces benign and malignant neoplasms in the colon of normal C57BI/6 mice. Carcinogenesis.
2001; 22:1871-1875. [PubMed: 11698351]

Yang K, Kurihara N, Fan K, Newmark H, Rigas B, Bancroft L, Corner G, Livote E, Lesser M,
Edelmann W, Velcich A, Lipkin M, Augenlicht L. Dietary induction of colonic tumors in a mouse
model of sporadic colon cancer. Cancer Res. 2008; 68:7803-7810. [PubMed: 18829535]

Wang, D.; Peregrina, K.; Dhima, E.; Lin, EY.; Mariadason, JM.; Augenlicht, LH. Paneth cell
marker expression in intestinal villi and colon crypts characterizes dietary induced risk for mouse
sporadic intestinal cancer. Proceedings of the National Academy of Sciences of the United States
of America; p. 10277-2011.

Hunt JR, Hunt CD, Zito CA, ldso JP, Johnson LK. Calcium requirements of growing rats based on
bone mass, structure, or biomechanical strength are similar. J Nutr. 2008; 138:1462-1468.
[PubMed: 18641192]

Song Y, Fleet JC. Intestinal Resistance to 1,25 Dihydroxyvitamin D in Mice Heterozygous for the
Vitamin D Receptor Knockout Allele. Endocrinology. 2007; 148:1396-1402. [PubMed:
17110426]

Cancer Metastasis Rev. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Johnson and Fleet

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Page 24

Turner CH, Hinckley WR, Wilson ME, Zhang W, Dunipace AJ. Combined effects of diets with
reduced calcium and phosphate and increased fluoride intake on vertebral bone strength and
histology in rats. Calcif Tissue Int. 2001; 69:51-57. [PubMed: 11685434]

Peterson CA, Eurell JC, Erdman JW. Alterations in calcium intake on peak bone mass in the
female rat. J Bone Min Res. 1995; 10:81-95.

van Zeeland AA. Molecular dosimetry of chemical mutagens. Relationship between DNA adduct
formation and genetic changes analyzed at the molecular level. Mutat Res. 1996; 353:123-150.
[PubMed: 8692189]

Bissahoyo A, Pearsall RS, Hanlon K, Amann V, Hicks D, Godfrey VL, Threadgill DW.
Azoxymethane is a genetic background-dependent colorectal tumor initiator and promoter in mice:
effects of dose, route, and diet. Toxicol Sci. 2005; 88:340-345. [PubMed: 16150884]

Yamada Y, Yoshimi N, Hirose Y, Kawabata K, Matsunaga K, Shimizu M, Hara A, Mori H.
Frequent beta-catenin gene mutations and accumulations of the protein in the putative
preneoplastic lesions lacking macroscopic aberrant crypt foci appearance, in rat colon
carcinogenesis. Cancer Res. 2000; 60:3323-3327. [PubMed: 10910031]

Perse M, Cerar A. Morphological and molecular alterations in 1,2 dimethylhydrazine and
azoxymethane induced colon carcinogenesis in rats. J Biomed Biotechnol. 2011:473964-2011.
[PubMed: 21253581]

Felton JS, Knize MG, Shen NH, Lewis PR, Andresen BD, Happe J, Hatch FT. The isolation and
identification of a new mutagen from fried ground beef: 2-amino-1-methyl-6-phenylimidazo[4,5-
b]pyridine (PhIP). Carcinogenesis. 1986; 7:1081-1086. [PubMed: 3719903]

Nakagama H, Nakanishi M, Ochiai M. Modeling human colon cancer in rodents using a food-
borne carcinogen, PhIP. Cancer Sci. 2005; 96:627-636. [PubMed: 16232193]

Tudek B, Bird RP, Bruce WR. Foci of aberrant crypts in the colons of mice and rats exposed to
carcinogens associated with foods. Cancer Res. 1989; 49:1236-1240. [PubMed: 2917353]

Esumi H, Ohgaki H, Kohzen E, Takayama S, Sugimura T. Induction of lymphoma in CDF1 mice
by the food mutagen, 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine. Jpn J Cancer Res. 1989;
80:1176-1178. [PubMed: 2516847]

Tanaka T, Suzuki R, Kohno H, Sugie S, Takahashi M, Wakabayashi K. Colonic adenocarcinomas
rapidly induced by the combined treatment with 2-amino-1-methyl-6-phenylimidazo[4,5-
b]pyridine and dextran sodium sulfate in male ICR mice possess beta-catenin gene mutations and
increases immunoreactivity for beta-catenin, cyclooxygenase-2 and inducible nitric oxide
synthase. Carcinogenesis. 2005; 26:229-238. [PubMed: 15459021]

Andreassen A, Vikse R, Mikalsen A, Adamovic T, Steffensen IL, Hjertholm H, Levan G,
Alexander J. 2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) induces genetic changes
in murine intestinal tumours and cells with ApcMin mutation. Mutat Res. 2006; 604:60-70.
[PubMed: 16574467]

Sinha R, Chow WH, Kulldorff M, DeNobile J, Butler J, Garcia-Closas M, Weil R, Hoover RN,
Rothman N. Well-done, grilled red meat increases the risk of colorectal adenomas. Cancer
Research. 1999; 59:4320-4324. [PubMed: 10485479]

Sinha R, Rothman N. Role of well-done, grilled red meat, heterocyclic amines (HCAS) in the
etiology of human cancer. Cancer Letters. 1999; 143:189-194. [PubMed: 10503902]

Dashwood RH, Suzui M, Nakagama H, Sugimura T, Nagao M. High frequency of beta-catenin
(ctnnbl) mutations in the colon tumors induced by two heterocyclic amines in the F344 rat. Cancer
Research. 1998; 58:1127-1129. [PubMed: 9515794]

Tsukamoto T, Tanaka H, Fukami H, Inoue M, Takahashi M, Wakabayashi K, Tatematsu M. More
frequent beta-catenin gene mutations in adenomas than in aberrant crypt foci or adenocarcinomas
in the large intestines of 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP)-treated rats.
Jpn J Cancer Res. 2000; 91:729-796.

Fujiwara K, Ochiai M, Ohta T, Ohki M, Aburatani H, Nagao M, Sugimura T, Nakagama H. Global
gene expression analysis of rat colon cancers induced by a food-borne carcinogen, 2-amino-1-
methyl-6-phenylimidazo[4,5-b]pyridine. Carcinogenesis. 2004; 25:1495-1505. [PubMed:
15059925]

Cancer Metastasis Rev. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Johnson and Fleet

87.

88.

89.

90.

9L

92.

93.

94.

95.

96.

97.

98.

99.

100

101.

102.

103.

104.

105.

Page 25

Ishiguro Y, Ochiai M, Sugimura T, Nagao M, Nakagama H. Strain differences of rats in the
susceptibility to aberrant crypt foci formation by 2-amino-1-methyl-6-phenylimidazo-[4,5-
b]pyridine: no implication of Apc and Pla2g2a genetic polymorphisms in differential
susceptibility. Carcinogenesis. 1999; 20:1063-1068. [PubMed: 10357789]

Jobst K. Teratogenous changes and tumors in rats following treatment with methylnitroso-urea
(MNU). Neoplasma. 1967; 14:435-436. [PubMed: 6063014]

Koestner AW, Ruecker FA, Koestner A. Morphology and pathogenesis of tumors of the thymus
and stomach in Sprague-Dawley rats following intragastric administration of methyl nitrosourea
(MNU). Int J Cancer. 1977; 20:418-426. [PubMed: 903192]

Maekawa A, Onodera H, Kanno J, Furuta K, Nagaoka T, Todate A, Matsushima Y, Oh-hara T,
Kawazoe Y. Carcinogenicity and organ specificity of N-trimethylsilylmethyl-N-nitrosourea (TMS-
MNU), N-neopentyl-N-nitrosourea (neoPNU), and N-methyl-N-nitrosourea (MNU) in rats. J
Cancer Res Clin Oncol. 1988; 114:473-476. [PubMed: 3182906]

Pollard M, Luckert PH. Autochthonous prostate adenocarcinomas in Lobund-Wistar rats: a model
system. Prostate. 1987; 11:219-227. [PubMed: 3684782]

Tsubura A, Lai YC, Miki H, Sasaki T, Uehara N, Yuri T, Yoshizawa K. Review: Animal models
of N-Methyl-N-nitrosourea-induced mammary cancer and retinal degeneration with special
emphasis on therapeutic trials. In Vivo. 2011; 25:11-22. [PubMed: 21282729]

Narisawa T, Wong CQ, Maronpot RR, Weisburger JH. Large bowel carcinogenesis in mice and
rats by several intrarectal doses of methylnitrosourea and negative effect of nitrite plus methylurea.
Cancer Research. 1976; 36:505-510. [PubMed: 1260748]

Qin X, Zarkovic M, Nakatsuru Y, Arai M, Oda H, Ishikawa T. DNA adduct formation and
assessment of aberrant crypt foci in vivo in the rat colon mucosa after treatment with N-methyl-N-
nitrosourea. Carcinogenesis. 1994; 15:851-855. [PubMed: 8200086]

Narisawa T, Weisburger JH. Colon cancer induction in mice by intrarectal instillation of N-
methylInitosorurea (38498). Proc Soc Exp Biol Med. 1975; 148:166-169. [PubMed: 1129255]

Sinkeldam EJ, Kuper CF, Bosland MC, Hollanders VM, Vedder DM. Interactive effects of dietary
wheat bran and lard on N-methyl-N"-nitro-N-nitrosoguanidine-induced colon carcinogenesis in
rats. Cancer Res. 1990; 50:1092-1096. [PubMed: 2153449]

Endo T, Ookawa K, Tanaka M, Nakaji S, Tsuchida S, Sugawara K. Differences in carcinogenesis

by the length of carcinogen exposure period in rat colon. Dig Dis Sci. 2001; 46:109-117.

[PubMed: 11270774]

Matusiak D, Murillo G, Carroll RE, Mehta RG, Benya RV. Expression of vitamin D receptor and

25-hydroxyvitamin D3-1{alpha}-hydroxylase in normal and malignant human colon. Cancer

Epidemiol Biomarkers Prev. 2005; 14:2370-2376. [PubMed: 16214919]

Shima N, Swiger RR, Heddle JA. Dietary restriction during murine development provides

protection against MNU-induced mutations. Mutat Res. 2000; 470:189-200. [PubMed: 11027974]

. Zhou SB, Wang GJ, Zhu Y, Chen BQ. Effect of dietary fatty acids on colon tumorigenesis
induced by methyl nitrosourea in rats. Biomed Environ Sci. 2000; 13:105-116. [PubMed:
11055012]

Narisawa T, Fukaura Y, Terada K, Sekiguchi H. Inhibitory effects of ursodeoxycholic acid on N-
methylInitrosourea-induced colon carcinogenesis and colonic mucosal telomerase activity in F344
rats. J Exp Clin Cancer Res. 1999; 18:259-266. [PubMed: 10464717]

Jacoby RF, Alexander RJ, Raicht RF, Brasitus TA. K-ras oncogene mutations in rat colon tumors
induced by N-methyl-N-nitrosourea. Carcinogenesis. 1992; 13:45-49. [PubMed: 1733572]

Bara J, Forgue-Lafitte ME, Maurin N, Flejou JF, Zimber A. Abnormal expression of gastric
mucin in human and rat aberrant crypt foci during colon carcinogenesis. Tumour Biol. 2003;
24:109-115. [PubMed: 14610314]

Moser AR, Pitot HC, Dove WF. A dominant mutation that predisposes to multiple intestinal
neoplasia in the mouse. Science. 1990; 247:322-324. [PubMed: 2296722]

Su LK, Kinzler KW, Vogelstein B, Preisinger AC, Moser AR, Luongo C, Gould KA, Dove WF.
Multiple intestinal neoplasia caused by a mutation in the murine homolog of the APC gene.
Science. 1992; 256:668-670. [PubMed: 1350108]

Cancer Metastasis Rev. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Johnson and Fleet

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Page 26

Luongo C, Moser AR, Gledhill S, Dove WF. Loss of Apc(+) in Intestinal Adenomas from Min
Mice. Cancer Research. 1994; 54:5947-5952. [PubMed: 7954427]

Yamada Y, Mori H. Multistep carcinogenesis of the colon in Apc(Min/+) mouse. Cancer Sci.
2007; 98:6-10. [PubMed: 17052257]

Mccart AE, Vickaryous NK, Silver A. Apc mice: Models, modifiers and mutants. Pathology
Research and Practice. 2008; 204:479-490.

Silverman KA, Koratkar R, Siracusa LD, Buchberg AM. Identification of the modifier of Min 2
(Mom?2) locus, a new mutation that influences Apc-induced intestinal neoplasia. Genome Res.
2002; 12:88-97. [PubMed: 11779834]

Moser AR, Dove WF, Roth KA, Gordon JI. The Min (multiple intestinal neoplasia) mutation: its
effect on gut epithelial cell differentiation and interaction with a modifier system. J Cell Biol.
1992; 116:1517-1526. [PubMed: 1541640]

Jasperson KW, Tuohy TM, Neklason DW, Burt RW. Hereditary and familial colon cancer.
Gastroenterology. 2010; 138:2044-2058. [PubMed: 20420945]

Amos-Landgraf JM, Kwong LN, Kendziorski CM, Reichelderfer M, Torrealba J, Weichert J,
Haag JD, Chen KS, Waller JL, Gould MN, Dove WF. A target-selected Apc-mutant rat kindred
enhances the modeling of familial human colon cancer. Proc Natl Acad Sci U S A. 2007;
104:4036-4041. [PubMed: 17360473]

Feil R. Conditional somatic mutagenesis in the mouse using site-specific recombinases. Handb
Exp Pharmacol. 2007; 178:3-28. [PubMed: 17203649]

Birling MC, Gofflot F, Warot X. Site-specific recombinases for manipulation of the mouse
genome. Methods Mol Biol. 2009; 561:245-263. [PubMed: 19504076]

Feil R, Wagner J, Metzger D, Chambon P. Regulation of Cre recombinase activity by mutated
estrogen receptor ligand-binding domains. Biochem Biophys Res Commun. 1997; 237:752-757.
[PubMed: 9299439]

Jackson EL, Willis N, Mercer K, Bronson RT, Crowley D, Montoya R, Jacks T, Tuveson DA.
Analysis of lung tumor initiation and progression using conditional expression of oncogenic K-
ras. Genes Dev. 2001; 15:3243-3248. [PubMed: 11751630]

Madison BB, Dunbar L, Qiao XT, Braunstein K, Braunstein E, Gumucio DL. Cis elements of the
villin gene control expression in restricted domains of the vertical (crypt) and horizontal
(duodenum, cecum) axes of the intestine. J Biol Chem. 2002; 277:33275-33283. [PubMed:
12065599]

El Marjou F, Janssen KP, Chang BH, Li M, Hindie V, Chan L, Louvard D, Chambon P, Metzger
D, Robine S. Tissue-specific and inducible Cre-mediated recombination in the gut epithelium.
Genesis. 2004; 39:186-193. [PubMed: 15282745]

Saam JR, Gordon JI. Inducible gene knockouts in the small intestinal and colonic epithelium. J
Biol Chem. 1999; 274:38071-38082. [PubMed: 10608876]

Simon TC, Roth KA, Gordon JI. Use of transgenic mice to map cis-acting elements in the liver
fatty acid-binding protein gene (Fabpl) that regulate its cell lineage-specific, differentiation-
dependent, and spatial patterns of expression in the gut epithelium and in the liver acinus. The
Journal of Biological Chemistry. 1993; 268:18345-18358. [PubMed: 8349710]

Quaroni A, Calnek D, Quaroni E, Chandler JS. Keratin expression in rat intestinal crypt and villus
cells. Analysis with a panel of monoclonal antibodies. The Journal of Biological Chemistry.
1991; 266:11923-11931. [PubMed: 1711043]

Means AL, Xu Y, Zhao A, Ray KC, Gu G. A CK19(CreERT) knockin mouse line allows for
conditional DNA recombination in epithelial cells in multiple endodermal organs. Genesis. 2008;
46:318-323. [PubMed: 18543299]

Barker N, van Es JH, Kuipers J, Kujala P, van den Born M, Cozijnsen M, Haegebarth A, Korving
J, Begthel H, Peters PJ, Clevers H. Identification of stem cells in small intestine and colon by
marker gene Lgr5. Nature. 2007; 449:1003-1007. [PubMed: 17934449]

Barker N, Clevers H. Leucine-rich repeat-containing G-protein-coupled receptors as markers of
adult stem cells. Gastroenterology. 2010; 138:1681-1696. [PubMed: 20417836]

Cancer Metastasis Rev. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Johnson and Fleet

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Page 27

Hinoi T, Akyol A, Theisen BK, Ferguson DO, Greenson JK, Williams BO, Cho KR, Fearon ER.
Mouse model of colonic adenoma-carcinoma progression based on somatic Apc inactivation.
Cancer Res. 2007; 67:9721-9730. [PubMed: 17942902]

Akyol A, Hinoi T, Feng Y, Bommer GT, Glaser TM, Fearon ER. Generating somatic mosaicism
with a Cre recombinase-microsatellite sequence transgene. Nat Methods. 2008; 5:231-233.
[PubMed: 18264107]

Xue Y, Johnson R, DeSmet M, Snyder PW, Fleet JC. Generation of a transgenic mouse for
colorectal cancer research with intestinal cre expression limited to the large intestine. Mol Cancer
Res. 2010; 8:1095-1104. [PubMed: 20663863]

Gum JR Jr, Hicks JW, Crawley SC, Yang SC, Borowsky AD, Dahl CM, Kakar S, Kim DH,
Cardiff RD, Kim YS. Mice expressing SV40 T antigen directed by the intestinal trefoil factor
promoter develop tumors resembling human small cell carcinoma of the colon. Mol Cancer Res.
2004; 2:504-513. [PubMed: 15383629]

Gum JR Jr, Hicks JW, Gillespie AM, Rius JL, Treseler PA, Kogan SC, Carlson EJ, Epstein CJ,
Kim Y'S. Mouse intestinal goblet cells expressing S\V40 T antigen directed by the MUC2 mucin
gene promoter undergo apoptosis upon migration to the villi. Cancer Res. 2001; 61:3472-3479.
[PubMed: 11309310]

Itoh H, Inoue N, Podolsky DK. Goblet-cell-specific transcription of mouse intestinal trefoil factor
gene results from collaboration of complex series of positive and negative regulatory elements.
Biochem J. 1999; 341 (Pt 2):461-472. [PubMed: 10393106]

Beuling E, Baffour-Awuah NY, Stapleton KA, Aronson BE, Noah TK, Shroyer NF, Duncan SA,
Fleet JC, Krasinski SD. GATA Factors Regulate Proliferation, Differentiation, and Gene
Expression in Small Intestine of Mature Mice. Gastroenterology. 2011; 140:1219-1229.
[PubMed: 21262227]

Kistner A, Gossen M, Zimmermann F, Jerecic J, Ullmer C, Lubbert H, Bujard H. Doxycycline-
mediated quantitative and tissue-specific control of gene expression in transgenic mice. Proc Natl
Acad Sci U S A. 1996; 93:10933-10938. [PubMed: 8855286]

Furth PA, St OL, Boger H, Gruss P, Gossen M, Kistner A, Bujard H, Hennighausen L. Temporal
control of gene expression in transgenic mice by a tetracycline-responsive promoter. Proc Natl
Acad Sci U S A. 1994; 91:9302-9306. [PubMed: 7937760]

St-Onge L, Furth PA, Gruss P. Temporal control of the Cre recombinase in transgenic mice by a
tetracycline responsive promoter. Nucleic Acids Research. 1996; 24:3875-3877. [PubMed:
8871571]

Ireland H, Kemp R, Houghton C, Howard L, Clarke AR, Sansom OJ, Winton DJ. Inducible Cre-
mediated control of gene expression in the murine gastrointestinal tract: effect of loss of beta-
catenin. Gastroenterology. 2004; 126:1236-1246. [PubMed: 15131783]

Barker N, Ridgway RA, van Es JH, van de Wetering M, Begthel H, van den Born M, Danenberg
E, Clarke AR, Sansom QJ, Clevers H. Crypt stem cells as the cells-of-origin of intestinal cancer.
Nature. 2009; 457:608-611. [PubMed: 19092804]

Ireland H, Houghton C, Howard L, Winton DJ. Cellular inheritance of a Cre-activated reporter
gene to determine Paneth cell longevity in the murine small intestine. Dev Dyn. 2005; 233:1332—
1336. [PubMed: 15937933]

Hung KE, Maricevich MA, Richard LG, Chen WY, Richardson MP, Kunin A, Bronson RT,
Mahmood U, Kucherlapati R. Development of a mouse model for sporadic and metastatic colon
tumors and its use in assessing drug treatment. Proc Natl Acad Sci U S A. 2010; 107:1565-1570.
[PubMed: 20080688]

Shibata H, Toyama K, Shioya H, Ito M, Hirota M, Hasegawa S, Matsumoto H, Takano H,
Akiyama T, Toyoshima K, Kanamaru R, Kanegae Y, Saito I, Nakamura Y, Shiba K, Noda T.
Rapid colorectal adenoma formation initiated by conditional targeting of the Apc gene. Science.
1997; 278:120-123. [PubMed: 9311916]

Poulogiannis G, Frayling IM, Arends MJ. DNA mismatch repair deficiency in sporadic colorectal
cancer and Lynch syndrome. Histopathology. 2010; 56:167-179. [PubMed: 20102395]

Cancer Metastasis Rev. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Johnson and Fleet

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Page 28

Oshima M, Oshima H, Kitagawa K, Kobayashi M, Itakura C, Taketo M. Loss of Apc
heterozygosity and abnormal tissue building in nascent intestinal polyps in mice carrying a
truncated Apc gene. Proc Natl Acad Sci U S A. 1995; 92:4482-4486. [PubMed: 7753829]

Sasai H, Masaki M, Wakitani K. Suppression of polypogenesis in a new mouse strain with a
truncated Apc(Deltad74) by a novel COX-2 inhibitor, JTE-522. Carcinogenesis. 2000; 21:953—
958. [PubMed: 10783317]

Pollard P, Deheragoda M, Segditsas S, Lewis A, Rowan A, Howarth K, Willis L, Nye E, McCart
A, Mandir N, Silver A, Goodlad R, Stamp G, Cockman M, East P, Spencer-Dene B, Poulsom R,
Wright N, Tomlinson I. The Apc 1322T mouse develops severe polyposis associated with
submaximal nuclear beta-catenin expression. Gastroenterology. 2009; 136:2204-2213. [PubMed:
19248780]

Fodde R, Edelmann W, Yang K, van LC, Carlson C, Renault B, Breukel C, Alt E, Lipkin M,
Khan PM. A targeted chain-termination mutation in the mouse Apc gene results in multiple
intestinal tumors. Proc Natl Acad Sci U S A. 1994; 91:8969-8973. [PubMed: 8090754]

Smits R, Kielman MF, Breukel C, Zurcher C, Neufeld K, Jagmohan-Changur S, Hofland N, van
Dijk J, White R, Edelmann W, Kucherlapati R, Khan PM, Fodde R. Apc1638T: a mouse model
delineating critical domains of the adenomatous polyposis coli protein involved in tumorigenesis
and development. Genes & Development. 1999; 13:1309-1321. [PubMed: 10346819]

Lewis A, Davis H, Deheragoda M, Pollard P, Nye E, Jeffery R, Segditsas S, East P, Poulsom R,
Stamp G, Wright N, Tomlinson I. The C-terminus of Apc does not influence intestinal adenoma
development or progression. J Pathol. 2012; 226:73-83. [PubMed: 22009253]

Gaspar C, Franken P, Molenaar L, Breukel C, van d V, Smits R, Fodde R. A targeted constitutive
mutation in the APC tumor suppressor gene underlies mammary but not intestinal tumorigenesis.
PLoS Genet. 2009; 5:1000547. [PubMed: 19578404]

Ito M, Miura S, Noda T. Mouse model for familial adenomatous polyposis coli and APC gene.
Tanpakushitsu Kakusan Koso. 1995; 40:2035-2044. [PubMed: 8532859]

Quesada CF, Kimata H, Mori M, Nishimura M, Tsuneyoshi T, Baba S. Piroxicam and acarbose as
chemopreventive agents for spontaneous intestinal adenomas in APC gene 1309 knockout mice.
Jpn J Cancer Res. 1998; 89:392-396. [PubMed: 9617344]

Colnot S, Niwa-Kawakita M, Hamard G, Godard C, Le Plenier S, Houbron C, Romagnolo N,
Berrebi D, Giovannini M, Perret C. Colorectal cancers in a new mouse model of familial
adenomatous polyposis: influence of genetic and environmental modifiers. Laboratory
Investigation. 2004; 84:1619-1630. [PubMed: 15502862]

Kuraguchi M, Wang XP, Bronson RT, Rothenberg R, Ohene-Baah NY, Lund JJ, Kucherlapati M,
Maas RL, Kucherlapati R. Adenomatous polyposis coli (APC) is required for normal
development of skin and thymus. Plos Genetics. 2006; 2:1362-1374.

Sansom OJ, Reed KR, Hayes AJ, Ireland H, Brinkmann H, Newton IP, Batlle E, Simon-Assmann
P, Clevers H, Nathke IS, Clarke AR, Winton DJ. Loss of Apc in vivo immediately perturbs Wnt
signaling, differentiation, and migration. Genes Dev. 2004; 18:1385-1390. [PubMed: 15198980]
Robanus-Maandag EC, Koelink PJ, Breukel C, Salvatori DC, Jagmohan-Changur SC, Bosch CA,
Verspaget HW, Devilee P, Fodde R, Smits R. A new conditional Apc-mutant mouse model for
colorectal cancer. Carcinogenesis. 2010; 31:946-952. [PubMed: 20176656]

Zeineldin M, Cunningham J, McGuinness W, Alltizer P, Cowley B, Blanchat B, Xu W, Pinson D,
Neufeld KL. A knock-in mouse model reveals roles for nuclear Apc in cell proliferation, Wnt
signal inhibition and tumor suppression. Oncogene. 2011

Svetlanov A, Cohen PE. Mismatch repair proteins, meiosis, and mice: understanding the
complexities of mammalian meiosis. Exp Cell Res. 2004; 296:71-79. [PubMed: 15120996]
Edelmann W, Yang F, Kuraguchi M, Heyer J, Lia M, Kneitz B, Fan KH, Brown AMC, Lipkin M,
Kucherlapati R. Tumorigenesis in Mlh1 and MIh1/Apc1638N mutant mice. Cancer Research.
1999; 59:1301-1307. [PubMed: 10096563]

Reitmair AH, Redston M, Cai JC, Chuang TC, Bjerknes M, Cheng H, Hay K, Gallinger S, Bapat
B, Mak TW. Spontaneous intestinal carcinomas and skin neoplasms in Msh2-deficient mice.
Cancer Res. 1996; 56:3842-3849. [PubMed: 8706033]

Cancer Metastasis Rev. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Johnson and Fleet

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Page 29

Reitmair AH, Cai JC, Bjerknes M, Redston M, Cheng H, Pind MT, Hay K, Mitri A, Bapat BV,
Mak TW, Gallinger S. MSH2 deficiency contributes to accelerated APC-mediated intestinal
tumorigenesis. Cancer Res. 1996; 56:2922-2926. [PubMed: 8674041]

Luo F, Brooks DG, Ye H, Hamoudi R, Poulogiannis G, Patek CE, Winton DJ, Arends MJ.
Conditional expression of mutated K-ras accelerates intestinal tumorigenesis in Msh2-deficient
mice. Oncogene. 2007; 26:4415-4427. [PubMed: 17297472]

Kucherlapati MH, Lee K, Nguyen AA, Clark AB, Hou H Jr, Rosulek A, Li H, Yang K, Fan K,
Lipkin M, Bronson RT, Jelicks L, Kunkel TA, Kucherlapati R, Edelmann W. An Msh2
conditional knockout mouse for studying intestinal cancer and testing anticancer agents.
Gastroenterology. 2010; 138:993-1002. [PubMed: 19931261]

Boland CR, Goel A. Microsatellite instability in colorectal cancer. Gastroenterology. 2010;
138:2073-2087. [PubMed: 20420947]

Wind, Nd; Dekker, M.; Claij, N.; Jansen, L.; Klink, Yv; Radman, M.; Riggins, G.; Valk, Mvd;
van ‘t Wout, K.; Riele, Ht. HNPCC-like cancer predisposition in mice through simultaneous loss
of Msh3 and Msh6 mismatch-repair protein functions. Nat Genet. 1999; 23:359-362. [PubMed:
10545954]

Chen PC, Dudley S, Hagen W, Dizon D, Paxton L, Reichow D, Yoon SR, Yang K, Arnheim N,
Liskay RM, Lipkin SM. Contributions by MutL homologues M1h3 and Pms2 to DNA mismatch
repair and tumor suppression in the mouse. Cancer Res. 2005; 65:8662—-8670. [PubMed:
16204034]

Chen PC, Kuraguchi M, Velasquez J, Wang Y, Yang K, Edwards R, Gillen D, Edelmann W,
Kucherlapati R, Lipkin SM. Novel roles for MLH3 deficiency and TLEG6-like amplification in
DNA mismatch repair-deficient gastrointestinal tumorigenesis and progression. PLoS Genet.
2008; 4:1000092. [PubMed: 18551179]

Harada N, Tamai Y, Ishikawa T, Sauer B, Takaku K, Oshima M, Taketo MM. Intestinal
polyposis in mice with a dominant stable mutation of the beta-catenin gene. EMBO J. 1999;
18:5931-5942. [PubMed: 10545105]

Tuveson DA, Shaw AT, Willis NA, Silver DP, Jackson EL, Chang S, Mercer KL, Grochow R,
Hock H, Crowley D, Hingorani SR, Zaks T, King C, Jacobetz MA, Wang L, Bronson RT, Orkin
SH, DePinho RA, Jacks T. Endogenous oncogenic K-ras(G12D) stimulates proliferation and
widespread neoplastic and developmental defects. Cancer Cell. 2004; 5:375-387. [PubMed:
15093544]

Haigis KM, Kendall KR, Wang Y, Cheung A, Haigis MC, Glickman JN, Niwa-Kawakita M,
Sweet-Cordero A, Sebolt-Leopold J, Shannon KM, Settleman J, Giovannini M, Jacks T.
Differential effects of oncogenic K-Ras and N-Ras on proliferation, differentiation and tumor
progression in the colon. Nat Genet. 2008; 40:600-608. [PubMed: 18372904]

Calcagno SR, Li S, Colon M, Kreinest PA, Thompson EA, Fields AP, Murray NR. Oncogenic K-
ras promotes early carcinogenesis in the mouse proximal colon. Int J Cancer. 2008; 122:2462—
2470. [PubMed: 18271008]

Feng Y, Bommer GT, Zhao J, Green M, Sands E, Zhai Y, Brown K, Burberry A, Cho KR, Fearon
ER. Mutant KRAS promotes hyperplasia and alters differentiation in the colon epithelium but
does not expand the presumptive stem cell pool. Gastroenterology. 2011; 141:1003-1013.
[PubMed: 21699772]

Luo F, Brooks DG, Ye H, Hamoudi R, Poulogiannis G, Patek CE, Winton DJ, Arends MJ.
Mutated K-ras(Asp12) promotes tumourigenesis in Apc(Min) mice more in the large than the
small intestines, with synergistic effects between K-ras and Wnt pathways. Int J Exp Pathol.
2009; 90:558-574. [PubMed: 19765110]

Trobridge P, Knoblaugh S, Washington MK, Munoz NM, Tsuchiya KD, Rojas A, Song X, Ulrich
CM, Sasazuki T, Shirasawa S, Grady WM. TGF-beta receptor inactivation and mutant Kras
induce intestinal neoplasms in mice via a beta-catenin-independent pathway. Gastroenterology.
2009; 136:1680-1688. [PubMed: 19208363]

Luo F, Poulogiannis G, Ye H, Hamoudi R, Zhang W, Dong G, Arends MJ. Mutant K-ras
promotes carcinogen-induced murine colorectal tumourigenesis, but does not alter tumour
chromosome stability. J Pathol. 2011; 223:390-399. [PubMed: 21171084]

Cancer Metastasis Rev. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Johnson and Fleet

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

Page 30

Harvey M, McArthur MJ, Montgomery CA Jr, Bradley A, Donehower LA. Genetic background
alters the spectrum of tumors that develop in p53-deficient mice. FASEB J. 1993; 7:938-943.
[PubMed: 8344491]

Harvey M, McArthur MJ, Montgomery CA Jr, Butel JS, Bradley A, Donehower LA. Spontaneous
and carcinogen-induced tumorigenesis in p53-deficient mice. Nat Genet. 1993; 5:225-229.
[PubMed: 8275085]

Hu Y, Le Leu RK, Young GP. Absence of acute apoptotic response to genotoxic carcinogens in
p53-deficient mice is associated with increased susceptibility to azoxymethane-induced colon
tumours. Int J Cancer. 2005; 115:561-567. [PubMed: 15700305]

Hu Y, Le Leu RK, Belobrajdic D, Young GP. The potential of sphingomyelin as a
chemopreventive agent in AOM-induced colon cancer model: wild-type and p53+/— mice. Mol
Nutr Food Res. 2008; 52:558-566. [PubMed: 18324704]

Mladenova D, Daniel JJ, Dahlstrom JE, Bean E, Gupta R, Pickford R, Currey N, Musgrove EA,
Kohonen-Corish MR. The NSAID sulindac is chemopreventive in the mouse distal colon but
carcinogenic in the proximal colon. Gut. 2011; 60:350-360. [PubMed: 20980345]

Sakai H, Tsukamoto T, Yamamoto M, Shirai N, lidaka T, Hirata A, Yanai T, Masegi T,
Donehower LA, Tatematsu M. High susceptibility of nullizygous p53 knockout mice to
colorectal tumor induction by 1,2-dimethylhydrazine. J Cancer Res Clin Oncol. 2003; 129:335-
340. [PubMed: 12743811]

Fujii S, Fujimori T, Kawamata H, Takeda J, Kitajima K, Omotehara F, Kaihara T, Kusaka T,
Ichikawa K, Ohkura Y, Ono Y, Imura J, Yamaoka S, Sakamoto C, Ueda Y, Chiba T.
Development of colonic neoplasia in p53 deficient mice with experimental colitis induced by
dextran sulphate sodium. Gut. 2004; 53:710-716. [PubMed: 15082590]

Reed KR, Meniel VS, Marsh V, Cole A, Sansom QJ, Clarke AR. A limited role for p53 in
modulating the immediate phenotype of Apc loss in the intestine. BMC Cancer. 8:162-2008.
[PubMed: 18533991]

Valentin-Vega YA, Okano H, Lozano G. The intestinal epithelium compensates for p53-mediated
cell death and guarantees organismal survival. Cell Death Differ. 2008; 15:1772-1781. [PubMed:
18636077]

Yang WC, Mathew J, Velcich A, Edelmann W, Kucherlapati R, Lipkin M, Yang K, Augenlicht
LH. Targeted inactivation of the p21(WAF1/cipl) gene enhances Apc-initiated tumor formation
and the tumor-promoting activity of a Western-style high-risk diet by altering cell maturation in
the intestinal mucosal. Cancer Res. 2001; 61:565-569. [PubMed: 11212250]

Yang W, Bancroft L, Nicholas C, Lozonschi I, Augenlicht LH. Targeted inactivation of p27kipl
is sufficient for large and small intestinal tumorigenesis in the mouse, which can be augmented
by a Western-style high-risk diet. Cancer Res. 2003; 63:4990-4996. [PubMed: 12941825]

Philipp-Staheli J, Kim KH, Payne SR, Gurley KE, Liggitt D, Longton G, Kemp CJ. Pathway-
specific tumor suppression. Reduction of p27 accelerates gastrointestinal tumorigenesis in Apc
mutant mice, but not in Smad3 mutant mice. Cancer Cell. 2002; 1:355-368. [PubMed:
12086850]

Shao J, Washington MK, Saxena R, Sheng H. Heterozygous disruption of the PTEN promotes
intestinal neoplasia in APCmin/+ mouse: roles of osteopontin. Carcinogenesis. 2007; 28:2476—
2483. [PubMed: 17693663]

Marsh V, Winton DJ, Williams GT, Dubois N, Trumpp A, Sansom OJ, Clarke AR. Epithelial
Pten is dispensable for intestinal homeostasis but suppresses adenoma development and
progression after Apc mutation. Nat Genet. 2008; 40:1436-1444. [PubMed: 19011632]

Gendler SJ, Spicer AP. Epithelial mucin genes. Annu Rev Physiol. 1995; 57:607-634. [PubMed:
7778880]

Johansson ME, Phillipson M, Petersson J, Velcich A, Holm L, Hansson GC. The inner of the two
Muc?2 mucin-dependent mucus layers in colon is devoid of bacteria. Proc Natl Acad Sci U S A.
2008; 105:15064-15069. [PubMed: 18806221]

Velcich A, Yang W, Heyer J, Fragale A, Nicholas C, Viani S, Kucherlapati R, Lipkin M, Yang K,
Augenlicht L. Colorectal cancer in mice genetically deficient in the mucin Muc2. Science. 2002;
295:1726-1729. [PubMed: 11872843]

Cancer Metastasis Rev. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Johnson and Fleet

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

Page 31

Yang K, Popova NV, Yang WC, Lozonschi I, Tadesse S, Kent S, Bancroft L, Matise I, Cormier

RT, Scherer SJ, Edelmann W, Lipkin M, Augenlicht L, Velcich A. Interaction of Muc2 and Apc
on Whnt signaling and in intestinal tumorigenesis: potential role of chronic inflammation. Cancer
Res. 2008; 68:7313-7322. [PubMed: 18794118]

Koepp DM, Schaefer LK, Ye X, Keyomarsi K, Chu C, Harper JW, Elledge SJ. Phosphorylation-
dependent ubiquitination of cyclin E by the SCFFbw7 ubiquitin ligase. Science. 2001; 294:173-
177. [PubMed: 11533444]

Welcker M, Orian A, Jin J, Grim JE, Harper JW, Eisenman RN, Clurman BE. The Fbw7 tumor
suppressor regulates glycogen synthase kinase 3 phosphorylation-dependent c-Myc protein
degradation. Proc Natl Acad Sci U S A. 2004; 101:9085-9090. [PubMed: 15150404]
Babaei-Jadidi R, Li N, Saadeddin A, Spencer-Dene B, Jandke A, Muhammad B, Ibrahim EE,
Muraleedharan R, Abuzinadah M, Davis H, Lewis A, Watson S, Behrens A, Tomlinson |, Nateri
AS. FBXW?7 influences murine intestinal homeostasis and cancer, targeting Notch, Jun, and DEK
for degradation. J Exp Med. 2011; 208:295-312. [PubMed: 21282377]

Starr TK, Allaei R, Silverstein KA, Staggs RA, Sarver AL, Bergemann TL, Gupta M, O’Sullivan
MG, Matise I, Dupuy AJ, Collier LS, Powers S, Oberg AL, Asmann YW, Thibodeau SN,
Tessarollo L, Copeland NG, Jenkins NA, Cormier RT, Largaespada DA. A transposon-based
genetic screen in mice identifies genes altered in colorectal cancer. Science. 2009; 323:1747—
1750. [PubMed: 19251594]

Zhu Y, Richardson JA, Parada LF, Graff JM. Smad3 mutant mice develop metastatic colorectal
cancer. Cell. 1998; 94:703-714. [PubMed: 9753318]

Maggio-Price L, Treuting P, Zeng W, Tsang M, Bielefeldt-Ohmann H, Iritani BM. Helicobacter
infection is required for inflammation and colon cancer in SMAD3-deficient mice. Cancer Res.
2006; 66:828-838. [PubMed: 16424015]

Chytil A, Magnuson MA, Wright CV, Moses HL. Conditional inactivation of the TGF-beta type
11 receptor using Cre:Lox. Genesis. 2002; 32:73-75. [PubMed: 11857781]

Reitmair AH, Schmits R, Ewel A, Bapat B, Redston M, Mitri A, Waterhouse P, Mittrucker HW,
Wakeham A, Liu B. MSH2 deficient mice are viable and susceptible to lymphoid tumours. Nat
Genet. 1995; 11:64-70. [PubMed: 7550317]

Shao J, Washington MK, Saxena R, Sheng H. Heterozygous disruption of the PTEN promotes
intestinal neoplasia in APCmin/+ mouse: roles of osteopontin. Carcinogenesis. 2007; 28:2476—
2483. [PubMed: 17693663]

Engle SJ, Ormsby I, Pawlowski S, Boivin GP, Croft J, Balish E, Doetschman T. Elimination of
colon cancer in germ-free transforming growth factor beta 1-deficient mice. Cancer Res. 2002;
62:6362-6366. [PubMed: 12438215]

Takahashi M, Wakabayashi K. Gene mutations and altered gene expression in azoxymethane-
induced colon carcinogenesis in rodents. Cancer Sci. 2004; 95:475-480. [PubMed: 15182426]
Yang X, Young LH, Voigt JM. Expression of a vitamin D-regulated gene (VDUP-1) in untreated-
and MNU-treated rat mammary tissue. Breast Cancer Res Treat. 1998; 48:33-44. [PubMed:
9541187]

Cancer Metastasis Rev. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Johnson and Fleet

Table 1

Page 32

Summary of Major Differences Between Colorectal Cancer of the Ascending and Descending Colon.

Ascending Colon

Descending Colon/Rectum

Microsatellite Instability

Predominant Initiation Mechanism

Chromosomal Instability

Often arise de novo or out of hyperplastic serrated
adenomas

Precursor Lesion

Predominantly arise out of benign
adenomatous polyps

Exophytic or sessile growths with poor
differentiation and excess mucin production

Typical Morphology

Well differentiated, pedunculated tubular
adenomas

Lynch Syndrome

Classic Human Familial Disease

Familial Adenomatous Polyposis

B-catenin stabilizing mutations

WNT Signaling

APC inactivating mutations

Inactivating mutations common

DNA Mismatch Repair Genes

Mutations uncommon

BRAF mutations

Growth Factor Receptor Pathways

KRAS mutations

TGFBIIR mutations common

TGFB Signaling

SMAD mutation or deletion

Activating mutations of BAX

Apoptosis/Cell Survival

TP53inactivating mutations

Cancer Metastasis Rev. Author manuscript; available in PMC 2014 June 01.



Page 33

Johnson and Fleet

NIH-PA Author Manuscript

$192UBJ UO0J02 J1pelodS [|B Ul Udas >ocm:cmcw

$19949p HININ UMM Paje1osse
o

, (%0T) 24NV

. (%ST-0T) ¥lId 491

(%607-5) dvdg

(%02) LMmX a4
(%ST-0T) 8MAD
L (%8) 212401

(%6S) TINDD
(96S>) 9AN

. (%5>) g43H i 9HSIN
(%9>) 2d3H (6ST-0T) 810 | (%ST-0T) vaVNS | (965T-5) ¥g93 | (%60T-9) JAWD | eppy
(%02-ST) VOe3Id (%5) Xva (065) EQVINS (%65>) SN | (%S> TENNLD [ Zpigpy
« (%0T) N3Ld (9609<) £5d (%601-5) ZAVINS ©eor) svadt | 7%0L) DdY | T
PIV/NI Ld gd 491 SV IN um HNI
skemyred
J99URD) [£19810]00) UBWNH Ul SUOIEINJA 3USS) 1IRWIOS JUSLINISY
¢ 9lqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Cancer Metastasis Rev. Author manuscript; available in PMC 2014 June 01.



Page 34

Johnson and Fleet

‘au1joAaeaa) (1) Jo ‘suonejjoyideu-g (1) ‘uapixowre] (x) Ag 81qionpuj "uojoD =09 ‘wndd) =30 ‘wnaj|=|| ‘wnunfal = a¢ ‘wnuaponp =pg

(621) ON By 1 OVAS apou ydwA| ‘usslds ‘yorwors X | xx XX 2w

(821) ON bv L ovAS yoewols X X | x [ oxx | oxx 41/
uoISsa1ax3 (190 A1012.493S

(221) ON ald Janr X X X 18D

(9z1) ON 31D X X X 2c9G6dexdo

(se1) ON Elle) (unis 'squn puly ‘usajds ‘Asupny) oliquig | x X x| x §6dZXdo

(0ZT'6TT) $S9A 31D -AINDUd-019} 81D J1appelq ‘193N ‘sinjad ‘saakea [eusy X X x | x| x 1984

(seT) 1S9A e} Alpeolq X X X X X X IvIafo

(g21) *SOA z21d3-910 |19 Wals X X X X X X G067

(zz1) ¥SOA z1d3-810 Y9BWOIS ‘s3onp dlreday ‘syonp oneadued X X x | x| x X 61-)0

211) «SOA z143-810 310 Aaupiy ‘yoewols X X X X X X uifin
uoissalaxd (132 (81347

uonrend | sigonpui | siqeireny (sjeusbsue 0oa [oov [e0 | 11 [ er [ pa 10WO Id

uoisse Jdx3 [eunsaiu| e ixg auiselu|ebre auNsau | |lews

NIH-PA Author Manuscript

‘uoIssaldx3 auas) 911198dS-aUNSa)U| J0 3]GIINPU| 0L SPOLISIAl PUR SI3)0WOoId

€9lgel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Cancer Metastasis Rev. Author manuscript; available in PMC 2014 June 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Johnson and Fleet

Table 4

Mouse Models with Floxed Alleles
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Gene Floxed Allele Published Cre Promoters Observed Tumor Phenotype Citation
Apc Exon 14 Numerous intestinal specific Tubular adenoma formation in regions matching (139,151)
promoters and intrarectal adenovirus- | promoter expression
Cre
Exon 15 Fabl Severe ApcMin-like phenotype (153)
Ctnnb1 Exon 3 CK-19 Tubular adenoma formation consistent with promoter (165)
Fabl expression
Kras LSL- Krase12P | Fabl Epithelial hyperplasia, but no tumor formation unless (116)
CDX2P9.5G22 combined with carcinogens or Apc mutations
Viillin
LSL-KrasG22V | AhCre Same as KrasG12D (159)
Msh2 Exon 12 Villin Small intestinal tumors only (181)
TGF BR2 | Exon2 Villin No tumors unless combined with other relevant (197)
mutations
Fbxw7 Exon5 Villin Small polyps and increased crypt fission (193)

LSL= LoxP-STOP-LoxP.
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Table 6

Other Relevant Rodent Models

Model Phenotype Citation
Genetic Models
Msh2~- L tumor, reduced MMR (198)
Mih1-"- Non-colon 2X > C tumor, reduced MMR (156)
Msh3—/- ST, SI, C tumor, reduced MMR (163)
Msh6—/- < 10% intestinal tumors, reduced mismatch repair (162)
Pms1™~ None (163)
Pms2 7~ None (163)
P53/~ No intestinal tumors alone but increased (174)
AOM-induced tumor in intestine
Muc2 = SI 2X > C tumor by 12 mos. of age (189)
p277- Sl = C tumor, more c-myc, cyclin D1 (183)
p217+ None (182)
Pten”~ No intestinal tumors (199)
Smad3-/- Metastatic C tumors, no Apc mutation (195)
TGFBI*~ C tumor only with Rag2™~ (200)
Chemical-Induced
AOM/DMH C and other tissues, MSI, KRas, Cnntb1 mutations, no p53 mutation (201)
PhiP C (inrats), SI (in mice), P, M, L tumor; MSI, Apc and Cnntb1 mutations, no KRas or p53 mutations 77)
MNU/MNNG | C, M, P tumors; KRas, p53 mutations (201,202)
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C =colon, L = lymphoid, M = mammary, MMR = mismatch repair, MSI = microsatellite instability, N/A = not available, P = prostate, SI = small
intestine, ST= stomach, Tg = transgenic, ITF = intestinal trefoil factor
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