
Role of Growth Factor Signaling Pathways
in Biliary Tract Cancer

Kaoru Kiguchi and John DiGiovanni

Contents

1 Introduction .......................................................................... 33

2 Molecular Aspect of BTC ................................................... 34

3 Role of ErbB RTKs and Their Downstream Signaling
Pathways in the Development of BTC .............................. 34

3.1 ErbB2 and EGFR in Human BTC........................................ 34
3.2 erbB RTK Family.................................................................. 35
3.3 Animal Models for Human BTC.......................................... 36

4 The Role of Bile Acid During BTC Carcinogenesis........ 41

5 Conclusion and Future Direction ...................................... 41

References ...................................................................................... 42

Abstract

Biliary-tract carcinomas (BTCs) are relatively infrequent
but highly lethal malignancies. Novel targets for thera-
peutic or chemopreventive approaches are urgently
needed. However, the knowledge of genomic mutations
in BTC is less extensive than that of other gastrointestinal
cancers. In this chapter, we will discuss the role of growth
factors and their receptors (receptor tyrosine kinases,
RTKs), downstream signaling pathways of these RTKs
and inflammatory mediators during gallbladder carcino-
genesis based on our study using a mouse model for human
BTC as well as additional information in the literature.

1 Introduction

Biliary tract carcinomas (BTCs), which include cancers of
the gallbladder (GBCs) and the intra- and extra-hepatic
biliary tree, are relatively infrequent but highly lethal
malignancies [1]. Although there have been advances in the
diagnosis and management of BTCs, these cancers still
prove challenging to treat due to their insensitivity to con-
ventional therapies and the inability to prevent or detect
early tumor formation. These factors render gallbladder
cancer nearly incurable with a five-year survival rate of only
5–21 % [2–6]. Novel targets for therapeutic or chemopre-
ventive approaches are urgently needed. We previously
generated transgenic mice that overexpress wild-type rat
erbB2 in epithelial tissues under the control of the bovine
keratin 5 (BK5) promoter (BK5.erbB2 mice) [7]. Overex-
pression of erbB2 in basal epithelial cells of the gallbladder
led to the development of adenocarcinoma of the gall-
bladder and cystic duct in 90 % of these transgenic mice by
2–3 months of age. This was the first direct demonstration
that erbB2 overexpression could lead to the development of
BTC [7]. We have shown that BK5.erbB2 transgenic mice
are a valid model for investigating mechanisms underlying
the development of GBCs and other BTCs. We have found
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that protein levels of erbB2 as well as protein levels of
epidermal growth factor receptor (EGFR) are elevated in
the gallbladder in BK5.erbB2 transgenic mice. In addition,
we have found elevated levels of COX-2/PGE2 and elevated
activity of Akt, MAPK (mitogen-activated protein kinase),
and mTOR (mammalian target of rapamycin) in the GBC
from these mice. These molecular alterations are similar to
those reported in human GBC or BTC.

In this chapter, we will discuss the role of growth factors
and their receptors (receptor tyrosine kinases, RTKs),
downstream signaling pathways of these RTKs, and
inflammatory mediators during gallbladder carcinogenesis.
Understanding the growth factor signaling pathways
upregulated in GBC will provide critical clues for novel
therapeutic and chemopreventive strategies using drugs and/
or agents that selectively target these specific pathways.

2 Molecular Aspect of BTC

The knowledge of genomic mutations in BTC is less
extensive than that of other gastrointestinal cancers.
Although the molecular aspects of BTC remain poorly
understood, several genetic abnormalities have been
described in specimens of human GBC. Genetic alterations
in p53 or K-ras may contribute to the development of certain
types of GBC [8–13]. In this regard, Hanada et al. [11] found
that the incidence of p53 mutations and protein expression
was significantly less in the polypoid type (adenoma–car-
cinoma sequence) of GBC compared with the flat type (de
novo development). Li et al. [14] have reported that p53
overexpression was detected in 43 % of adenomas, 60 % of
dysplasias, and 57 % of GBCs in addition to frequent
observation of reduced p21WAF1/CIP1 expression. Mutations
in codon 12 of K-ras are seen infrequently in GBC, except in
those cases where the carcinoma is associated with an
anomalous junction of the pancreaticobiliary duct (APDJ)
[8–13]. Recent studies describe the presence of p53 mutation
in 92 % of invasive GBC [13]. ErbB2 overexpression has
been reported in a significant percentage of GBCs [14–16]
and cholangiocarcinomas [16–21]. The protein levels of
both EGFR and its ligand, transforming growth factor-a
(TGFa), assessed by immunostaining, are elevated in human
BTC including GBC [22, 23]. Accumulating evidence sug-
gests that COX-2, an inducible enzyme responsible for
conversion of arachidonic acid to prostaglandins, may play a
variety of roles in the gastrointestinal tract including path-
ogenic processes such as neoplasia [24]. A recent study
demonstrated a relationship between erbB2 overexpression
and COX-2 upregulation in human colorectal cancer cells
[25]. Elevated COX-2 expression has been demonstrated in
well-differentiated human hepatocellular carcinoma [26, 27]
and GBC [28] compared with low or non-detectable COX-2

expression in poorly differentiated tumors. Very recently,
Sirica’s group reported a strong positive correlation between
the immunostaining intensities of erbB2 and COX-2 in BTC.
COX-2 was observed not only in the furan rat cholangio-
carcinoma model, but also in human cholangiocarcinomas
[29], supporting the possibility that erbB2 plays a key role in
regulating COX-2 expression in neoplastic and precancerous
biliary tract epithelial cells. Grossman et al. [30] reported a
specific COX-2 inhibitor, but not COX-1 inhibitor,
decreased mitogenesis, and increased human gallbladder
cell apoptosis associated with decreased prostaglandin E2

(PGE2). This suggests that the COX enzymes and the pros-
tanoids may play a role in the development of gallbladder
cancer and that COX-2 inhibitors may have a therapeutic
role in gallbladder neoplasms [30].

3 Role of ErbB RTKs and Their
Downstream Signaling Pathways
in the Development of BTC

3.1 ErbB2 and EGFR in Human BTC

To date, very few studies have addressed the molecular and
cellular mechanisms underlying the development of BTC as
described above; however, several lines of evidence suggest
a role for the erbB receptor family. Overexpression and
activation of erbB2 have been reported in a significant per-
centage of human BTC [15, 16, 31, 32]. In one study, 30 of
43 cases (69.6 %) and 14 of 43 cases (32.6 %) of GBCs had
amplification of erbB2 DNA or overexpression of erbB2
protein, respectively [15]. In another study, 7 of 11 cases
(63.6 %) of GBCs showed overexpression of erbB2 protein
[16]. Yukawa et al. [17] reported erbB2 protein expression in
9 of 13 cases (69 %) of GBCs considered to be relatively
early-stage tumors (all 13 cases were histologically diag-
nosed as well-differentiated tubular adenocarcinoma), yet
erbB2 protein expression was undetectable in tumors that
were more advanced. Furthermore, ErbB2 has been shown
to be overexpressed in the neoplastic glandular epithelium of
furan- and thioacetamide-induced intestinal-type cholan-
giocarcinomas in rat liver [33, 34]. It has also been reported
that erbB2-transformed rat cholangiocytes, which overex-
pressed activated erbB2, obtained a tumorigenic feature
when transplanted into isogenic rats, yielding a 100 %
incidence of BTCs [34]. Overexpression and activation of
epidermal growth factor receptor (EGFR) have also been
reported in 30–60 % of BTC samples [31, 32, 35] and were
shown to be correlated with negative clinical and pathologic
features, such as distant metastasis and poor dedifferentia-
tion [22, 36–38]. These data suggest that altered expression
and activity of erbB2 and EGFR are major mechanisms
underlying human BTC carcinogenesis [39].
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3.2 erbB RTK Family

Several lines of evidence suggest a role for the erbB
receptor family as described above. A number of RTKs
have been described [40–42]. Among them is the erbB
family of RTKs consisting of the epidermal growth factor
receptor (EGFR/erbB1), erbB2 (neu), erbB3, and erbB4
[43]. ErbB family RTKs have been shown to be important
for normal development as well as in neoplasia [40, 44]
(Fig. 1). Although all of the erbB family members share
similarities in primary structure, receptor activation mech-
anism, and signal transduction patterns, they bind to dif-
ferent ligands. EGFR binds to and can be activated by a
number of different ligands of the EGF family, including
EGF, transforming growth factor-a (TGF-a), heparin-
binding EGF-like growth factor (HB-EGF), amphiregulin
(AR), betacellulin [45, 46], epigen (EP), and epiregulin
(EREG). The neuregulin subfamily consists of various
isoforms referred to as 1–4. These ligands bind to erbB4
and/or erbB3. Betacellulin, HB-EGF, and epiregulin have
also been shown to bind to erbB4. Ligand-dependent acti-
vation of erbB family receptors can lead to heterodimer-
ization, particularly of EGFR, erbB3 and erbB4 with erbB2.
To date, no ligand has been identified for erbB2. ErbB3
cannot generate signals in isolation because the kinase
function of this receptor is impaired, thus relying on inter-
action with erbB2 for signaling.

Post-receptor signaling by activated erbB family mem-
bers includes signaling through Ras/MEK/MAPK/Erk
(extracellular signal-regulated kinase), phospholipase Cc,
signal transducer and activation of transcription (STATs),
and phosphatidylinositol 3-kinase (PI3K) pathways that are
common to nearly all RTKs (Fig. 1). Although the mem-
brane-anchored peptide can be biologically active through
juxtacrine signaling, in most cases, the extracellular domain
is proteolytically cleaved by a metalloprotease activity
present in the cell membrane. This process is known as
‘‘ectodomain shedding’’ and leads to the release of the
soluble growth factor, which may act in an endocrine,
paracrine, or autocrine fashion [47].

To allow paracrine or autocrine interaction of the EGFR
ligands with the receptor, the membrane-tethered ligand
precursors need to be released by a proteolytic reaction. This
important step is mediated mainly by membrane-anchored
metalloproteases of the ADAM (a disintegrin and metallo-
protease) family [48]. ADAM17, which is also known as
tumor necrosis factor-a (TNF-a)-converting enzyme, or
TACE, together with ADAM10, is thought to play a central
role. ADAM17 can cleave the AR, EREG, TGF-a, and HB-
EGF membrane-anchored precursors, while ADAM 10 is a
key sheddase for EGF and BTC, and can also cleave the HB-
HGF transmembrane precursor [45, 46, 49]. Transactivation
of the EGFR by ligands of G-protein-coupled receptors
(GPCRs) is perhaps the best characterized example of EGFR
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activation by heterologous ligands [48]. These include
angiotensin II (ANG II), lysophosphatidic acid (LPA),
endothelin-I, thrombin, IL-8, and prostaglandins such as
PGE2 [48]. Different mechanisms have been proposed to
mediate ADAM activation by GPCRs. Elevation of the
intracellular levels of Ca2 or reactive oxygen species (ROS)
is likely to be involved as well as phosphorylation reactions
involving protein kinase C (PKC), ERK, or c-Src [48]. As
previously indicated, transactivation of the EGFR is not
exclusive of GPCR-triggered signaling. Studies carried out
in keratinocytes have established that the expression and
release of EGFR ligands can be elicited by the cytokines
TNF-a and interferon-c (INF-c) [50]. This has been recently
observed also for the proapoptotic factor Fas ligand (FasL).
Interestingly, it was shown that transactivation of the EGFR
through the secretion of ligands such as AR contributed to
mediate part of the inflammatory responses to FasL in
human epidermis [51] (Fig. 2).

3.3 Animal Models for Human BTC

3.3.1 Background
As mentioned, very few studies have attempted to decipher
the molecular and cellular mechanism(s) involved in the
development of BTC; thus, very little is known regarding the
sequence of events that lead to this disease. A limiting factor
has been the lack of relevant animal models for the study of
early events in BTC. Presently available animal models are
based on exposure to chemical carcinogens, and in most of
these models, the latency between the treatment and tumor
development is long and the tumor incidence is relatively
low. However, the furan rat model described by Sirica et al.
gives rise to a very high incidence of BTC, intrahepatic

cholangiocarcinoma [52, 53]. In this model, treatment of rats
with furan rapidly induced intestinal metaplasia and asso-
ciated cholangiofibrosis in the right/caudate liver of rats
[54]. Long-term treatment with furan (daily dose of 30 mg/
kg of body weight, five times weekly by gavage for
9–13 weeks) resulted in the preferential development of
cholangiocarcinoma [53]. The incidence of cholangiocarci-
noma was 70–90 % in rats treated with furan by 16 months.
The furan-induced cholangiocarcinoma in this rat model
characteristically overexpressed erbB2, COX-2, and c-Met
[54]. In addition to this model, combined treatment of Syrian
golden hamster with dihydroxy-di-n-propyl nitrosamine and
liver fluke infestation was shown to be associated with the
enhancement of cholangiocarcinomas and preneoplastic
lesions in the gallbladder [55].

Recently, we developed BK5.erbB2 transgenic mice,
where expression of the rat erbB2 cDNA is targeted to the
basal layer of multiple epithelial tissues, including the bil-
iary tract epithelium [7, 56] (Fig. 3a). Adenocarcinoma of
the gallbladder develops in 90 % of the homozygous
BK5.erbB2 transgenic mice by 2–3 months of age [7]. The
BK5.erbB2 transgenic mouse line represents the first
genetically engineered mouse model for investigating the
mechanism(s) underlying the development of GBCs and
other BTCs. The remainder of this section will be devoted
to a summary of this model and its initial utilization for
preclinical therapeutic studies.

3.3.2 BK5.erbB2 Mouse Model of Gallbladder
Cancer

Necropsy of adult BK5.erbB2 mice revealed that the gall-
bladder was dramatically enlarged and had a white, opaque
appearance (Fig. 3bB). Enlarged gallbladders were often
associated with a significantly dilated common bile duct

Pro-EGFR Ligand 

Bile acid 

Src 

Proliferation/ Survival 
/Migration/Inflamation 

Mature Ligand for 
EGFR

TGR5
(GPCR) 

Receptor P P

TACE 

P

P P

EGFR/
erbB2

EGFR

ROS 

TACE 

Cytokine receptor 
TLRs 

TNF, FasL 

AKT MAPK PLC STAT3 
P P

Fig. 2 ErbB2/EGFR transactivation
through TLRs, GPCR, and TACE and
cross talk between src which leads to the
development of biliary tract cancer (see
text in detail)

36 K. Kiguchi and J. DiGiovanni



(Fig. 3bB). This enlarged hepatic duct from the liver and
the cystic duct from the gallbladder unite to form the
enlarged common bile duct, which extends posteriorly
through the pancreas and intestinal wall, where it opens to
the mucosal surface of the duodenum as the ampulla of

Vater (Fig. 3B and H). Most of the gallbladders in young
BK5.erbB2 mice (\3 weeks) possess an anomalous fas-
ciculus structure (Fig 3bC). The majority of the GBCs
completely filled the lumen (Fig. 3E), although some
showed focal lesions.

Fig. 3 a The DNA construct used to generate BK5.erbB2 mice.
b Gross appearance and histological evaluations of BTC in BK5.erbB2
mice. A Gallbladder of wild-type mouse, B BK5.erbB2 mouse at
3 months of age, C anomalous fasciculus form of gallbladder in the
early stage of gallbladder development (2 weeks of age) in BK5.erbB2
mouse, D H and E staining of gallbladder in wild-type mouse and
E BK5.erbB2 mouse, F BrdU staining of gallbladder in wild-type
mouse and G BK5.erbB2 mouse, H H and E staining of the ampulla of

Vater, I intrahepatic cholangiocarcinoma, and J the junction of the
pancreaticobiliary duct (JPBD) in a 3-month-old BK5.erbB2 mouse.
c Two different pathways of development of GBC in BK5.erbB2 mice.
(Upper figures) Carcinoma arising from hyperplasia in situ shown in
an adenoma/hyperplasia/carcinoma sequence. (Lower figures) Carci-
noma arising from hyperplasia shown in a de novo sequence. (Figure
on left) Normal gallbladder from wild-type control mouse. Some of
figures are adopted from Kiguchi K et al. [7]
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Analysis of the mucosa adjacent to the GBC observed in
the mice allowed segregation into two categories based on
etiology: carcinoma arising from hyperplasia in situ (HIS,
14 cases out of 34 GBCs from BK5.erbB2 mice, 41 %) or
hyperplasia in whole mucosa (HIW, 59 %) (Fig. 3c). GBC
tumors arising from HIW were more likely to be invasive
(70 %, p \ 0.01) compared to those arising from HIS
(14 %). Tumors were characterized by branching structures
with finger-like projections covered with high columnar
epithelium and hyperchromatic nuclei. Most of the tumors
were diagnosed as well-differentiated adenocarcinomas.
Carcinoma cells frequently invaded into the surrounding
connective tissues. In addition, hypervascularization was a
characteristic feature of these tumors. Staining with CD31,
a marker for endothelial cells, revealed extensive vascu-
larization in the adenocarcinomas from BK5.erbB2 mice
[7]. Adenocarcinomas from BK5.erbB2 mice exhibited a
significantly elevated labeling index (a marker of prolifer-
ation) compared to normal gallbladder epithelium as
determined by staining with antibromodeoxyuridine (BrdU)
antibody (Fig. 3bG). Tumor cells of the common bile duct
often invaded into the pancreatic duct (Fig. 3bJ). The
ampulla of Vater was dilated, and hyperplasia of the epi-
thelium was observed in transgenic mice. Pronounced
congestion of bile, inflammation, necrosis, hyperplasia of
biliary duct cells, and/or tumor development was also fre-
quently observed in intrahepatic biliary ducts of transgenic
mice (Fig. 3bI).

3.3.3 Status of EGFR and ErbB2 in GBC
of BK5.erbB2 Mice

Persistent expression of the erbB2 transgene was observed in
the epithelia of both gallbladder and intrahepatic biliary duct
as well as in gallbladder adenocarcinoma (Fig. 4a) and cho-
langiocarcinomas [7]. Endogenous erbB2 expression was only
weakly detectable in both the intrahepatic biliary duct and
gallbladder from wild-type mice (Fig. 4a). Western blot
analysis of gallbladder tissue lysates showed that the level of
erbB2 protein was significantly elevated in BK5.erbB2 mice
compared to that of wild-type mice, as expected (Fig. 4b).
ErbB2 was also hyperphosphorylated after adjustment for total
erbB2 protein level (Fig. 4b). Interestingly, the level of EGFR
protein (but not erbB3 or erbB4 protein) was elevated and
hyperphosphorylated on tyrosine residues in gallbladder tissue
from BK5.erbB2 mice (Fig. 4b). Additional analyses by
immunoprecipitation of EGFR and erbB2 followed by Wes-
tern blot analysis for erbB2 and EGFR, respectively, con-
firmed elevated heterodimer formation between erbB2 and
EGFR in gallbladder tissue of BK5.erbB2 mice [7]. Further-
more, to detect gallbladder tumors in BK5.erbB2 mice in vivo,
we utilized a molecular imaging system. BK5.erbB2 mice
were injected via tail vein with either EGF-labeled NHS ester
conjugate with infrared dye 800CW (IRDye 800CW EGF

probe) or IRDye 800CW Carbonate as control. The distribu-
tion of the IRDye 800CW EGF was visualized by the Kodak
in vivo Imaging System FX-Pro (Carestream Health Inc.,
Rochester, NY). 48 h after the injection, the EGF probe
accumulated in the gallbladder (Fig. 4a). The background
signal in the gallbladders of mice injected with IRD 800CW
Carbonate as well as the gallbladder of wild-type mice injected
with the EGF probe was undetectable (data not shown). This
preliminary experiment indicates that the level of EGFR and/
or erbB2 is significantly high in the gallbladder of BK5.erbB2
mice and that this bioimaging technique can be a useful tool
for tracking tumor size in longitudinal in vivo experiments.

3.3.4 MAPK, Akt, and mTOR in Gallbladder Tissue
of BK5.erbB2 Mice

The activation status of signaling molecules downstream of
erbB2/EGFR and the status of other proteins were also
examined. Although total protein levels of MAPK were not
changed (Fig. 4b), the level of phosphorylation of MAPK
was increased in the gallbladder of transgenic mice. Fur-
thermore, phospho-Akt, but not total Akt level, was ele-
vated in the gallbladder of BK5.erbB2 mice as assessed by
Western blot analysis (Fig. 4b). We have reported that
mTOR and other signaling molecules both immediately
upstream (Akt, MAPK) and downstream (p70S6 K) of
mTOR are hyperphosphorylated in gallbladder tissues from
BK5.erbB2 mice compared to corresponding tissue from
wild-type mice [39]. We also found that cyclin D1, bcl-2, c-
Met, E-cadherin, and b-catenin were upregulated in the
gallbladder tissue of BK5.erbB2 compared to wild-type
mouse by Western blot analysis [7].

3.3.5 Increased COX-2 Protein and mRNA
Expression, PGE2 Synthesis,
and Phosphorylation of PLA2 in GBC
of BK5.erbB2 Mice

The protein level (determined by immunohistochemistry
and Western blot) and mRNA expression (determined by
RT-PCR) of COX-2 were significantly elevated in the
gallbladder tissue of BK5.erbB2 mice compared to wild-
type mice (Fig. 4b) and [7]. The level of PGE2 was also
found to be elevated in the tissue [47]. These results suggest
that elevated prostaglandins, particularly PGE2, may play
an important role in the development of GBC in BK5.erbB2
mice. Phosphorylated form of phospholipase A2 (PLA2),
but not total PLA2, was also elevated in the gallbladder
tissue of BK5.erbB2 mice (not shown).

3.3.6 Therapeutic Studies with Specific Molecular
Targeting Agents Using BK5.erbB2 Mice

Similarities in molecular alterations, such as overexpression
and/or activation of erbB2, EGFR, Akt, and COX-2
between BTCs in BK5.erbB2 mice and humans, make
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BK5.erbB2 transgenic mice a unique animal model for
further mechanistic studies regarding the role of erbB2/
EGFR and their downstream signaling in the development
and growth of BTC, as well as a promising tool for the
development of new treatment and/or prevention modali-
ties. We have used this model successfully in several pre-
clinical therapeutic studies using tyrosine kinase inhibitors
[56], a COX-2 inhibitor [57], an mTOR inhibitor [58], and
histone deacetylase (HDAC) inhibitor [59]. Figure 5 shows
the therapeutic effect of GW2974, a dual specific erbB2/
EGFR inhibitor [60]. In this experiment, BK5.erbB2 mice
received 200 ppm GW2974 in the diet for 1 month. Treat-
ment with GW2974 resulted in a significant decrease in the
incidence of GBC to 3 % (Fig. 5a). These reductions cor-
responded to a 95 % decrease in tumor incidence compared
with BK5.erbB2 mice receiving the control diet, which had
a GBC incidence of 72 % as determined by histopatholo-
gical examination. The impact of treatment is very clearly
seen in the ultrasound images in Fig. 5b. H and E staining in
the right panels clearly shows that the dramatic regression
of the tumor with only hyperplasia is still evident (Fig 5b).
The labeling index determined by BrdU staining was also
reduced in the gallbladder of mice receiving GW2974.

Treatment with GW2974 resulted in decreased levels of
both erbB2 and EGFR. Furthermore, levels of p-erbB2 and p-
EGFR were markedly reduced [56]. Nearly complete inhi-
bition of tumor development by GW2974 suggests a level of
erbB2 dependency during gallbladder tumor development in
BK5.erbB2 mice. Treatment of BK5.erbB2 mice with the
HDAC inhibitor, PCI-24781, for 1 month prevented 79 % of
GBCs cases from progression and showed a clinical effect in
47 % of cases. This effect was associated with downregula-
tion of erbB2 mRNA, ErbB2 protein/activity, and EGFR
activity and upregulation of acetylated histone and acetylated
tubulin [58]. These results indicate that the significant ther-
apeutic/inhibitory effect that this HDAC has on the devel-
opment of gallbladder tumors is due to its ability to block the
activation of both erbB2 and EGFR.

We also examined the effects of a COX-2 inhibitor, CS-
706, on the development of GBCs using the BK5.erbB2
mouse model. Ultrasound image analysis as well as histo-
logical evaluation revealed a significant therapeutic effect of
CS-706 on the GBCs, either as reversion to a milder pheno-
type or as inhibition of tumor progression. The antitumor
effect was associated with inhibition of prostaglandin E2
synthesis. CS-706 treatment also downregulated the activa-
tion of erbB2 and EGFR, resulting in decreased levels of
phosphorylated Akt and COX-2 in GBCs of BK5.erbB2
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mice. Based on our results, targeting COX-2 could provide a
potentially new and effective therapy alone or in combination
with other therapeutic agents for patients with BTC [57].

In addition, BK5.erbB2 mice were treated with rapamycin
by i.p. injection (5 mg/kg BW, once daily for 14 days).
Rapamycin significantly reduced the incidence and severity
of GBCs in BK5.erbB2 mice in a dose-dependent manner.
Tumors responsive to treatment exhibited a higher number of
apoptotic cells. Furthermore, rapamycin treatment led to
decreased levels of phosphorylated p70 S6 kinase (Thr389) in
gallbladder tissue as assessed by both Western blot and
immunofluorescence analyses. Immunofluorescence staining
revealed elevated phosphorylated Akt (Ser473) and phos-
phorylated mammalian target of rapamycin (mTOR;
Ser2448) in human GBC compared with normal gallbladder
tissue. Based on the fact that the Akt/mTOR pathway is
activated in human GBC, rapamycin and related drugs may be
effective therapeutic agents for the treatment of human GBC
with activated Akt/mTOR pathway [58]. Proposed inhibitory
effect of each therapeutic compound on the signaling path-
ways in GBC of BK5.erbB2 mice is shown in Fig. 6.

4 The Role of Bile Acid During BTC
Carcinogenesis

Exposure to high levels or abnormal composition of bile
acid is associated with an increased incidence of cancer of
the laryngopharyngeal tract, esophagus, stomach, pancreas,
small intestine, and colon [61]. Bile acids, which are syn-
thesized from cholesterol, have long been recognized as
essential for dietary lipid absorption; however, an important
role for bile acids as signaling molecules has emerged in
recent years [62–64]. Bile acids activate EGFR, MAPK, and

PI3-K/Akt signaling pathways in hepatocytes [65, 66].
More recent evidence suggests that bile acids may activate
RTKs and downstream signaling molecules, indirectly, in a
G-protein-coupled receptor (GPCR)-dependent manner [67]
mediated by ADAM family peptidases [68, 69]. The role of
cell signaling by these organic acids in the development of
human biliary tract cancer remains unknown. A recent study
from our laboratory [70] demonstrated that the secondary
conjugated bile acid, taurochenodeoxycholic acid (TCDC),
increased proliferation of primary cultured gallbladder
epithelial cells from BK5.erbB2 mice and human BTC
cells. TCDC treatment activated erbB2/EGFR and down-
stream signaling molecules in both primary cultured cells
and human BTC cells. TCDC also increased the expression
of EGFR ligands and TACE activity in human BTC cells.
These results suggest that during the development of BTC,
bile acid may act as a promoter when erbB2 is activated in
gallbladder epithelial cells.

Previous lines of evidence have suggested that the non-
receptor tyrosine kinase, c-Src, elicits cross talk between
TGR5 (a GPCR) and EGFR to transduce bile acid signaling
for activation of EGFR [71–74]. Figure 6 shows the pro-
posed role of erbB2/EGFR and other key molecules as well
as possible cross talk in the development of BTC in
BK5.erbB2 mice.

5 Conclusion and Future Direction

The dismal outcomes that generally result from gallbladder
carcinoma and other BTCs explain the pessimism that
surrounds treatment for these cancers. Nevertheless, more
aggressive surgical technique, advanced oncologic, and
radiation therapy have led many institutions to report an
increase in long-term survival rates. Although these treat-
ments are progressive, the efforts directed toward early
detection and novel treatment derived from basic research
to determine the mechanisms involved in BTC development
may play a key role in the improvement of patients’ sur-
vival. New drugs that selectively target specific augmented
molecule(s) such as erbB2 and COX-2 in BTC and asso-
ciated risk conditions may serve as potentially effective
adjunct therapeutic strategies for this cancer, for which
there is currently no effective medical treatment. In addi-
tion, identification of novel candidate gene(s) or protein(s),
which regulate these mechanisms, may provide not only
potential therapeutic targets, but also novel tumor markers
for this lethal disease. The BK5.erbB2 transgenic mouse
model provides a unique opportunity to study the mecha-
nisms involved in the development of this cancer.
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