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Abstract

Several genetically engineered mouse (GEM) models of colorectal cancer have been developed 

and are a mainstay in our efforts to identify means of preventing and treating this disease. Many of 

these models involve a germline disruption of the adenomatous polyposis coli (Apc) tumor 

suppressor gene and share the limitation that the great preponderance of tumors appear in the 

small rather than large intestine. In recent years efforts have been made to increase the similarity 

of these models to human sporadic colorectal cancer by disrupting Apc in a tissue-specific fashion 

using the Cre-Lox system so that the genetic aberrations are confined to the colonic epithelium. 

These models have shown great promise but reproducible and high penetrance colon-specific 

tumorigenesis has not yet been achieved without invasive techniques to introduce the Cre enzyme. 

We therefore sought to create a new model with high penetrance colon-specific tumorigenesis but 

without the need for exogenous Cre administration. We utilized existing mice possessing a 

conditional knock out for the Apc gene and a latent activated Kras allele and crossed them with 

mice expressing Cre recombinase solely in the large intestine. Using this approach we generated 

mice that developed 1–9 colonic adenomas per mouse (average 4.3) but without any tumors in the 

small intestine or cecum. No invasive tumors were observed. Despite the apparent lack of 

invasion, the geographical correctness, complete penetrance and intermediate tumor burden make 

this model a promising addition to our toolkit for the study of colorectal cancer treatment and 

prevention.
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1. Introduction

Five to six percent of individuals will develop colorectal cancer (CRC) their lifetime. In 

2013 this will result in approximately 143,000 new cases and 51,000 deaths in the US alone 

[1]. The heavy burden that CRC imposes on our society emphasizes the need to develop 

effective strategies to prevent and treat this disease. A mainstay in this effort has been the 

usage of mouse models of colorectal cancer. Both carcinogen-induced and genetically 

engineered mouse (GEM) models have exhibited a great deal of utility in this regard.

Dozens of GEM models of colorectal cancer have been developed over the last two decades 

and have been the topic of several thorough reviews [2–6]. Many of these models involve a 

germline disruption of the Adenomatous Polyposis Coli (Apc) tumor suppressor gene. Apc 

is a central inhibitor of the Wnt signaling pathway, a pathway that is aberrantly activated by 

mutation in approximately 90% of human CRC [7]. The Min (multiple intestinal neoplasia) 

or ApcMin/+ mouse was the first and perhaps most widely used of Apc mutant mice [8–9]. 

The ApcMin/+ mouse develops 20–30 intestinal tumors, however like most of its counterparts 

and derivatives; a key limitation of this model is that the great preponderance of tumors 

appear in the small intestine rather than colon. This is a key difference to the human 

situation where the incidence of colorectal tumors around 16 times higher than that seen in 

the small intestine [1]. Moreover, the genetic defect in the Min mouse is in the germline, 

which means that the procarcinogenic mutation resides not only in the colonocytes, but in 

the underlying myoepithelial and other lamina propria cells, with which there is important 

cross-talk during carcinogenesis [10]. This is also an important factor that distinguishes it 

from sporadic human colon cancer.

Several other GEM models with mutations in Apc have since been developed, with varying 

tumor burden and latency. Although all of these GEMS develop tumors primarily in the SI 

rather than colon, other characteristics of these models have made them useful tools in the 

study of CRC. For example, we have found the Apc1638N mouse useful in studying 

nutritional modulation of CRC as it has both an intermediate tumor burden and latency. In 

our hands 70% on these mice mouse develops 1–3 small intestinal tumors by the age of 7–8 

months and tumorigenesis can be modulated by dietary B vitamin intake [11] and maternal 

B vitamin intake [12]. Furthermore, similar to the human situation others have shown that 

obesity promotes tumorigenesis in this model [13].

Nevertheless, to more closely model human CRC, GEM models are clearly needed in which 

tumorigenesis is shifted away from the small intestine and into the large intestine and the 

genetic mutations are confined to the colonic epithelium. Approaches to achieve this goal 

have included coupling germline Apc mutations with other germline mutations; exposing 

Apc mutants to colitic agents and the creation of conditional knockouts using the Cre-Lox 

system. This latter approach has shown the most promise in achieving greater tumor burden 

in the colon than small intestine.
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A major advance was made by Shibata et al [14] who inserted loxP sites flanking exon 14 of 

the Apc gene. Removal of the ‘floxed’ exon from the so-called Apc580S alleles was then 

achieved by Cre-expressing viruses administered by enema. In mice with two copies of the 

engineered allele (Apc580S/580S), the AxCANCre adenovirus induced an average of 6.7 

tumors/mouse, all within 3 cm of the anus; thus achieving, for the first time, the localization 

of tumors solely in the large intestine of a GEM. In addition to achieving geographical 

correctness in tumorigenesis, the conditional nature of gene inactivation more closely 

models human sporadic CRC, where mutations do not occur in every cell of the body, but 

occur somatically by chance. We have, however, not been able to reproduce tumorigenesis 

in this model (unpublished observations).

Hinoi et al [15] then crossed mice with the Apc580S allele with two transgenic mice stains 

engineered to express Cre in the intestinal tract, one driven by Villin and the other by Cdx2. 

Villin-Cre Apc+/580S mice developed 30.8 and 4.8 tumors/mouse in the small intestine and 

colon respectively. The Cdx2-Cre Apc+/580S mice developed 3.0 and 6.4 tumors/mouse in 

the small intestine and colon respectively.

Hung et al [16] modified the model of Shibata [14], by combining the Apc580S allele with a 

latent activated (lox-stop-lox; LSL) mutant (G12D) Kras allele [17], and restricted Cre virus 

exposure to the very distal colon by clamping the intestine. This latter modification was 

performed in order to limit tumors to the region of the colon distal to the splenic flexure, a 

region in which their growth could be easily monitored by serial colonoscopy. In 

Apc580S/580S, Kras+/LSL mice, tumors appeared within 3 weeks of Cre exposure in almost 

100% of mice, with an average of 3.6 lesions per mice.

Shortly thereafter, Xue et al [18] reported the colon-specific inactivation of ApcΔ580 allele 

by tying Cre expression to carbonic anhydrase 1 (CAC), a gene expressed only in the large 

intestine. The tumor burden in ApcΔ580S/Δ580,CAC+ mice was severe with 100% of mice 

developing tumors and rectal prolapse by 3 weeks of age. Tumor burden was milder in 

Apc+/Δ580,CAC+ mice, with 10–20% displaying colon tumors by 10 weeks.

We sought to combine the strengths of these two latter models in order to achieve colon-

specific tumorigenesis, without using a viral enema, at an intermediate tumor burden and 

latency. Thus we utilized the Apc580S [14] and latent activated Kras allele [17] as described 

by Hung et al [16], but achieved inactivation of Apc and activation of Kras by crossing with 

CAC+ mice [18]. Importantly, using the CAC+ mouse allowed us for the first time to restrict 

tumorigenesis to the colorectum without having to physically introduce a Cre-expressing 

virus. The resulting Apc+/580S,Kras+/LSL,CAC+ mice develop an average of 4.3 macroscopic 

tumors per mouse in the colorectum but none in the small intestine or cecum. All of the 

tumors observed during the scope of this experiment were adenomas however, as shown by 

Hung et al [16], modification of Apc and Kras can result in invasive carcinoma and with 

liver metastasis. This model adds to our toolkit for the study of the etiology, prevention and 

treatment of colorectal cancer.
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2. Methods

All animal procedures were approved by the institutional review board of the Jean Mayer 

USDA Human Nutrition Research Center on Aging at Tufts University.

All of the genetically modified mice used are commercially available and are on the 

C57BL/6J background: CAC+ [C57BL/6-Tg(Car1-cre)5Flt/J] and KrasLSL [B6.129S4-

Krastm4Tyj/J] from Jackson Labs, Bar Harbor ME. Apc580S [B6.Cg-Apctm2Rak] from NCI 

Mouse Repository, Frederick, MD. CAC+/- mice and double transgenic 

Apc580S /580S,Kras+/LSL mice were transferred to the HNRCA from colonies at Purdue 

University (West Lafayette, IN) and Tufts Medical Center (Boston, MA) respectively. 

Apc580S /580S,Kras+/LSL and CAC+ mice were crossed, with approximately one quarter of 

offspring being the desired genotype; Apc+/580S,Kras+/LSL,CAC+. Offspring were genotyped 

for these 3 genes by PCR from tail snip DNA as previously described [16, 18].

The primers used for genotyping were as follows: Apc-FWD 5’-

GAGAAACCCTGTCTCGAAAAAA-3’, Apc-RVS 5’-

AGTGCTGTTTCTATGAGTCAAC-3’ (Wildtype= 320bp, Mutant= 430bp); KRAS-FWD 

5’-ATATGTCTTTCCCCAGCACAG-3’, KrasG12D-FWD 5’-

ACCATGGCTTGAGTAAGTCTG-3’, Kras-RVS 5’-ATTAGCTGTATCGTCAAGGCG-3’ 

(Wildtype= 650 bp, Mutant= 517bp); CAC-FWD 5’-ACCAGCCAGCTATCAACTCG-3’, 

CAC-RVS 5’-TTACATTGGTCCAGCCACC-3’ (Positive= 199bp).

Mice were housed on a 12-hr light-dark cycle and provided unrestricted access to water and 

chow (Mouse/Rat Sterilizable Diet, Harlan. Madison, WI). We aimed to euthanize mice at 

between 6 and 25 weeks of age in order to gain a preliminary understanding of the time 

course of tumor development in these mice. Mice were monitored daily for any outward 

signs of lethargy or distress and weighed weekly. Mice exhibiting >15% loss of body weight 

(from maximum), appearing lethargic or unresponsive or with anal prolapse were 

euthanized.

Mice were euthanized by CO2 asphyxiation followed by cervical dislocation and 

exsanguination by cardiac puncture. The abdomen of mice was opened and the small 

intestine, cecum and colon removed. Each intestinal section was rinsed through with PBS, 

opened longitudinally, rinsed in PBS then PBS with protease inhibitors (Roche, 

Indianapolis, IN) and laid flat on an ice-cold glass plate. Each section was carefully 

examined for the presence of tumors under a dissecting microscope. Tumors were 

photographed, measured, location noted and then excised and fixed in 10% buffered 

formalin. “Swiss-roll” preparations were then made for the remaining tissue of the small 

intestine and colon and fixed in formalin, as previously described [19]. After embedding in 

paraffin a mid-longitudinal section of these tissues was created. A section was cut across the 

center of the cecum and fixed in formalin. H&E-stained slides were then examined by an 

expert rodent pathologist (RTB).

As downstream read-outs of Apc inactivation and Kras activation, we assessed the 

abundance of β–catenin and phospho-Erk proteins, respectively, by immunohistochemistry. 

Briefly, heat mediated antigen retrieval was performed on deparaffinized and rehydrated 
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slides. After blocking with goat serum, slides were then probed with antibodies towards 

bcatenin and phopho-ERK (Cell Signaling, Danvers, MA) and detections was achieved 

using the Vectastain ABC peroxidase system and DAB peroxidase substrate (Vector 

laboratories, Burlingame, CA).

3. Results

Of the 11 Apc+/580S,Kras+/LSL, CAC+ (AKC) mice examined, 1 died unexpectedly and 8 

mice were euthanized due to various indications including weight loss (1), anal prolapse (4), 

distended anal region likely to prolapse (2) or lethargy and unresponsiveness (1). Two mice 

were euthanized at a specific time point with any negative health indication (Table 1). 

Growth of mice is shown in Figure 1.

At necropsy intestines were scrutinized for the presence of tumors under a dissecting 

microscope. All AKC mice displayed macroscopic tumors in the large intestine but no 

macroscopic tumors were observed in the cecum or small intestine (Table 1, Figure 2 A–C). 

Histological examination of the colorectal tumors revealed that all tumors were adenomas, 

with none penetrating through the muscularis (Figure 2G, H). We did not perform an 

exhaustive screen for metastases, but none were observed.

Mice presented with an average of 4.3 macroscopic colon tumors per (range 1–9/mouse), 

with an average tumor diameter of 1.87 ± 0.09 mm and volume of 11.1 ± 2.3 mm3 (Table 1). 

The majority of large intestine tumors (91%) appeared in the distal third of this tissue 

(Figure 3).

In addition to the detection of macroscopic tumors at necropsy, 1–5 microscopic adenomas 

per mouse were observed in H&E-stained full-length longitudinal sections of the colon 

(swiss-roll). In contrast no microadenomas were observed in sections of the small intestine. 

In one mouse, two microadenomas were observed in the cecum section (Table 1).

As described above, we sought to drive tumorigenesis in this mod via colon-specific Cre-

mediated inactivation of Apc and activation of Kras. In order to assess the activation of 

pathways that these proteins regulate, we stained for the presence of β-catenin and phosphor-

Erk with IHC. As shown in Figure 4, we saw very little staining for these antigens in both 

small intestine and colon sections. In contrast we saw moderate pERK staining and strong β-

catenin staining in colon tumors or AKC mice, indicating that the activation of these 

pathways is associated with tumorigenesis.

Although not specifically designed or powered to detect differences in tumorigenesis 

according to sex, we did not observe differences in the number (P=0.39) or volume (P=0.33) 

of macroscopic tumors between males and females. Similarly, we did not detect a difference 

in the incidence in micoradenomas between sexes (P= 0.21) (Data not shown).

4. Discussion

We have combined desirable features from existing GEM models [14, 16–18] to induce 

colon-specific tumorigenesis by the inactivation of Apc and activation of mutant Kras via 

Byun et al. Page 5

Cancer Lett. Author manuscript; available in PMC 2015 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



colon-specific expression of Cre recombinase. These “AKC” mice develop an average of 4.3 

macroscopic adenomatous lesions primary in the distal 3rd of the large intestine and are 

observed as early as 6 weeks of age. Importantly, we did not observe any macroscopic 

lesions in the small intestine of these mice. As discussed, this has been a major limitation of 

several existing models of CRC including the commonly-used Apcmin and Apc1638N 

models.

We also prepared slides from a section cut from the center of the cecum and from “swiss-

rolls” of the small intestine and colorectum. Slides were reviewed (1 per tissue) and we 

observed 1–5 microadenomas in the colon roll but none in the small intestine roll. For one 

mouse we observed 2 microadenoms in the cecum section (Table 1). Although we did not 

perform a comprehensive screen for metastases, the fact that we did not observe any 

invasive lesions suggests that metastases are unlikely to occur during the time course that we 

studied the AKC animal.

As discussed above, there are several GEM models of CRC currently available- many of 

which involve inactivation of one Apc allele. This AKC model has advantages over many 

existing models of CRC because tumors appear solely in the large intestine. Although some 

recent models have achieved this goal, they require invasive techniques to introduce Cre-

expressing virus to the colon [14–16] or tumor incidence is very low [18], thus impeding the 

ability to discern differences due to various interventions. In the latter model with only one 

floxed Apc allele, and wildtype Kras, the tumor incidence is 20% or less. By adding the 

activated Kras mutation to this model we have increased tumor penetrance to 100% while 

maintaining an intermediate tumor burden of 4.3 tumors per mouse. This increase in tumor 

burden is a desirable trait for prevention and therapeutic trials as it will translate into 

reduced sample size requirements and study costs.

The tumor incidence we have observed in the current AKC mice is similar to that reported 

by Hung et al [16] (4.3 v.s. 3.6 tumors/mouse) who used a Cre-expressing virus introduced 

by enema to facilitate inactivation and activation of the same Apc and Kras alleles 

respectively. When the efficiency of infection by their technique was evaluated it was 

apparent that infection of superficial epithelial cells, i.e. those not capable of forming 

tumors, was almost complete; however infection of cells in the basal crypt occurred only 

occasionally. This is consistent with previous analyses of transgenic CAC+, which mice 

indicate that Cre is expressed in approximately 15% of epithelial cells in the lower bowel 

[18]. Thus despite different routes of Cre expression, both methods achieve roughly similar 

numbers of Cre positive cells and intestinal tumors.

One limitation of the current model is that we did not observe any invasive tumors during 

the time course that was examined. Previously when Apc inactivation and Kras activation 

was achieved by adenovirus expressing Cre enemas, invasive tumors were detected in mice 

20 weeks after Cre exposure and liver metastasis 4 weeks later [16]. Allowing more time for 

an invasive phenotype to be acquired may not be possible in the current model as many of 

the AKC mice (70%) have an indication for euthanasia by 16 weeks of age, including 

weight loss, poor disposition and anal prolapse.
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As with all other mouse models of CRC, the current model has inherent strengths and 

weaknesses. The geographical correctness of tumorigenesis, full penetrance and 

intermediate tumor burden offer substantial advances over prior models, thus making the 

AKC model a useful addition to our toolkit for studying the prevention and treatment of 

CRC.
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Figure 1. Growth curves for Apc+/580S,Kras+/LSL, CAC+ mice
Body weight (g) over time for individual male (white squares) and female (black circles) 

Apc+/580S,Kras+/LSL, CAC+ mice.
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Figure 2. Representative tissue photographs and micrographs from a Apc+/580S,Kras+/LSL, 
CAC+ mouse
Small intestine (A), cecum (B) and colon (C) from a 15 week old Apc+/580S,Kras+/LSL, 

CAC+ mouse euthanized for anal prolapse. Arrow heads indicate histologically-confirmed 

tumors. (D,E,F) H&E-stained sections from normal small intestine, cecum and colon 

respectively (400×). Scale bars are 50µM. Representative colonic adenomatous polyps (G, 

H) taken under 100× magnification. Scale bar = 200 µM. Representative colonic 

adenomatous polyp (I) taken under 400× magnification. Scale bar = 50 µM.
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Figure 3. Distribution of macroscopic tumors in the colon of Apc+/580S, Kras+/LSL, CAC+ mice
Different colors indicate tumors from different mice. Mouse #147, 5 tumors (white); #180, 4 

tumors (blue); #154, 3 tumors (red); #158, 3 tumors (green); #159, 3 tumors (black); #189, 5 

tumors (yellow); #228, 8 tumors (orange); #235, 5 tumors (gray); #236, 9 tumors (brown); 

#281, 1 tumor (pink); #460, 1 tumor (purple). Tumor location marked by overlaying dots on 

actual tissue photographs. Tumors not drawn to scale. All tumors were pathologically 

confirmed adenomatous polyps. Data = mean ± SEM.
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Figure 4. Immunohistochemical analysis of β–catenin and phosphor-ERK in Apc+/580S, Kras+/
LSL, CAC+ mice
Immunohistochemical analysis of β-catenin (A,B,C) and phospho-Erk (D,E,F) abundance in 

small intestine (A,D), colon (B,E) and colon tumor (C,F) tissues. Images taken under 400× 

magnification. Scale bars are 50µM.
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