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ABSTRACT

Increased dietary fat consumption is associated with colon
cancer development. The exact mechanism by which fat in-
duces colon cancer is not clear, however, increased bile acid
excretion in response to high-fat diet may promote colon car-
cinogenesis. The farnesoid X receptor (FXR) is a member of the
nuclear receptor superfamily, and bile acids are endogenous
ligands of FXR. FXR is highly expressed in the intestine and liver
where FXR is essential for maintaining bile acid homeostasis.
The role of FXR in intestine cancer development is not known.
The current study evaluated the effects of FXR deficiency in
mice on intestinal cell proliferation and cancer development.
The results showed that FXR deficiency resulted in increased
colon cell proliferation, which was accompanied by an up-

regulation in the expression of genes involved in cell cycle
progression and inflammation, including cyclin D1 and interleu-
kin-6. Most importantly, FXR deficiency led to an increase in the
size of small intestine adenocarcinomas in adenomatous pol-
yposis coli mutant mice. Furthermore, after treatment with a
colon carcinogen, azoxymethane, FXR deficiency increased the
adenocarcinoma multiplicity and size in colon and rectum of
C57BL/6 mice. Loss of FXR function also increased the intes-
tinal lymphoid nodule numbers in the intestine. Taken together,
the current study is the first to show that FXR deficiency pro-
motes cell proliferation, inflammation, and tumorigenesis in the
intestine, suggesting that activation of FXR by nonbile acid
ligands may protect against intestinal carcinogenesis.

Colon cancer is the third most common cancer and is the
second major cause of cancer-related death in the United
States. Consumption of high-fat diet and increased fecal ex-
cretion of bile acids is associated with elevated incidence of
colon cancer (Hill, 1974; Stamp, 2002). However, the mecha-
nism by which bile acids contribute to colorectal cancer is not
clear. Farnesoid X receptor (FXR), a member of the nuclear
receptor superfamily, is critical in maintaining bile acid and
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lipid homeostasis. The endogenous ligands for FXR are bile
acids (Makishima et al., 1999; Parks et al., 1999; Wang et al.,
1999). Targeted disruption of the fxr gene in mice clearly
demonstrates the importance of this nuclear receptor in reg-
ulating bile acid homeostasis (Sinal et al., 2000; Kim et al.,
2007a).

FXR is highly expressed in the liver, kidney, and intestines
(Forman et al., 1995). In the intestine, FXR plays an impor-
tant role in regulating bile acid enterohepatic circulation.
Activation of FXR induces the expression of ileal bile acid
binding protein (IBABP) and ileal bile acid transporters,
components essential for bile acid enterohepatic circulation
(Hwang et al., 2002; Lee et al., 2006). In addition, activation
of FXR induces fibroblast growth factor 15 in the intestine,
which is critical in suppressing hepatic bile-acid synthesis
(Inagaki et al., 2005). The importance of FXR in intestinal

ABBREVIATIONS: FXR, farnesoid X receptor; IBABP, ileal bile acid binding protein; APC™", adenomatous polypsosis coli mutant; AOM,
azoxymethane; WT, wild type; KO, knockout; H&E, hematoxylin and eosin; PBS, phosphate-buffered saline; TUNEL, terminal deoxynucleotidyl
transferase dUTP nick-end labeling; BrdU, bromodeoxyuridine; LI, labeling index; NF, nuclear factor; ICAM, intercellular adhesion molecule; IL,

interleukin; TNF, tumor necrosis factor; SHP, small heterodimer partner.
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health has been demonstrated further by the ability of FXR
to suppress intestinal bacterial growth and colonization (Ina-
gaki et al., 2006).

A role for FXR in suppressing carcinogenesis is emerging.
An early study showed that expression of FXR was inversely
related to the progression of human colorectal cancers and
the degree of malignancy of colon cancer cell lines (De Got-
tardi et al., 2004). These results indicate that FXR expression
levels may serve as an indicator for the degree of malignancy
of colon cancer and may indicate a link between FXR and
colon carcinogenesis in humans. Recent studies in mice
showed that FXR deficiency caused liver hyperproliferation
and ultimately leads to spontaneous hepatocarcinomas (Kim
et al., 2007b; Yang et al., 2007). In addition, FXR expression
has been shown to be elevated in Barrett’s esophagus, de-
creased in esophagus adenoma, further decreased in esoph-
agus adenocarcinoma, and an FXR antagonist has enhanced
apoptosis in esophagus-derived cells (De Gottardi et al.,
2006). FXR may also be involved in breast carcinogenesis
with unclear mechanism (Swales et al., 2006; Journe et al.,
2008).

To date, there are no comprehensive studies to evaluate
the role of FXR in intestinal cell proliferation and carcino-
genesis. In the current study, the effects of FXR deficiency on
colon epithelial cell proliferation were determined in mice. In
addition, the effect of FXR deficiency on intestinal carcino-
genesis was evaluated by using two common murine intes-
tine tumorigenesis models: APC™™ mice and azoxymethane
(AOM) treatment.

Materials and Methods

Intestinal Cancer Animal Models. To determine the role
of FXR in intestinal carcinogenesis, two mouse models were used.
APC™® mijce, with a mutated APC gene, were used as a model for
genetically induced intestinal carcinogenesis. Wild-type (WT) mice
treated with AOM, a commonly used colon carcinogen, were used as
a model for the chemically induced model. The APC™™ mice develop
polyps predominantly in the small intestine, whereas the AOM-
induced polyps reside mainly in the colon and rectum. These two
complimentary models have been widely used for the study of vari-
ous factors in intestinal carcinogenesis (Nigro, 1985; Moser et al.,
1990; Corpet and Pierre, 2003).

Animals. WT and APC™® mice, in the C57BL/6 genetic back-
ground, were obtained from The Jackson Laboratory (Bar Harbor,
ME). FXR KO mice, with 10 generations backcrossed into the
C57BL/6 genetic background, were described in detail previously
(Sinal et al., 2000; Guo et al., 2006). APC™"/FXR KO mice, with both
FXR deficiency and APC gene mutation, were generated by cross-
breeding FXR KO mice with APC™™ mice, and the double KO mice
were selected by an established polymerase chain reaction genotyp-
ing method (Supplemental Fig. 1). One-year-old male and female
APC™" and APC™"/FXR KO mice were used to evaluate the effect of
FXR deficiency on polyp formation (n = 15/group for male and female
APC™" mice and n = 20/group for male and female APC™"/FXR KO
mice). All animals were housed in the Association for Assessment
and Accreditation of Laboratory Animal Care-accredited facilities at
the University of Kansas Medical Center under a standard 12-h
light/dark cycle with access to chow and water ad libitum. All pro-
tocols and procedures were approved by the Institutional Animal
Care and Use Committee at the University of Kansas Medical
Center.

AOM Treatment. AOM was purchased from Sigma-Aldrich (St.
Louis, MO). Both male and female WT and FXR KO mice (8-10
weeks old) were intraperitoneally injected with sterile saline with or

without AOM (10 mg/kg body weight) once a week for 6 weeks. There
were eight groups with n = 15 to 20 mice per group. The mice were
euthanized 6 months after the last injection, and tissues were har-
vested for histopathological analysis and immunohistochemistry.

Morphometric Analysis of Ileum and Colon. Male WT and
FXR KO mice, n = 6 mice per genotype, at 2 and 12 months of age,
were used. Ileum and colon were collected and processed for stan-
dard H&E staining. In 10 random 20X (ileum) or 40X (colon) micro-
scopic fields per mouse, the height of ileal villi and colon crypts was
measured by using an ocular meter calibrated with a stage micro-
meter. In addition, the number of colon goblet cells was counted.

Polyp Histopathologic Analysis. Immediately after euthana-
sia, entire small intestine, colon, and rectum were removed and
flushed gently with ice-cold PBS to clear the undigested and fecal
materials. The intestines were then opened longitudinally and
placed flat onto filter paper, grossly evaluated, and fixed overnight in
10% PBS-buffered formaldehyde. Polyps in the small intestine, co-
lon, and rectum were examined using a dissecting microscope. The
location, number, and diameter size of the polyps were recorded.
Polyp size was measured by using an ocular micrometer. Polyps were
then cut into longitudinal sections, embedded in paraffin, and sliced
into 5-pm sections. For histopathologic diagnosis, the sections were
H&E stained and evaluated independently by two pathologists (Dr.
Xin Gao, Department of Pathology, Emory University; and Dr. David
Pinson, Department of Pathology, University of Kansas Medical
Center). The prevalence of polyps (percentage of animals with pol-
yps), average polyp size, and polyp multiplicity (number of polyps/
mouse) were calculated.

Immunohistochemistry Staining of Bromodeoxyuridine,
TUNEL, FXR, and B-Catenin. To assess cell proliferation in the
colon, both male and female WT and FXR KO mice (n = 6/group), at
2 or 12 months of age, were intraperitoneally injected with bromode-
oxyuridine (BrdU) at 20 mg/kg body weight. Two hours later, the
mice were euthanized, and the colon was dissected and fixed in 10%
PBS-buffered formalin before embedding in paraffin. The BrdU im-
munostaining was carried out using a BrdU Detection Kit (BD Bio-
sciences, San Diego, CA). The BrdU labeling index (percentage) was
determined by the number of BrdU-positive nuclei in a total of 500
cells in 10 random 40X microscopic fields.

The colons of male WT and FXR KO mice at 2 and 12 months of
age were used for TUNEL and B-catenin staining. FXR immuno-
staining was conducted in the colons of 2-month-old WT male mice.
Apoptosis was detected by TUNEL staining by the In Situ Cell Death
Detection kit obtained from Roche Applied Science (Indianapolis,
IN). FXR and B-catenin protein were determined by immunostaining
using an AEC kit for FXR detection (Zymed Laboratories, South San
Francisco, CA) and an ABC kit for B-catenin detection (Vector Lab-
oratories, Burlingame, CA). The primary antibodies for FXR and
B-catenin were obtained from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA) and Abcam Inc. (Cambridge, MA), respectively.

Real-Time Quantitative Polymerase Chain Reaction Assay.
Male 2- and 12-month-old WT or FXR KO mice were euthanized, and
colons were collected (n = 6 mice per genotype per age). Colons were
opened longitudinally, quickly rinsed with ice-cold PBS, and snap
frozen in liquid nitrogen. Total RNA was isolated with TRIzol re-
agent according to the manufacturer’s instructions (Invitrogen,
Carlsbad, CA). The mRNA levels of genes involved in cell cycle
progression, tumor suppression, and inflammation were quantified
using the SYBR green chemistry with a standard protocol and an
ABI Prism 7900 Detection system (Applied Biosystems, Foster City,
CA). The mRNA levels of these genes were normalized to 18s mRNA
levels. The primer sequences used for real-time quantitative poly-
merase chain reaction are listed in Supplemental Table 1.

Western Blot Analysis. Male 2- and 12-month-old WT or FXR
KO mice were euthanized, and colons were collected (n = 6 mice per
genotype per age). Pooled colon from 6 mice/group were homogenized
in radioimmunoprecipitation assay lysis buffer (50 mM Tris HCI, pH
8.0, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate,



0.1% SDS, 2 mM EDTA, and protease inhibitors). The protein con-
centration was determined by the BCA protein assay kit (Pierce
Chemical, Rockford, IL). One hundred micrograms of protein from
pooled tissue extracts was electrophoresed on SDS-polyacrylamide
gel electrophoresis gel, transferred to nitrocellulose membranes, and
blocked with 5% nonfat milk for 30 min at room temperature. Cyclin
D1, c-Myc, B-catenin, and APC were detected by incubating mem-
branes overnight at 4°C with primary antibodies. Membranes were
then incubated with specific horseradish peroxidase-conjugated sec-
ondary antibodies for 2 h at room temperature. The bands corre-
sponding to the correct molecular weight of each protein were iden-
tified by chemiluminescence detection system. The level of B-actin
labeling was used as a loading control. The primary antibodies for
cyclin D1, ¢-Mye, or B-actin were from Santa Cruz Biotechnology,
Inc. and for APC were from Millipore Bioscience Research Reagents
(Temecula, CA).

Statistical Analysis. The data were expressed as means += S.E.M.
The significance of cancer prevalence (number of polyps per mouse)
between WT and FXR KO mice treated with AOM was analyzed by

WT

FXR
KO
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Fisher’s exact test. For multiple group comparison, the data were ana-
lyzed by one-way analysis of variance followed by Student-Newman-
Keuls test. For comparison between two groups, Student’s ¢ test was
used. The level of significance was set at P < 0.05.

Results

FXR Protein Expression in Colon and Effect of FXR
Deficiency on Ileum and Colon Morphology. Previous
studies have shown that FXR is highly expressed in the colon
at the mRNA levels (Forman et al., 1995). The exact location
of FXR in the colon is not clear. Therefore, the current study
determined the location of FXR protein in the colon of mice,
and the result showed that FXR was located predominantly
in the epithelial cell nucleus and sparsely in the cytoplasm
and the apical region of the crypts (Fig. 1A). FXR deficiency
affected murine ileum and colon morphology examined at 2
and 12 months of age. FXR KO mice had similar ileum

Fig. 1. Localization of FXR protein in the colon
and effect of FXR deficiency on colon histomor-
phology. A, localization of FXR protein in the
colon of WT mice (1, negative control; 2, cross-
section of crypts, 20X; 3, cross-section of crypts,
40X%; and 4, longitudinal section of crypts, 40X).
B, H&E staining of colons from 2- and 12-month-
old male WT and FXR KO mice (40X). Arrows,
goblet cells and minimized pictures at the bot-
tom show loci of lymphoid cells in the colon of
FXR KO mice. C-1, quantification of average
crypt height in the colons of these mice. C-2,
quantification of the number of colon goblet cells
per mouse per 40X macroscopic field gathered
from 10 random fields. n = 6 per genotype per
age. *, P < 0.05.
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morphology compared with WT mice at both 2 and 12 months
of age, except the height of villi was slightly higher in FXR
deficiency mice (Supplemental Fig. 2). Two-month-old FXR
KO mice had similar colon morphology compared with those
of 2-month-old WT mice. However, 12-month-old FXR KO
colon showed tall and almost villi-form papillary folds (Fig.
1B). In addition, FXR KO mice, regardless of age, had mod-
erately increased colon crypt height (Fig. 1, B and C1). Fur-
thermore, loci of lymphoid cells were detected with loss of
FXR function (Fig. 1B, inserts). It is interesting that FXR
deficiency seemed to significantly decrease the number of
goblet cells (Fig. 1, B and C2).

FXR Deficiency on Colon Cell Proliferation and Ap-
optosis. To directly determine the effect of FXR deficiency on

Negative Control WT 2-mo

A x0T

c

40

FXR KO 2-mo

colon cell proliferation, the BrdU labeling index (LI) was
quantified in the colons of male and female WT and FXR KO
mice at both 2 and 12 months of age. The 2-month-old male
FXR KO mice showed increased BrdU labeling in the colon
compared with WT mice. The BrdU LI decreased with age;
however, FXR deficiency resulted in more reduction (Fig. 2, A
and C, for male mice and Supplemental Fig. 3, A and B, for
female mice). Paradoxically, FXR deficiency also increased
the number of cells undergoing apoptosis, evaluated by the
TUNEL staining (Fig. 2, B and D). Although the cell identity
was not precisely determined, it seemed that more goblet
cells were undergoing apoptosis than other cell types.

FXR Deficiency on Intestinal Carcinogenesis in
APC™™ Mice. In this study, all mice with the APC gene
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Fig. 2. Colon cell proliferation determined by BrdU labeling index and apoptosis evaluated by TUNEL staining. All pictures are in 40X magnification.
A, BrdU staining in the colon, a BrdU-positive cell is a cell with nuclei stained brown. B, TUNEL staining of the colon. C, quantification of the
percentage of BrdU positively stained cell (LI). D, quantification of the percentage of TUNEL positively stained cells. *, P < 0.05.



mutation developed both adenomas and adenocarcinomas in
the small intestine. In particular, all the mice had a polyp
with 10 to 20 mm in diameter between the stomach and
duodenum (Fig. 3A and Supplemental Fig. 3C). These large
polyps were diagnosed independently by two pathologists as
noninvasive, papillary adenocarcinomas with minimal cystic
mucosal degeneration. FXR deficiency in female, but not
male, APC™" mice increased the adenoma multiplicity and
average size (Fig. 3, B1 and B2). FXR deficiency did not
increase the multiplicity of adenocarcinomas in either gender
(Fig. 3B3); however, the size of adenocarcinomas moderately
increased in both male and female FXR KO mice in the
APC™ background (Fig. 3B4).

FXR Deficiency and AOM-Induced Colon Carcino-
genesis. AOM treatment results in colon carcinogenesis;
however, mice from the C57BL/6 genetic background have
been shown to be relatively resistant to AOM-induced colon
carcinogenesis (Nambiar et al., 2003). In agreement with
this, the current study showed that a standard AOM treat-
ment of WT mice in the C57BL/6 genetic background only
resulted in 29% prevalence of adenocarcinoma in males and
7% in females (Fig. 4B1). The adenocarcinomas in these mice
were diagnosed as noninvasive and papillary adenocarcino-
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mas (Fig. 4A). FXR deficiency significantly increased adeno-
carcinoma prevalence, with 57% in male mice and 43% in
female mice (Fig. 4B1). Furthermore, the average adenocar-
cinoma size was larger in FXR KO mice (Fig. 4B2). Adeno-
carcinoma multiplicity remained the same regardless of gen-
der or FXR deficiency (data not shown). Consistent with a
previous report showing AOM treatment producing polyps
mainly in the colorectal region (Nigro et al., 1975), AOM
treatment in the current study did not result in any small
intestine adenocarcinomas.

FXR Deficiency Increased Lymphoid Nodules in
Small Intestines and Colon. In both male and female mice,
the number of lymphoid nodules/mouse in small intestine
and colon was significantly higher in FXR KO than in WT
mice. These numbers further increased after APC gene mu-
tation and AOM treatment in male mice and AOM treatment
in female mice (Fig. 5). In APC™™" female mice, FXR defi-
ciency did not increase the number of lymphoid nodules
(Fig. 5).

FXR Deficiency and Expression of Genes Involved in
Cell Proliferation, Tumor Suppression, and Inflamma-
tion in Colon. To understand the mechanism by which FXR
deficiency enhances colon epithelial cell proliferation and
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*

Fig. 3. The effects of FXR deficiency on intes-
tinal carcinogenesis in APC™™ mice. A, small
intestinal polyp stained with 0.5% methylene
blue for 2 min (left) and a cross-section view
of a small intestinal polyp (right; 10X). B1,
adenoma multiplicity expressed as number of
adenoma polyps per mouse. B2, average size
of adenoma polyps. B3, adenocarcinoma mul-
tiplicity. B4, average size of adenocarcinoma
polyps. n = 15 (male and female APC™"
mice) and n = 20 (male and female APC™"/

FXR KO mice). *, P < 0.05.
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Fig. 4. Effects of FXR deficiency on adeno-
carcinoma development in AOM-treated
mice. A, left, picture of a colon polyp stained
with 0.5% methylene blue for 2 min. Right,
cross-section view of a colon adenocarcinoma
(10X%). B1, adenocarcinoma prevalence (per-
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centage of animals with adenocarcinomas) in
2 male and female WT and FXR KO mice after
AOM treatment. B2, average size of adeno-
carcinomas in male and female WT and FXR
KO mice with AOM treatment. *, P < 0.05.

Male Female

carcinogenesis, mRNA levels of several genes widely known
to be critical for cell proliferation, tumor suppression, or
inflammation were quantified in the colons of 2- and 12-
month-old male WT and FXR KO mice. This study analyzed
mRNA levels of B-catenin, K-ras, c-myec, cyclin D1, cyclin E1,
cyclin A2, CDKN1A, and mdm2 genes, genes known to be
involved in cell cycle progression. For tumor suppression, this
study quantified the mRNA expression of APC, Gadd45a, phos-
phatase and tensin homolog (PTEN), and p53. For inflamma-
tion, NFkB, ICAM, IL-1B, IL-6, and TNFa mRNA levels were
quantified. Differences in mRNA levels were selectively pre-
sented with more than 50% reduction or 1.5-fold induction. In
the colons of 2-month-old mice, FXR deficiency did not affect
mRNA levels of B-catenin, c-myc, cyclin E1, cyclin A2,
CDKN1A, mdm2, APC, Gadd45a, NF«B, IL-1B, or TNFa (data
not shown) but did increase mRNA expression of cyclin D1
(1.6-fold), K-ras (2.1-fold), p53 (1.6-fold), ICAM (1.5-fold), and
IL-6 (2.0-fold) (Fig. 6A). In the colons of 12-month-old mice, FXR
deficiency did not alter mRNA levels of cyclins D1, E1, and A2,
mdm2, p53, NF«kB, ICAM, IL-1B, or TNF« (data not shown) but
increased mRNA expression of CDKN1A (1.5-fold) and reduced
mRNA levels of APC, Gadd45a, PTEN, and IL-6 to 40, 40, 40,
and 30% of the levels in WT mouse colon, respectively (Fig. 6B).

We further evaluated protein levels of several genes criti-
cal for cell proliferation (Fig. 6C). In agreement with in-
creased mRNA levels of cyclin D1 in 2-month-old FXR KO
mice, the protein levels of cyclin D1 were also elevated. It is
interesting that although mRNA levels of B-catenin and c-
Myc were not altered in the colons of 2-month-old FXR KO
mice, their protein levels were increased. Furthermore, al-
though mRNA levels of APC showed no change at 2 months
of age and moderately decreased at 12 months of age in the
colons of FXR KO mice compared with WT mice, protein
levels were increased at both ages. The immunoblot density
of APC protein was quantified with the results shown as WT
colon at 2 months old, 1.0; FXR KO colon at 2 months old, 3.2;
WT colon at 12 months old, 5.5; and FXR KO colon at 12
months old, 8.4 (data not shown). Because the B-catenin-

Male

Female

mediated pathway is critical for intestine proliferation, the
effect of FXR deficiency on B-catenin immunostaining in the
colon was evaluated, and the results showed an increased
apical cell membrane/cytosolic intensity of B-catenin with
FXR deficiency regardless of the age (Fig. 6D).

Discussion

The present study showed that FXR deficiency in mice
increased intestinal cell proliferation and promoted intes-
tinal carcinogenesis. These data suggest that activation
of FXR by nonbile acid ligands may suppress intestinal
carcinogenesis.

The current study showed that FXR deficiency enhanced
colon cell proliferation in vivo, indicating that activation of
FXR may suppress colon cell proliferation. Although the un-
derlying mechanism is not clear, FXR may be involved in
regulating cell proliferation by multiple mechanisms. An in-
crease in bile acid levels has been shown to cause cell prolif-
eration (Mahmoud et al., 1999; Pai et al., 2004). FXR is an
essential link in regulating bile acid homeostasis. Loss of
FXR function in mice leads to increased biliary bile acid
secretion (Lambert et al., 2003). In addition, intestinal FXR
determines the expression of bile acid binding protein,
IBABP, which binds to bile acids and is thought to be critical
for trafficking bile acids from the apical to basal side of
intestinal epithelial cells. FXR deficiency results in markedly
decreased IBABP expression (Sinal et al., 2000). However,
simply sequestering bile acids by a bile acid binding resin
proved to not be very useful because coadministering cho-
lestyramine, a well known bile acid binding resin, has been
shown to increase tumor burden (Campbell et al., 1975).
Therefore, loss of FXR function may mainly affect the free
intracellular bile acids in the intestine, which may promote
cell proliferation and increase carcinogenesis.

In addition, intestine cancer development is also associ-
ated with increased inflammation. A previous study has
shown that FXR deficiency increased intestinal bacterial,
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Fig. 5. Effects of FXR deficiency on average number of intestinal lym-
phoid nodules per mouse. A, left, picture of a lymphoid nodule in the
small intestine with 0.5% methylene blue staining for 2 min. Right,
cross-section view of the same lymphoid nodule (10X). B, average number
of small intestine lymphoid nodules per mouse in male and female WT,
FXR KO, with treatment of vehicle or AOM, and in APC™™ and FXR
KO/APC™™ mice. C, average number of colon/rectum lymphoid nodules
per mouse in male and female WT, FXR KO, with treatment of vehicle or
AOM, and in APC™® and FXR KO/APC™® mice. n = 15 per genotype per
treatment per gender except for n = 20 for FXR KO/APC™" mice. *, P <
0.05.

and activation of FXR reduces intestinal inflammation (Ina-
gaki et al., 2006). The current study also showed increased
lymphoid nodules with FXR deficiency, and the colons of FXR
KO mice expressed higher mRNA levels of IL-6, indicating an
up-regulated immune response. In addition, FXR KO mice
had reduced goblet cells that are critical for native immune
response in the intestine. A loss of goblet cell function has
been associated with intestinal carcinogenesis (Whiteley et
al., 1996). Indeed, previous studies have suggested a role of
FXR in regulating inflammation showing livers of FXR KO
mice express higher levels of proinflammatory genes, includ-
ing IL-1B, interferon y, TNFqa, and IL-6 (Kim et al., 2007b;
Yang et al., 2007).

Furthermore, FXR may regulate cell proliferation and/or
apoptosis through the function of its target genes. A FXR
target gene, small heterodimer partner (SHP), has been
shown to suppress cell proliferation and promote apoptosis
(Dawson et al., 2007; Farhana et al., 2007). A tumor-suppres-
sive role of SHP also has been demonstrated that in human
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hepatocarcinomas where SHP expression was down-regu-
lated, and mice with SHP deficiency had spontaneous liver
tumors (He et al., 2008; Zhang et al., 2008). In correlation,
SHP inhibits the liver receptor homolog 1, which has been
shown to enhance cell proliferation by promoting G;-to-S
phase transition (Botrugno et al., 2004). This current study
showed that the protein levels of B-catenin, c-Myc, and cyclin
D1 were increased in colons of FXR KO mice. In addition, a
higher intensity of cytosolic immunostaining of B-catenin
was shown in the colons of FXR KO mice. These results
indicate that the B-catenin-dependent signaling pathway
may be more activated in FXR KO mice.

Paradoxically, APC mRNA levels were not altered at 2
months of age and moderately decreased at 12 months of age
in the colon of FXR KO mice compared with those of WT mice.
However, APC protein levels were increased in both age
groups. APC serves as a tumor suppressor by promoting
proteolysis of B-catenin, thus reducing B-catenin signaling.
Inactivation of APC leads to cytosolic accumulation of B-cate-
nin and enhanced B-catenin-dependent transcriptional acti-
vation of ¢-myc and cyclin D1 (Gumbiner, 1997). The mech-
anism by which FXR deficiency increases APC protein levels
is not clear. However, it seems that this is a post-transla-
tional rather than transcriptional phenomenon. Post-trans-
lational modification of APC has been reported in other stud-
ies (Jaiswal and Narayan, 2004; Umar et al., 2005). The
increase in APC protein levels may result from a compensa-
tional response of cells to reach a balance between prolifer-
ation and cell cycle arrest. This compensational response has
been reported, showing increased epithelial cell proliferation
led to increased APC protein levels despite reduced APC
mRNA levels (Umar et al., 2005). Indeed, FXR KO mouse
colon showed increased APC protein levels from 2 to 12
months of age, further supporting the hypothesis that in-
creased APC protein levels may result from a homeostatic
response after increased cell proliferation. FXR gene expres-
sion in the small intestine was decreased in the colon of
APC™® mice (unpublished data), further indicating a link
between FXR function and intestine tumorigenesis.

FXR may regulate overlapping but distinct pathways in
male and female regarding intestinal homeostasis. The cur-
rent study has shown that FXR deficiency resulted in in-
creased colon epithelial cell proliferation in both male and
female mice at a younger age. However, in the older mice,
FXR deficiency seemed to have less of an effect on colon
epithelial cell proliferation in males, where as female mice
still showed increased cell proliferation, but to less of an
extent. In correlation to this, the female APC™®/FXR KO
mice had higher adenoma multiplicity and larger adenomas
compared with APC™® mijce, indicating that female mice
may be more sensitive to FXR deficiency in early stages of
intestinal tumorigenesis.

In summary, the present study provides direct evidence
that FXR deficiency promotes intestinal carcinogenesis. A
previous study reported that FXR expression was decreased
in human colon cancer, and there is a reciprocal relationship
between the expression levels of FXR and the degree of
malignancy of colon cancer cell lines (De Gottardi et al.,
2004). However, direct evidence is missing for the in vivo
effect of FXR deficiency in colon cancer progression. The
present study showed FXR deficiency resulted in increased
adenocarcinoma size in the small intestine of the APC™"
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mice and increased prevalence and size of AOM-induced ad-
enocarcinomas in the colon, thereby providing clear evidence
that the loss of normal FXR function may increase the sus-
ceptibility of the intestine to proliferation and carcinogene-
sis. Therefore, FXR-regulated pathway(s) may participate in
tumor suppression and decreased FXR expression, and func-
tion may serve as a marker to indicate intestinal tumor
malignancy. Activation of FXR by non—bile-acid ligands may
be a novel target to prevent or reduce colon carcinogenesis.
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