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Adenomatous polyposis coli (APC) mutations are linked to human and mouse colorectal cancers. The Apc
multiple intestinal neoplasia (Min) mouse mutation causes adenomas to develop throughout the small and
large intestines. The BALB-Min (C.B6-ApcMin/�) congenic strain was generated by backcrossing into BALB/c
the ApcMin allele from C57BL/6J-ApcMin/� mice. BALB-Min mice have a low tumor multiplicity (27.4 small
intestine tumors/mouse) and a relatively long life span (>1 year) that makes them amenable to long-term
studies. To investigate the interplay of the adaptive immune system and intestinal tumorigenesis, the immu-
nodeficient compound mutant strain BALB-RagMin (C.Cg-Rag2�/� ApcMin/�) was generated. BALB-RagMin
mice had a significant increase in tumors in the small, but not large, intestine relative to their BALB-Min
counterparts (43.0 versus 24.0 tumors/mouse, respectively). The results suggest that the adaptive immune
system plays a role in either the elimination or the equilibrium phase of cancer immunoediting in the small
intestine in this model. We investigated the effect of the enterohepatic bacterial pathogen Helicobacter hepaticus
on liver and intestine tumorigenesis in BALB-RagMin mice. H. hepaticus-infected BALB-RagMin mice devel-
oped moderate hepatitis, moderate typhlitis, and mild colitis. There were no differences in small intestine and
cecal tumor multiplicity, regionality, or size relative to that in uninfected mice. However, H. hepaticus-infected
BALB-RagMin mice had a significant increase in colon tumor incidence relative to uninfected BALB-RagMin
mice (23.5% versus 1.7%, respectively). The data suggest that H. hepaticus, which is present in many research
colonies, promotes colon tumorigenesis in the BALB-RagMin mouse and that it has the potential to confound
colon tumorigenesis studies.

Colorectal cancer (CRC) is the third most commonly diag-
nosed cancer in both men and women in the United States and
is responsible for 10% of all cancer deaths (1). Mutations in
the tumor suppressor gene APC (adenomatous polyposis coli)
have been identified in �85% of patients with familial ade-
nomatous polyposis (21, 28) and in �80% of sporadic forms of
CRC (29, 48). Therefore, APC is one of the key genes in the
pathogenesis of CRC. APC participates in the WNT–�-catenin
signaling pathway. Loss of functional APC results in the sta-
bilization of �-catenin in the cytoplasm and its subsequent
translocation into the nucleus. In the nucleus, �-catenin binds
to and activates members of the TCF/LEF family of transcrip-
tion factors, leading to the activation of their target genes,
including c-MYC, CCND1 (cyclin D-1), and MMP7 (31, 40, 53).

The C57BL/6J-ApcMin/� (B6-Min [multiple intestinal neo-
plasia]) mouse strain harbors an N-ethyl-N-nitrosourea-in-
duced, dominant nonsense mutation at codon 850 in the mouse

homolog of APC (42, 43, 59). Therefore, B6-Min is a clinically
relevant mouse model for studying the pathogenesis, preven-
tion, and treatment of human CRC. Homozygous B6-Min em-
bryos die in utero due to a defect in epiblast cell development
(25, 44). Heterozygous B6-Min mice appear grossly normal but
develop numerous sessile or polypoid adenomas in the intes-
tine, the vast majority occurring in the small intestine (42).
Conditional Apc mouse mutants have been used to show that
APC is required for the normal development of many epithe-
lial derivatives, including skin and thymus (20, 33). Unfortu-
nately, B6-Min mice rarely survive beyond 150 days, death
typically resulting from complications of the large tumor load,
either chronic blood loss or intestinal blockage (58). This short
life span precludes long-term studies.

Genetic studies suggest that multiple genes regulate tumor
multiplicity in the B6-Min mouse (9, 52, 58, 62). The modifier
of Min1 (Mom1) locus contributes to �50% of the genetic
variation in tumor multiplicity and size (9, 19). Breeding stud-
ies have shown that B6/J, BTBR/Pas, and 129Sv/Pas strains
harbor a susceptible Mom1S locus that results in high tumor
loads. In contrast, AKR/J, BALB/cByJ, CAST/EiJ, C3H/HeJ,
DBA/2J, MA/MyJ, and SWR/J strains harbor a resistant
Mom1R locus. The introduction of the ApcMin allele into these
strains results in low tumor multiplicities and a concomitant
longer life span (9, 19, 30, 41). We backcrossed the ApcMin

allele from B6-Min into the BALB/c strain, generating the
BALB-Min strain (C.B6-ApcMin/�). We document tumor mul-
tiplicity, tumor regionality, and life span in BALB-Min mice.

B6-Min mice homozygous for either severe combined im-
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munodeficiency (SCID; Prkdcscid) or beige (Lystbg�J) muta-
tions had tumor multiplicities and regional distributions that
were equivalent to those of immunocompetent B6-Min mice
(10, 11), suggesting that the immune system has minimal or no
effect on tumorigenesis in this model.

Recombination activating genes 1 and 2 (Rag1 and Rag2) are
required for T-cell receptor and immunoglobulin gene rear-
rangements that lead to the generation of functional T and B
lymphocytes (2). Rag1- or Rag2-null mice show a nonleaky
SCID phenotype characterized by the absence of mature T and
B cells (39, 56). In contrast to the Prkdcscid or Lystbg�J data, it
was recently reported that B6-Rag2�/� ApcMin/� mice develop
significantly more small intestine tumors than B6-Min mice
(49). We introduced the Rag2�/� allele into BALB-Min to
further investigate the relationship of the adaptive immune
system with Min intestinal tumorigenesis and to characterize
intestinal tumorigenesis in Rag2�/� ApcMin/� mice on a
Mom1R background.

Helicobacter hepaticus is a gram-negative, urease-producing,
spiral-shaped bacterium that is a common pathogen in labora-
tory mouse colonies (17, 60). Enterohepatic Helicobacter spe-
cies, including H. hepaticus, are found predominantly in the
cecum and colon but can also infect the liver in susceptible
mice. H. hepaticus induces chronic active hepatitis and hepa-
tocellular neoplasms in susceptible mouse strains (18, 61),
typhlocolitis in C57BL/10 interleukin-10 (IL-10)-null mice (6,
32), and typhlocolitis and colitis-associated adenocarcinomas
in 129/SvEv-Rag2�/� mice (13). We recently reported that H.
hepaticus promotes azoxymethane-initiated colon tumor devel-
opment in BALB/c-IL-10-deficient mice (45). Here, we inves-
tigated whether H. hepaticus infection promotes intestinal
tumorigenesis in the BALB-RagMin mouse model.

We report that the BALB-Min strain has a reduced intesti-
nal tumor multiplicity and a concomitant long life span allow-
ing for long-term studies, that BALB-RagMin mice have a
significant increase in small intestine but not large intestine
tumors, and that H. hepaticus infection of BALB-RagMin mice
promotes colon, but not small intestine, tumorigenesis.

MATERIALS AND METHODS

Mouse strains and husbandry. C57BL/6J-ApcMin/� (B6-Min) mice were pur-
chased from The Jackson Laboratory (Bar Harbor, ME) and maintained by
backcrossing to C57BL/6J females at the MIT Division of Comparative Medi-
cine. Progeny at each generation were genotyped for the ApcMin allele by using
a PCR assay (35). BALB-Rag2�/� mice [C.129S6(B6)-Rag2tm1Fwa] were pur-
chased from Taconic Farms, Inc. (Hudson, NY) and maintained as a closed
colony.

The BALB-Min (C.B6-ApcMin/�) strain was generated by backcrossing the
ApcMin allele from B6-Min mice into the BALB/cJ strain (The Jackson Labora-
tory; Bar Harbor, ME) for the first six generations and then into BALB/
cAnNTac (Taconic Farms, Inc., Hudson, NY) for the next six generations. The
BALB-Min strain was maintained as a closed colony by mating BALB-Min males
to wild-type BALB Apc�/� females from the colony and genotyping by PCR for
the ApcMin allele.

BALB-RagMin (C.Cg-Rag2�/� ApcMin/�) double-mutant mice were gener-
ated by crossing BALB-Rag2�/� and BALB-Min mice and identifying ApcMin

progeny by PCR. BALB-Rag2�/� ApcMin/� progeny were backcrossed to BALB-
Rag2�/� mice and BALB-Rag2�/� ApcMin/� progeny identified by PCR for
Rag2�/� and ApcMin alleles. The Rag2 PCR assay was based on primer sequences
provided by Taconic Biotechnology (RagA, 5�-GGGAGGACACTCACTTGCC
AG-3�; RagB, 5�-AGTCAGGAGTCTCCATCTCAC-3�; and NeoA, 5�-CGGCC
GGAGAACCTGCGTGCAA-3�) and resulted in amplified product sizes of 263
bp for the wild-type allele and 350 bp for the null allele.

Mice were provided LabDiet RMH 3000 (PMI Nutrition International, LLC,

Brentwood, MO) and filtered water ad libitum. All experiments were approved
by the MIT Committee on Animal Care and performed in accordance with the
Guide for the Care and Use of Laboratory Animals (47) in a facility accredited
by the Association for the Assessment and Accreditation of Laboratory Animal
Care, International. The colony was routinely monitored for adventitious viral,
bacterial, and parasitic pathogens by a sentinel program and was found to be free
of the following agents: mouse hepatitis virus, mouse rotavirus (EDIM), mouse
parvovirus, minute virus of mice, ectromelia virus, Sendai virus, pneumonia virus
of mice, respiratory enteric virus III (Reo3), encephalomyelitis virus (GD7),
lymphocytic choriomeningitis virus, K-virus, polyoma virus, mouse adenovirus,
Mycoplasma pulmonis, cilium-associated respiratory bacillus, Salmonella spp.,
Citrobacter rodentium, Helicobacter spp., Pasteurella spp., Corynebacterium kut-
scherii, Bordetella bronchiseptica, Pseudomonas aeruginosa, Klebsiella spp., beta-
hemolytic Streptococcus spp., Streptococcus pneumoniae, and endo- and ectopara-
sites.

H. hepaticus culture, inoculation, and PCR. H. hepaticus strain 3B1 (ATCC
51449) was cultured on tryptic soy agar (BD, Franklin Lakes, NJ) supplemented
with 5% defibrinated sheep red blood cells (Quad Five, Ryegate, MT) at 37°C
under microaerobic conditions (80% N2, 10% CO2, 10% H2) (17). For experi-
mental inoculation studies, the bacteria were grown overnight in brucella broth
(BD, Franklin Lakes, NJ) supplemented with 5% heat-inactivated fetal bovine
serum; examined for purity, viability, and motility at �400 magnification with
dark-field illumination; pelleted; and then resuspended to an optical density at
600 nm of 1.0 (�108 organisms/ml). Fifty-eight BALB-RagMin mice (20 males
and 38 females, 5 to 10 weeks of age) were gavaged once with 0.2 ml of bacterial
suspension (�2 � 108 organisms). H. hepaticus-inoculated BALB-RagMin mice
were euthanized at 12 to 13 weeks postinoculation (wpi) or 23 to 24 wpi or if they
developed opportunistic infections. Sixty untreated BALB-RagMin mice (26
male and 34 female) of comparable ages served as controls.

To confirm H. hepaticus infection, fecal pellets were collected at 2 wpi and/or
at necropsy from each mouse. Fecal DNAs were prepared for individual mice by
using a QIAamp DNA stool kit (Qiagen, Inc., Valencia, CA). Five microliters of
the fecal DNA was used in a 25-�l all-Helicobacter and all-Lactobacillus duplex
PCR assay, using PuReTaq ready-to-go beads (GE Healthcare, Chalfont St.
Giles, United Kingdom), all-Helicobacter primers (C97 and C05; amplicon size 	
1.2 kb) (16), and all-Lactobacillus primers (Lac1 and Lac2; amplicon size 	 340
bp) (5). PCR amplification was for 35 cycles, each cycle consisting of 1 min at
94°C, 2.5 min at 58°C, and 3 min at 72°C, with a final, 7-min extension at 72°C.
A 10-�l aliquot of the PCR was fractionated on 1% agarose gels containing
0.03% ethidium bromide in Tris-acetate-EDTA buffer and visualized on a Kodak
Image Station 1000 (PerkinElmer Life Science, Boston, MA).

Postmortem examination, histopathology, and immunohistochemistry (IHC).
Mice were euthanized by CO2 inhalation. The small and large intestines were
removed and flushed with phosphate-buffered saline (PBS) by using a 10-ml
syringe and a 24-gauge gavage needle (FST, Inc., Foster City, CA). The colon
was separated from the cecum and opened longitudinally on PBS-moistened
bibulous paper (VWR Scientific Products, West Chester, PA). Remaining fecal
material was removed with a stream of PBS from a squirt bottle. The colon was
fixed flat between bibulous papers in 10% neutral-buffered formalin and then
stored in 70% ethanol. The small intestine was treated similarly except that it was
divided into four equal segments, with proximal and distal orientations being
noted for each segment. The cecum was flushed with PBS, spread flat on a foam
biopsy pad (Surgipath Medical Industries, Inc., Richmond, IL), placed in a
histology cassette, and fixed in 10% neutral-buffered formalin.

Tumors were enumerated under a dissecting microscope at �10 magnification
for the entireties of the small and large intestines. Tumor size was taken at a
tumor’s greatest width and was measured to the nearest 0.1 mm with the aid of
an eyepiece reticle. The lengths of the proximal, middle, and distal thirds of the
small intestine were calculated by summing the lengths of the four segments and
dividing by 3. The same person (C. M. Nagamine) performed all tumor counts
and measurements.

For histological analyses, small intestines and colons were processed as “Swiss
rolls” (4). Livers, small intestines, ceca, and/or colons were embedded in Para-
plast Extra (VWR Scientific Products, West Chester, PA), sectioned at 4 �m, and
stained with hematoxylin and eosin. Representative slides of the liver were
scored in a blinded fashion by a board-certified veterinary pathologist (A. B.
Rogers) for severity of lobular (0 to 4), periportal (0 to 4), and interface (0 to 4)
inflammation and presence of lesions in one or multiple liver lobes (0 to 4). The
sum of the individual scores (maximum 	 16) was designated the liver disease
index. Hepatitis was defined as a liver disease index of �4.0. Representative
slides of the cecum and colon were scored in a blinded fashion by a board-
certified veterinary pathologist (B. Rickman) for inflammation (0 to 4) and
hyperplasia (0 to 4). The sum of the individual scores for a cecum or colon
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sample (maximum 	 8) was designated the cecal or colon disease index, respec-
tively.

Paraffin-embedded small intestine, cecum, and/or colon samples from two to
six mice representing each of the experimental and control groups were sub-
jected to IHC for Ki67, a cell proliferation-associated nuclear antigen (54), and
�-catenin, a cytoplasmic protein that is associated with adherens junctions and
APC. Absence of functional APC proteins results in robust �-catenin immuno-
staining of the cytoplasm and nucleus, in addition to its normal localization on
the cell membrane (24, 55).

IHC for Ki67-reactive cells was performed on sections following heat-induced
epitope retrieval in target retrieval solution, pH 6 (Dako, Inc., Carpinteria, CA).
Mouse monoclonal antibody reactive against human Ki67 protein (1:50 dilution;
BD Biosciences, San Diego, CA) was complexed with biotinylated anti-mouse
immunoglobulin by using an animal research kit (Dako, Inc., Carpinteria, CA).
Incubation of the antibody complexes, incubation with streptavidin-horseradish
peroxidase conjugates, and visualization with 3,3�-diaminobenzidine (DAB) were
performed according to the manufacturer’s recommendations. IHC for �-catenin
was performed using rabbit anti-�-catenin 1° antibody (1:100 dilution; NeoMar-
kers, Inc., Fremont, CA), biotinylated goat anti-rabbit 2° antibody (1:1,000 dilu-
tion; Dako, Inc., Carpinteria, CA), streptavidin-horseradish peroxidase, and
DAB. IHC slides were counterstained with hematoxylin. Positive and negative
controls (staining with an irrelevant species-, isotype-, and concentration-
matched 1° antibody) were performed with each IHC assay.

Statistical analysis. Statistical analyses comparing tumor characteristics and
colon and liver indices were performed with InStat 3 (version 3.0b; GraphPad
Software, Inc., San Diego, CA).

RESULTS

Low tumor multiplicity and long life span in BALB-Min
mice. B6-Min mice in our colony had a 100% prevalence of
small intestine tumors and a median small intestine tumor
multiplicity of 76.5 tumors/mouse at 4 to 6 months of age
(Table 1). The prevalences of cecal and colon tumors were
66.7% (12/18) and 77.8% (14/18), respectively. B6-Min mice in
our colony rarely lived longer than 6 months. The BALB-Min
strain was generated to circumvent the short life span inherent
in B6-Min. Although the prevalence of small intestine tumors
in BALB-Min mice was also 100%, the median small intestine

tumor multiplicity was 24.0 tumors/mouse at 5 to 15 months of
age, significantly lower than that in B6-Min mice (Table 1) (P 

0.001; Mann-Whitney test). Cecal and colon tumor prevalences
were minimal, with only 1/17 (5.9%) mice having cecal or colon
tumors. The low tumor multiplicity resulted in a concomitant
increase in life span, with some mice living �1 year.

Tumor regionality in the small intestine was determined by
enumerating the tumors for the proximal, middle, and distal
thirds of the small intestine. In B6-Min mice, most of the
tumors were observed in the distal third of the small intestine
(Table 2). Other investigators have reported similar results
(57). In BALB-Min mice, more tumors were found in the
middle third of the small intestine although this trend did not
reach statistical significance (Table 2).

BALB-Min small intestine tumors were sufficiently large in
older mice that they resulted in easily visible dilatations of the
intestinal wall at necropsy (Fig. 1A). The tumors were sessile
and grew laterally (Fig. 1B). Because median tumor size in-
creased with age (data not shown), we determined tumor sizes
for the proximal, middle, and distal regions of the small intes-
tine for four B6-Min mice and four BALB-Min mice at the
same age (5 months). Median tumor size was largest in the
proximal region of the small intestine for both B6-Min and
BALB-Min mice (Table 3) (2.5 mm and 2.9 mm, respectively)
and smallest in the distal region of the small intestine (2.1 mm
and 1.5 mm, respectively). Although median tumor size did not
differ between the two strains in the proximal region of the
small intestine (P 	 0.431; Mann-Whitney test), BALB-Min
mice had a larger median tumor size in the middle region (2.4
mm, versus 2.0 mm for B6-Min [P 
 0.05; Mann-Whitney test])
but a smaller median tumor size in the distal region (1.5 mm,
versus 2.1 mm for B6-Min [P 
 0.01; Mann-Whitney test]) of
the small intestine. The data show that despite a lower tumor
multiplicity in BALB-Min mice, median tumor size was not

TABLE 1. Small intestine tumor multiplicity and prevalence of cecal and colon tumors in B6-Min, BALB-Min, BALB-RagMin, and
H. hepaticus-infected BALB-RagMin micea

Strain No. of
mice

Age range
(mo)

SI tumor multiplicity mean � SD
(median)

% of mice with tumors (no. with
tumors/total no.)

Cecal Colon

B6-Min 18 4–6 101.1 � 58.5 (76.5)A 66.7 (12/18)D 77.8 (14/18)E

BALB-Min 17 5–15 27.4 � 13.9 (24.0)A,B,C 5.9 (1/17)D 5.9 (1/17)E

BALB-RagMin 60 4–9 46.0 � 29.0 (43.0)B 0 (0/60) 1.7 (1/60)F

BALB-RagMin (with H. hepaticus infection) 34 4–8 38.5 � 16.6 (37.5)C 5.9 (2/34) 23.5 (8/34)F

a The Mann-Whitney test was used to determine if differences in small intestine (SI) tumor multiplicity were significant. Fisher’s exact test was used to determine
if differences in cecal and colon tumor prevalence were significant. Values with the same superscript are significantly different from each other. A, E, and F, P � 0.001;
B and D, P 
 0.01; C, P 
 0.05.

TABLE 2. Small intestine tumor regionality in B6-Min, BALB-Min, and BALB-RagMin micea

Strain No. of
mice

Age range
(mo)

Mean � SD (median) for SI region

Proximal Middle Distal

B6-Min 18 4–6 10.5 � 5.2 (9.5)A,B 36.1 � 22.1 (28.0)A 54.5 � 32.7 (46.0)B

BALB-Min 17 5–15 7.9 � 4.3 (6.0) 11.5 � 7.9 (9.0) 7.9 � 6.2 (8.0)
BALB-RagMin 60 4–9 14.0 � 8.8 (12.5)C 19.9 � 13.6 (18.0)C,D 12.2 � 9.5 (11.0)D

BALB-RagMin with H. hepaticus 34 4–8 10.5 � 5.3 (10.0)E 16.8 � 8.5 (15.5)E,F 11.1 � 6.8 (11.0)F

a Values with the same superscript were significantly different by Dunn’s multiple-comparison test. A, B, and D, P 
 0.001; E, P 
 0.01; C and F, P 
 0.05. SI, small
intestine.
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necessarily smaller except in the distal region of the small
intestine.

BALB-RagMin mice have an increase in small intestine
tumor multiplicity. To investigate the effect of the adaptive
immune system on tumorigenesis, we introduced the Rag2-null

allele into BALB-Min. Immunodeficient BALB-RagMin mice
had a significant increase in small intestine tumors relative to
the parental BALB-Min strain (Table 1) (P 
 0.01; Mann-
Whitney test). The median small intestine tumor multiplicity in
BALB-RagMin mice was 43.0 tumors/mouse, versus 24.0 tu-

FIG. 1. (A) Whole mount of gastrointestinal tract of an 11-month-old BALB-Min mouse. Asterisks identify dilatations in the small intestine.
st, stomach; si, small intestine; ce, cecum; co, colon. (B) Mucosal surface of one of the dilatations in panel A, showing the presence of large, sessile
adenomas (arrows). (C) Photomicrograph of BALB-Min small intestine adenoma showing IHC staining for �-catenin. Scale bar 	 250 �m.
(D) Photomicrograph of BALB-RagMin small intestine adenoma showing IHC staining for �-catenin. The IHC staining pattern is similar to that
for BALB-Min (C). Scale bar 	 250 �m. (E) Photomicrograph of liver of uninfected female, 7 months of age, BALB-RagMin. The liver disease
index was 1.0/16.0. Scale bar 	 100 �m. (F) Liver of female BALB-RagMin mouse at 24 wpi (7 months of age) with periportal hepatitis (arrow).
The liver disease index was 10.5/16.0. Scale bar 	 100 �m.
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mors/mouse for BALB-Min mice. The increase in tumor mul-
tiplicity was restricted to the small intestine. Only 1/60 (1.7%)
BALB-RagMin mice were found to have colon tumors, and no
cecal tumors were observed (Table 1). In contrast to those in
B6-Min mice, the majority of tumors in BALB-RagMin mice
were in the middle third of the small intestine (Table 2).
BALB-RagMin small intestinal tumors did not differ signifi-
cantly from those of BALB-Min mice at the gross morpholog-
ical level. However, the median tumor sizes in BALB-RagMin
mice were significantly smaller than those in BALB-Min mice
in the middle and distal regions of the small intestine (Table 3).
The median tumor sizes were also smaller in the BALB-Rag-
Min mice’s proximal small intestine regions, but this difference
was not significant (Table 3).

Small intestine tumors of BALB-Min and BALB-RagMin
were histologically similar by routine hematoxylin and eosin
staining (data not shown). Loss of APC function results in the
cytoplasmic accumulation and nuclear localization of �-catenin
in intestinal tumors (55). To gain insight as to the underlying
cause of the increase in small intestinal tumors, we stained
BALB-Min and BALB-RagMin small intestinal tumors for the
expression of �-catenin by using IHC. Similar �-catenin im-
munostaining patterns were found (Fig. 1C and D).

H. hepaticus induces moderate hepatitis in BALB-RagMin
mice. H. hepaticus infection results in severe typhlocolitis and
development of cecal and colon adenocarcinomas in 129/SvEv-
Rag2�/� mice (13). We tested the hypothesis that H. hepaticus
infection would result in an increase in tumor multiplicity, a
change in tumor regionality, or a change in tumor phenotype in
BALB-RagMin mice. Fifty-eight BALB-RagMin mice were
inoculated with H. hepaticus. Data from 24 H. hepaticus-in-
fected mice were not evaluated, because the mice were eutha-
nized prior to 12 wpi or died unexpectedly due to opportunistic
infections (e.g., abscesses, conjunctivitis, or chronic loss of
body condition). Because BALB-RagMin mice are immunod-
eficient and are prone to opportunistic infections (38), these
deaths were not considered unusual. Indeed, similar deaths
occurred among the uninoculated BALB-RagMin control
mice. Of the remaining 34 BALB-RagMin mice, 13 (6 males
and 7 females) were euthanized at 12 to 13 wpi and the re-
maining 21 (5 males and 16 females) were euthanized at 15 to
24 wpi to determine if length of infection affected tumorigen-
esis. All 34 mice were persistently infected with H. hepaticus, as
determined by PCR on fecal samples obtained at necropsy
(data not shown).

The livers from six H. hepaticus-infected BALB-RagMin
mice (three males and three females) that were infected for 24
weeks and six uninfected BALB-RagMin mice (four males and

two females) of the same age were processed for histology. H.
hepaticus-infected BALB-RagMin mice had significantly
higher median liver disease indices (9.5/16.0; range, 9.0 to 10.5)
than uninfected BALB-RagMin mice (0.8/16.0; range, 0 to 2.5)
(P 
 0.0001; unpaired t test with Welch correction) (Fig. 1E
and F). Hepatitis was arbitrarily defined as a liver disease index
of �4.0. Based on this definition, all of the H. hepaticus-in-
fected BALB-RagMin mice, and none of the uninfected mice,
had hepatitis. Although the sample size is small, there was no
suggestion of sexual dimorphism in liver lesion indices; the
median and range of liver disease indices of H. hepaticus-
infected males (median, 9.5/16.0; range, 9.0 to 10.0) were sim-
ilar to those of H. hepaticus-infected females (median, 9.5/16.0;
range, 9.0 to 10.5). Hepatic steatosis, dysplasia, and neoplasia
were not observed.

H. hepaticus induces mild to moderate inflammation and
hyperplasia of the cecum and colon in BALB-RagMin mice.
Ceca and colons of H. hepaticus-infected BALB-RagMin mice
(4 to 7 months of age; 12 to 24 wpi; 2 males and 11 females)
and 11 uninfected BALB-RagMin mice (4 to 8 months of age;
4 males and 7 females) were examined histologically. Relative
to ceca from uninfected mice, the ceca of H. hepaticus-infected
BALB-RagMin mice showed multifocal moderate inflamma-
tion with mononuclear cell infiltrates in the mucosa and sub-
mucosa. In uninfected mice, mitotic cells were usually found in
the lower third of the cecal crypt, as demonstrated by immu-
nostaining for the cell proliferation antigen Ki67 (Fig. 2A). In
contrast, H. hepaticus-infected BALB-RagMin mice had Ki67-
reactive cells in the upper half of the cecal crypt, an immuno-
staining pattern indicative of hyperplasia of the mucosal epi-
thelium (Fig. 2B). Colon sections showed mild inflammation
and hyperplasia that were multifocal in distribution (data not
shown).

To quantify the severity of the cecal and colon lesions and to
determine if the lesions increased in severity over time, cecal
and colon disease indices (maximum index 	 8.0) were deter-
mined for four mice at 12 to 13 wpi and nine mice at 19 to 24
wpi. Median cecal and colon disease indices did not differ
significantly at the two time points (P 	 0.1398 and 0.1206 for
cecal and colon indices, respectively; Mann-Whitney test), so
the data for the two time points were pooled. H. hepaticus-
infected BALB-RagMin mice had a small but significant in-
crease in disease indices for the cecum (3.5/8.0; range, 3.0 to
5.5) and colon (2.0/8.0; range, 0 to 3.0) relative to uninfected
BALB-RagMin mice (cecal disease index, 0.5/8.0 [range, 0 to
2.0] [P 
 0.0001; Mann-Whitney test]; colon disease index,
0.5/8.0 [range, 0 to 3.5] [P 	 0.027; Mann-Whitney test]).

TABLE 3. Median tumor size in the proximal, middle, and distal small intestine regions of B6-Min, BALB-Min, and BALB-RagMin micea

Strain No. of
mice

Mean age in mo
(range)

Median (range) (mm) for SI region

Proximal Middle Distal

B6-Min 4 5 2.5 (0.5–5.9)A 2.0 (0.4–4.1)1 2.1 (0.7–3.6)A,2

BALB-Min 4 5 (4.9–5.4) 2.9 (1.0–7.0)B 2.4 (0.8–5.1)1,3 1.5 (0.5–3.0)B,2

BALB-RagMin 8 5 (4.9–5.4) 2.3 (0.5–5.5)C 2.0 (0.5–6.0)3 1.2 (0.4–2.6)C

a Median tumor size is largest in the proximal region of the small intestine (SI) and smallest in the distal region of the small intestine in all strains. Values with the
same superscript (letters for comparisons within a row and numerals for comparisons within a column) are statistically significant by the Mann-Whitney test. B, C, and
3, P 
 0.001; A and 2, P 
 0.01; 1, P 
 0.05.
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H. hepaticus promotes colon tumorigenesis in BALB-Rag-
Min mice. Tumor multiplicity and regionality were determined
for H. hepaticus-infected BALB-RagMin mice. Small intestine
tumor multiplicity did not differ between mice at 12 to 13 wpi
and mice at 15 to 24 wpi (P 	 0.1276; Mann-Whitney test), so
the data from both time points were pooled. Compared to
what was found for uninfected BALB-RagMin mice, H. hepati-
cus infection did not affect either small intestine tumor multi-
plicity (Table 1) or regionality (Table 2). Although cecal tu-
mors were found in 2/34 (5.9%) mice, cecal tumor incidence
did not differ significantly from that in uninfected BALB-Rag-
Min mice (P 	 0.128; Fisher’s exact test).

In contrast, H. hepaticus infection resulted in a significant
increase in colon tumor incidence relative to that in uninfected
BALB-RagMin mice (P 	 0.001; Fisher’s exact test). Colon
tumors were found in 8/34 (23.5%) H. hepaticus-infected
BALB-RagMin mice (Table 1) versus 1/60 (1.7%) uninfected
BALB-RagMin mice. Hematoxylin and eosin staining and
�-catenin IHC did not reveal any difference in staining pat-
terns between the rare colon tumor identified in the uninfected
BALB-RagMin mouse and the colon tumors from H. hepati-
cus-infected BALB-RagMin mice (data not shown).

The colon tumors were identified in one mouse at 19 wpi
and seven mice at 23 to 24 wpi. These mice were 6 to 7 months
of age. It was possible that colon tumor incidence simply in-
creased with age regardless of H. hepaticus infection status.
However, of 21 uninfected BALB-RagMin mice at 7 to 9
months of age, only 1 had a colon tumor. The difference in
colon tumor incidence between H. hepaticus-infected BALB-
RagMin mice �7 months of age (n 	 17) and uninfected
BALB-RagMin mice 7 to 9 months of age (n 	 21) was sta-
tistically significant (P 	 0.013; Fisher’s exact test).

DISCUSSION

BALB/c mice were reported to have a resistant Mom1R locus
(19). The low tumor multiplicities in both the small and large
intestines of BALB-Min mice are consistent with the presence

of a Mom1R locus. Genetic and transgenic studies suggest that
at least one component of the Mom1 locus is the secretory
phospholipase A2 group IIA gene (Pla2g2a) (7, 8, 36). All
Mom1S strains tested to date have a single base pair insertion
in Pla2g2a resulting in the absence of detectable Pla2g2a mes-
sage and sPLA2-IIA activity, whereas all Mom1R strains, in-
cluding BALB/c, have a wild-type Pla2g2a allele and high levels
of sPLA2-IIA activity (19, 27, 36, 37). How the sPLA2-IIA
protein confers tumor resistance remains to be determined.

Other congenic Min mouse strains have been reported. The
AKR-Min congenic strain has a 25% tumor incidence, a very
low small intestine tumor multiplicity (0.3 tumors/mouse), and
a 0% prevalence of colon tumors. In addition, the AKR strain
has a tendency to develop lymphomas, which not only compli-
cates the interpretation of Min tumorigenesis studies but also
contributes to a short life span (58). In contrast, the BALB-
Min strain has a 100% tumor incidence, a median small intes-
tine tumor multiplicity of 24.0 tumors/mouse, and a 5.9% prev-
alence of colon and cecal tumors. Although tumor multiplicity
is considerably lower than that in the B6-Min strain, median
tumor size was not significantly smaller, except in the distal
region of the small intestine. More importantly, the BALB-
Min strain has a considerably longer life span, with some mice
living longer than 1 year. The availability of other Min con-
genic strains will allow the study of the effects of genetic back-
ground on the Min phenotype as shown here.

Although all cells of the B6-Min mouse are heterozygous for
the mutant ApcMin allele, inactivation of the wild-type allele
and the subsequent loss of APC function are required for
tumor development (34, 35). It has been suggested that tumor
regionality in the intestine reflects how APC function is lost
(23). Three types of small intestine tumor regionality in Min
mouse strains have been described. The first type, illustrated by
B6-Min, is characterized by 75% of tumors developing in the
distal half of the small intestine (23). In B6-Min mice, loss of
APC function is associated with loss of heterozygosity by ho-
mologous somatic recombination (22, 34, 35). The second type
is exemplified by AKR-Min mice. AKR-Min mice have a peak

FIG. 2. (A) Photomicrograph of a normal cecum from an uninfected BALB-RagMin mouse. Ki67-immunoreactive cells are localized to the
lower third of the crypt. The cecal disease index was 0.5/8.0. (B) Photomicrograph of hyperplastic cecal tissue from an H. hepaticus-infected
BALB-RagMin mouse at 24 wpi. Ki67-immunoreactive cells are present in the upper half of the crypt. The cecal disease index was 4.0/8.0. Scale
bar 	 100 �m.
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tumor distribution that is located even more distally, with 75%
of tumors occurring in the last 20% of the small intestine (23).
Loss of APC function in AKR-Min occurs predominantly
through epigenetic silencing of the wild-type Apc allele, and
only a small percentage of tumors show loss of heterozygosity
(58). The third type, exemplified by the strain B6 Apc1628N, has
tumors distributed evenly along the length of the small intes-
tine. This tumor distribution pattern is associated with muta-
tion of the wild-type allele (23). The majority of tumors in
BALB-RagMin mice were found in the middle third of the
small intestine (Table 2). Further studies will be needed to
determine if this novel tumor distribution pattern represents a
distinct mechanism for loss of APC function.

Tumor multiplicity in immunodeficient B6-Min Prkdcscid and
B6-Min Lystbg�J mice did not differ significantly from that in
immunocompetent B6-Min Prkdc�/� and B6-Min Lyst�/� mice
(10, 11), leading to the conclusion that T and B cells of the
adaptive immune system and NK cells of the innate immune
system have minimal or no effect on ApcMin tumorigenesis. Our
data show that immunodeficient BALB-RagMin mice have a
significant increase in small, but not large, intestine tumors rela-
tive to immunocompetent BALB-Min mice. Similar results were
recently reported for B6-Rag2�/� ApcMin/� (B6-RagMin) mice
(49), suggesting that the phenomenon is not specific to the
BALB/c genetic background. These data indicate that in the
BALB-Min small intestine the adaptive immune system plays a
role in either the elimination (immunosurveillance) or the equi-
librium (inhibition of tumor progression) phase of cancer immu-
noediting (12). Indeed, adoptive transfer of T-regulatory cells can
induce tumor regression in B6-Min mice (14, 50). The absence of
an increase in tumor multiplicity in the BALB-RagMin large
intestine suggests that the roles of the adaptive immune system in
tumorigenesis are different in the small and large intestines.

Microbe-induced inflammation has been linked to the pro-
motion of cancer (26). H. hepaticus has been reported to pro-
mote tumorigenesis in B6-Min and B6-RagMin mice by an
innate immune system-associated, tumor necrosis factor alpha-
dependent process (49). In BALB-RagMin mice, H. hepaticus
infection resulted in moderate hepatitis, multifocal moderate
typhlitis, and multifocal mild colitis. Interestingly, a significant
increase in tumor multiplicity was observed only in the colon,
where inflammation was relatively mild. The data suggest that
H. hepaticus promotion of tumorigenesis differs by organ and
does not necessarily correlate with severity of inflammation.
One explanation is that promotion of tumors in the liver and
cecum may have a latency period greater than 24 wpi. Alter-
natively, H. hepaticus infection may promote colon tumors
indirectly by modulating a carcinogenic factor in the colon. For
example, human (3) and rodent (15, 46, 51) data suggest that
secondary bile acids (deoxycholic acid and lithocholic acid)
promote colon tumors. H. hepaticus may increase levels of
secondary bile acids in the colon by increasing production of
primary bile salts by the liver, by adversely affecting bile acid
absorption from the distal ileum, and/or by modifying the large
intestine bacterial microbiota in a manner that affects the ac-
tivation and/or availability of secondary bile acids.

Our data show that the enterohepatic bacterial pathogen H.
hepaticus promotes colon, but not small intestine, tumors in
BALB-RagMin mice. These results corroborate data showing
that H. hepaticus promotes azoxymethane-initiated colon tu-

mors in the BALB-IL-10 knockout mouse (45). It has been
reported that H. hepaticus can also promote mammary adeno-
carcinomas and small intestine tumors in B6-Min and B6-
RagMin mice (49). Although we have identified mammary
tumors in our BALB-RagMin mouse colony (data not shown),
none of the H. hepaticus-infected BALB-RagMin mice devel-
oped a palpable mammary tumor. We also did not see any
significant difference in small intestine tumor multiplicity or
regionality (Tables 1 and 2). In addition, median tumor size did
not differ significantly between uninfected and H. hepaticus-
infected BALB-RagMin mice in either the proximal (2.1 mm
versus 2.2 mm), the middle (1.5 mm versus 1.2 mm), or the
distal (1.0 mm versus 1.0 mm) region of the small intestine.
The reason for this discrepancy is unclear but may be due to
background strain differences. Given that H. hepaticus is a
common pathogen in many research mouse colonies (60), it is
important to be aware that its presence may confound research
using chemical carcinogenesis (azoxymethane) and genetic
(ApcMin) mouse models for CRC.
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