Bile acids repress E-cadherin through the induction of
Snail and increase cancer invasiveness in human

hepatobiliary carcinoma

Koji Fukase," Hideo Ohtsuka,' Tohru Onogawa," Hiroshi Oshio,' Takayuki li," Mitsuhisa Mutoh,’ Yu Katayose,’
Toshiki Rikiyama,' Masaya Oikawa,' Fuyuhiko Motoi," Shinichi Egawa,' Takaaki Abe? and Michiaki Unno'?

'Department of Surgery, 2Department of Nephrology, Endocrinology, and Vascular Medicine, Tohoku University Graduate School of Medical Science,

Sendai 980-8574, Japan

(Received January 14, 2008/Revised May 13, 2008/Accepted May 23, 2008/Online publication August 7, 2008)

Although some kinds of bile acids have been implicated in colorectal
cancer development, the mechanism of cancer progression remains
unexplored in hepatobiliary cancer. From our personal results using
complementary DNA microarray, we found that chenodeoxycholic
acid (CDCA) induced Snail expression in human carcinoma cell lines
derived from hepatocellular carcinoma and cholangiocarcinoma.
Snail expression plays an important role in the regulation of E-
cadherin and in the acquisition of invasive potential in many types
of human cancers including hepatocellular carcinoma. We found
that CDCA and lithocholic acid (LCA) induced Snail expression in a
concentration-dependent manner and down-regulated E-cadherin
expression in hepatocellular carcinoma and cholangiocarcinoma cell
lines. Moreover, Snail short interference RNA (siRNA) treatment
reduced the down-regulation of E-cadherin by CDCA or LCA.
Luciferase analysis demonstrated that the promoter region from-111
to —24 relative to the transcriptional start site was necessary for this
induction and, at least in part, nuclear factor Y (NF-Y) and
stimulating protein 1 (Sp1) might be an inducer of Snail expression
in response to bile acids. In addition, using an in vitro wound
healing assay and invasion assay, we observed that CDCA and LCA
induced cell migration and invasion. These results suggest that bile
acids repress E-cadherin through the induction of transcription
factor Snail and increase cancer invasiveness in human hepato-
cellular carcinoma and cholangiocarcinoma. Inhibition of this bile
acid-stimulated pathway may prove useful as an adjuvant in the
therapy of hepatocellular carcinoma. (Cancer Sci 2008; 99: 1785-1792)

B ile acids are commonly considered as physiological detergents
that facilitate the absorption, transport and distribution of
lipid-soluble vitamins and dietary fats. Recently, bile acids have
also been shown to exert signaling activities leading to the
modulation of the expression of genes involved in their own
synthesis and transport.' Moreover, previous reports have
indicated that bile acids can promote carcinogenesis and cancer
progression, especially colon cancer, by stimulating a variety of
signaling pathways.®” Deoxycholic acid (DCA) has been
shown to modulate p53 gene expression in a colonic adenoma
cell line.® It was reported that the prolonged deregulated
expression of activator protein-1 (AP-1) activity in colonic cells
by certain bile acids contributed to tumor promotion in the
colon.®!” Bile acids were also reported to be involved in the
induction of cyclooxygenase-2 (COX-2), the secretion of matrix
metalloproteinase-2 (MMP-2) and the migration of colorectal
cancer cells.'"'? Thus, some kinds of bile acids have been
shown to act as tumor promoters in colon cancer. More recently,
chenodeoxycholic acid (CDCA) has also been shown to activate
the epidermal growth factor receptor (EGFR) and to induce
COX-2 expression in hepatocellular carcinoma and cholangio-
carcinoma cell lines.!>'¥ These results have suggested that
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bile acid can also promote carcinogenesis and cancer progression
in hepatocytes and cholangiocytes. However, in hepatocytes and
cholangiocytes, which are always exposed to bile acids, the
mechanisms of bile acid-induced carcinogenesis and cancer
progression are poorly understood. Moreover, from our personal
results using complementary DNA (cDNA) microarray gene
expression profiling approach to identify novel genes regulated
by primary bile acids (CDCA), we found that CDCA induced
Snail expression in hepatocellular carcinoma and cholangio-
carcinoma cell lines.

Increased cell invasion is a key phenotypic advantage of
malignant cells favoring metastasis. The invasion process
involves the loss of cell-cell interactions together with the gain
of proteolytic and migratory properties and is often referred to
as epithelial-mesenchymal transition (EMT).!'> E-cadherin is a
cell—cell adhesion molecule especially expressed on the mem-
brane of epithelial cells, and a decrease of its expression has
been reported in the invasion and metastasis of cancers.1%'® It
was reported that DCA caused a significant loss of E-cadherin
binding with beta-catenin, which is associated with an increase
in cancer cell invasiveness as reflected by increase in the
number of migrating cells."” The zinc finger transcriptional
factor Snail represses E-cadherin transcription in vitro and in
vivo by binding to E-boxes of the E-cadherin promoter. Snail
was found to evoke tumorigenic and invasive properties in
epithelial cells.®® Nevertheless, the mechanisms governing the
expression of human Snail are starting to be identified.?!??

Our purpose of this study is to identify the mechanism of
Snail gene induction by bile acids and whether this induction
participated in the progression of cancer cells.

Materials and Methods

Materials. Cholic acid (CA), deoxycholic acid (DCA), chenode-
oxycholic acid (CDCA), lithocholic acid (LCA), ursodeoxycholic
acid (UDCA), taurocholic acid (TCA), taurodeoxycholic acid
(TDCA), taurochenodeoxycholic acid (TCDCA), taurolithocholic
acid (TLCA), tauroursodeoxycholic acid (TUDCA), glycocholic
acid (GCA), glycodeoxycholic acid (GDCA) and glycochenode-
oxycholic acid (GCDCA) were obtained from Sigma Chemical
(St. Louis, MO, USA), glycolithocholic acid (GLCA) was
obtained from Calbiochem (San Diego, CA, USA) and
glycoursodeoxycholic acid (GUDCA) was obtained from
Mitsubishi Pharma Corporation (Osaka, Japan), and all of the
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bile acids were maintained as 100-mM stock solutions in
dimethyl sulfoxide (DMSO). The stock solution was stored at
—20°C. Mouse monoclonal anti-E-cadherin antibody (G-10),
goat polyclonal antiactin antibody (I-19) and horseradish peroxidase
(HRP)-linked antibody (goat antimouse for E-cadherin; donkey
antigoat for actin) were purchased from Santa Cruz Biotechnology,
Inc (Santa Cruz, CA, USA).

Cell culture and treatment. The THLE-3 (American Type
Culture Collection [ATCC], Bethesda, MD, USA), which was
derived from human primary normal liver cells® were cultured in
BEGM® BulletKit® (Clonetic corp, MD, USA) supplemented
with 10% dialyzed fetal bovine serum (FBS) (Invitrogen,
Carlsbad, CA, USA), 5 ng/mL epidermal growth factor (EGF), and
70 ng/mL phosphoethanolamine. Human tumor-derived cells,
Hep3B hepatocellular carcinoma and HuCCT-1 cholangio-
carcinoma, were cultured in Roswell Park Memorial Institute
medium (RPMI)-1640 (Sigma Chemical) supplemented with 10%
dialyzed FBS, 100 mg/mL penicillin, and 100 U/mL streptomycin.
The cells were maintained at 37°C in a humidified atmosphere
of 5% CO,. The cell culture was passed every three or four days.

Microarray. AceGene (Human oligo chip 30K, subset A;
DNA Chip Research Inc. and Hitachi Software Engineering,
Yokohama, Japan) containing 10 000 genes was used for mRNA
expression profiling. (The protocol is available at http://
www.dna-chip.co.jp/thesis/AceGeneProtocol.pdf.) Four pug of
total RNA was amplified with an Amino Allyl MessageAmp
aRNA kit (Ambion, Austin, TX, USA). Amino-allyl-labeled
cRNA was purified and then 5 pug of cRNA was labeled with
Cy5 Mono-reactive Dye (Amersham Biosciences Inc., Tokyo,
Japan) or Cy3 Mono-reactive Dye (Amersham Biosciences
Inc.), according to the protocol of Hitachi Software Engineering.
The arrays were scanned using a GenePix 4000B microarray
scanner (Axon Instruments Inc., Union City, CA, USA).

Data were obtained from quadruplicates of each cell lines.
The digitized image data were processed using GenePix Pro 4.1
software (Axon Instruments). The result files were imported into
the GeneSpring 6.1 software (Silicon Genetics, Redwood City,
CA, USA) and analyzed for gene expression differences. Data
were normalized using per-spot and per-chip intensity depend-
ent (Lowess) normalization. The Cross Gene Error model
was activated and based on replicates. To find differentially
expressed genes, one-sample #-tests and Benjamini and Hochberg
false discovery rate multiple testing corrections were performed
at 95% confidence levels on log transformed data.

Quantitative real-time reverse transcription (RT)-polymerase chain
reaction (PCR). The cells were treated with bile acids or vehicle
(DMSO) for 24 h. Then, total RNA was isolated using TRIzol
(Invitrogen) following standard procedures. cDNA was then
synthesized from 4 ug total RNA, using the SuperScript III
First-Strand Synthesis System for RT-PCR (Invitrogen) with
oligo dT primer according to the manufacturer’s instructions.
The primer sequences were as fellows. For human Snail,
forward: 5’-TCT AAT CCA GAG TTT ACC TTC CAG C-3"
reverse: 5'-AGA TGA GCA TTG GCA GCG A-3’. For human
E-cadherin, forward: 5-AGA ACG CAT TGC CAC ATA CAC
TCT C-3’; reverse: 5'-CGG TTA CCG TGA TCA AAA TCT
CCA-3’. The PCR reactions were carried out in a 25-uL volume
containing 200 nM of each primer and 1 X QuantiTect SYBR
Green PCR master mix (QIAGEN, Valencia, CA, USA). Real-time
PCR was performed on the ABI PRISM 7700 Sequence
Detection System (PE Applied Biosystems) using the parameters
recommended by the manufacturer (2 min at 50°C, 10 min at
95°C and 40 cycles of 95°C for 15 s and 62°C for 20 s). Each
PCR reaction was performed in quadruplicate. The mRNA
expression levels for all samples were normalized to the levels
for the housekeeping gene GAPDH.

Plasmid construction. The human Snail promoter 5° flanking
region® from —1824-1866 was amplified by PCR from human
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genomic DNA (Clontech Laboratories, Inc., Palo Alto, CA,
USA) with the forward primer 5-CGT GAA GCT TTA GGA
GCA AGA GAC GTA G-3’ (-1834 to —1807) and the reverse
primer 5-GTC GAA GCT TTG GGG TCG CCG ATT-3".765%
For cloning purposes, a HindlIII site was added to both primers.
The PCR product was digested with HindlIIl, gel-isolated and
subcloned into the multiple cloning site of the pGL3-Basic
Vector (Promega, Madison, WI, USA). The 5" deletion mutants
were generated by PCR and inserted into pGL3-Basic Vector.
The forward primers were modified to contain a Bg/II restriction
site. The sequences of primers were as follows: —966/66
forward: 5’-AGC AGA TCT GAC CCC TCC GG-3" (-975 to —
956), —339/66 forward: 5’-CTC AGA TCT CCG GGC GCT GA-
3" (=348 to —329), —-111/66 forward: 5-CGG AGA TCT GCC
TCC GAT TGG C-3’ (=120 to —-99), —-66/66 forward: 5'-CAG
AGA TCT CCC CGC CCC TC-3’ (-75 to -56), —24/66 forward:
5’-GAG TAG ATC TGG GAG TTG GCG GC-3" (-34 to —13)
and reverse (common): 5-GTC GAA GCT TTG GGG TCG
CCG ATT-3’ (76 to 53). The PCR product was digested with
BgII and HindIII and subcloned into the multiple cloning site of
the pGL3-Basic Vector. All reporter constructs were sequenced
to confirm the correct sequence.

Site-directed mutagenesis. The mutants were generated from
the —1824/66 Snail pGL3 construct using the QuickChange
Site-Directed Mutagenesis kit (Stratagene). The following
oligonucleotides were used as primers: 5-CTT CGG CGG AGA
CGA GCC TCC GGT CCG CGC GGA GGT GAC AAA GGG
GCG-3" and 5-CGC CCC TTT GTC ACC TCC GCG CGG
ACC GGA GGC TCG TCT CCG CCG AAG-3’ for mutation in
the nuclear factor Y (NF-Y) binding site, 5'-GAT TGG CGC
GGA GGC CCG AAA GGG GCG TGG CAG-3’ and 5-CTG
CCA CGC CCC TTT CGG GCC TCC GCG CCA ATC-3’ for
mutation in the AP-1 binding site, and 5-GCA GAT AAG GCC
CCC AAA CTC CCA CCC CCC AC-3’ and 5-GTG GGG GGT
GGG AGT TTG GGG GCC TTA TCT GC-3’ for mutation in the
stimulating protein 1 (Sp1) binding site. The presence of mutations
was verified by sequencing.

Transient transfection and luciferase assay. DNA  constructs
were transiently transfected into cells using LipofectAMINE
2000 Reagent (Invitrogen). Twenty-four hours before transfection,
Hep3B cells were subcultured in 24-well plates so that they
would be at 70% confluence on the following day. Transfections
were optimized for the amounts of DNA and LipofectAMINE
per well culture as follows: 0.3 pg of reporter plasmids; 10 ng of
pRL-TK vector (Promega) as an internal control; and 2 uL. of
Lipofect AMINE Reagent. 24 h after the transfection, the bile
acid was added to the cell culture media and the cells were
incubated for another 24 h. Luciferase assays were performed
with the dual-luciferase reporter assay system (Promega). All
reported firefly luciferase values were normalized for
transfection efficiency using the pRL-TK, Renilla-luciferase
value. Graphs are representative for one of two experiments,
each performed in quadruplicate.

Western blot analysis. The cells were treated with bile acids
or vehicle (DMSO) for 24 h. Whole-cell lysates were prepared
and aliquots of 40 ug of protein lysates were applied for the
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE). Blots were probed with antibodies against E-
cadherin diluted 1:200 or actin diluted 1:500. Both were
stained using secondary HRP-conjugated antibodies diluted
1:1000 (goat antimouse for E-cadherin and donkey antigoat for
actin).

RNA interference. sSiGENOME SMARTpool reagent for Human
Snail and siCONTROL Non-Targeting siRNA Pool were obtained
from Dharmacon, Inc (Lafayette, CO, USA). Short interference
RNA (siRNA) was transiently transfected into cells using
Lipofect AMINE 2000 Reagent. Transfections were optimized
for the amounts of siRNA, and Lipofect AMINE per well culture
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Fig. 1. Chenodeoxycholic acid (CDCA) and
lithocholic acid (LCA) induced expression of Snail
mRNA and reduced expression of E-cadherin
mRNA. Cells were incubated with 100 uM of
CDCA or LCA for 24 h. Then, total RNA was
isolated and quantitative real-time reverse
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was performed. (a) Hep3B cells were treated with 0
100 uM of CDCA or LCA. (b) HUCCT-1 cells were
treated with 100 uM of CDCA. Values for each
gene were normalized to values obtained for
GAPDH. Y-axis represents a ratio for control
(dimethyl sulfoxide [DMSO]). The data show the
mean = SD. *Significant difference (P < 0.01) from
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as follows: 200 ng of siRNA and 4 pL of LipofectAMINE 2000
Reagent. The final concentration of siRNA used in each
experiment was 100 nM.

In vitro wound healing assay. Cells were seeded in 24-well
culture plates at 1 x 10° cells/well. After 12 h, the cells were
pretreated with bile acid for 24 h before wound formation. The
in vitro ‘scratch’ wounds were created by scraping the confluent
cell monolayer with a sterile pipette tip. The cells were
incubated with bile acid. After 6 h and 12 h, the cells were fixed
with 100% methyl alcohol and stained with 0.5% solution of
crystal violet and the distance of the wound closure (compared
with control at t=0h) was measured in three independent
wound sites per group. Relative cell motility was calculated as
the percentage of the remaining cell-free area compared with the
area of the initial wound. Values from at least three independent
experiments were pooled and expressed as mean + standard
deviation (SD).

Invasion assay. The cell invasion ability was determined using
a BD Matrigel invasion chamber 24-well Plate (BD Biosciences,
Bedford, MA, USA), in which the chamber membrane filter
(8 um pore size) was coated with BD Matrigel Basement
Membrane Matrix (BD Biosciences). The upper chamber was
loaded with 2 x 10 cells in 0.2 mL of serum-free medium with
bile acid, and the lower chamber was filled with 0.7 mL of
serum-containing medium with bile acid. After 48 h, invading
cells on the lower surface of the membrane were washed in
phosphate-buffered saline (PBS), fixed with 100% methyl
alcohol and stained with 0.5% solution of crystal violet. The
invading cells were counted under a microscope in six randomly
selected fields for each membrane filter (x200). Each sample
was assayed in duplicate in at least two independent
experiments.

Data analysis. The obtained values are expressed as the
mean = SD. The data from different treated groups were
compared by Welch ¢-test. P-values of <0.01 were considered to
be statistically significant.

Results

Gene expression profiles induced by CDCA using <DNA
microarray. To identify the changes in gene expression induced
by CDCA, THLE-3, Hep3B and HuCCT-1 were treated with
100 uM of CDCA for 24 h. The cells treated with 0.1% DMSO
were used as the control. Total RNA was isolated and gene
expression profiling was performed by cDNA microarray using
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the AceGene (Human oligo chip 30K, subset A). The relative
transcript abundance was expressed as Cy5/Cy3 ratios of signal
intensities after background subtraction in each channel. Data
analysis and quality control procedures are described in detail in
section of Materials and methods. Seventy-six genes were
up-regulated in the THLE-3, 119 genes in the Hep3B and 53
genes in the HuCCT-1. One-hundred and nineteen genes were
down-regulated in the THLE-3, 97 genes in the Hep3B and 18
genes in the HuCCT-1. The Venn diagrams depict the number of
overlapping and non-overlapping genes (Fig. 1). The overlapping
genes in all cell lines were listed as the common CDCA-induced
up- or down-regulated genes (see Suppl. Table S1). In addition,
E-cadherin, which is a target gene of Snail, showed significant
down regulation after 24-h CDCA treatment in Hep3B and
HuCCT-1 (fold change; 0.73 and 0.62, P-value; 0.003 and
0.037, respectively). However, the spot for E-cadherin in several
hybridizations of THLE-3 was detected as a missing spot and
E-cadherin was eliminated from further analysis.

CDCA- and LCA-induced expression of Snail mRNA and reduced
expression of E-cadherin mRNA. To investigate alteration in the
expression of Snail mRNA and E-cadherin mRNA by bile acids,
quantitative real-time RT-PCR was performed. Hep3B and
HuCCT-1 cells showed induced expression of Snail and reduced
expression of E-cadherin by 100 uM of CDCA or LCA (Fig. 1).
The relative Snail gene expression resulted in an approximately
1.8-fold increase in the Hep3B cells and about 2.2-fold increase
in the HuCCT-1 cells, whereas the relative E-cadherin
expression resulted in a 0.7-fold decrease in the Hep3B cells and
about 0.5-fold decrease in the HuCCT-1 cells. These results
demonstrated that E-cadherin expression was inversely correlated
with the expression of Snail, suggesting that up-regulation of
Snail by bile acids might be involved in the down-regulation of
E-cadherin in hepatocellular carcinoma.

CDCA and LCA treatment induce Snail promoter activity in a
concentration-dependent manner. To determine whether the
increased mRNA levels of Snail are associated with increased
transcriptional activity, luciferase assays were performed.
Hep3B cells were cotransfected with —1824/66 Snail pGL3
constructs and pRL-TK vector and treated with 100 uM of
various bile acids for 24 h. CDCA resulted in an approximately
2-fold increase in luciferase activity compared with the control
(DMSO). Furthermore LCA resulted in an approximately 3-fold
increase in luciferase activity compared with the control
(DMSO). In contrast, the other free bile acids, glycine-
conjugated and taurine-conjugated bile acids, caused no change
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Fig. 2. Chenodeoxycholic acid (CDCA) and lithocholic acid (LCA)
increased Snail promoter activities in a concentration-dependent
manner. To investigate the effects of bile acids on the transcription of
the Snail gene, 0.3 ug of the —1824/66 Snail pGL3 constructs and 10 ng
of pRL-TK vector were cotransfected into Hep3B cells. After 24 h, the
bile acid was added to the cell culture media and the cells were
incubated for 24 h. All reported firefly luciferase values were
normalized for transfection efficiency using the pRL-TK, Renilla-
luciferase value. Y-axis represents the ratio for control (dimethyl
sulfoxide [DMSO]). (a) The transfected cells treated with the various
bile acids. The transfected cells treated with increasing amounts of (b)
The transfected cells treated with CDCA or LCA at the concentration of
10-200 uM. The data show the mean + SD of quadruplicate assay.

in luciferase activity (Fig. 2a). Treatment with CDCA or LCA
resulted in a concentration-dependent increase in Snail promoter
activities (Fig. 2b).

NF-Y and Sp-1 binding sites of Snail promoter are responsible for
CDCA and LCA. To define the regulatory sequences required for
the transcription of the Snail gene, Hep3B cells were cotransfected
with a series of 5’-deleted Snail pGL3 constructs and pRL-TK
vector and treated with 100 uM LCA for 24 h. In non-LCA-
treated cells, deletion of nucleotides —1824 to —111 had no
significant effect on the luciferase activity. However, deletion to
nucleotide —66 resulted in significantly lower luciferase activity
compared with that seen with Snail —1824/66-Luc. Deletion to
nucleotide —24 resulted in complete loss of the luciferase
activity. In contrast, in LCA-treated cells, luciferase activities
were significantly higher than in untreated control cells and
gradual deletion of the 5" sequences from nucleotides —1875 to
—111 resulted in no significant difference in the luciferase activity
(Fig. 3a). The maximal activity was seen with Snail —111/66-Luc.
On further deletion to nucleotide —66, the luciferase activity
fell to 47% of the maximal activity (P < 0.01). Deletion to
nucleotide —24 resulted in complete loss of the luciferase
activity. These results show that the region from nucleotide —111
to —24 is required for the maximal expression of Snail in Hep3B
cells, both in the presence and absence of LCA.

To confirm which potential binding site from —111 to —24 was
important for the induction of the Snail gene, we measured the
luciferase activity by site-directed mutagenesis. The vector
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mutated in the AP-1 binding site showed no significant change
compared with the wild-type construct. The vector mutated in
the NF-Y or Spl binding site resulted in a marked decrease of
the luciferase activity compared with the wild-type construct in
the both absence and presence of LCA (Fig. 3b). However, the
luciferase activity of the vector mutated in the NF-Y or Spl
binding site treated with LCA still remained about 1.9- or 1.7-fold
higher than the activity of untreated cells, respectively. These
results suggested that the NF-Y and Spl binding sites were
required for the basal activity of the Snail promoter, which is
at least in part an inducer of Snail expression in response to
bile acids.

Effects of E-cadherin protein level and of subcellular localization of
E-cadherin by bile acid. To investigate alteration of subcellular
localization of E-cadherin by bile acid, immunofluorescence
experiments with antibody to E-cadherin were performed.
Confocal microscopic studies revealed no significant difference
in E-cadherin protein pattern of subcellular distribution between
Hep3B treated with DMSO, with 100 uM CDCA and with
100 uM LCA. In all treated cells, E-cadherin staining was
localized at areas of cell-cell contact. Moreover, in CDCA- and
LCA-treated cells, it seemed that E-cadherin showed slightly
weak staining, while strong membranous staining was observed
in DMSO treated cells. Then, to verify the alteration in the
expression of E-cadherin protein by bile acid, Western blotting
was performed. Treatment with CDCA or LCA resulted in a
concentration-dependent  decrease in E-cadherin protein
expression. The expression of E-cadherin in LCA-treated cells
was lower than that in CDCA-treated cells (Fig. 4b). Western
blotting analyzes confirmed the immunofluorescence results.

Snail expression modulates E-cadherin levels. To examine whether
the increased Snail expression by CDCA and LCA led to
reduced E-cadherin levels, we used RNA interference to reduce
the Snail expression in Hep3B cells. Transfection with Snail
siRNA resulted in an 80% reduction of the Snail mRNA levels
compared with Hep3B cells transfected with Non-Targeting
siRNA (Fig. 5a). Concomitantly, transfection with Snail siRNA
also led to a 55% increase in the levels of E-cadherin mRNA.
Transfection with Non-Targeting siRNA treated with 100 uM of
CDCA or LCA showed 22% or 47% reductions in the E-
cadherin mRNA levels, respectively, compared with Hep3B
cells treated with DMSO. However, Snail siRNA treatment
reduced the down-regulation of E-cadherin (about 30% of that
by transfection with Non-Targeting siRNA) by 100 uM of
CDCA or LCA (Fig.5b). These results demonstrated that
CDCA and LCA activated the Snail signaling pathway and
reduced the E-cadherin levels in hepatocellular carcinoma
cell lines.

CDCA and LCA induces cell migration and invasion. To test whether
the increased Snail expression by CDCA or LCA induced cell
migration and invasion, cell motility and invasiveness were
assessed using an in vitro wound healing assay and cell invasion
assay. Our results showed that CDCA and LCA induced the
ability of Hep3B cells to close the wound (Fig. 6a). MTS assay
showed that the cell growth of Hep3B was not affected by
concentrations of CDCA or LCA lower than 100 pM as
compared with control (data not shown). The increased motility
induced by CDCA and LCA treatment was not the result of
increased cell proliferation. Invasion assays were catried out
using Matrigel-coated transwell culture chambers. Hep3B cells
treated with CDCA showed significantly increased cell invasion
compared with cells treated with vehicle. Furthermore, cells
treated with LCA exhibited markedly increased cell invasion
compared with the cells treated with vehicle (Fig. 6b).
Transfection with Snail siRNA resulted in marked decreases in
cell invasion compared with Hep3B cells transfected with
Non-Targeting siRNA. Moreover, there was a loss of the
increase in cell invasion induced by CDCA and LCA (Fig. 6c).
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Western blotting of whole cell extracts using mouse monoclonal anti-
E-cadherin antibody. The expression of actin was analyzed in the same
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Discussion

Bile acids are natural detergents synthesized in the liver. High
levels of certain bile acids, however, are known to promote
carcinogenesis and cancer progression by stimulating a variety
of signaling pathways.5” The mechanisms of the tumor-
promoting actions of bile acids remain poorly understood.

Fukase et al.

Fig. 5. Snail short interference RNA (siRNA) treatment reduces down-
regulation of E-cadherin by chenodeoxycholic acid (CDCA) or
lithocholic acid (LCA). 200 ng of siRNA (final concentration: 100 nM)
were transfected into Hep3B cells. After 72 h total RNA was isolated
and quantitative real-time reverse transcription-polymerase chain
reaction (RT-PCR) was performed. (a) The mRNA expression level of
Snail. (b) The mRNA expression level of E-cadherin. Mock: treated with
only transfection reagent and N.C.: Non-Targeting siRNA used as
negative control. *Significant difference (P <0.01) from N.C. (c) After
transfection, Hep3B cells were incubated for 48 h and then cells were
incubated with CDCA or LCA for 24 h. Total RNA was isolated. As a
control, the same volume of dimethyl sulfoxide (DMSO) was used. The
data show the mean = SD. *Significant difference (P <0.01) from the
respective control value.
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Fig. 6. Chenodeoxycholic acid (CDCA) and lithocholic acid (LCA)
induce cell migration. (a) The motility behavior of bile acid treated cells
was analyzed in an in vitro wound model. Confluent cultures of Hep3B
cells treated with bile acids were gently scratched with a pipette tip to
produce a wound. Quantitative analysis was performed as described in
Materials and methods. Data are mean = SD. *Significant different
(P<0.01) from the respective control (dimethyl sulfoxide [DMSO]).
(right panels) Photographs of cell migration were taken immediately
after the incision and after 12 h. (b) The cell invasion assays were
performed as described in Materials and methods. The invading cells
were counted under the microscope in 6 randomly selected fields for
each membrane filter (x200). Each sample was assayed in duplicate in
at least two independent experiments. Data are mean = SD.
*Significant difference (P <0.01) from the respective control (DMSO).
(c) The cell invasion assays were performed using Snail knocked down
cells. Before plating, 200 ng of short interference RNA (siRNA) (final
concentration: 100 nM) were transfected into Hep3B cells and
incubated for 72 h. N.C.: Non-Targeting siRNA used as negative control.

In this study, a DNA microarray gene expression profiling
approach was used to identify novel genes regulated by primary
bile acids (CDCA) in hepatocytes and cholangiocytes. From this
screening, several genes were found to be up- or down-regulated
in the presence of CDCA. Snail was found to be up-regulated
and E-cadherin, a target gene of Snail, was found to be down-
regulated by the addition of CDCA. This is the first report that
bile acids induced Snail.

Bile acids have been shown to modulate gene expression by
regulating its promoter activity. The bile acids were reported to
bind to the nuclear hormone receptors including farnesoid X-
activated receptor (FXR).?**2” Some kinds of nuclear hormone
receptors can recognize bile acid response element (BARE) such
as direct repeat, inverted repeat and everted repeat.®® In addition,
bile acids can also activate NF-kappa B and AP-1.1%%) In this
study, we revealed that several kinds of bile acids were able to
induce Snail expression by activating its promoter activity. The
luciferase assays showed treatment with 100 uM of CDCA or
LCA resulted in 2-3-fold increase in Snail promoter activities.
The deletion mutant series for the Snail promoter revealed that
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111 bp upstream of the transcription start site of the Snail gene
was essential for the maximal promoter activity in both LCA-
treated and LCA-untreated Hep3B cells. By sequence analysis
of the 5’ flanking region of Snail gene, potential binding sites
for NF-Y, AP-1 and Sp1 were identified on the 111 bp upstream
region.

The Spl family of proteins is ubiquitously expressed in many
tissues. They have versatile functions and are involved in cell
cycle or differentiation.®” Early studies indicated that Spl was
responsible for recruiting TATA-binding protein and guiding
transcriptional initiation at promoters without a TATA box.®!1-39
Spl proteins are known to interact with general transcription
factors and are involved in the assembly of general transcrip-
tional complexes. In addition to their function as general tran-
scriptional activators, recent studies indicate Spl proteins also
interact with many unique transcription factors and synergisti-
cally stimulate the genes involved in cholesterol and fatty acids
synthesis.®+*» RAR, a well-known nuclear receptor that
heterodimerizes with RXR and binds to RAR-responsive element
to regulate gene expression, was reported to modulate Spl
transcriptional activity on GC-rich promoters through direct
interaction between the two proteins.®%3” As shown in Fig. 2(a),
hydrophobic bile acids, CDCA and LCA could activate the
promoter activity of Snail, whereas hydrophilic bile acids, taurin-
or glycin- conjugated bile acids could never activate Snail pro-
moter activity. In general, unconjugated hydrophobic bile acids
have higher affinity with nuclear receptors such as FXR than
conjugated hydrophilic bile acids. It is speculated that CDCA or
LCA, which might be able to enter the cell by passive diffusion
through the plasma membrane of the cancer cell, directly activate
the nuclear receptors and modulate the Spl transcriptional
activity on the Snail promoter.

The NF-Y is known as a ubiquitous heterotrimeric transcription
factor that consist of NF-YA, NF-YB and NF-YC subunits.®%*
Functional analysis has shown that NF-Y is crucial for tran-
scriptional activation and reinitiation on genes that lack a
TATA-box.®349 [n addition, it was suggested that NF-Y could
functionally interact with Spl and synergistically regulate
promoter activity. Wright et al. demonstrated that the half-life of
either NF-Y or Spl binding is dramatically increased when both
transcriptional factors are bound to the proximal promoter of the
major histocompatibility complex class II-associated invariant
chain gene.“V Liang et al. reported that the type-A natriuretic
peptide receptor gene transcription was regulated through func-
tional interactions of NF-1 and Spl.“? The present study
showed that mutations on NF-Y or Spl binding sites in the Snail
promoter markedly reduced transcriptional activity, possibly
suggesting that the transcriptional activity of Snail was regulated
by the functional interaction of NF-Y and Spl. In addition, the
promoter activity of mutant on NF-Y or Spl was higher com-
pared with the minimal activation level observed with deletion
to nucleotide —24, indicating that either NF-Y or Spl are indis-
pensable for the transcription of Snail. We also demonstrated
that the promoter activity of the 111 bp upstream region was
dramatically up-regulated by CDCA or LCA, suggesting that
these bile acids regulate the transcriptional activity of Snail gene
by interacting with putative NF-Y and Spl binding sites.
100 uM of LCA could up-regulate the promoter activity of both
mutant on NF-1 and mutant on Spl. It was suggested that these
bile acids activate both Spl and NF-Y. The effect of these bile
acids on the activation of NF-Y or Spl remains to be explored.
To clarify the molecular mechanism of transcriptional regulation
of Snail gene by bile acids will require further study.

In this present study, we revealed that the expression of E-
cadherin was decreased in CDCA- or LCA-treated Hep3B cells.
Alterations affecting cell adhesion molecules are considered to
play a critical role in the invasive process. The cell-cell adhesion
molecule E-cadherin has been shown to execute important
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© 2008 Japanese Cancer Association



functions in embryogenesis and tissue architecture by forming
intercellular junction complexes and establishing cell polari-
zation.*® Loss of E-cadherin results in dedifferentiation, inva-
siveness and lymph node or distant metastasis in a variety of
human neoplasms, including hepatocellular carcinoma.!6-1844
Recently, the up-regulation of the transcription factor Snail was
reported to mediate significant negative regulation of E-cadherin
expression.?*#> The Snail mRNA levels have been reported to
be independently correlated with capsular invasion in hepatocellular
carcinoma tissues.“#” Moreover, transfection of Snail in epithelial
cells decreases E-cadherin levels and induces changes resembling
EMT.?%49 Interference with Snail expression leads to increased
levels of E-cadherin.?'#4® The results from our present study
showed that Snail expression was induced and E-cadherin
expression was reduced by CDCA or LCA. Moreover, it was
revealed that these bile acids could never reduce the expression
of E-cadherin in Snail knocked down Hep3B cells. Together
with these results, it is suggested that CDCA and LCA activate
the Snail signaling pathway and reduce the expression of E-
cadherin in hepatocellular carcinoma cell lines. To address the
hypothesis that Snail expression causes increased cancer invasion,
the invasion activity was assessed using an in vitro wound healing
assay and invasion assay. The invasive activity in Hep3B treated
with 100 uM of CDCA or LCA was significantly increased
compared with vehicle. Transfection with Snail siRNA resulted
in marked decreases in cell invasion and a loss of the increase in
cell invasion induced by CDCA and LCA. These results suggest
that CDCA and LCA induce the expression of Snail gene, and
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as a consequence, promote invasiveness of the hepatocellular
carcinoma cells. In the presented experiments, CDCA and LCA
were applied at the concentration of 100 M. Most of the biliary
bile acids are conjugated and 100 uM of CDCA or LCA is
excessively high as a concentration of physiological condition.
However, in a pathological condition such as obstructive jaundice,
hepatocellular carcinoma cells or cholangiocarcinoma, cells are
probably exposed to these high concentrations of bile acids.

In summary, we found that CDCA and LCA positively regulate
the transcriptional activity of the Snail gene. We showed that
CDCA and LCA could activate the transcription of the Snail
gene. Our data suggested that both Spl and NF-Y are essential
for this bile-acid-induced transcriptional activity. We revealed
that CDCA or LCA could down-regulate the expression of E-
cadherin by stimulating the Snail pathway and, as a conse-
quence, these bile acids could promote cancer cell invasiveness.
Hence, we conclude that CDCA and LCA are a novel inducer of
Snail expression. It is suggested that CDCA and LCA play some
role in promoting cancer invasiveness by stimulating the Snail
pathway in hepatocelluler carcinoma. It is also suggested that
inhibition of this bile-acid-stimulated Snail pathway may prove
useful as an adjuvant in therapy for hepatocellular carcinoma.
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