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Interaction of Muc4 and ErbB2 in a transgenic mouse model of
gallbladder carcinoma: Potential pathobiological implications
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Abstract. The molecular mechanism of gallbladder carci-
nogenesis and cancer growth remains unknown. BKS5.erbB2
transgenic mice in which erbB2 is overexpressed and activated
in the biliary epithelia develop adenocarcinoma of the gall-
bladder at a high incidence. Although it has been reported
that erbB2 plays an important role in tumorigenesis, little is
known about the involvement of its ligand(s). The expression
level of Muc4, a potential functional ligand for erbB2, and
its interaction with erbB2 in the gallbladder of BK5.erbB2
mice were determined. By immunohistochemistry and in situ
hybridization, both Muc4 mRNA and protein levels were
strongly expressed in the cancerous epithelia of gallbladder
from BK5.erbB2 mice. Also, in the hyperplastic (precan-
cerous) epithelia, the protein levels were modestly expressed.
Immunostaining with Muc4 (ASGP2) Ab overlapped with that
with erbB2 Ab in the apical membranous components of the
cancerous epithelia, indicating the co-localization of Muc4
and erbB2. Immunoprecipitation experiments revealed an
interaction between Muc4 and erbB2 in the gallbladders. The
interaction was associated with the hyperphosphorylation of
erbB2, MAPK and Akt, and also with the overexpression of
cyclooxygenase-2. However, in other organs that overexpressed
erbB2 (trachea, esophagus and forestomach), Muc4 was
expressed in only trace or modest amounts, and erbB2 was not
hyperphosphorylated. Collectively, Muc4 is upregulated and
interacts with erbB2 in gallbladders from BKS5.erbB2 mice. It
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is likely that Muc4 plays an important role during gallbladder
carcinogenesis and/or cancer growth by potentiating erbB2
signaling.

Introduction

The incidence of biliary tract carcinoma has considerable
geographic variations. High standardized mortality ratios of
biliary tract carcinomas are found in cancer registries for Asian
countries such as Japan and Thailand and for South American
countries such as Chile, Peru and Colombia (1). Japan has one
of the world's highest age-adjusted cancer death rates related
to biliary tract carcinomas, and the rate appears to be steadily
increasing, particularly for women (2).

Nearly two thirds of biliary tract carcinomas arise in the
gallbladder, making it the most common biliary tract carci-
noma. Gallbladder carcinoma has always been associated with
a dismal overall prognosis (3,4). This is essentially attributed
to slow and asymptomatic growth of gallbladder carcinoma
infiltrating surrounding structures, and the disease is therefore
usually detected at an advanced stage with a high frequency
of distant organ metastasis. Details of tumorigenesis as well
as growth and progression of the disease are complex and not
completely understood. Certain predisposing factors such as
dietary habits (5), chronic cholecystitis (6) and the presence
of an anomalous pancreaticobiliary junction (7) have been
reported to be linked to the disease. Overexpression of erbB2,
an erbB2 receptor tyrosine kinase family member, has been
reported in a significant percentage of gallbladder carci-
nomas (8.,9).

BKS5.erbB2 transgenic mice (BKS5.erbB2 mice) that over-
express wild-type rat erbB2 under the control of the bovine
keratin 5 (BK5) promoter have been generated (10) and found
to develop adenocarcinoma of the gallbladder with high inci-
dence (10). Alterations in erbB2 signaling have been implicated
in neoplastic transformation in vitro (11) and in vivo (12,13),
and this model provides evidence that erbB2 signaling plays a
role in gallbladder carcinogenesis.
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Several studies have shown the involvement of membrane
mucins, including Muc4, in cell signaling (14-16). Muc4 is
itself a heterodimeric glycoprotein composed of a mucin
subunit, ascites sialoglycoprotein (ASGP1), and a transmem-
brane subunit, ASGP2. ASGP2 contains two epidermal growth
factor (EGF) domains with conserved amino acid residues of
active EGF-like growth factors, one of which reportedly acts
as a ligand for erbB2 (16). Thus, Muc4 potentially acts as a
novel transmembrane ligand for the tyrosine kinase erbB2,
triggering specific phosphorylation of erbB2 (17). The expres-
sion level of Muc4 has previously been reported to be markedly
upregulated in human gallbladder carcinomas (18,19) and
cholangiocarcinomas (20).

In the present study, we investigated the validity of the
hypothesis that upregulation of Muc4 and its interaction with
erbB2 in BK5.erbB2 mice are involved in the process of gall-
bladder carcinogenesis through modulation of phosphorylation
of the receptor tyrosine kinase and subsequent erbB2 signaling
for cell growth promotion.

Materials and methods

Generation and identification of transgenic mice. BKS.erbB2
mice were generated in the University of Texas, MD Anderson
Cancer Center, Science Park Research Division (Smithville,
TX, USA) as previously described (10). Transgenic animals
were identified by PCR of DNA isolated from the tails of wean-
lings using oligonucleotides specific for the rabbit f-globulin
cDNA as previously described (12). The organ specimens
of BK5.erbB2 mice (gallbladder, trachea, esophagus and
forestomach) were harvested in the University of Texas, MD
Anderson Cancer Center, Science Park Research Division and
supplied to the laboratories of Cancer Biology and Molecular
Immunology, Graduate School of Pharmaceutical Sciences,
University of Tokyo (Tokyo, Japan).

Real-time quantitative polymerase chain reaction. Steady-state
mRNA levels were determined by real-time quantitative PCR
using a GeneAmp 5700 Sequence Detection System (Applied
Biosystems, Foster City, CA, USA). Primers and probes for
mouse Muc4 (ASGP2) were designed using Primer Express
(Applied Biosystems). In each experiment, PCR was carried
out in triplicate. The PCR data were expressed relative to the
amount of rRNA present in each specimen and then averaged.
The primers and probes were designed as follows: mouse
Muc4 forward, 5'-GATGAGACAGAGTACCATGCAGATG-3'
and reverse, 5'-GAACCGGCGTCTGAGAATAGA-3'; probe
FAMS5'-AACATCCCCAGAAGCGTGTACCCTGG-3'TAM.

In situ hybridization. Gallbladder tissues were immediately
frozen in liquid nitrogen and stored at -80°C. Frozen sections
of 8 um thickness were cut on a cryostat and thaw-mounted
onto MAS-coated slides. The expression and localization of
Muc4 (ASGP2) mRNA on the tissue sections were analyzed as
previously described (21). The hybridization reaction was
carried out at 52°C overnight. To detect Muc4 gene signals, the
probe was synthesized using a Roche DIG RNA Labeling kit
to utilize the following sequence: AAACCTCAAACCACCAC
AACCACCGAGGTGACCACATCAACTCCTTCAGCCTC
CTCACGTGACCAAATACAGACAGAGACAAGTTCTCA
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AAGAACAATCTCTCCTGATGGAACAACCACCTCACA
TGCTCCCAGTATCAGCAGCTCAGCTCCAAGTACAAC
ACACATGTTAACCACAACATCCTCCACAGAAAGTAC
CTCAGTAGACTCAGGACACACAACAGCAATAACAAC
TCAAGGTTTAACACCTGCCACCGCACAAGTCTCACT
GACACCTTCATCCCAGAATATGTCAACAGTGTCAACA
CCCATCACCTCAACTCTTACTCAGAGACAACACACTG
GAAGCAAGCAGACCAGCAGCA (GeneBank AF520422).

Immunoblot analysis. Whole tissue lysates and immunopre-
cipitates, which were prepared as previously described (12),
were electrophoresed through 7-10% SDS/polyacrylamide gels
and transferred to polyvinylidene difluoride membranes. After
blocking with 1% non-fat powdered milk in PBST [0.05%
Tween in phosphate-buffered saline (PBS)], the protein levels
of Muc4 (ASGP2), erbB2, phosphorylated (p)-erbB2, MAPK,
p-MAPK, Akt, p-Akt and Cox-2 were detected by incubating
the membrane with the corresponding anti-Muc4 (ASGP2)
antibody (Ab) (1:1,000; Zymed Laboratories, Inc. South San
Francisco, CA, USA), anti-erbB Abs (1:1,000), anti-MAPK
Abs (1:1,000), anti-Akt Abs (1:1,000) (all from Cell Signaling
Technology, Beverly, MA, USA), anti-cyclooxygenase-2
(Cox-2) (1:1,000) or anti-microsomal prostaglandin E
synthase-1 (mPGES-1) (1:500) (both from Cayman Chemical
Company, Ann Arbor, MI, USA). Protein bands were visual-
ized as previously described (12).

Immunohistochemical stainings. Immunohistochemistry was
performed using formalin-fixed, paraffin-embedded tissue
sections. Tissue sections were blocked with normal donkey
serum and a Mouse-to-Mouse Detection system (Chemicon
International, Temecula, CA, USA) and incubated with
anti-Muc4 Ab overnight at 4°C. After three washes with
PBS, the tissue sections were incubated with the secondary
FITC-conjugated, affinity-purified F (ab')2 fragment of anti-
mouse IgG (Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA, USA). The tissue sections were analyzed using
a FluoroView Laser Confocal microscope (Olympus America,
Melville, NY, USA). The localization of erbB2 and p-erbB2
was determined with their Abs (Cell Signaling Technology) by
the same method as that used for the detection of Muc4.

Assay of tissue concentration of prostaglandin E,. Frozen
tissues were homogenized in an ice-cold buffer (pH 8.4)
and then stored at -20°C. Aliquots were assayed by a highly
specific radioimmunoassay (anti-PGE, antibody; Amersham,
London, UK) for PGE, in duplicate and at two dilutions. The
final results are expressed as ng PGE,/mg protein.

Statistical analysis. Values are given as means = SE (stan-
dard error). Means of two groups were compared with the
Mann-Whitney rank sum U test (two-tailed test), and multiple
comparisons were performed by ANOVA. A P-value of <0.05
was considered to indicate a statistically significant difference.

Results
Expression status of Muc4 and ErbB2 in the gallbladder and

other organs of BK5.ErbB2 transgenic mice. Immunoblot
analysis of the gallbladder and other organ tissues showed



1798

A ot & ac"\
3% P o 2
\Ca X N e
c,e\m Q;a"-’? qo‘eg ‘-b"“

NTg Tg NTg Tg NTg Tg NTg Tg

p-erbB2 . .

erbB2

p-actin
B Ip:erbB2 IP:Muc4
WB:Muc4 WB:erbB2
NTg Tg NTg Tg
- —
IP:p-erbB2 IP:Muc4
WB:Muc4d WB:p-erbB2
NTg Tg NTg Tg

Figure 1. (A) Immunoblot analysis of Muc4 (ASGP2) and erbB2 status in the
gallbladder and other organs (in which erbB2 is overexpressed under the con-
trol of the K5 promoter) of non-transgenic (NTg) mice and the corresponding
organs of BK5.erbB2 transgenic mice (3 months old). The whole cell lysate
was analyzed by immunoblotting with antibodies (Abs) raised against Muc4
(ASGP2), erbB2 and p-erbB2. Protein was normalized to $-actin. (B) Lysates
were immunoprecipitated with the Ab raised against erbB2 or that raised
against p-erbB2 and then analyzed by immunoblotting with the Ab raised
against Muc4. Alternatively, the lysates were also immunoprecipitated with
the Ab raised against Muc4 and then analyzed by immunoblotting with the
Ab raised against erbB2 or that raised against p-erbB2.

that, in BK5.erbB2 mice, Muc4 (ASGP2) protein was overex-
pressed in the gallbladder, whereas little or no Muc4 protein
was found in the trachea, esophagus and forestomach, in each
of which erbB2 is overexpressed (Fig. 1A). As expected, the
expression levels of erbB2 protein were significantly increased
in the gallbladder, trachea, esophagus and forestomach of
BKS5.erbB2 mice compared to the levels in NTg mice, whereas
hyperphosphorylation of erbB2 was found only in the gallblad-
ders (Fig. 1A).

Analysis of immunoprecipitation of gallbladder lysate with
erbB2 followed by immunoblot with Muc4 revealed that coim-
munoprecipitation of Muc4 with erbB2 as well as Muc4 with
p-erbB2 was significantly increased (>30-fold) in gallbladder
carcinoma from BK5.erbB2 mice compared to gallbladders
from NTg mice (Fig. 1B). These results were confirmed by
analysis of immunoprecipitation with Muc4 followed by
immunoblot with erbB2 (Fig. 1B).

Localizations of Muc4 and ErbB2 in the gallbladder of
BK5.ErbB2 transgenic mice. The localizations of Muc4
(ASGP2) and erbB2 in the gallbladder of 8 NTg mice and those
of 10 BK5.erbB2 mice were determined by indirect immuno-
fluorescence staining. Strong immunostaining with anti-Muc4
(ASGP2) Ab was observed in the cancerous epithelia as
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Table I. Immunohistochemical expression of erbB2, phos-
phorylated erbB2 and Muc4 in gallbladders of non-transgenic
and BKS5.erbB2 Tg mice.

BKS5.erbB2 mice

NTg mice Hyperplasia Carcinoma
(n=8) (n=8) (n=10)
Gallbladders n (%) n (%) n (%)
erbB2 4 (50) 8 (100) 10 (100)
p-erbB2 0 () 2 (20) 10 (100)*
Muc4 0(0) 8 (100)* 10 (100)*

“P<0.01, significantly different from NTg mice. NTg, non-transgenic.

being restricted predominantly to the apical membranous
components of BK5.erbB2 mice (Fig. 2A). A modest degree
of the immunostaining was also observed in the hyperplastic
epithelia as being a precancerous lesion (22) (data not shown).
However, no or only trace immunostaining was observed in
the epithelia of NTg mice (Fig. 2A). Table I summarizes the
results of immunohistochemistry of Muc4.

Immunostaining with anti-erbB2 Ab showed that a strong
expression of erbB2 was observed in both the apical and baso-
lateral membranous components of the cancerous epithelia of
BKS5.erbB2 mice (Fig. 2B). A modest degree of the immunos-
taining was also observed in the hyperplastic epithelia (data
not shown). However, no or only a slight degree of the immu-
nostaining was observed in the epithelia of NTg mice (data
not shown). For the expression status of p-erbB2, the strong
immunostaining with anti-p-erbB2 Ab was observed in the
cancerous epithelia of BK5.erbB2 mice and a modest degree
of the immunostaining was also observed in the hyperplastic
epithelia of 2 BK5.erbB2 mice (data not shown). However,
the immunostaining was not observed in any epithelia of
NTg mice (data not shown). Table I summarizes the results of
immunohistochemistry of erbB2 and p-erbB2.

Of note, the immunostaining with the Muc4 Ab overlapped
(yellow, indicated by arrows) with those with the erbB2 Ab and
with the p-erbB2 Ab in the apical membranous components of
the cancerous epithelia, indicating the co-localization of Muc4
and erbB2/p-erbB2 (Fig. 2B and C).

Gene expression levels of Muc4 in the gallbladder and other
organs of BK5.ErbB2 transgenic mice. The steady-state
mRNA level of Muc4 (ASGP2) was significantly higher in
the specimens of gallbladders of BK5.erbB2 mice (108+7%
of rTRNA mRNA, means + SE; P<0.01) than in those of NTg
mice (2+0.1%) (Fig. 3A). Analysis of in situ hybridization
showed that Muc4 mRNA was expressed homogeneously
in the epithelia but not in the stroma of specimens of gall-
bladder carcinoma tissues (Fig. 3B). Muc4 mRNA levels were
significantly elevated in cancerous lesions of the gallbladder
compared to non-cancerous lesions of the gallbladder from
BKS5.erbB2 mice and normal epithelia of gallbladder from
NTg mice. The mRNA levels were not increased in the
specimens of other organs, such as the trachea, esophagus and
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Figure 2. Expression levels and localizations of Muc4 (ASGP2), erbB2 and p-erbB2 in gallbladder tissue sections of non-transgenic (NTg) mice and BKS.
erbB2 transgenic mice (3 months old). (A) Immunofluorescent stainings with anti-Muc4 (ASGP2) Ab. Immunostaining with the Muc4 Ab was observed in the
cancerous epithelia (middle), but no or only trace amounts in the intact epithelia of gallbladders of NTg mice (left) and the non-cancerous epithelia of gallblad-
ders of BK5.erbB2 transgenic mice (right, indicated by arrow heads). (B) Immunofluorescent staining with anti-Muc4 Ab (green) and that with anti-erbB2 Ab
(red). (C) Immunofluorescent staining with anti-Muc4 Ab (green) and that with anti-p-erbB2 Ab (red). Immunostaining with the Muc4 Ab overlapped (yellow,
indicated by arrows) with those with the erbB2 Ab and with the p-erbB2 Ab in the apical membranous components of the cancerous epithelia, indicating the
co-localization of Muc4 and erbB2. Bars, 50 ym.

A 140
a
120 - f 1 BNTg mice
S B BK5.erbB2 mice
= 1007
2
&> 80 -
3
3 60 -
S
- 401 b
20 -
b b
Gallbladder ' Esophagus Forestomach ) Trachea
(5) (5) (5) (5) (5) (5) (5) (5)
B NTg mice BKS.erbB2 mice BK5.erbB2 mice
e s = o
[
wn
B i ~ 3
<

Sense

Figure 3. (A) Steady-state mRNA levels of Muc4 (ASGP2) in the gallbladder, esophagus, forestomach and trachea of non-transgenic (NTg) mice and of BKS5.
erbB2 transgenic mice (3 months old). The amounts of the Muc4 mRNAs were normalized to those of rTRNA mRNA in each specimen and then averaged. Data
are given as means + SE. *P<0.01, significantly different from the gallbladder of NTg mice; "P<0.01, significantly different from the gallbladder of BK5.erbB2
mice. (B) In situ hybridization of Muc4 mRNA in gallbladder tissue sections of NTg mice and BK5.erbB2 mice. Bars, 100 ym.
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Figure 4. (A) Immunoblot analysis of MAPK, Akt and Cox-2 status in the gallbladder and other organs (in which erbB2 is overexpressed under the control of the
K5 promoter) of non-transgenic (NTg) mice and the corresponding organs of BK5.erbB2 transgenic mice (3 months old). The whole cell lysate was analyzed by
immunoblotting with antibodies (Abs) raised against MAPK, p-MAPK, Akt, p-Akt and Cox-2. Protein was normalized to 3-actin. (B) Immunoblot analysis of
the mPGES-1 status in the gallbladder of NTg mice and that of BK5.erbB2 mice (3 months old). The whole cell lysate was analyzed by immunoblotting with
antibody (Ab) raised against mPGES-1. Protein was normalized to f-actin. (C) Tissue concentration of PGE, in the gallbladder of NTg mice and that of BKS5.
erbB2 mice (3 months old). Aliquots of tissue homogenates, which were prepared from 20 gallbladders of NTg mice and from each of 4 BK5.erbB2 mice, were
assayed by a RIA for PGE,. The final results are expressed as ng PGE,/mg protein.

forestomach, in each of which erbB2 is overexpressed (data
not shown).

Expression status of MAPK, Akt and Cox-2 in the gallbladder
and other organs of BK5.ErbB2 transgenic mice. ErbB2
regulates Cox-2 expression via the Akt and MAPK signaling
pathways in human cancer cells (22-24). To clarify the mecha-
nistic basis of gallbladder carcinogenesis in BK5.erbB2 mice,
relative expression at protein levels and their phosphorylation
of erbB2-associated molecules, such as MAPK, Akt and Cox-2,
were investigated (Fig. 4A). In terms of erbB2-downstream
molecules, phosphorylation levels of MAPK and Akt were
significantly elevated in the gallbladder of BK5.erbB2 mice.
Moreover, in parallel to the activation of these molecules,
Cox-2 protein levels were significantly elevated in the gall-
bladder of BK5.erbB2 mice, and this change was associated
with the overexpression of mPGES-1 (Fig. 4B) and with the
overproduction of PGE, in the gallbladder (Fig. 4C).

Discussion

Accumulating evidence suggests that constitutive expression
or activation of erbB2 may be involved in the development
of human biliary tract carcinomas, such as gallbladder carci-
noma (8,9) and cholangiocarcinoma (20,26,27). This has
been experimentally confirmed by the fact that constitutive
overexpression of erbB2 in gallbladder epithelia of mice leads
to a high incidence of adenocarcinoma (10) as well as by the
results of our previous study showing that the development of
gallbladder carcinoma is inhibited by treatment with selective
EGFR/erbB2 tyrosine kinase inhibitors (28).

ErbB2 has been shown to lack a specific ligand that affects
erbB2 signaling through the formation of heterodimers with
other erbB2 family members (29,30). A series of studies
described by Carraway et al (16,17) has implicated the involve-
ment of Muc4 in cellular signaling. Muc4 has been shown to
activate erbB2 through direct interaction with the receptor
tyrosine kinase and to potentiate tumor growth in mammalian
carcinoma cells (31,32), and overexpression of Muc4 in the
mouse mammary gland results in hyperplasia in the devel-
oping gland (16). Also, in human digestive organs, it should be
noted that MUC4 is strongly expressed in adenocarcinomas of
the gallbladder (18) and pancreas (33), but not in the normal
gallbladder and pancreas (33). Therefore, in the present study,
we investigated the hypothesis that upregulation of Muc4 and
its interaction with erbB2 are involved in the process of gall-
bladder carcinogenesis in BK5.erbB2 mice.

In BKS5.erbB2 mice, expression levels of Muc4 (ASGP2)
mRNA and protein were upregulated, to a large extent, in
the gallbladder carcinoma tissues, compared to the levels in
gallbladders of NTg mice (Figs. 1 and 3). In immunohistochem-
istry, a modest degree of Muc4 protein was observed in the
hyperplastic epithelia as being a precancerous lesion (data not
shown). Little or no Muc4 protein was detected in the epithelia
of the trachea, forestomach and esophagus of BK5.erbB2
mice, in which erbB2 is overexpressed. Hyperphosphorylated
erbB2 was found in the gallbladder carcinoma tissues, but
not in the other organs (Fig. 1). The results of immunopre-
cipitation experiments (Fig. 1) and immunofluorescent double
stainings (Fig. 2) revealed a direct interaction between Muc4
and hyperphosphorylated erbB2 in the gallbladder and their
co-localization in the cancerous epithelia. Collectively, it
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is likely that the expression levels of gallbladder Muc4 are
increased in connection with the phosphorylation status of the
erbB2 in the process of carcinogenesis, and that this molecular
relationship is further enhanced in the process of cancer growth,
leading to the strong expression levels of Muc4 coupled with
p-erbB2. It is also likely that an interaction between Muc4 and
phosphorylated erbB2 enhances erbB2-downstream signaling
pathways important for the carcinogenesis. Further studies are
required to elucidate the biological roles of Muc4 in carcino-
genesis and/or carcinoma progression.

Upon examination of downstream signaling pathways,
hyperphosphorylation of MAPK and Akt was observed in the
gallbladder carcinoma tissues, suggesting that MAPK and/or
PI3K signaling pathways may play a role in producing the gall-
bladder phenotype in BK5.erbB2 mice. Supporting the results
obtained for BK5.erbB2 mice, in rat cholangiocyte transfor-
mants overexpressing activated erbB2/neu (34), an enhanced
downstream signaling was observed to be p44/42 MAPK and
p60 Akt. Furthermore, a selective inhibitor of erbB2 tyrosine
kinase exerts a potent antitumor activity through suppressing
the activation of Akt, an anti-apoptotic molecule, in erbB2-posi-
tive breast carcinoma cells, but not in erbB2-negative cells (35).
The results of these in vitro experiments (34,35) and those of
the present in vivo experiments suggest that MAPK and Akt
are erbB2-downstream molecules important for gallbladder
carcinogenesis, during which the presence of Muc4 potentiates
the heregulin effects on phosphorylation of erbB2, MAPK and
Akt (14), and further enhances the tumor growth.

Also ondownstream signaling pathways, in association with
the overexpression of activated erbB2, significant upregulation
of both Cox-2 and mPGES-1, a stimulus-inducible enzyme
functioning downstream of Cox-2 in the PGE,-biosynthetic
pathway (36), was observed in the gallbladder carcinomas of
BKS5.erbB2 mice (Fig. 4). A strong degree of Cox-2 expression
was observed in the hyperplastic epithelia as being a precan-
cerous lesion (data not shown). Activated erbB2 regulates
Cox-2 expression via the Akt and MAPK signaling pathways
in human cancer cells (23-25). It is likely that the expres-
sion levels of not only Muc4 but also Cox-2 are increased in
connection with the phosphorylation status of the erbB2 in the
gallbladder. The significant overproduction of Cox-2-derived
PGE, (Fig. 4) further emphasizes the functional relationship
between erbB2 activation and Cox-2/mPGES-1 induction in
the gallbladder and likely plays an important role in the carci-
nogenesis process. The association of Cox-2 with erbB2/neu
has also been considered important for rodent models of
cholangiocarcinogenesis (37,38). In rat cholangiocyte trans-
formants overexpressing activated erbB2/neu (34), erbB2/neu
overexpression coupled to Cox-2 upregulation and increased
PGE, production may act in a complementary manner to
regulate telomerase expression. Collectively, overexpression
of activated erbB2 coupled to Muc4, Cox-2 and mPGES-1 may
contribute to tumorigenesis.

A comparison was made between gallbladder carcinoma
of BK5.erbB2 mice and that of human subjects. It has been
proposed that there are two primary morphological pathways
for the development of human gallbladder carcinoma; one
involves adenoma-carcinoma development and the other
involves de novo development (39). Kawamoto et al showed
that gallbladder carcinoma of BK5.erbB2 mice, all of which
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are well-differentiated lesions, arises via these two distinct
pathways, which are reminiscent of development sequences
observed in human carcinoma (22). In our previous study
(19) on expression levels of MUC4 (ASGP2) and erbB2 in
human carcinoma, there was a strong correlation between
histological grade (well- and moderately-differentiated adeno-
carcinoma) and their expression levels (our unpublished data).
Co-expression of MUC4 and erbB2 is present in approximately
a quarter of the cases of well- and moderately-differentiated
adenocarcinomas. The experiments revealed their complex
formation in the carcinoma tissues (19). Moreover, overexpres-
sion of both MUC4 and erbB2 and their complex formation
were associated with hyperphosphorylation of MAPK and Akt
in the carcinoma tissues (19). Although clinical significance of
MUC4 expression or MUC4/erbB2 complex formation is to
date unknown, the relevance of BKS5.erbB2 mice as a model
of human gallbladder carcinoma is underscored here by the
molecular and pathological similarities.

Collectively, the findings of the present study summa-
rize that BK5.erbB2 mice develop adenocarcinoma of the
gallbladder but not the other organs in which erbB2 is over-
expressed. In the gallbladder, it is likely that upregulation of
Muc4 in connection with the phosphorylation status of erbB2
and an interaction of Muc4 with the phosphorylated erbB2
play important biological roles in gallbladder carcinogenesis
and/or cancer growth through potentiating the receptor tyrosine
kinase and alteration of erbB2 downstream signaling pathways
and also potentiating the erbB2-Cox-2 pathway. Transgenic
approaches would be invaluable in similar situations and
undoubtedly prove helpful in elucidating the biological roles
of Muc4. Therapeutic options for gallbladder carcinoma are
still limited. Based on the results of the present study, targeting
MUC4 and erbB2 could provide a new and effective therapy
for a number of patients with gallbladder carcinoma.
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