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Epithelial-mesenchymal transition is an important
mechanism behind initiation of cancer invasion and
metastasis. This study was performed to clarify the
involvement of epithelial-mesenchymal transition in
the progression of cholangiocarcinoma. Cholangio-
carcinoma cell lines, CCKS-1 and TFK-1, were treated
with transforming growth factor-�1 (TGF-�1), and
the phenotypic changes and invasive activity were
examined. Immunohistochemical analysis was per-
formed using tissue sections of cholangiocarcinoma.
In vitro , TGF-�1 induced mesenchymal features in
CCKS-1 and TFK-1 characterized by the reduction of
E-cadherin and cytokeratin 19 expression and the
induction of mesenchymal markers , such as vimen-
tin and S100A4. TGF-�1 also induced the nuclear
expression of Snail , and the invasive activity was
significantly increased in both cell lines. Studies
using a mouse xenograft model showed that TGF-�1
worsened the peritoneal dissemination of CCKS-1. All
these changes by TGF-�1 were inhibited by the simul-
taneous administration of soluble TGF-� type II recep-
tor. In vivo , six (16%) of 37 cholangiocarcinoma cases
showed marked immunoreactivity of Snail in their
nuclei. In these six cases, the immuno-expression
of cytokeratin 19 was significantly reduced, and
the expression of vimentin was significantly in-
creased. The Snail expression significantly corre-
lated with the lymph node metastasis and a poor
survival rate of the patients. These results suggest
that epithelial-mesenchymal transition induced by
TGF-�1/Snail activation is closely associated with
the aggressive growth of cholangiocarcinoma, resulting

in a poor prognosis. (Am J Pathol 2010, 177:141–152; DOI:

10.2353/ajpath.2010.090747)

Epithelial-mesenchymal transition (EMT) is a series of
events during which epithelial cells lose many of their
epithelial characteristics and take on properties that
are typical of mesenchymal cells. EMT has an impor-
tant role in the development of many tissues during
embryogenesis, and similar cell changes are recapit-
ulated during pathological processes, such as fibrosis
and cancer.1–3 Numerous observations support the
idea that EMT has a central role in tumor progression
and metastasis. Carcinoma cells acquire mesenchy-
mal gene-expression patterns and properties, resulting
in reduced cell– cell adhesion and the activation of
proteolysis and motility, which promote tumor invasion
and metastasis.

Members of the transforming growth factor-� (TGF-�)
superfamily initiate and maintain EMT in a variety of bio-
logical systems and pathophysiological conditions by ac-
tivating major signaling pathways and transcriptional reg-
ulators.4,5 TGF-� binds to TGF-� receptor type II (T�RII),
and it recruits the TGF-� receptor type I (T�RI). T�RI
subsequently phosphorylates Smad2 and Smad3, which
form hetero-oligomers with Smad4. They translocate from
the cytoplasm to the nucleus, where they regulate tran-
scription of target genes.4,5 In addition to the well-char-
acterized Smad signaling pathways, Smad-independent
TGF-�-regulated networks also exist.4

The activation of signaling pathways results in the ac-
tivation of transcriptional regulators such as Snail, Slug,
and Twist, which regulate the changes in gene expres-
sion patterns that underlie EMT.6,7 Snail is a key regulator
of EMT, and represses the gene expression of E-cad-
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herin, a hallmark of the epithelial phenotype.8 Other com-
monly used molecular markers for EMT include reduced
expression of cytokeratin (CK), increased expression of
vimentin, S100A4 and N-cadherin, and nuclear localiza-
tion of �-catenin.

Many studies have identified the overexpression of
TGF-�1 in various types of human cancer. Since the
overexpression of TGF-�1 correlates with tumor progres-
sion, metastasis, angiogenesis, and poor prognostic out-
come,9,10 the inhibition of TGF-� pathway has been tar-
geted in therapeutic strategies in cancer. For example,
soluble TGF-� type II receptor (TGF-�sRII) inhibits the
action of TGF-� by binding to TGF-�1 and TGF-�3 with
high affinity, and the administration of a recombinant
TGF-�sRII protein significantly inhibits tumor growth and
metastasis.11

Bone morphogenic protein-7 (BMP-7) is a member of
the TGF-� superfamily, and is also a novel TGF-� inhib-
itor. BMP-7 binds and activates BMP type II receptor
(BMP-RII) that subsequently form complex with BMP re-
ceptor type IA (BMPR-IA). The receptors activated by
BMP-7 phosphorylate Smad1, 5 and 8, which counteract
Smad2/3 phosphorylation by TGF-�, and antagonize
against EMT.12 Indeed, the administration of BMP-7 has
been shown to reduce metastatic capability of breast
cancer.13

In the gastrointestinal tract, EMT has been implicated
in esophageal, gastric, colorectal, and pancreatic can-
cer, and hepatocellular carcinoma.14–18 In these reports,
the occurrence of EMT was closely associated with
TGF-� and/or Snail activation. Recently, it has been
shown that cholangiocarcinoma acquired EMT/sarcoma-
toid phenotypes by epidermal growth factor (EGF)-EGF
receptor signaling pathway, thereby promoting tumor
progression and metastasis.19 To date, however, the oc-
currence of EMT mediated by TGF-�1/Snail activation
has not been studied in cholangiocarcinoma. Our previ-
ous in vitro studies demonstrated that nonneoplastic
cholangiocytes underwent EMT-like phenotypic changes
following TGF-�1 stimulation,20,21 indicating that TGF-�1
may also be able to induce EMT in cholangiocarcinoma.

This study was performed to clarify the involvement of
EMT in the progression and metastasis of cholangiocar-
cinoma with regard to TGF-�1/Snail activation.

Materials and Methods

Cell Culture

Two cholangiocarcinoma cell lines, CCKS-1 and TFK-1,
were used. CCKS-1 was established in our laboratory
from moderately differentiated adenocarcinoma,22 and
TFK-1 was provided by Cell Resource Center for Bio-
chemical Research (Tohoku University, Sendai, Japan).
Cell culture was performed both in monolayer system and
in three-dimensional cell culture system using a fluid gel
matrix (growth factor reduced Matrigel matrix; BD Bio-
sciences, Bendford, MA). Cells were maintained in RPMI-
1640 medium (Gibco-BRL, Grand Island, NY) and Dul-
becco’s-modified Eagle’s medium/F-12 (Gibco-BRL) with

10% fetal bovine serum (Gibco-BRL) and 1% penicillin-
streptomycin-glutamine (Gibco-BRL) at 37°C in 5% CO2

with constant humidity.
Cells were then treated with either TGF-�1 (10 ng/ml;

R&D Systems, Inc., Minneapolis, MN) alone or in combi-
nation with BMP-7 (100 ng/ml; R&D Systems, Inc.) or
TGF-�sRII (400 ng/ml; R&D Systems, Inc.) for 5 days. The
dosages of the molecules were determined based on
results of our previous studies, as well as the manufac-
turer’s recommendations.23 Serum-free culture medium
was used for the treatment. For comparison, human nor-
mal biliary epithelial cells (BECs), which were established
and cultured as previously described,21 were used and
treated in a similar manner.

Reverse Transcription (RT)-PCR and
Quantitative Real-Time PCR

RT-PCR was performed using total RNA (1 �g) extracted
from the cultured cells. Total RNA was extracted using an
RNA extraction kit (RNeasy mini; Qiagen, Tokyo, Japan)
and was used to synthesize cDNA with reverse transcrip-
tase (ReverTra Ace; Toyobo Co., Osaka, Japan). The se-
quences of the primers used for the PCR analysis are
shown in Table 1. The PCR products were subjected to 2%
agarose gel electrophoresis and stained with ethidium
bromide.

Quantitative real-time PCR was performed according
to a standard protocol using the SYBR Green PCR Master
Mix (Toyobo Co.) and ABI Prism 7700 Sequence Detec-
tion System (PE Applied Biosystems, Warrington, UK).
Cycling conditions were incubation at 50°C for 2 minutes,
95°C for 10minutes, and 40 cycles of 95°C for 15 sec-
onds and 60°C for 1 minute. Fold difference compared

Table 1. Sequences of the Primers Used for PCR and Real-
Time PCR in This Study

Gene Sequences

T�RI 5�-GGCCATTTACACTGAATGAG-3�
5�-GGCTTAGAAATGGCCCAAAA-3�

T�RII 5�-GTGGAGACACTTACAAAGCT-3�
5�-GAAACTTGGGCTAACTGAGA-3�

BMPR-IA 5�-GGTTTCATAGCGGCAGACAT-3�
5�-CTTTCCTTGGGTGCCATAAA-3�

BMP-RII 5�-GCTAAAATTTGGCAGCAAGC-3�
5�-CTTGGGCCCTATGTGTCACT-3�

E-cadherin 5�-CTGGACAGGGAGGATTTTGA-3�
5�-ACCTGAGGCTTTGGATTCCT-3�

Cytokeratin19 5�-GGTCAGTGTGGAGGTGGATT-3�
5�-TCAGTAACTCGGACCTGCT-3�

Vimentin 5�-GAGAACTTTGCCGTTGAAGC-3�
5�-TCCAGCAGCTTCCTGTAGGT-3�

S100A4 5�-CAAGTACTCGGGCAAAGAGG-3�
5�-GCTGTCCAAGTTGCTCATCA-3�

COL1A1 5�-TACAGCGTCACTGTCGATGGC-3�
5�-TCAATCACTGTCTTGCCCCAG-3�

MMP-2 5�-CAACTACGATGATGACCGCAA-3�
5�-GTGTAAATGGGTGCCATCAGG-3�

GAPDH 5�-GAGTCAACGGATTTGGTCGT-3�
5�-TTGATTTTGGAGGGATCTC-3�

BMPR-IA, bone morphogenic protein receptor type IA; BMP-RII, BMP
type II receptor; MMP, matrix metalloproteinase; T�RI, transforming growth
factor-� type I receptor; T�RII, TGF-� type II receptor.
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with glyceraldehyde-3-phosphate dehydrogenase ex-
pression was calculated. Then, the relative fold-increase
in specific mRNA over the unstimulated samples was
determined. Each experiment was conducted in six sets,
and the mean was calculated.

Migration Assays

The migration of CCKS-1 and TFK-1 was assayed using a
Matrigel invasion chamber (growth factor-reduced type;
BD Biosciences). In the upper chamber, 5 � 103 cells in
0.5 ml of serum-free culture medium were treated with
either TGF-�1 (10 ng/ml) alone or in combination with
BMP-7 (100 ng/ml) or TGF-�sRII (400 ng/ml). After 48
hours at 37°C, the cells on the upper surface of the filter
were removed using a cotton-wool swab. After fixation
with 100% methanol and staining using hematoxylin, the
number of cells migrating to the lower surface was
counted in three fields (�100). Each experiment was
conducted in six sets, and the mean was calculated.

Mouse Xenograft Model

Six-week-old BALB/cAnNCrj-nu/nu nude mice were pur-
chased from Charles River (Charles River Japan, Inc.,
Yokohama, Japan). A total of 5 � 106 of CCKS-1 was
suspended in 200 �l of Dulbecco’s-modified Eagle’s me-
dium/F-12, and an intraperitoneal injection was per-
formed. From the next day, the mice were treated daily
with an intraperitoneal injection of TGF-�1 alone, TGF-�1
in combination with TGF-�sRII, or control vehicle. Each
experimental group consisted of 4 or 5 mice, and the
treatment was continued for 3 weeks. The dosages of
recombinant TGF-�1 (R&D Systems, Inc.) and TGF-�sRII
(R&D Systems, Inc.) were 200 ng and 4 �g per injection,
respectively, which were determined based on the previous
report as well as the manufacturer’s recommendations.24 All
mice were sacrificed at the end of the study period, and the
tumor size of injection site of the abdominal wall and the
extent of peritoneal dissemination were examined. For his-
tological evaluation, tumors were formalin-fixed and paraf-
fin-embedded. The protocol was approved by the Animal
Care and Use Committee of our institute.

Tissue Specimens

A total of 37 cases of cholangiocarcinoma from the surgical
files in the Department of Human Pathology, Kanazawa
University and its affiliated hospitals between 1987 and
2006 were used. All tumors originated from hilar and extra-
hepatic bile ducts, and were conventional cholangiocarci-
noma. In this study, the cases of sarcomatous carcinoma
and cholangiocarcinoma having a component of intraductal
papillary projection of carcinoma cells (intraductal papillary
neoplasm of the bile duct) were not included.25 TNM clas-
sification was applied according to the guidelines of the
International Union Against Cancer.26 There was no evi-
dence of predisposing conditions, such as hepatolithiasis
and primary sclerosing cholangitis. One representative le-

sion from each case was used. As controls, histologically
normal livers (n � 10) were used.

Immunostaining

Immunostaining was performed for formalin-fixed, paraffin-
embedded sections of the surgically resected cholangio-
carcinoma specimens, normal livers, and the gel matrix
used in the three-dimensional cell culture of CCKS-1 and
TFK-1. Immunostaining was performed using primary anti-
bodies against E-cadherin (1:200, 4A2C7, mouse monoclo-
nal; Zymed, South San Francisco, CA), CK19 (1:100,
RCK108, mouse monoclonal; DakoCytomation), vimentin
(1:600, V9, mouse monoclonal; DakoCytomation), pro-
COL1A1 (1:100, goat polyclonal; Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA), S100A4 (1:100, rabbit poly-
clonal; Abcam Inc., Cambridge, MA), Snail (1:300, rabbit
polyclonal; Abcam Inc.), T�RI (1:50, rabbit polyclonal;
Santa Cruz Biotechnology, Inc.), and T�RII (1:50, rabbit
polyclonal; Santa Cruz Biotechnology, Inc.). After deparaf-
finization, antigen retrieval was performed by microwaving
in 10 mmol/L citrate buffer pH 6.0 for E-cadherin, CK19 and
vimentin staining, by incubating with 1 mg/ml of trypsin for
10 minutes at 37°C for T�RI and T�RII staining, and by
incubating with 20 mg/ml of proteinase K for 6 minutes at
room temperature for S100A4 staining. To block the activity
of endogenous peroxidase, sections were immersed in
0.3% hydrogen peroxidase in methanol for 20 minutes at
room temperature. After pretreatment with blocking serum
(DakoCytomation), sections were incubated overnight at
4°C with individual primary antibodies. Then sections were
incubated with secondary antibodies conjugated to perox-
idase-labeled polymer, using an EnVision� system (Dako-
Cytomation) or a HISTOFINE system (Nichirei, Tokyo,
Japan). Color development was performed using 3,3�-dia-
minobenzidine tetrahydrochloride and the sections were
slightly counterstained with hematoxylin. Negative controls
were done by substitution of the primary antibodies with
nonimmunized serum, resulted in no signal detection.

Immunofluorescence staining of Snail and phospho-
Smad2/3 (pSmad2/3) was performed for the paraffin-
embedded sections of CCKS-1 and TFK-1. After depar-
affinization, the sections were treated with 20 mg/ml of
proteinase K for 6 minutes at room temperature, and were
incubated with primary antibodies against Snail (1:300
rabbit polyclonal; Abcam Inc.), and pSmad2/3 (1:50, rabbit
polyclonal; Santa Cruz Biotechnology, Inc.). The protein
expression was detected using the alkaline phosphatase-
labeled polymer, the HISTOFINE system (Nichirei). Color
development was performed using the Vector Red alkaline
phosphatase substrate kit (Vector Laboratories, Burlin-
game, CA), and the nuclei were stained with 4�6-diamidino-
2-phenylindole. The signals were detected under immuno-
fluorescence confocal microscopy.

Histological Assessment

Semiquantitative analysis was performed for the tissue sec-
tions stained with the primary antibodies against CK19,
vimentin, and Snail. The expression of CK19 and vimentin
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was evaluated semiquantitatively at the invasive front ac-
cording to the percentage of positively stained cells: �
(negative); 1� (focal), 1% to 10% of cells in the lesion
stained positive; 2� (moderate), 11% to 50% of cells in the
lesion stained positive; and 3� (marked), more than 50% of
cells in the lesion stained positive. The signal intensity of
nuclear staining of Snail was evaluated using the following
grade; � (negative), 1� (mild to moderate), 2� (marked).
Representative images of the grading of Snail immunostain-
ing are shown. The histological assessment was performed
by two independent investigators (Y.S. and S.S.).

Statistics

All statistical analysis was performed using the Dr SPSS II
software (version 11.01 J; SPSS Japan Inc., Tokyo, Ja-
pan) and the Statview-J5.0 software (Abacus Concepts,
Inc., Berkley CA). Statistical significance was determined
using the �2 test, the Mann-Whitney U-test, and the
Spearman’s rank correlation test. In the univariate analy-
sis, the postoperative survival probability was calculated
by the Kaplan-Meier method. A P value less than 0.05
was accepted as the level of statistical significance.

Results

Phenotypic Alterations of CCKS-1, TFK-1 and
Normal BECs by TGF-�1 at the mRNA Level

RT-PCR analysis confirmed that CCKS-1, TFK-1, and nor-
mal BECs expressed the mRNA of the receptors for

TGF-� (T�RI, T�RII) and BMP-7 (BMPR-IA, BMP-RII), al-
thoughh the expression of BMPR-1A mRNA was relatively
weak (Figure 1A). Quantitative real-time PCR showed that
the 5-day treatment with TGF-�1 significantly reduced the
mRNA expression of epithelial markers (E-cadherin,
CK19), and the mRNA expression of mesenchymal mark-
ers (vimentin, S100A4), COL1A1, and matrix metallopro-
teinase-2 (MMP-2) were significantly increased in
CCKS-1 (Figure 1B) and TFK-1 (Figure 1C). BMP-7 had
no significant effect on the changes of the expression of
these markers induced by TGF-�1, while TGF-�sRII
blocked the effects of TGF-�1 in CCKS-1 and TFK-1
(Figure 1, B and C).

In normal BECs, TGF-�1 reduced the mRNA expres-
sion of E-cadherin and CK19, and induced the mRNA
expression of vimentin and S100A4 (Figure 1D). These
phenotypic changes were blocked by the addition of
TGF-�sRII, and BMP-7 had no significant effects. Con-
trasting to the results of CCKS-1 and TKF-1, the mRNA
expression of COL1A1 and MMP-2 was not significantly
affected by TGF-�1 in normal BECs (Figure 1D).

Effects of TGF-�1 on Cellular Morphology of
CCKS-1 and TFK-1

In the monolayer culture system, CCKS-1 (Figure 2A) and
TFK-1 (Figure 2B) grew in a form of epithelioid, sheet-like
appearance under the phase-contrast microscopy, and
the 5-day treatment with TGF-�1 changed the cellular
morphology from epithelioid into spindle-shaped appear-
ance in CCKS-1 (Figure 2A), and from epithelioid into

Figure 1. Phenotypic alterations of CCKS-1,
TFK-1, and normal BECs by TGF-�1 at the mRNA
level. CCKS-1, TFK-1, and human normal BECs
were treated with either TGF-�1 (10 ng/ml) alone
or in combination with BMP-7 (100 ng/ml) or
TGF-�sRII (400 ng/ml), and phenotypic changes
were examined using quantitative real-time PCR.
All cell lines expressed the receptors for TGF-�
(T�RI, T�RII) and BMP-7 (BMPR-IA, BMP-RII)
(A). Quantitative real-time PCR showed that treat-
ment with TGF-�1 reduced the mRNA expres-
sion of E-cadherin and CK19, and induced vi-
mentin, S100A4, COL1A1 and MMP-2 mRNA
expression in CCKS-1 (B) and TFK-1 (C). In nor-
mal BECs (D), TGF-�1 reduced the mRNA ex-
pression of E-cadherin and CK19 and induced
vimentin and S100A4 mRNA expression. BMP-7
did not inhibit the phenotypic changes induced
by TGF-�1 in CCKS-1, TFK-1, and normal BECs,
whereas TGF-�sRII blocked them. The data rep-
resent three independent experiments (A). The
relative fold-increase in specific mRNA over the
unstimulated samples was determined, and the
mean � SD of six per group are shown (B–D).
**P � 0.01; *P � 0.05 (vs. no treatment group).
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pleomorphic appearance in TFK-1 (Figure 2B). In both
cell lines, the addition of BMP-7 in the culture medium did
not inhibit the morphological changes induced by TGF-
�1, whereas the addition of TGF-�sRII preserved the
epithelioid appearance (Figure 2).

In the three-dimensional culture system using Matrigel,
CCKS-1 (Figure 2A) and TFK-1 (Figure 2B) formed sphe-
roidal cell aggregates, and the 5-day treatment with
TGF-�1 altered the cellular morphology from spheroid
into irregular shaped cell aggregates, in which the mor-
phological alterations were more remarkable in CCKS-1
(Figure 2A). Similar to the results of the monolayer culture
system, the addition of BMP-7 did not inhibit the morpho-
logical changes of the cells, and the addition of TGF-
�sRII blocked the effects of TGF-�1 (Figure 2).

Phenotypic Alterations of CCKS-1 and TFK-1
by TGF-�1 at the Protein Level

To determine the phenotypic alterations of CCKS-1 and
TFK-1 at the protein level, immunocytochemistry was per-
formed using the paraffin-embedded sections of the Ma-
trigel used for the three-dimensional cell culture. The
results of CCKS-1 (Figure 3A) and TFK-1 (Figure 3B)
were almost identical. The spheroids of CCKS-1 and
TFK-1 occasionally contained acidic mucins in the cen-
tral parts that were demonstrated by Alcian blue staining
at pH 2.5, and the mucins were completely disappeared
following the TGF-�1 treatment. Immunostaining showed
that both CCKS-1 and TFK-1 originally expressed E-cad-
herin weakly, and expressed CK19 strongly, and the
expression of vimentin, S100A4, and COL1A1 was focal
and weak. TGF-�1 diminished the expression of E-cad-
herin, reduced the expression of CK19, and induced the
expression of vimentin, S100A4, and COL1A1 in CCKS-1

and TFK-1, regardless of the presence or absence of
BMP-7 (Figure 3). The phenotypic and morphological
changes induced by TGF-�1 were inhibited by the addi-
tion of TGF-�sRII (Figure 3). These results were consis-
tent with the changes of mRNA expression following the
treatment (Figure 1, B and C).

Induction of Snail Expression in CCKS-1 and
TFK-1 by TGF-�1

The paraffin-embedded sections of CCKS-1 and TFK-1
were stained using the anti-Snail antibody. The immuno-
histochemical expression of Snail without any treatment
was negligible in both CCKS-1 (Figure 4A) and TFK-1
(Figure 4B). Following the 5-day TGF-�1 treatment, ap-
proximately 50% of the cells strongly expressed Snail in
their nuclei of both cell lines, which was not affected by
the addition of BMP-7, and TGF-�sRII completely inhib-
ited the nuclear expression of Snail (Figure 4), indicating
that the phenotypic and morphological alterations of
CCKS-1 and TFK-1 following TGF-�1 treatment were me-
diated by Snail.

The immunohistochemical expression of pSmad2/3
was observed in CCKS-1 (Figure 4A) and TFK-1 (Figure
4B) in more than 50% of the cells, even in the absence of
TGF-�1 treatment. The expression of pSmad2/3 was not
affected by any treatment with TGF-�1, BMP-7, or TGF-
�sRII (Figure 4).

Activation of Invasive Potential of CCKS-1 and
TFK-1 by TGF-�1

Migration assays using the Matrigel invasion chamber
demonstrated that the invasive activities of CCKS-1

Figure 2. Effects of TGF-�1 on cellular mor-
phology of CCKS-1 and TFK-1. CCKS-1 and
TFK-1 were cultured in monolayer and three-
dimensional culture systems using a Matrigel
matrix and were treated with either TGF-�1 (10
ng/ml) alone or in combination with BMP-7 (100
ng/ml) or TGF-�sRII (400 ng/ml) for 5 days.
CCKS-1 (A) and TFK-1 (B) grew in a form of
epithelioid, sheet-like appearance in the mono-
layer system and in a form of spheroidal cell
aggregates in the three-dimensional culture sys-
tem. Treatment with TGF-�1 changed the cellu-
lar morphology of CCKS-1 from epithelioid into
spindle-shaped appearance, and changed the
morphology of TFK-1 from epithelioid to pleo-
morphic appearance in the monolayer system.
The treatment also changed the cellular mor-
phology of both cell lines from spheroid into
irregular shaped cell aggregates in the three-
dimensional system. Addition of BMP-7 in the
culture medium did not inhibit these morpho-
logical changes of both cell lines, while TGF-
�sRII preserved the epithelioid appearance.
Phase-contrast microscopy. Original magnifica-
tions, �1000.
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(Figure 5, A and B) and TFK-1 (Figure 5, C and D) were
significantly increased by the treatment with TGF-�1.
Again, BMP-7 did not affect the increase in the invasive
potential of both cell lines induced by TGF-�1, while
TGF-�sRII reduced it (Figure 5).

Induction of Invasive Potential of CCKS-1 by
TGF-�1 in Vivo

A mouse xenograft model was used to determine the
effects of TGF-�1 on the invasive potential in vivo. Sus-
pension of CCKS-1 was injected intraperitoneally to
BALB/c-nu/nu nude mice, and the mice were further
treated daily with recombinant TGF-�1 or TGF-�1 � TGF-
�sRII by intraperitoneal administration for 3 weeks. The
invasive potential and tumorigenesis were compared

among the three groups of TGF-�1-treated mice, TGF-
�1 � TGF-�sRII-treated mice, and vehicle control. The
results are shown in Figure 6. At the site of peritoneal
injection, the TGF-�1-treated mice exhibited a larger
mass (average 4.7 mm in diameter) compared with that
of TGF-�1 � TGF-�sRII-treated mice (average 0.6 mm)
and vehicle control (average 2.5 mm) (Figure 6, black
arrowheads).

In the peritoneum, the vehicle control group occasion-
ally showed small disseminated tumor nodules (Figure 6,
while allows). The surface of peritoneum in the vehicle
control group was macroscopically almost sooth, and
microscopically, small foci of carcinoma were scattered
in the peritoneum (Figure 6, black arrows, upper panel).
By contrast, diffuse thickening of the peritoneum, instead
of tumor nodule formation, was macroscopically ob-

Figure 3. Phenotypic alterations of CCKS-1 and TFK-1 by TGF-�1 at the protein level. CCKS-1 and TFK-1 were cultured in the three-dimensional system using
a Matrigel matrix and were treated with either TGF-�1 (10 ng/ml) alone or in combination with BMP-7 (100 ng/ml) or TGF-�sRII (400 ng/ml) for five days. The
paraffin-embedded sections of the gel matrix were used for histological analysis. Spheroids of CCKS-1 (A) and TFK-1 (B) contained mucins in the central parts
that were demonstrated by Alcian blue staining. Immunostaining showed that CCKS-1 and TFK-1 expressed E-cadherin and CK19, and the expression of vimentin,
S100A4 and COL1A1 was focal and weak. TGF-�1 treatment diminished the mucins, reduced the expression of E-cadherin and CK19, and induced the expression
of vimentin, S100A4 and COL1A1. These changes induced by TGF-�1 were completely inhibited by the addition of TGF-�sRII, while BMP-7 had no effects in both
cell lines. Original magnifications, �1000.
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served in the TGF-�1-treated mice (Figure 6, white arrow-
heads), and the histology confirmed diffuse and dense
peritoneal dissemination (Figure 6, black arrows, middle
panel). Addition of TGF-�sRII markedly reduced the peri-
toneal dissemination of CCKS-1.

Immunohistochemical analysis demonstrated that tu-
mors of the TGF-�1-treated mice were characterized by
the increased nuclear expression of Snail, the reduction
of CK19 expression, and the induction of vimentin ex-

pression, and TGF-�sRII diminished these immunohisto-
chemical alterations induced by TGF-�1 (Figure 6).

Expression of Snail in Cholangiocarcinoma

Immunostaining was performed for paraffin-embedded
tissue sections of cholangiocarcinoma of hilar and extra-
hepatic bile ducts (n � 37) and normal livers (n � 10).

Figure 4. Induction of Snail expression in
CCKS-1 and TFK-1 by TGF-�1. Immunofluores-
cence staining of Snail and pSmad2/3 was per-
formed for the paraffin-embedded sections of
CCKS-1 and TFK-1, which were treated with
either TGF-�1 (10 ng/ml) alone or in combina-
tion with BMP-7 (100 ng/ml) or TGF-�sRII (400
ng/ml) for five days. The expression of Sail and
pSmad2/3 was visualized using a Vector red re-
action, and nuclei were stained with 4�6-dia-
midino-2-phenylindole (blue). The immunohis-
tochemical expression of Snail in CCKS-1 (A)
and TFK-1 (B) without any treatment was negli-
gible, and TGF-�1 treatment induced the expres-
sion of Snail in approximately 50% of the cells in
their nuclei of both cell lines. The Snail expres-
sion was not affected by the addition of BMP-7,
whereas TGF-�sRII inhibited the nuclear expres-
sion of Snail. Many cells of CCKS-1 and TFK-1
originally expressed pSmad2/3, and the expres-
sion was not affected by the addition of TGF-�1,
BMP-7, or TGF-�sRII. Original magnifications,
�1000.

Figure 5. Activation of invasive potential of
CCKS-1 and TFK-1 by TGF-�1. The invasive ac-
tivity of CCKS-1 and TFK-1 was assayed using
the Matrigel invasion chamber. CCKS-1 and
TFK-1 were treated with either TGF-�1 (10 ng/
ml) alone or in combination with BMP-7 (100
ng/ml) or TGF-�sRII (400 ng/ml) for two days.
Treatment with TGF-�1 significantly increased
the number of migrated cells of CCKS-1 (A, B)
and TFK-1 (C, D). BMP-7 did not affect the
increase in the invasive potential of CCKS-1 and
TFK-1 induced by TGF-�1, while TGF-�sRII re-
duced it. Representative images of the migrated
cells through the filter of the invasion chamber
are shown in A and C. Arrowheads indicate
migrated carcinoma cells. Original magnifica-
tion, �400 (A, C). The data represent the
mean � SD of six per group (B, D). **P � 0.01,
*P � 0.05 (vs. no treatment group).
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The immunostaining confirmed that cholangiocarcinoma
and the epithelium of normal bile ducts constantly and
diffusely expressed the receptors for TGF-� (T�RI, T�RII)
(Figure 7A), and the signal intensity was not significantly
different among the cases.

Positive immunoreactivity of Snail was detected in the
nuclei of cholangiocarcinoma cells in 20 cases (54%),
and 17 cases (46%) were negative (Table 2). The expres-
sion of Snail was not observed in the bile ducts of normal
livers (data not shown). Among the Snail-positive 20 chol-
angiocarcinoma cases, 14 cases showed mild to moder-
ate intensity (1�) of immunohistochemical signals, and
six cases showed marked (2�) intensity (Table 2, Figure
7B). The nuclear signal intensity of Snail in cholangiocar-
cinoma cells was similar irrespective of sites in a section
of each case.

Association of Snail Expression and CK19 and
Vimentin Expression in Cholangiocarcinoma

Immunostaining of CK19 and vimentin was performed for
the sections of cholangiocarcinoma, and the association
with the Snail expression was examined. In the Snail-
negative cases, strong immunohistochemical signals of
CK19 were observed in cholangiocarcinoma cells, while
the expression of vimentin was mostly negative. By con-
trast, the expression of CK19 tended to be reduced in
cholangiocarcinoma cells in the Snail-positive cases, and
in these cases, positive immunostaining of vimentin was
occasionally observed. The images of representative
cases are shown in Figure 7C.

Semiquantitative analysis of the results showed that
the Snail expression significantly correlated with the re-

duction of CK19 expression in cholangiocarcinoma cells,
and it also closely correlated with the positive immunore-
activity of vimentin (Figure 7D).

Relationship between Snail Expression and
Clinicopathological Factors in
Cholangiocarcinoma

The comparisons of Snail expression and clinicopath-
ological factors in cholangiocarcinoma cases are sum-
marized in Table 2. Nuclear expression of Snail was
significantly associated with lymph node metastasis
(P � 0.0437) and sex (P � 0.0152) with a female
predominance.

Postoperative follow-up data were available in 25
cases (15, male; 10, female). The median follow-up pe-
riod was 14 months. Six patients with marked (2�) ex-
pression of Snail had a significantly poor prognosis, as
compared with those with negative (�) (n � 9) and mild
to moderate (1�) (n � 10) Snail expression (P � 0.0309)
(Figure 8). Notably, five out of six cases with marked
expression of Snail were female, although overall post-
operative survival was not significantly associated with
sex (P � 0.7544).

Discussion

This study demonstrated that EMT induced by TGF-�1/
Snail activation is closely associated with the aggressive
growth of cholangiocarcinoma. TGF-�1 induced mesen-
chymal phenotypes in cholangiocarcinoma cell lines, and
increased the activity of invasive potential both in vitro

Figure 6. Induction of invasive potential of CCKS-1 by TGF-�1 in vivo. A mouse xenograft model was used to determine the effects of TGF-�1 on the invasive
potential in vivo. CCKS-1 was injected intraperitoneally, and the mice were further treated with recombinant TGF-�1 or TGF-�1 � TGF-�sRII as described in the
Materials and Methods. At the site of peritoneal injection, the TGF-�1-treated mice exhibited a larger mass compared with that of TGF-�1 � TGF-�sRII-treated
mice and vehicle control (black arrowheads). In the peritoneum, the vehicle control group occasionally showed small disseminated tumor nodules (white
allows). The surface of peritoneum in the vehicle control group was macroscopically almost sooth, and microscopically, small carcinoma foci were scattered in
the peritoneum (black arrows, upper panel). By contrast, diffuse thickening of the peritoneum was macroscopically observed in the TGF-�1-treated mice (white
arrowheads), and the histology confirmed diffuse and dense peritoneal dissemination (black arrows, middle panel). Addition of TGF-�sRII markedly reduced
the peritoneal dissemination. Immunostaining showed that tumors of the TGF-�1-treated mice were characterized by the increased nuclear expression of Snail,
the reduction of CK19 expression, and the induction of vimentin expression, and TGF-�sRII diminished these immunohistochemical alterations induced by
TGF-�1. Original magnifications (immunostaining), �400.
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and in vivo, which was accompanied by the induction of
nuclear expression of Snail. The immunohistochemical
expression of Snail correlated with the induction of vimen-
tin expression in surgically resected cholangiocarcinoma
cases, and also correlated significantly with the lymph
node metastasis and a poor survival rate of the patients.
Importantly, TGF-�sRII inhibited all of the characteristic
changes of CCKS-1 and TFK-1 induced by TGF-�1, in-
dicating that the blockage of TGF-� signaling pathways
may be beneficial in patients with cholangiocarcinoma.

In contrast to the striking effects of TGF-�sRII in
CCKS-1 and TFK-1, BMP-7 had no significant effects
on the inhibition of EMT. BMP-7 counteracts EMT by
antagonizing TGF-�, and has been shown to inhibit
tumor metastasis in breast and prostatic cancer.13,27

Our recent studies using cultured microvascular endo-
thelial cells also demonstrated that BMP-7 inhibited the
phenotypic conversion of the endothelial cells (endo-
thelial–mesenchymal transition) via TGF-�1/Smad acti-
vation.23 The results obtained in this study showed that

the expression of pSmad2/3 was not affected by the
treatment of TGF-�1 in vitro. These results indicate that
the Smad signaling pathways do not necessarily play
major roles in the induction of EMT by TGF-�1 in chol-
angiocarcinoma, and it is possible that EMT may be
mediated by the Smad-independent pathways, including
RHOA, Ras, phosphatidylinositol 3-kinase, and TGF-�-
activated kinase 1.4

TGF-�-mediated growth inhibition and apoptosis can
be correlated with its function as a tumor suppressor.28

However, our previous studies showed that TGF-�1 did
not influence the proliferation of CCKS-1, and we identi-
fied that overexpression of cyclin D1 was an underlying
causative mechanism of this phenomenon.29 Although
the effects of TGF-�1 on apoptosis remain to be deter-
mined in cholangiocarcinoma, no influence on the cellu-
lar proliferative activity of CCKS-1 by TGF-�1 implies that
TGF-�1 may not have apoptosis-inducing capacity.
Therefore, the blockage of TGF-� signaling pathways
may be able to reduce the activity of invasive potential of

Figure 7. Expression of Snail and its association with CK19 and vimentin expression in cholangiocarcinoma. Immunohistochemical analysis was performed for
paraffin-embedded tissue sections of cholangiocarcinoma of hilar and extrahepatic bile ducts (n � 37). Immunostaining showed that cholangiocarcinoma cells
expressed the receptors for TGF-� (T�RI, T�RII) (A). The immunohistochemical expression of Snail in the nuclei of cholangiocarcinoma cells varied from case
to case, and the extent was graded as negative (�), mild to moderate (1�), and marked (2�) (B). In the Snail-negative cases, marked immunohistochemical signals
of CK19 were observed in cholangiocarcinoma cells, while the expression of vimentin was negative (C). By contrast, the expression of CK19 tended to be reduced
in cholangiocarcinoma cells in the Snail-positive cases, and the positive immunoreactivity of vimentin was observed (C). The immunohistochemical expression
of CK19 and vimentin in cholangiocarcinoma cells was semiquantitatively evaluated in four grades (�, 1�, 2�, 3�) as described in the Materials and Methods,
and the association with the Snail expression was analyzed. The semiquantitative analysis showed that the Snail expression significantly correlated with
the reduction of CK19 expression, and the induction of vimentin expression in cholangiocarcinoma cells (D). Original magnifications, �200 (A, C); �1000
(B, insets of C).
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cholangiocarcinoma, which presumably does not acti-
vate and worsen cell proliferation.

Induction of COL1A1 expression in CCKS-1 and TFK-1
by TGF-�1 accounts for desmoplasia, which is usually
seen in the stroma of conventional cholangiocarcinoma.
A dynamic interaction likely exists between carcinoma
cells and the host microenvironment to support cancer
cell growth and invasion. Type I collagen seems to play
important roles in the induction and maintenance of EMT.
For example, colorectal carcinoma cells grown on type I
collagen show an EMT-like phenotype and less cohesive
morphology.30 During renal fibrosis, cell contact to type I

collagen promotes EMT in renal tubular epithelial cells.31

From these observations, it is suggested that, in cholan-
giocarcinoma, TGF-�1 secreted by carcinoma cells, as
well as stromal cells, induces type I collagen deposition
in the stroma, which in turn may promote and/or enhance
EMT.32 In these processes, MMPs including MMP-2 may
also contribute greatly to the local extension of carcinoma
cells.33,34

In this study, the immunohistochemical expression of
Snail in cholangiocarcinoma was significantly associated
with sex with a female predominance, and five out of six
cases with marked (2�) expression of Snail were female.
These results indicate that estrogens may relate to the
occurrence of EMT in cholangiocarcinoma. Previous
studies demonstrated that cholangiocarcinoma cells ex-
pressed receptors for estrogens, and estrogen modu-
lated cancer cell growth.35,36 Snail transcription has been
shown to be regulated by the estrogen receptor, and the
estrogen receptor is an EMT inhibitor and is critical in
maintaining the epithelial status of normal breast cells.3 In
women after menopause, serum estradiol concentrations
fall to values similar to or lower than those in men of
similar age.37 Although this study dealt with a limited
number of cases, our results suggest that the occurrence
of EMT in cholangiocarcinoma may be associated with
the serum estrogen concentration, and EMT tends to
occur in patients with low concentration of serum estro-
gens, especially in the elderly women. In this regard,
further study is necessary to determine whether a high
risk group of cholangiocarcinoma exists in the elderly
women, which are characterized by the increased ex-
pression of Snail and low serum estrogen levels.

Table 2. Relationship between Immunohistochemical Expression of Snail and Clinicopathological Factors in Cholangiocarcinoma

Snail expression

Clinicopathological factor n � (%) 1� (%) 2� (%) P value

Total 37 17 (46) 14 (38) 6 (16)
Age

�70 14 8 (57) 4 (29) 2 (14) 0.5551
�70 23 9 (39) 10 (43) 4 (17)

Sex
Male 23 14 (61) 8 (35) 1 (4) 0.0152
Female 14 3 (21) 6 (43) 5 (36)

Size (cm)
�2.0 18 11 (61) 5 (28) 2 (11) 0.1964
2.0� 19 6 (32) 9 (47) 4 (21)

Histology
Well 12 3 (25) 7 (58) 2 (17) 0.3829
Moderate 15 8 (53) 5 (33) 2 (13)
Poor 10 6 (60) 2 (20) 2 (20)

Depth of invasion
T1,2 20 8 (40) 8 (40) 4 (20) 0.6794
T3,4 17 9 (53) 6 (35) 2 (12)

Perineural invasion
Negative 5 3 (60) 2 (40) 0 (0) 0.5507
Positive 32 14 (44) 12 (38) 6 (19)

Lymph node metastasis
Negative 17 9 (53) 8 (47) 0 (0) 0.0437
Positive 20 8 (40) 6 (30) 6 (30)

Stage
Ia–IIa 16 8 (50) 8 (50) 0 (0) 0.0557
IIb 21 9 (43) 6 (29) 6 (29)

Figure 8. Survival curve of cholangiocarcinoma cases in relation to Snail
expression. Postoperative follow-up data were analyzed in 25 cholangiocar-
cinoma cases, and the association with the immunohistochemical expression
of Snail was determined. Patients with marked (2�) immunohistochemical
expression of Snail had a significantly poor prognosis, as compared with
those with negative (�) and mild to moderate (1�) expression (P � 0.0309).
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The concept of EMT was originally defined in the cel-
lular remodeling that occurs during development, and it
implies complete transdifferentiation of the epithelial cells
into mesenchymal cells. To describe the emergence of
mesenchymal features during tumor progression, it has
been proposed that the term, EMT-like phenotype, is
more appropriate in most cases.38 In fact, the occurrence
of complete EMT by TGF-�1 is a rare event in many
carcinoma cell lines.39 In this context, the phenotypic
alterations of cholangiocarcinoma induced by TGF-�1
observed in this study correspond to EMT-like changes
rather than complete EMT; however, we used the term
EMT to describe the phenotypic changes, because the
definition of EMT is still in debate. Most carcinomas dis-
play phenotypic heterogeneity, probably resulting from
tumor cell renewal and adaptation to specific microenvi-
ronment, and recently, it has been shown that EMT can
generate cells with properties of stem cells.40 Thus, EMT
and EMT-like changes seem to be involved in the com-
plex networks of the mechanism underlining the hetero-
geneity of the tumors, and this may be also true in
cholangiocarcinoma.

In summary, the present study provided evidence
showing that human cholangiocarcinoma cells under-
went EMT by TGF-�1/Snail activation, which was accom-
panied by the activation of invasive potential. The Snail
expression significantly correlated with the lymph node
metastasis and a poor survival rate of the patients, sug-
gesting that EMT via TGF-�1/Snail activation aggravates
invasive growth and metastasis of cholangiocarcinoma in
vivo. The inhibition of EMT targeted for the TGF-�1/Snail
pathways may improve the poor prognosis of the patients
with cholangiocarcinoma.
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