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Copyright © 200? JCBNSummary Clinical and experimental studies showed that the reflux of bile into the stomach

contributes to the induction of intestinal metaplasia of the stomach and gastric carcinogenesis.

Caudal-type homeobox 2 (Cdx2) plays a key role in the exhibition of intestinal phenotypes by

regulating the expression of intestine-specific genes such as goblet-specific gene mucin 2

(MUC2). We investigated the involvement of the farnesoid X receptor (FXR), a nuclear

receptor for bile acids, in the chenodeoxycholic acid (CDCA)-induced expression of Cdx2 and

MUC2 in normal rat gastric epithelial cells (RGM-1 cells). RGM-1 cells were treated with

CDCA or GW4064, an FXR agonist, in the presence or absence of guggulsterone, an FXR

antagonist. CDCA induced dose-dependent expression of Cdx2 and MUC2 at both the mRNA

and protein levels. The maximum stimulation of Cdx2 and MUC2 mRNA induced by CDCA

was observed at 3 h and by 6 h, respectively. GW4064 also induced expression of these

molecules. The effects of CDCA and GW4064 on expression of Cdx2 and MUC2 were abolished

by guggulsterone. These findings suggest that bile acids may induce gastric intestinal metaplasia

and carcinogenesis through the FXR.
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Introduction

A high incidence of gastric cancer is known to occur in

Asia and is one of the leading causes of cancer-related

deaths worldwide. Although the precise mechanism that

underlies gastric carcinogenesis is not yet fully understood,

gastric carcino genesis, particularly the intestinal-type, is

thought to be a multistep process triggered by chronic

Helicobacter pylori infections. Atrophic gastritis, intestinal

metaplasia and dysplasia represent different stages of the

gastric carcinogenesis cascade and intestinal type gastric

cancers are thought to develop within the gastric mucosa

along with intestinal metaplasia [1–3].

Caudal-type homeobox 2 (Cdx2), a mammalian member

of the caudal-related homeobox gene family, plays an

important role in the differentiation of intestinal cells and in

maintaining the intestinal phenotype by binding to the pro-

moters of several intestine-specific genes including goblet-

specific gene mucin 2 (MUC2) [4, 5]. Mizoshita et al. [6]

reported that Cdx2 mRNA was widely present in human

intestinal and colonic mucosa, but not in normal gastric

mucosa. However, the nuclear expression of Cdx2 has been

reported in gastric mucosa associated with intestinal meta-

plasia, as well as in relation to intestinal-type gastric carci-

nomas [7, 8]. Furthermore, Cdx2 transgenic mice developed

intestinal metaplasia in the stomach with the induction of

MUC2 [9, 10], suggesting that ectopically expressed Cdx2

may play a key role in gastric carcinogenesis via induction

of intestinal metaplasia.
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Clinical and experimental studies showed that the reflux

of bile into the stomach and esophagus contributes to the

induction of intestinal metaplasia of the stomach and gastric

carcinogenesis [11, 12], as well as to esophageal injury,

Barrett’s esophagus and esophageal adenocarcinoma [13, 14].

Furthermore, Hu et al. [15] demonstrated that deoxycholic

acid caused the upregulation of Cdx2 and MUC2 mRNA

using four human esophageal cell lines, including those de-

rived from normal squamous, adenocarcinoma and squa-

mous carcinoma tissues. The mechanisms associated with

the bile acid induced expression of these molecules, how-

ever, remains unclear.

Bile acids are physiological ligands and activators of the

farnesoid X receptor (FXR), a transcription factor belonging

to the nuclear receptor superfamily [16–18]. Bile acids have

been shown to exert signaling activities associated with the

self-modulation of genes involved in their own synthesis and

transport through the activation of the FXR [19].

In this study, we investigated whether two primary bile

acids, chenodeoxycholic acid (CDCA) and secondary bile

acid, deoxycholic acid (DCA), could induce the expression

of Cdx2 and MUC2 in normal rat gastric epithelial cells. We

also evaluated the involvement of the FXR in the CDCA-

induced ectopic expression of these molecules.

Materials and Methods

Cell culture and reagents

Normal rat gastric epithelial cells, RGM-1 cells, estab-

lished by Hirofumi Matsui (Riken Cell Bank, Tsukuba,

Japan), were cultured in Dulbecco’s modified Eagle’s me-

dium (DMEM)/F12 Ham (Sigma-Aldrich, St. Louis, MO)

supplemented with 20% fetal bovine serum (FBS) at 37°C in

an humidified 95% air, 5% CO2 atmosphere. The cells were

seeded in 100 mm dishes and were routinely grown in

DMEM/F12 supplemented with 20% FBS. Once the cells

reached 70% confluency, they were serum-deprived for

24 h. The cells were then treated with CDCA (0–50 µM),

100 µM DCA, or 5 nM GW4064 (an FXR agonist) in the

presence or absence of 50 µM guggulsterone (an FXR

antagonist). CDCA, DCA, and guggulsterone were purchased

from Sigma-Aldrich and GW4064 was purchased from Tocris

Bioscience (Ellisville, MO). They were dissolved in DMSO.

Real-time quantitative reverse-transcription polymerase

chain reaction (RT-PCR)

Real-time quantitative RT-PCR analyses were performed

as previously described [20]. In brief, an ISOGEN kit

(Nippon Gene, Tokyo, Japan) was used to isolate total RNA

according to the manufacturer’s protocol. Quantitative RT-

PCR analyses were performed using an ABI PRISM 7700

Sequence Detection System and accompanying software

(PE Applied Biosystems, Foster City, CA). The reaction

mixture was prepared according to the manufacturer’s

protocol using the Platinum qRT-PCR ThermoScript One-

Step System from Invitrogen (Carlsbad, CA). The thermal

cycling conditions were 50°C for 30 min and 95°C for

5 min, followed by 45 cycles of amplification using 95°C for

15 s and 60°C for 1 min. Total RNA was subjected to

quantitative RT-PCR to assess the levels of the targeted gene

sequences. GAPDH served as an internal standard using

TaqMan GAPDH control reagents purchased from PE

Applied Biosystems. The expression of Cdx2 and MUC2

mRNA was standardized against GAPDH mRNA, and the

mRNA levels were expressed as ratios compared to the

mean value obtained for vehicle (DMSO)-treated cells.

Specific probe sets for Cdx2, MUC2 and GAPDH were also

obtained from PE Applied Biosystems.

Western blotting

RGM-1 cells were routinely cultured and lysed on ice

after harvesting in a lysis buffer containing 0.5% NP-40,

40 mM Tris HCl (pH 8.0), 120 mM NaCl and a protease

inhibitor cocktail (Complete Mini, Pierce, Rockford, IL).

The protein concentration of the lysate was measured using

a modified bicinchoninic acid method (Pierce). The proteins

were denatured with SDS sample buffer and subjected to

SDS-PAGE. The separated proteins were then transferred

onto an Immun-Blot PVDF membrane (Bio-Rad Labo-

ratories, Hercules, CA). The membranes were blocked in

TBS-T buffer (10 mM Tris HCl, pH 7.5, 100 mM NaCl,

0.1% Tween-20) containing 5% skim-milk and these were

then incubated in a 1:250 dilution of a mouse anti-Cdx2 or a

rabbit anti-MUC2 antibody (both from Santa Cruz Biotech-

nology, Inc., Santa Cruz, CA) overnight at 4°C. Subsequently,

the membranes were washed in TBS and incubated with the

appropriate HRP-conjugated secondary antibody before

washing again in TBS. The reactive bands were visualized

using enhanced chemiluminescence (Amersham, Arlington

Heights, IL) in accordance with the manufacturer’s instruc-

tions.

Immunofluorescence

RGM-1 cells were fixed in 4% paraformaldehyde for

20 min and fixed with cold acetone for 5 min. The cells were

immunostained using a primary rabbit polyclonal anti-FXR

antibody (1:100 dilution; Santa Cruz Biotechnology, Inc.)

followed by a secondary donkey anti-rabbit IgG antibody

conjugated to Alexa Fluor-488 (1:200 dilution; Invitrogen).

Then slides were then examined using a Nikon epifluores-

cence microscope (Tokyo, Japan).

Statistical analysis

Values are the means ± standard deviation. A one-way

analysis of variance was used to test for significant differ-

ences among the treatment group means, and results were
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examined using a Fisher’s protected least-significant-

difference test. Differences with p values less than 0.05 were

considered significant.

Results and Discussion

Effect of CDCA on the expression of Cdx2 and MUC2 in

RGM-1 cells

CDCA (0 to 50 µM) increased the expression level of

Cdx2 and MUC2 mRNA in a dose-dependent fashion

(Fig. 1A and B). Therefore, we used CDCA at a dose of

50 µM in this study. A dose-dependent upregulation of Cdx2

and MUC2 protein expression by CDCA was also observed

as assessed by Western blotting (Fig. 1C and D).

The maximum effect of CDCA on the mRNA expression

levels observed for Cdx2 and MUC2 occurred at 3 h and 6 h,

respectively (Fig. 2A and B). Because CDCA did not affect

MUC2 mRNA expression by 3 h, we suspect that the increase

in Cdx2 expression induced by CDCA may be related to the

upregulation of MUC2 expression in RGM-1 cells.

We also investigated the effect of DCA on Cdx2 expres-

sion in RGM-1 cells. Similar to CDCA, DCA induced Cdx2

expression at both mRNA and protein levels (Fig. 3A and B).

To investigate the mechanism by which bile acids might

induce intestinal metaplasia in the stomach, we performed

in vitro studies using normal gastric cells (RGM-1 cells),

instead of gastric cancer cells. We observed that CDCA

markedly upregulated the expression of both Cdx2 and

MUC2. Together with the finding that DCA also induced

Fig. 1. Effect of CDCA on the expression of Cdx2 and MUC2 in RGM-1 cells. RGM-1 cells treated with CDCA at doses ranging from

0 to 50 µM for 3 h or 6 h were subjected to measurement of expression level of mRNA for Cdx2 (A) or MUC2 (B) by real-time

RT-PCR, respectively. n = 3, * p<0.01 compared with controls (vehicle-treated group). (C and D) Western blot analysis of Cdx2

(C) and MUC2 (D) in RGM-1 cells treated CDCA at doses ranging from 0 to 50 µM.

Fig. 2. Time-course of Cdx2 and MUC2 mRNA expression in

RGM-1 cells stimulated with CDCA. RGM-1 cells were

treated with 50 µM CDCA for 24 h, and the expression

levels of Cdx2 (A) and MUC2 (B) mRNA were evaluat-

ed by real-time RT-PCR. n = 3. * p<0.05, ** p<0.01

compared with controls (vehicle-treated group).
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Cdx2 expression in RGM-1 cells, these results suggest that

bile acids likely cause gastric intestinal metaplasia by

inducing the ectopic expression of Cdx2 in normal epithelial

cells.

Expression of the FXR in RGM-1 cells

During normal physiological conditions, the expression of

the FXR is generally thought to be limited to the liver,

intestine, kidney and adrenal glands [21, 22]. Zhang et al.,

[23] however, reported that the FXR is also expressed in

the stomach. But because there are few reports documenting

the expression of the FXR in the stomach, we investigated

whether RGM-1 cells expressed the FXR. As shown in

Fig. 4, immunofluorescence staining clearly demonstrated the

nuclear localization of the FXR in these cells.

Involvement of the FXR in the CDCA-induced upregulation

of Cdx2 and MUC2

Next, we investigated the effect of guggulsterone, an FXR

antagonist, on the expression of Cdx2 and MUC2 in RGM-1

cells stimulated by CDCA. As shown in Fig. 5A and B, the

effect of CDCA stimulation on the expression of Cdx2 and

MUC2 mRNA was completely abolished by guggulsterone.

Guggulsterone alone did not affect the expression levels of

these molecules.

To confirm involvement of the FXR in upregulating the

expression of Cdx2 and MUC2, RGM-1 cells were stimu-

lated with GW4064, an FXR agonist. As expected, GW4064

increased the expression of Cdx2 and MUC2 mRNA by

4.9-fold and 5.5-fold, respectively (Fig. 5C and D). The

effect of GW4064 on the expression of these molecules

was also abolished by guggulsterone. These results suggest

that the activation of the FXR may cause the ectopic expres-

sion of Cdx2 and MUC2 in the gastric mucosa, and that

CDCA may be a potent activator of the FXR in the stomach.

While the main function of the FXR is to prevent intra-

cellular bile acid overload and toxicity by acting as a bile

acid sensor that stimulates bile acid export and absorption

[16–18], other studies suggested that the FXR performs a

pro-inflammatory role in the liver [24] and esophagus [25].

We demonstrated that the FXR directly upregulates the

expression of Cdx2 for the first time. Our findings suggest

that the FXR may be a key molecule involved in the intestinal

metaplasia of the stomach. Bile acid reflux into the stomach

may therefore, cause gastric carcinogenesis by activating the

FXR, a nuclear bile acid receptor.

The activation of epidermal growth factor receptors

(EGFR) is also important for gastric intestinal carcino-

genesis [26] and several reports suggest that bile acids

activate EGFR in gastrointestinal cells [27, 28]. Yasuda et al.

[29] reported that deoxycholate rapidly activated EGFR

through a membrane-type bile acid receptor-dependent

mechanism in AGS cells, a human gastric adenocarcinoma

cell line. These results suggest that bile acids may promote

gastric carcinogenesis through the activation of both nuclear

and membrane receptors.

In conclusion, bile acids may induce an ectopic expres-

Fig. 3. Effect of DCA on the expression of Cdx2 in RGM-1

cells. RGM-1 cells were treated with 100 µM DCA and

were subjected to measurement of expression levels of

Cdx2 by real-time RT-PCR (A) and Western blot

analysis (B). n = 3. * p<0.05 compared with controls

(vehicle-treated group).

Fig. 4. Expression of the FXR in RGM-1 cells. The expression

of the FXR was assessed by immunofluorescence.
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sion of Cdx2 and MUC2 by activating the FXR in gastric

epithelial cells. This activation may play an important role in

the induction of intestinal metaplasia and gastric carcino-

genesis by bile acids.
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