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Bile acids promote gastric intestinal metaplasia by
upregulating CDX2 and MUC2 expression via
the FXR/NF-kB signalling pathway
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Abstract. Bile acids serve a critical role in the induction of
gastric intestinal metaplasia (IM) and gastric carcinogenesis.
The present study investigated the effects of bile acids on the
induction of gastric IM formation. The results demonstrated
that the expression levels of caudal-related homeobox
transcription factor 2 (CDX2), mucin 2 (MUC2) and
farnesoid X receptor (FXR) were increased in vitro and in vivo
following treatment with bile acids,and CDX2 transcriptionally
activated MUC2 expression. Furthermore, knockdown of FXR
attenuated bile acid-enhanced CDX2 promoter activity and
protein expression. Conversely, the FXR agonist GW4064
synergistically enhanced bile acid-induced CDX?2 promoter
activity. Bile acid treatment led to an increase in nuclear
factor (NF)-kB activity and protein expression. Treatment with
GW4064 or the FXR antagonist Z-guggulsterone enhanced
or attenuated bile acid-induced NF-«B activity, respectively.
In addition, quantitative chromatin immunoprecipitation
confirmed that bile acids led to enhanced binding of p50 to
the CDX2 promoter, whereas this effect was not observed for
p65. Treatment with GW4064 or Z-guggulsterone enhanced
and attenuated the binding activity of p50 to the CDX2
promoter, respectively. These results indicated that bile acids
may activate the FXR/NF-«xB signalling pathway, thereby
upregulating CDX?2 and MUC?2 expression in normal gastric
epithelial cells.
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Introduction

Gastric cancer (GC) is the fifth most common type of cancer
and the third leading cause of cancer-associated mortality
worldwide (1). Since it is commonly diagnosed at advanced
stages with lymphatic metastasis and extensive invasion, the
majority of patients with GC have a poor prognosis. However,
the average S-year survival rate of patients with early GC
can reach >90% (2). Gastric carcinogenesis, particularly
the intestinal type, is considered to be a multistep and
sequential process that includes chronic superficial gastritis,
atrophic gastritis (AG), intestinal metaplasia (IM), dysplasia,
intramucosal carcinoma and invasive neoplasia (3). Among
these stages,IM is defined as a precancerous lesion of the gastric
mucosa and is considered arisk factor in gastric tumourigenesis.
However, the molecular mechanism underlying IM formation
in the human stomach remains unclear. Recently, endoscopic
techniques have achieved great progress in the treatment of
precancerous lesions of the stomach. However, endoscopic
techniques remain unsatisfactory for detecting early GC and
IM due to a lack of sensitivity and high costs (4). Therefore,
it is necessary to elucidate the precise mechanism underlying
IM formation, and to identify valuable biomarkers for early
GC and IM diagnosis and prognosis.

Caudal-related homeobox transcription factor 2 (CDX2)
is an intestinal-specific transcription factor, which has been
strongly implicated in the development of intestinal epithelial
cells, where it regulates intestinal markers, including
mucin 2 (MUC?2) (5) and trefoil factor 3 (TFF3) (6). Normally,
CDX2 expression is limited to the intestines, and CDX2 is
absent in normal gastric mucosa. However, CDX?2 exhibits
a high expression level in gastric IM tissues, whereas its
expression is decreased in dysplasia and GC stages (7,8).
In transgenic mice expressing CDX2 in parietal cells (9),
normal gastric epithelial cells are completely replaced by IM
with the induction of MUC2, and these mice further develop
intestinal-type adenocarcinomas, thus indicating that ectopic
CDX?2 expression may serve an important role in gastric
tumourigenesis by inducing IM. Farnesoid X receptor (FXR)
is a ligand-activated transcription factor that has a high
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affinity for physiological bile acids, such as chenodeoxycholic
acid (CDCA) and deoxycholic acid (DCA) (10). FXR primarily
regulates the homoeostasis of bile acids, including bile acid
synthesis, transport and intestinal reabsorption (11,12). FXR
deficiency in mice results in increased intestinal epithelial cell
proliferation and intestinal tumourigenesis (13,14). In addition,
upregulation of FXR has been reported in gastric IM (15);
however, the function of FXR in IM formation in the stomach
remains to be determined.

Clinical and experimental studies have reported
that AG and IM are associated with the phenomenon of
duodenogastric reflux (DGR) (16,17). Bile acids, which are
the primary duodenal components of DGR, are generally
considered to be carcinogens in gastric IM formation and
gastric tumourigenesis (18,19). Bile acids, particularly
CDCA and DCA, have been reported to be associated
with the induction of CDX2 and MUC?2 expression. It has
previously been demonstrated that bile acid treatment
can lead to an increase in CDX2 and MUC?2 expression in
Barrett's oesophageal cells (20). Xu ef al also reported that
CDCA stimulates the upregulation of CDX2 and MUC2 by
activating FXR in normal rat gastric epithelial cells in a
dose-dependent manner (21). However, the exact molecular
mechanisms whereby bile acids promote human gastric IM
formation remain unclear. Therefore, the present study aimed
to investigate the effect of bile acids on molecular alterations
in gastric IM formation and the molecular mechanisms
involved.

Materials and methods

Clinical samples and cell culture. A total of 40 human
gastric IM tissues and paired normal gastric mucosa tissues
were obtained from patients (27 males and 13 females; age,
37-74 years) with DGR who had undergone endoscopic biopsy
at the First Affiliated Hospital of Xi'an Jiaotong University
(Xi'an, China) between March 2014 and July 2016. Biopsy
specimens from the antrum and corpus were fixed in a solution
of 4% paraformaldehyde for 24 h at room temperature and
were embedded in paraffin. The 4-um tissues were then
deparaffinized using xylene and ethanol, and were stained with
0.5% hematoxylin for 5 min, followed by 0.5% eosin for 1 min
at room temperature. Images were acquired using a Nikon
ECLIPSE Ti-S microscope mounted with a Nikon digital
camera (Nikon Corporation, Tokyo, Japan) and were assessed
for the presence of intestinal metaplasia, which was recognized
morphologically by the presence of goblet cells, absorptive
cells and cells resembling colonocytes. Patients diagnosed with
GC were excluded from this study. All tissue samples were
obtained from patients that had provided informed consent,
and the study protocol was approved by the Ethics Committee
of the First Affiliated Hospital of Xi'an Jiaotong University.
Normal human gastric epithelial cells (GES-1) were purchased
from the Shanghai Institute of Cell Biology, Chinese Academy
of Sciences (Shanghai, China). The cells were maintained at
37°C in RPMI-1640 medium supplemented with 10% foetal
bovine serum (both from Gibco; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) in a humidified incubator containing
5% CO,. Once GES-1 cells reached 70% confluence, they were
serum-deprived for 24 h prior to treatment with various doses
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of DCA or CDCA (50, 100, 150, 200, 400 and 600 gmol/I)
along with the FXR agonist GW4064 (1 pmol/l), the FXR
antagonist Z-guggulsterone (20 ymol/l) or the NF-«B inhibitor
pyrrolidine dithiocarbamate (PDTC; 50 pmol/1) for different
durations (6, 12,24 and 48 h). CDCA and DCA were purchased
from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany).
GW4064, Z-guggulsterone and PDTC were purchased from
Selleck Chemicals LLC (Houston, TX, USA).

RNA extraction and reverse transcription-quantitative
polymerase chain reaction (RT-qPCR). Total RNA was
extracted from cell lines and tissue samples using TRIzol®
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to
a standard protocol. The PrimeScript® RT Reagent kit (Takara
Biotechnology Co., Ltd., Dalian, China) was used to convert
RNA into ¢cDNA at 37°C for 15 min and 85°C for 5 sec, followed
by maintenance at 4°C, according to the manufacturer's protocol.
The PCR primer sequences were as follows: CDX2, forward,
5-GAACCTGTGCGAGTGGATG-3' and reverse, 5'-GGATGG
TGATGTAGCGACTG-3"; MUC2, forward, 5'-CAACGATTC
CTACGCTCTCC-3' and reverse, 5S-CTTCTTCTTGTCAGC
CAGCA-3'; FXR, forward, 5"TGCAGATCAGACCGTGAA
TGA-3" and reverse, 5S“TTGGTTGCCATTTCCGTCAAA-3";
and GAPDH, forward, 5"-TGCACCACCAACTGCTTAGC-3'
and reverse, 5'-GGCATGGACTGTGGTCATGAG-3' (all from
Sangon Biotech Co., Ltd., Shanghai, China). qPCR was
conducted using SYBR Premix Ex Taq II (Takara Biotechnology
Co., Ltd.) on a CFX96™ Real-Time PCR Detection system
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). The real-time
cycler conditions (two-step method) were as follows: i) Initial
denaturation at 95°C for 30 sec; ii) 40 cycles of denaturation at
95°C for 5 sec and annealing/extension at 60°C for 1 min. The
relative mRNA expression levels were quantified using the
2-4%% method (22). Each experiment was repeated three times.

Vector construction and transfection. Fragments of the CDX2
and MUC2 5'-flanking sequence (2,581 and 2,665 bp) were
amplified using PCR from the DNA of GES-1 cells and cloned
into the luciferase reporter vector pGL3.0-Basic (Promega
Corporation, Madison, WI, USA). The sequences of the primers
for CDX2 were forward 5-CGGGGTACCAGAGCCACGTC
TTCAGG-3' and reverse 5-GGAAGATCTGCACGGAGCTA
GGGTAC-3". The sequences of the primers for MUC2 were
forward 5-GAGGCTAGCCCGGGCTTCCTGGTGAGTC-3'
and reverse 5'-GAGCTCGAGCATGGTGGCTGGCAGG
GGC-3'. Potential NF-kB or CDX2-binding sites in the CDX2
or MUC2 promoter were identified using bioinformatics
analysis (http://jaspar.genereg.net/). Mutagenesis of the CDX2
and MUC?2 promoters was performed using a site-directed
mutagenesis kit (Takara Biotechnology Co.,Ltd.). All constructs
were verified by sequencing (data not shown). The pNF-xB-Luc
plasmid was purchased from Clontech Laboratories, Inc.
(Mountainview, CA, USA). The phU6-EGFP-short hairpin (sh)
RNA-CDX?2 lentiviral vector (target sequence, 5'-ACAAAT
ATCGAGTGGTGTA-3') and control vector (target sequence,
5'"TTCTCCGAACGTGTCACGT-3") were purchased from
Shanghai GeneChem Co., Ltd. (Shanghai, China). Small
interfering (si) RNA-FXR (target sequence, 5-GTAGCAGAG
ATGCCTGTAA-3") and scrambled control (target sequence,
5'"TTCTCCGAACGTGTCACGT-3") were purchased from
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Shanghai GenePharma Co., Ltd. For siRNA transfection, cells
were seeded at a density of 1x10° cells/well in 6-well plates and
were transfected with 50 #M siRNA-FXR or scrambled control
for 24 h using Lipofectamine® 2000 (Invitrogen; Thermo
Fisher Scientific, Inc.) according to the manufacturer's protocol.
For lentiviral infection, cells were seeded in 24-well plates
overnight at a density of 5x10* cells/well and were infected with
the phU6-EGFP-shRNA-CDX?2 lentiviral vector and the
control vector at a multiplicity of infection of 10 for 12 h,
according to the manufacturer's protocol.

Dual-luciferase reporter assay. GES-1 cells were plated on
24-well plates at a density of 5x10* cells/well the day prior
to transfection. The CDX2 or MUC2 promoter luciferase
constructs or the pNF-kB-Luc plasmid were co-transfected
with a pRL-TK construct (Promega Corporation) into the cells
using Lipofectamine® 2000. A total of 24 h post-transfection,
cells were incubated in medium containing 200 xzmol/l bile
acids for an additional 48 h and were harvested for analysis
with the Dual-Luciferase Reporter Assay system (Promega
Corporation), according to the manufacturer's protocol.
Luciferase activity was measured using a PerkinElmer
EnSpire Multilabel Reader 2300 (PerkinElmer, Inc., Waltham,
MA, USA). Luciferase intensity was normalized to Renilla
luciferase activity to normalize for transfection efficiency.
Each experiment was repeated three times.

Cell growth assay. The cells were trypsinized and seeded into
96-well culture plates (Corning, Inc., Corning, NY, USA) at
a density of 5x10° cells/well. After 24 h incubation, the cells
were treated with dimethyl sulfoxide (DMSO), or 100, 200,
400 or 600 umol/l of DCA or CDCA. The cells were then
harvested at 6, 12, 24 and 48 h and cell growth was assessed
using the Cell Counting Kit 8 (CCKS8; Dojindo Molecular
Technologies, Inc., Kumamoto, Japan), according to the manu-
facturer's protocol. Absorbance was measured at 450 nm. Each
experiment was repeated three times.

Preparation of nuclear extracts. Nuclear extracts were
prepared using the Nuclear Extraction kit (Abcam, Cambridge,
MA, USA). Briefly, cells were grown to 70-80% confluence on
a 100-mm plate. Subsequently, culture medium was removed
and cells were washed twice with PBS. After removal of the
PBS, 3 ml fresh PBS was added to the plate and the cells were
scraped into a 15-ml conical tube. The cells were centrifuged
for 5 min at 179 x g and the supernatant was discarded;
subsequently, the cell pellet was resuspended in 300 ul
1X Pre-Extraction Buffer, transferred to a microcentrifuge
vial and incubated on ice for 10 min. The preparation was
then vigorously vortexed for 10 sec, centrifuged for 1 min at
12,400 x g and the cytoplasmic extract was carefully removed
from the nuclear pellet. Subsequently, 2 volumes of Extraction
Buffer containing dithiothreitol and protease inhibitor cock-
tail was added to the nuclear pellet, which was incubated on
ice for 15 min; the sample was vortexed for 5 sec every 3 min.
Finally, the suspension was centrifuged at 16,900 x g for
10 min at 4°C and the supernatant was transferred into a new
microcentrifuge vial. The nuclear protein was then quantified
using Bradford reagent (Thermo Fisher Scientific, Inc.) and
used for western blotting.
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Western blotting. The cells were lysed with radioimmunopre-
cipitation assay buffer (Beyotime Institute of Biotechnology,
Shanghai, China). Protein quantification of each sample was
performed using Bradford reagent (Thermo Fisher Scientific,
Inc.). Subsequently, cell lysates containing 50 pg total protein
were subjected to 10% SDS-PAGE (Beyotime Institute of
Biotechnology) and proteins were transferred to polyvinylidene
fluoride membranes (EMD Millipore, Billerica, MA, USA).
After blocking with 5% fat-free dry milk at room temperature
for 2 h, the membranes were incubated overnight at 4°C with
primary antibodies at 1:1,000 dilution. The membranes were
then washed four times with Tris-buffered saline-0.1% Tween-20
(8 min/wash) and were incubated with a horseradish peroxi-
dase (HRP)-conjugated secondary antibody at 1:5,000 dilution
at room temperature for 2 h. Chemiluminescent HRP
substrate (EMD Millipore) was used to visualize the protein
bands and protein expression was semi-quantified using ImageJ
version 1.46 software (National Institutes of Health, Bethesda,
MD, USA). The antibodies against MUC2 (cat. no. sc-13312),
FXR (cat. no. sc-13063) and GAPDH (cat. no. sc-47724) were
purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX,
USA), and the antibodies against CDX?2 (cat. no. 12306), Histone
H3 (cat. no. 4499), p50 (cat. no. 13586) and p65 (cat. no. 4764)
were purchased from Cell Signaling Technology, Inc. (Danvers,
MA, USA). The HRP-conjugated anti-rabbit (cat. no. 7074) and
anti-mouse (cat. no. 7076) secondary antibodies were purchased
from Cell Signaling Technology, Inc., and the HRP-conjugated
anti-goat (cat. no. sc-2354) secondary antibody was purchased
from Santa Cruz Biotechnology, Inc.

Immunohistochemistry. Tissues were fixed with 10% neutral
formalin at room temperature for 24 h and embedded in
paraffin. Subsequently, 4-ym tissue sections were prepared.
The immunohistochemical staining procedure was performed
using the standard Streptavidin-Biotin Complex (SABC)
staining method (23). The sections were incubated with primary
antibodies against CDX2 (cat. no. 12306; Cell Signaling
Technology, Inc.), MUC2 (cat. no. sc-13312) and FXR (cat.
no. sc-13063) (both from Santa Cruz Biotechnology, Inc.) at
1:100 dilution overnight at 4°C, followed by incubation with
biotinylated secondary antibodies (1:100 dilution) for 30 min
and treatment with HRP-conjugated SABC (cat. no. SA1022
and SA1023; Wuhan Boster Biological Technology, Ltd.,
Wuhan, China) for 30 min at room temperature. Images
were acquired using a Nikon ECLIPSE Ti-S microscope
mounted with a Nikon digital camera (Nikon Corporation).
The CDX2-, MUC2- and FXR-stained sections were divided
into two groups (negative and positive) based on the extent
and intensity of staining. The extent of positively stained cells
was categorized as follows: 0 (<5%), 1 (5-25%), 2 (25-50%),
3 (50-75%) and 4 (>75%). Staining intensity was categorized
as follows: 0 (negative), 1 (weakly positive), 2 (moderately
positive) and 3 (strongly positive). The immunoreactivity
score (IRS) was defined as the product of the extent and
intensity scores. An IRS of <3 was defined as negative, and a
score of >3 was defined as positive. Two pathologists evaluated
all specimens in a blinded manner.

Quantitative chromatin immunoprecipitation (qChIP). qChIP
assays were conducted using an EZ-ChIP™ Assay kit
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(EMD Millipore),as previously described (24). Chromatin-protein
complexes were immunoprecipitated with 5 ug anti-CDX2,
anti-p50 and anti-p65 antibodies,or 1 g rabbitimmunoglobulin G
(cat. no. ab171870; Abcam) as a negative control. gPCR was
performed to amplify the regions of interest or internal negative
control regions. The real-time cycler conditions (two-step
method) were as follows: i) Initial denaturation at 95°C for 30 sec;
ii) 40 cycles of denaturation at 95°C for 5 sec and
annealing/extension at 60°C for 1 min. Fold enrichment ratio was
calculated as the value of the ChIP sample versus the negative
COntrOl. FOld enrichment = E(Inpul Cg-ChIP Cq)/E(Input Cg-Negative Control Cq)’
where E refers to primer efficiency. The primer sequences of the
CDX2 promoter region (-403 to -186 bp) were forward,
5S'"TTCGAGGGGTTGTGCGTAGAGTGCG-3' and reverse,
5'-AGGCGGTCCCTCCCTCTGGCCT-3". The primer
sequences of the MUC2 promoter region (251 to -168 bp) were
forward, 5'-CTACAGGGCTGCCTCATCCT-3' and reverse,
5'-AATATTGATTCAGGTTATCGGAGGT-3'. Each sample
was assessed in triplicate.

Animal model. A mixture of bile acids at molar
concentrations, which have previously been described as
near ‘physiologic’ (25-27), was used in this study. A total of
25 female mice (age, 7 weeks; weight, ~21 g) were purchased
from Shanghai SLAC Laboratory Animal Co. Ltd. (Shanghai,
China) and were housed in the Laboratory Animal Centre of
Xi'an Jiaotong University. Mice had free access to water and
Purina 5L79 rodent chow (Nestlé Purina PetCare Company,
St. Louis, MO, USA) and were maintained under the following
conditions: Temperature, 22-25°C; humidity, 50-60%; 12-h
light/dark cycle. Bile acids (0.15 ml) were administered to the
stomach of C57BL/6J mice via a plastic feeding tube (20 g),
two times per day, for 45 days. The animals were separated into
three experimental and two control groups (n=5 mice/group).
The experimental groups were treated with i) DCA (10 mmol/l
in 0.01 mol/I PBS), ii) CDCA (10 mmol/I in 0.01 mol/I PBS) or
iii) a mixture of DCA and CDCA (10 mmol/l in 0.01 mol/1 PBS).
The control groups included i) a PBS-treated group (0.01 mol/I)
and ii) an untreated group. After 45 days administration, the
mice were sacrificed by cervical dislocation and gastric mucosa
samples from each group were obtained for western blotting.
The experimental protocols were evaluated and approved by
the Animal Care and Use Committee of the Medical School of
Xi'an Jiaotong University.

Statistical analysis. All data are presented as the
means + standard deviation. The y* test or one-way analysis of
variance with Dunnett's post hoc test were used to analyse the
differences among the groups. The correlation between CDX2
and FXR or MUC2 mRNA expression was explored using the
Pearson Correlation test. All statistical analyses were performed
using SPSS 18.0 software (SPSS, Inc., Chicago, IL, USA). P<0.05
was considered to indicate a statistically significant difference.

Results

Bile acids affect the viability of GES-1 normal human gastric
epithelial cells. To assess the toxic effect of bile acids on GES-1
cell viability, the cells were treated with various doses of DCA
or CDCA (100, 200, 400 and 600 pmol/l) for different durations
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(6, 12,24 and 48 h). Cell viability was then detected using the
CCKS assay. As shown in Fig. 1A and B, compared with in the
blank control group, treatment with DCA or CDCA at 100 or
200 pmol/1 for 6, 12 or 24 h did not have a toxic effect. However,
when cells were treated for 48 h, the viability of the cells cultured
with 100 and 200 gmol/l DCA or CDCA was significantly
inhibited. Treatment with 400 or 600 gmol/l DCA or CDCA,
even for a short period of time, induced a severe toxic effect
on cell viability. The maximum toxic effect of bile acids was
detected in the group treated with 600 pmol/l for 48 h. These
data demonstrated that long-term treatment with high-dose bile
acids was toxic to GES-1 cells. To avoid these toxic effects,
GES-1 cells were treated with physiological concentrations of
bile acids (<200 pmol/1) for 24 h in subsequent experiments.

Bile acids upregulate CDX2 and MUC?2 expression in GES-1
cells. To determine the effects of bile acids on the formation of
gastric IM, RT-qPCR and western blotting were performed to
detect CDX2 and MUC?2 expression levels in cells treated with
bile acids (Fig. 1C-J). Treatment with CDCA at 50, 100, 150 or
200 pmol/1 for 24 h increased CDX?2 and MUC?2 expression,
at both the mRNA and protein levels, in a dose-dependent
manner (Fig. 1C, E and F). Similarly, DCA treatment led to an
increase in CDX2 and MUC2 expression in a dose-dependent
manner (Fig. 1D, G and H). Subsequently, GES-1 cells were
transfected with 2.5 kb CDX2- and 2.6 kb MUC2-luc promoter
constructs and were treated with various concentrations
of DCA and CDCA. As shown in Fig. 1I and J, bile acids
significantly increased CDX2 and MUC?2 transcriptional
activity in a dose-dependent manner. These results indicated
that treatment of GES-1 cells with bile acids may lead to a
dose-dependent upregulation of CDX2 and MUC?2 expression.

CDX?2 regulates bile acid-induced expression of MUC2. The
intestinal-specific transcription factor CDX2 can directly bind
to the MUC2 promoter and promote its transcription (5). This
study aimed to investigate whether CDX2 has a pivotal role
in bile acid-induced upregulation of MUC?2 transcription.
MUC?2 promoter activity and protein expression levels were
detected in GES-1 cells transfected with shRNA-CDX?2
lentiviral vectors following treatment with 200 gmol/l bile
acids (Fig. 2A-C). As shown in Fig. 2B, the shRNA-CDX2
construct successfully knocked down CDX2 expression.
Knockdown of CDX2 expression attenuated bile acid-induced
MUC2 promoter activity and protein expression (Fig. 2A-C).
Potential CDX2-binding sites were identified in the
MUC?2 promoter using bioinformatics analysis. To further
demonstrate that CDX2 transcriptionally activated MUC2
expression by binding to the ATAAA motif in the MUC2
promoter, the MUC2 promoter luciferase construct was used
to produce a mutant construct. The present study indicated
that transfection with the MUC2 mutant construct led to a
significantly lower level of luciferase activity in GES-1 cells
after bile acids treatment compared with transfection with
the wild-type construct (Fig. 2D). Furthermore, a qChIP
assay was performed to investigate the effects of bile acids
on the binding of CDX2 to the MUC2 promoter. The results
revealed that bile acids increased the binding of CDX2 to the
MUC?2 promoter, whereas knockdown of CDX2 abolished
enhanced binding (Fig. 2E). These results suggested that
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Figure 1. Effects of bile acids on CDX2 and MUC?2 expression in GES-1 cells. (A and B) GES-1 cells were treated with DMSO or various doses of bile
acids (100, 200, 400 and 600 xmol/1) for different periods of time (6, 12, 24 and 48 h). Cell viability was then determined using a Cell Counting Kit 8 assay.
(C and D) GES-1 cells were treated with DMSO or various concentrations of bile acids (50, 100, 150 and 200 gmol/1) for 24 h. Reverse transcription-quantitative
polymerase chain reaction was performed to determine the mRNA expression levels of CDX2 and MUC2 in GES-1 cells treated with bile acids. (E) Western
blot analysis of CDX2 and MUC?2 protein expression in each group of GES-1 cells stimulated with CDCA. (F) Comparison of CDX2 and MUC?2 protein levels
in each group of cells stimulated with CDCA. (G) Western blot analysis of CDX2 and MUC?2 protein expression in each group of GES-1 cells stimulated with
DCA. (H) Comparison of CDX2 and MUC2 protein levels in each group of cells stimulated with DCA. (I and J) GES-1 cells treated with various concentra-
tions of bile acids were transfected with 2.5 kb CDX2- or 2.6 kb MUC2-luc promoter constructs. A dual-luciferase reporter assay was conducted to determine
(I) CDX2 and (J) MUC2 promoter activity. Data are presented as the means + standard deviation from three independent experiments. "P<0.05, “P<0.01.
CDCA, chenodeoxycholic acid; CDX2, caudal-related homeobox transcription factor 2; DCA, deoxycholic acid; DMSO, dimethyl sulfoxide; MUC2, mucin 2;
n.s., not significant; OD, optical density.

CDX2 may regulate bile acid-induced expression of MUC2
in GES-1 cells.

FXR is involved in bile acid-induced CDX2 and MUC2
expression. FXR is a bile acid nuclear receptor, which has
been reported to be upregulated by bile acids in GC (10).
This study aimed to investigate whether FXR is involved in
bile acid-induced CDX?2 and MUC?2 expression in GES-1
cells. A significant increase in FXR expression at the mRNA
and protein levels was observed in cells treated with bile
acids (Fig. 2F-H).

The present study then assessed whether FXR
participated in the regulation of bile acid-induced CDX2
transcription. siRNA-FXR was co-transfected into GES-1
cells with the CDX2-luc promoter construct. As shown
in Fig. 21, downregulation of FXR expression attenuated bile
acid-enhanced CDX2 transcriptional activity. Conversely,
treatment with the FXR agonist GW4064 synergistically
enhanced bile acid-induced CDX?2 transcriptional
activity (Fig. 2J). In addition, downregulation of FXR
abolished the synergistic effect of bile acids and GW4064 on
bile acid-induced CDX?2 promoter activity (Fig. 2J). Western
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Figure 2. FXR is involved in the regulation of bile acid-induced CDX2 and MUC?2 expression. (A) Dual-luciferase reporter assay was conducted to deter-
mine the effect of knockdown of CDX2 expression on bile acid-enhanced MUC2 promoter activity. (B) Western blotting was conducted to determine the
effect of knockdown of CDX2 on bile acid-enhanced MUC?2 expression. (C) Comparison of CDX2 and MUC2 protein levels in each group of GES-1 cells.
(D) Mutagenesis of the MUC2 promoter was performed using a site-directed mutagenesis kit. A dual-luciferase reporter assay was conducted to detect the
luciferase activities in GES-1 cells transfected with a MUC2 promoter reporter construct or mutated construct. (E) A quantitative chromatin immunopre-
cipitation assay was performed to investigate the effect of bile acids on the binding of CDX2 to the MUC2 promoter. (F) Reverse transcription-quantitative
polymerase chain reaction was conducted to detect the mRNA expression levels of FXR in cells treated with DMSO, or CDCA or DCA at various concentra-
tions (0, 100, 150 and 200 gzmol/1) for 24 h. (G) Western blot analysis of FXR protein expression in each group of bile acid-treated GES-1 cells. (H) Comparison
of FXR protein levels in each group of GES-1 cells stimulated with CDCA or DCA. (I) siRNA-FXR was transfected into cells with the CDX2-luc promoter
construct. A dual-luciferase reporter assay was conducted to determine the effect of the downregulation of FXR on bile acid-enhanced CDX2 promoter activity.
(J) Effects of treatment with the FXR agonist GW4064 on bile acid-enhanced CDX2 promoter activity. (K) Western blotting was performed to investigate the
effect of FXR downregulation on bile acid-induced CDX2 and MUC2 expression. (L) Comparison of CDX2, MUC2 and FXR protein expression in each group
of GES-1 cells. Data are presented as the means + standard deviation from three independent experiments. “P<0.05, “P<0.01. CDCA, chenodeoxycholic acid;
CDX2, caudal-related homeobox transcription factor 2; DCA, deoxycholic acid; DMSO, dimethyl sulfoxide; FXR, farnesoid X receptor; MT, mutated type;
MUC2, mucin 2; NC, negative control; n.s., not significant; sh, short hairpin RNA; si/siRNA, small interfering RNA; WT, wild-type.
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blotting revealed that downregulation of FXR expression
abolished the bile acid-induced upregulation of CDX2 and
MUC?2 expression (Fig. 2K and L). These results indicated that
FXR participated in the transactivation of CDX2 induced by
bile acids. Taken together, these results suggested that FXR
may participate in the regulatory effects of bile acid-induced
CDX2 and MUC2 expression on gastric IM formation.

NF-kB is involved in regulation of the bile acid-induced
FXR/CDX2/MUC?2 signalling pathway. The bile acid-induced
NF-«B signalling pathway serves an important role in gastric
tumourigenesis (28,29). This study assessed whether NF-«B is
involved inregulating the bile acid-induced FXR/CDX2/MUC2
signalling pathway in GES-1 cells. The NF-xB luciferase
plasmid was transfected into GES-1 cells that were treated
with 200 ymol/l bile acids. An increase in NF-kB activity
was detected following treatment with bile acids (Fig. 3A). An
increase in p50 and p65 protein levels was also detected in
response to treatment with bile acids (Fig. 3B and C). These
results indicated that NF-xB was activated in GES-1 cells
treated with bile acids.

The interaction between FXR and NF-«B has been reported
in the hepatic inflammatory response (30). This study aimed
to investigate whether FXR is involved in regulating bile
acid-induced NF-«B activity. Compared with in the control
group, treatment with GW4064 enhanced bile acid-induced
NF-kB activity, whereas Z-guggulsterone attenuated this
activity (Fig. 3D), indicating that NF-«B activity was regulated
by FXR following treatment of GES-1 cells with bile acids.
However, treatment with GW4064 or Z-guggulsterone did not
affect nuclear p50 and p65 protein expression (Fig. 3E and F).

A previous study demonstrated that the CDX2 promoter
contains an NF-kB binding site and can be bound by
p50/p65 (31). Recently, Chen et al (32) reported that CDX2
can be activated by the NF-kB signalling pathway in gastric
IM. Therefore, the present study assessed whether NF-xB was
involved in regulating bile acid-induced CDX2 expression in
GES-1 cells. Treatment with PDTC, an inhibitor of NF-xB
activation, strongly attenuated bile acid-induced CDX2
promoter-driven luciferase activity (Fig. 3G). Furthermore,
PDTC attenuated bile acid-induced protein expression of
CDX2 and MUC?2 (Fig. 3H and I). These results suggested that
bile acid-induced transactivation of CDX2 may be regulated
by NF-«B.

In order to determine whether NF-«kB transcriptionally
activated CDX2 expression by binding to the special motif
in the CDX2 promoter, mutagenesis of the predicted NF-kB
binding site was performed in the CDX2 promoter using a
site-directed mutagenesis kit. Transfection with the CDX2
mutant construct led to a decrease in luciferase activity in
GES-1 cells following treatment with bile acids (Fig. 37).
Furthermore, a qChIP assay was conducted to investigate
the effect of bile acids on the binding of NF-kB to the CDX2
promoter. The present study indicated that bile acid treatment
enhanced the binding of p50, but not p65, to the CDX2
promoter (Fig. 3K and L). The present study also explored
whether FXR participated in the regulation of the binding of
NF-«B to the CDX2 promoter. Treatment with GW4064 or
Z-guggulsterone enhanced or attenuated bile acid-induced
binding of p50 to the CDX2 promoter, respectively. However,
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the binding activity of p65 to the CDX2 promoter exhibited
no obvious alterations in response to treatment with GW4064
or Z-guggulsterone. These results demonstrated that bile
acid-induced transactivation of CDX2 may be mediated
by enhanced p50 binding to the CDX2 promoter and that
this effect is regulated by FXR. Taken together, these data
indicated that NF-xB may be involved in regulation of the bile
acid-induced FXR/CDX2/MUC?2 signalling pathway.

High expression levels of CDX2 are correlated with FXR
and MUC?2 in gastric IM tissues. To further elucidate the
expression pattern of MUC2, CDX?2 and FXR in the formation
of gastric IM, immunohistochemistry was conducted using
paraffin-embedded gastric IM and paired normal gastric
mucosa tissues (Fig. 4A-G). Representative CDX2, MUC2 and
FXR staining images in normal mucosa and IM tissues are
shown in Fig. 4A. Positive CDX2, MUC2 and FXR staining
was increased in IM tissues compared with in normal gastric
mucosa to (Fig. 4B, D and F). Analysis of the IHC scores also
revealed that the IRS of CDX2, MUC2 and FXR staining was
higher in IM tissues than in normal tissues (Fig. 4C, E and G).
RT-qPCR was further conducted to detect the mRNA
expression levels of CDX2, FXR and MUC2 in gastric
IM tissues and paired normal gastric tissues. As shown
in Fig. 4H-J, the mRNA expression levels of CDX2, FXR and
MUC?2 were significantly upregulated in IM tissues compared
with in normal gastric mucosa. Furthermore, CDX2 mRNA
levels were positively correlated with FXR and MUC2 mRNA
levels in 40 gastric IM tissues (Fig. 4K and L). Taken together,
these data suggested that the expression levels of CDX2, FXR
and MUC2 were upregulated in IM tissues relative to normal
tissues, and were positively correlated with one another.

Bile acids induce molecular alterations linked to premalignant
lesions in murine gastric mucosa in vivo. To further
investigate the chronic effects of bile acids on gastric IM
formation in vivo, an animal model of DGR was generated by
administering bile acids to the stomach of mice (33). Western
blot analyses revealed that, compared with in mice exposed
to PBS alone, the murine gastric mucosa exposed to DCA,
CDCA, or a mixture of DCA and CDCA, exhibited significant
increases in the expression levels of FXR, p50, p65, CDX2 and
MUC?2 (Fig. SA-F). However, H&E-stained murine mucosa
revealed no obvious IM-like alterations in mice treated with
DCA, CDCA or a mixture of both (data not shown). These
results further confirmed the pivotal role of bile acids in
gastric IM formation via the induction of molecular alterations
linked to premalignant lesions.

Discussion

GC is one of the leading causes of cancer-associated morbidity
and mortality worldwide; however, the exact molecular
mechanisms that underlie GC tumourigenesis remain elusive.
IM is considered to be a precancerous lesion of the gastric
mucosa. IM places patients at a higher risk of developing
gastric adenocarcinoma than patients without IM (34). In
addition, mounting epidemiological evidence has demonstrated
that exposure to bile acids can induce IM in the stomach (19).
Tatsugami et al reported that grades of atrophy and IM are
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Figure 3. NF-«B is involved in the regulation of bile acid-induced FXR/CDX2/MUC?2 signalling pathway activation. (A) Dual-luciferase reporter assay was
conducted to determine the effect of bile acids on NF-«xB activity. (B) Western blotting was conducted to detect the effects of bile acids on p50/p65 protein
expression. (C) Comparison of p50/p65 protein levels in each group of GES-1 cells. (D) Dual-luciferase reporter assay was performed to detect the effect of
the FXR agonist GW4064 or the antagonist Z-gug on bile acid-enhanced NF-kB activity. (E) Western blotting was conducted to determine the effect of the
FXR agonist GW4064 or the antagonist Z-gug on bile acid-induced alterations in p5S0 and p65 protein levels. (F) Comparison of pS0 and p65 protein levels
in each group of GES-1 cells. (G) Dual-luciferase reporter assay was conducted to determine the effect of the NF-kB inhibitor PDTC on bile acid-enhanced
CDX2 promoter activity. (H) Western blotting was performed to determine the effect of the NF-xB inhibitor PDTC on bile acid-induced alterations in CDX2
and MUC?2 protein expression levels. (I) Comparison of CDX2 and MUC?2 protein levels in each group of GES-1 cells. (J) Dual-luciferase reporter assay was
conducted to detect the luciferase activities in GES-1 cells transfected with CDX2 promoter reporter construct or mutated construct. (K and L) Quantitative
chromatin immunoprecipitation assay was performed to investigate the effect of the FXR agonist GW4064 or the antagonist Z-gug on the binding of NF-xB
(K) p50 or (L) p65 protein to the CDX2 promoter. Data are presented as the means + standard deviation from three independent experiments. ‘P<0.05, ““P<0.01.
CDCA, chenodeoxycholic acid; CDX2, caudal-related homeobox transcription factor 2; DCA, deoxycholic acid; DMSO, dimethyl sulfoxide; MT, mutated
type; MUC2, mucin 2; NF-kB, nuclear factor-«B; n.s., not significant; PDTC, pyrrolidine dithiocarbamate; WT, wild-type; Z-gug, Z-guggulsterone.

significantly positively correlated with bile acid concentrations ~ Japan (35), the risk of developing IM is significantly higher
in patients with Helicobacter pylori infections (18). According  in patients with high bile acid concentrations, regardless of
to a multi-centric and large-scale cross-sectional study in  H. pylori infection status. The critical role of bile acids in
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Figure 4. CDX2 expression is correlated with FXR and MUC2 expression in
FXR in gastric mucosal tissues with or without IM. Scale bar, 100 ym. (B) C

gastric IM tissues. (A) Immunohistochemical staining of CDX2, MUC2 and
DX2, (D) MUC2 and (F) FXR staining was classified into negative and posi-

tive, and the percentage of tissues in each group was shown. IRS of (C) CDX2, (E) MUC2 and (G) FXR staining in normal mucosa and IM tissues. Reverse
transcription-quantitative polymerase chain reaction was performed to determine the mRNA expression levels of (H) CDX2, (I) MUC2 and (J) FXR in
mucosal tissues with or without IM. Correlations between the mRNA expression levels of CDX?2 and (K) MUC2 (r=0.3602; P<0.05) and (L) FXR (r=0.3674;
P<0.05) in gastric IM tissues. Data are presented as the means + standard deviation from three independent experiments. ““P<0.01. CDX2, caudal-related
homeobox transcription factor 2; FXR, farnesoid X receptor; IM, intestinal metaplasia; IRS, immunoreactivity score; MUC2, mucin 2.

IM formation in the stomach is widely accepted; however,
the molecular mechanisms by which bile acids promote IM
formation in the human stomach remain to be characterized.
Increasing evidence has indicated that CDX2 has a crucial
role in gastric IM formation and gastric carcinogenesis.
Silberg et al (36) observed that overexpression of CDX?2
in transgenic mice leads to IM formation in the stomach,
alongside the presence of intestinal-type goblet cells and the

expression of intestine-specific genes. This result indicated
that activated CDX2 is involved in the initiation of IM
formation, which can lead to intestinal neoplasia of the gastric
mucosa. As an intestinal-specific transcription factor, CDX2
directly regulates several genes involved in proliferation,
differentiation, and intestinal cell fate specification,
including sucrose-isomaltase (37), MUC2 (5), TFF3 (6) and
guanylyl cyclase C (38). This study revealed that treatment
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Figure 5. Bile acids induce molecular alterations linked to premalignant lesions in murine gastric mucosa in vivo. (A) Western blot analysis of MUC2, CDX2,
p50, p65 and FXR protein expression in murine gastric mucosa samples from each group. Comparison of (B) MUC2, (C) CDX2, (D) p50, (E) p65 and
(F) FXR protein expression levels in each group. "P<0.05, “P<0.01. CDCA, chenodeoxycholic acid; CDX2, caudal-related homeobox transcription factor 2;
DCA, deoxycholic acid; FXR, farnesoid X receptor; MUC2, mucin 2; N, nuclear.

with bile acids increased the mRNA and protein expression
levels of CDX2 and MUC?2 in GES-1 cells. Xu et al reported
that RGM-1 normal rat gastric epithelial cells exposed to bile
acids exhibit upregulated CDX?2 and MUC?2 expression (21),
which is consistent with the present findings. In addition, the
transcriptional activity of CDX2 and MUC?2 was increased
in GES-1 cells treated with bile acids in a dose-dependent
manner, thus indicating that treatment with bile acids
increased CDX2 and MUC2 expression at the transcriptional
level. Furthermore, this study revealed that CDX2 regulated
bile acid-induced MUC?2 transcription in GES-1 cells by
binding to the MUC2 promoter, which was consistent with
the results of a previous study (5). However, several studies

have indicated that bile acids stimulate MUC?2 transcription
via activation of NF-«B, but not CDX2, in oesophageal
adenocarcinoma (39) and colorectal cancer (40), thus
suggesting that the pathogenesis of different tumour types
may differ. In addition, immunohistochemistry demonstrated
that CDX2 and MUC?2 expression levels were significantly
upregulated in IM tissue compared with in normal gastric
mucosatissue,and CDX?2 expression was positively correlated
with that of MUC2 in IM tissues. This result supported
the present in vitro findings. Taken together, these results
suggested that treatment of GES-1 cells with bile acids may
lead to the upregulation of CDX2 and MUC2 expression at
the mRNA and protein levels in a dose-dependent manner.
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FXR is a potent nuclear receptor of bile acid, which exerts
important effects on the homeostasis of bile acids, cholesterol
and lipids (11,41,42). Aberrant expression of FXR has been
associated with human colorectal cancer (43), prostate
cancer (44) and breast cancer (45). FXR is slightly detectable
in normal human stomach tissue. In a previous study, high
expression levels of FXR were reported to be associated with
gastric IM formation (15). The present study revealed that
treatment of GES-1 cells with bile acid induced overexpression
of FXR. The immunohistochemistry staining results indicated
that FXR expression was significantly increased in IM tissues
compared with in normal mucosa. Consistent with this study,
De Gottardi et al (46) reported that Barrett's oesophagus, a
precancerous lesion of the oesophageal mucosa, also exhibits
high expression levels of FXR, implying that this protein may be
involved in the pathogenesis of Barrett's oesophagus. The role
of FXR in bile acid-induced CDX2 and MUC?2 expression in
GES-1 cells was also investigated. The present results indicated
that FXR participated in bile acid-induced transactivation of
CDX2 in GES-1 cells, a result that was consistent with the
work of Li et al (47). In oesophageal adenocarcinoma, the FXR
antagonist Z-guggulsterone has been reported to suppress bile
acid-induced constitutive CDX2 expression, implying that FXR
may regulate bile acid-induced CDX2 expression (48). In the
present study, FXR expression was positively correlated with
CDX2 expression in gastric IM tissues. Taken together, these

results indicated that FXR may be involved in the regulation of
bile acid-induced CDX2 and MUC?2 expression in gastric IM
formation. Lian et al reported that proper activation of FXR
is a protective mechanism by which gastric mucosa resists
inflammation-mediated damage (49). In addition, colon cells
with decreased FXR expression fail to prevent intracellular bile
acid accumulation to cytotoxic levels, thus predisposing these
cells to tumourigenesis (50). It is possible that the upregulation
of FXR in response to bile acids is a protective mechanism
by which the gastric mucosa resists bile acid-induced damage.
However, further studies are required to investigate the role of
FXR in gastric IM formation.

NF-«xB is involved in several important biological
phenomena, including proliferation, inflammation, apoptosis
and differentiation (51). Bile acids can induce the activation
of NF-«xB in oesophageal cancer (52) and colon cancer (39),
triggering a wide array of pro-inflammatory cascades and
disturbing cellularhomeostasis. The present study demonstrated
that exposure of GES-1 cells to bile acids increased NF-kB
activity, as well as p50 and p65 protein expression. The
potential role of FXR in bile acid-induced NF-«xB activity was
subsequently investigated. Our preliminary data demonstrated
that treatment with GW4064 or Z-guggulsterone enhanced or
attenuated bile acid-induced NF-kB activity, respectively. This
result suggested that FXR may be a positive modulator of bile
acid-induced NF-kB activity in GES-1 cells. However, bile
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acid-induced increases in nuclear p5S0 and p65 protein levels
were not significantly affected by treatment with GW4064 or
Z-guggulsterone, indicating that FXR may affect the activity
of NF-«B but not its nuclear expression. Consistent with these
results, Lee er al (53) reported that downregulation of FXR
in pancreatic carcinoma cells decreases NF-kB activity and
consequently inhibits its target genes. However, in inflammatory
bowel disease, overexpression of NF-«xB results in suppression
of FXR activity, indicating that NF-xB may participate in the
regulation of FXR activity (54). Wang et al (30) also described
a negative crosstalk between the FXR and NF-«xB signalling
pathways in the hepatic inflammatory response. Therefore, the
exact molecular mechanism underlying the effects of FXR and
NF-«kB on gastric IM formation remains to be further explored.

This study aimed to investigate whether NF-xB was involved
in the regulation of bile acid-induced CDX2 expression. The
results indicated that PDTC, an inhibitor of NF-xB activation,
attenuated CDX2 promoter-driven luciferase activity, as well
as CDX2 and MUC?2 protein expression, following bile acid
treatment, thus preliminarily verifying our hypothesis. A
previous study demonstrated that bile acids activate CDX2
transcription via NF-kB and upregulate CDX2 expression
in oesophageal keratinocytes (55). Different NF-kB subunits
exert different functions on CDX2 transcriptional activity.
Debruyne er al (38) reported that DCA induces p50 nuclear
translocation and enhances the binding activity of p50 to the
CDX?2 promoter, whereas p65 remains in the cytoplasm in
human oesophageal cells. Kim et al (31) also reported that
the transcriptional activity of CDX?2 depends on the balance
between the pS0 and p65 subunits. The present study observed
that mutagenesis of the predicted NF-«B binding site in the
CDX?2 promoter abolished enhanced luciferase activity in
GES-1 cells following bile acid treatment. A qChIP assay
indicated that bile acid treatment led to increased binding
of p50, but not p65, to the CDX2 promoter. Furthermore,
treatment with GW4064 or Z-guggulsterone enhanced or
attenuated the binding activity of p50 to the CDX2 promoter,
respectively. Yamada er al demonstrated that CDCA enhances
p50 protein binding to the CDX?2 promoter in oesophageal
adenocarcinoma. However, treatment with Z-guggulsterone
does not reduce CDCA-induced binding activity of p65 to the
CDX2 promoter (48). Taken together, these results indicated
that bile acid-induced transcriptional activation of CDX2 in
GES-1 cells may be increased via the enhancement of p50
binding to the CDX2 promoter; this effect may be regulated
by FXR.

The results of the DGR animal model experiment
demonstrated an increase in the protein expression levels of
FXR, p50, p65, CDX2 and MUC?2 in gastric mucosa exposed
to DCA, CDCA, or a mixture of both, providing further
evidence to verify the present findings. However, H&E-stained
murine mucosa revealed no obvious IM-like alterations in
mucosa treated with DCA, CDCA or a mixture of both. There
are three potential reasons for this phenomenon: i) The time
period over which the animals were treated with bile acids was
not sufficient to stimulate gastric IM formation. ii) Gastric IM
formation is a complex process that depends on multifactorial
interactions, such as H. pylori infection, bile acids and acid.
iii) The animal model of DGR used in this study did not
wholly mimic the complex dynamic environment of DGR
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in vivo, including the time interval of DGR and the fluctuating
concentration of bile acids. In our future in vivo studies, we
aim to mimic the actual DGR environment and thereby clarify
the molecular mechanisms underlying IM formation in the
human stomach.

In conclusion, the results of the present study suggested a
molecular mechanism underlying the bile acid-induced acqui-
sition of an intestinal phenotype in normal gastric epithelial
cells. These data revealed that bile acids may activate the
FXR/NF-«B signalling pathway, inducing the ectopic expres-
sion of CDX2, an intestinal-specific transcription factor, and
MUC?2, an intestinal metaplasia marker, in normal gastric
epithelial cells (Fig. 6). These observations of IM formation in
the human stomach may contribute to our understanding of the
pathogenic mechanisms underlying neoplastic transformation
in the stomach.
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