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Cholangiocellular carcinoma (CC), the second most common primary liver cancer, is associated with a poor
prognosis. It has been shown that CCs harbor alterations of a number of tumor-suppressor genes and onco-
genes, yet key regulators for tumorigenesis remain unknown. Here we have generated a mouse model that
develops CC with high penetrance using liver-specific targeted disruption of tumor suppressors SMAD4 and
PTEN. In the absence of SMAD4 and PTEN, hyperplastic foci emerge exclusively from bile ducts of mutant
mice at 2 months of age and continue to grow, leading to tumor formation in all animals at 4-7 months of age.
We show that CC formation follows a multistep progression of histopathological changes that are associated
with significant alterations, including increased levels of phosphorylated AKT, FOXO1, GSK-33, mTOR, and
ERK and increased nuclear levels of cyclin D1. We further demonstrate that SMAD4 and PTEN regulate each
other through a novel feedback mechanism to maintain an expression balance and synergistically repress CC
formation. Finally, our analysis of human CC detected PTEN inactivation in a majority of p-AKT-positive CCs,
while about half also lost SMAD4 expression. These findings elucidate the relationship between SMAD4 and
PTEN and extend our understanding of CC formation.

Introduction

Cholangiocarcinoma, or cholangiocellular carcinoma (CC), is a
malignant epithelial neoplasm with bile duct epithelial differen-
tiation. The molecular mechanisms associated with cancer ini-
tiation and progression of this cancer remain unclear (1-3). CC
accounts for approximately 15% of the total liver cancer cases in
the world, with significant variations from country to country,
and it is associated with poor prognosis, with most patients dying
soon after diagnosis (1-4). Indeed, CC is the most common pri-
mary liver cancer-related cause of death in the United Kingdom
(4). It has been shown that CC harbors alterations of a number of
tumor-suppressor genes and oncogenes, including p53, p16, p27,
P57, SMADA4, B-catenin, cyclin D1, ERK, Ras, AKT, and c-Myc (3,
5-12). In part because of the paucity of proper animal models,
critical roles of these alterations in tumor initiation, progression,
and metastasis have not been studied.

SMAD4 is a common mediator of TGF-f signals (13, 14). Dele-
tion or mutation of SMAD4 has been detected in pancreatic
cancer, colon cancer, gastric polyposis, and adenocarcinomas
(reviewed in ref. 15). SMAD4 is also one of the most frequently
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altered tumor suppressor genes in CC (5). SMAD4 is essential
for embryonic development in mice, as loss of SMAD4 results
in lethality at E6-7 due to impaired extraembryonic membrane
formation and decreased epiblast proliferation (16, 17). Smad4-
heterozygous mice developed gastric polyposis and cancer due
to haploinsufficiency (18, 19). To study SMAD4 in postnatal
development, we have created mice carrying a conditional allele
of Smad4 (Smad4<°) (20). This strain of mouse is useful in study-
ing functions of SMAD4 in different organs/tissues when a tissue
specific Cre expression system is used (21, 22).

Phosphatase and tensin homolog deleted on chromosome 10 (PTEN)
is mutated in a wide range of human cancers (reviewed in ref.
23). PTEN is a phosphoprotein/phospholipid dual-specific-
ity phosphatase that antagonizes the activity of PI3K on phos-
phoinositide substrates (24). It has been shown that the absence
of functional PTEN leads to constitutive activation of down-
stream components of the PI3K pathway, including AKT/PKB, a
survival factor that protects various cell types against apoptosis
(25). PTEN acts as a tumor suppressor in most cells by inducing
Gi-phase cell-cycle arrest, which has been attributed to a decrease
in the level and nuclear localization of cyclin D1 (26). Currently,
mutations of PTEN have not been detected in CC (27), although
phosphorylated (activated) AKT was found to be expressed in 16
of 19 bile duct cancers (28) and 25 of 33 intrahepatic CCs analyzed
(12). These observations suggest that PTEN may be involved in CC
formation through its downstream genes. Consistent with this,
inhibition of AKT activation by LY294002 significantly decreased
Volume 116 1843

Number7  July 2006



research article

Smad4A/PtenA

0O Smad4A/PtenA

C

= mwT

o

2 B Smad4A
2 O Ptena
E

<]

=

4 [:]
Time (mo)

the viability of human CC cells (10). Moreover, abnormal nuclear
overexpression of cyclin D1 has been frequently observed in CC
(5,7, 11). The overexpression of cyclin D1, however, could also be
caused by a number of other factors, and so the role of PTEN in
CC formation remains elusive.

To investigate the roles of SMAD4 and PTEN in CC formation, we
disrupted these genes in the liver using the Cre-loxP approach. We
showed that the absence of SMAD4 alone failed to induce CC, while
about one-third of Pren®/©Alb-Cre mice developed foci of CC when
they were older than 1 year of age. In contrast, hyperplastic foci
emerged exclusively from bile ducts of Smad4¢”/“Ptenc/“Alb-Cre
mice at 2 months of age and continued to grow, leading to CC
formation in all animals at 4-7 month of age. Our analysis of
human CC also detected inactivation of PTEN by epigenetic
modification and loss of SMAD4 expression in 71% and 48% of
p-AKT-positive tumors, respectively. These findings provide a
molecular basis for the synergistic action of SMAD4 and PTEN
in inhibiting CC formation.

Results

Disruption of Smad4 and Pten in liver results in tumor formation. To dis-
rupt Smad4 and/or Pten specifically in the liver, we crossed mice
carrying a Smad4 conditional allele (Smad4%°) (20) and/or a Pten
conditional allele (Pten®) (29) with transgenic mice carrying a Cre
gene under control of an albumin promoter (30). These crosses
generated cohorts of mice with various genotypes, including
Smad4©/Alb-Cre, Pten<”/Alb-Cre, Smad4</°Ptenc/Alb-Cre,
Smad4*/<Pten/Alb-Cre, and wild-type. Using PCR, we detect-
ed the predicted deletion of Pten and/or Smad4 in the livers of
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Figure 1

Targeted disruption of Smad4 and Pten results in liver cancer. (A-C)
Alb-Cre activity assayed using Rosa-26 reporter mice at P30 (A) and P15
(B and C). Arrows indicate bile ducts, arrowheads indicate hepatocytes,
and the asterisk marks an artery, which is not stained. The bile duct
(arrow in B) is amplified in C. Magnification: x300 (A), x450 (B), x900
(C). (D and E) Tumor formation in 4-month- (D) and 8-month-old (E)
Smad4Co/CoPtenCo/CoAlb-Cre mice, but not in mice of other genotypes. (F)
Weights of livers isolated from mice at different ages as indicated. PtenA,
PtenCo/CoAlb-Cre mice; Smad4A, Smad4¢o/CoAlb-Cre mice; Smad4A/
PtenA, Smad4Co/CoptenCo/CoAlp-Cre mice.

Smad4“/Alb-Cre, Pten©/<Alb-Cre, and Smad4</Prenc/<Alb-Cre
mice, and liver cancers developed in Smad4%/%Pten® “Alb-Cre mice
but not in wild-type mice (Supplemental Figure 1, A-C; supplemental
material available online with this article; doi:10.1172/JCI27282DS1).
Our analysis of 15 tissues/organs isolated from Smad4“/Prence/C
Alb-Cre mice detected Cre-mediated deletion of Pten and Smad4 in
liver and salivary glands (Supplemental Figure 1D).

After crossing the Alb-Cre mice with a Rosa-26 reporter mouse
(31), we detected B-galactosidase-positive cells in the majority of
hepatocytes and bile duct epithelial cells at postnatal day (P30)
(Figure 1A). Because endogenous albumin is expressed specifically
in hepatocytes in adult liver, we suspected that the Cre-mediated
recombination detected in the bile ducts of adult mice could be due
to the albumin promoter activity during earlier developmental stages
in these Alb-Cre-transgenic mice. Consistently, our analysis of mice at
P15 and younger revealed -galactosidase-positive cells in bile ducts
and hepatocytes in a stochastic fashion (Figure 1, B and C).

Next, we studied the development of the liver and tumorigenesis
in these mutant mice. Our analysis of mice up to 10 months of
age indicated that the absence of Pten or Smad4 alone does not
result in tumor formation, although Pten®“Alb-Cre mice devel-
oped fatty liver, as shown previously (29) and Smad4“/<Alb-Cre
mice exhibited increased iron accumulation in the liver (32). How-
ever multiple visible tumor foci were observed in the livers of 4-
month-old Smad4“/Pten<” < Alb-Cre mice at autopsy (Figure 1D).
These foci continuously increased in size (Figure 1E, arrows)
as the animals aged and eventually resulted in the death of all
Smad4<®/Pten/©Alb-Cre mice before 10 months of age (Table 1).
Our data also revealed that the sizes and weights of the liver were
increased in both Pren©”©Alb-Cre mice and Smad4“/“Pten</ < Alb-Cre
mice (Figure 1, D-F), primarily due to fat accumulation in the liver
associated with PTEN deficiency, as documented previously (33,
34). Notably, the livers of Smad4<”/<Pten“ ©Alb-Cre mice were even
heavier than those of Pten®Alb-Cre mice at all time points ana-
lyzed (Figure 1F). This increased weight correlated with tumor for-
mation in the livers of the Smad4“/Pten©” < Alb-Cre mice. We also
examined the salivary glands, another organ that expresses Alb-Cre,
and we detected 3 tumors in 35 Smad4<”/“Pten“Alb-Cre mice
between 6 and 10 months of age and 2 tumors in 15 Pten®©Alb-Cre
mice between 12 and 16 months of age (Table 1). This observation
suggests that SMAD4 and PTEN do not play a significant role in
suppressing tumor formation in this organ.

Smad4</cPren®/<Alb-Cre mice develop CC prior to their death. We
next performed histological analysis of livers isolated from control
and mutant mice. No obvious differences were detected between
livers isolated from Smad4”/“Alb-Cre mice (Figure 2, A and B) and
control mice (Figure 2, C and D) younger than 6 months of age.
After 8 months of age, some of the livers in the Smad4¢”/<Alb-Cre
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Table 1
Tumor incidence in mice of various genotypes
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Hyperplasia and tumor

Not observed

Not observed

All developed hyperplasia of the bile duct
7 exhibited multiple visible foci of CCA

2 developed CCB

12 developed multiple visible foci of CC that were significantly larger and greater

in quantity than the ones observed in 4- to 5-month-old mice
6 developed CC
1 also developed a salivary gland tumor

1 developed visible foci of CC

14 developed CC
1 also developed a salivary gland tumor

All developed CC

1 developed a salivary gland tumor

Not observed
2 displayed hyperplasia of the bile ductC
6 displayed hyperplasia of the bile duct

1 developed HCC

Genotype Age (mo) of mice  No. of mice
WT 2-11 37
Smad4coceAlb-Cre 2-11 25
Smad4co’coPtentoCoAlb-Cre 2-3 9
4-5 9
6-7 13
8-9 15
10 7
PtenCoCoAlb-Cre 2-3 4
4-5 4
8-9 13
1 2
12-16 15

2 developed hyperplasia of the bile duct
6 developed a few visible foci of CC,A 5 of which also developed HCC

2 developed salivary gland tumors

AThe foci could be seen upon dissection without use of a microscope. The diameter of these foci was less than 0.2 cm. An example of this type of foci is shown
in Figure 1C. BWhen the diameter of tumor foci was more than 0.2 cm, they were classified as CCs. CHyperplasias were detected in histological sections.

mice showed focal accumulations of neutrophils and macro-
phages, but otherwise no tumors were identified in any of the
mice examined (Table 1 and data not shown). Notably, livers iso-
lated from all Smad4<”/“Pten®/ < Alb-Cre mice of 2 months (n = 6)
and 3 months (n = 3) of age had varying degrees of hyperplasia in
their bile ducts (Table 1), which were characterized by increased
size, number, and altered morphology of bile duct epithelial cells
(Figure 2, A and B). Multiple abnormal bile ducts were found
surrounding each portal vein in Smad4“/cPten®/<Alb-Cre livers
(Figure 2B), while in control liver the hepatic portal tract was often
accompanied by 1 or 2 bile ducts (Figure 2, C and D). Significantly
increased branching of bile ducts was also observed in the liver of
Smad4<”/©Pten<”/“Alb-Cre mice (Figure 2E). Our examination of 9
animals at 4-5 months of age indicated that all animals displayed
multiple tumor foci on the surface of their liver that were grossly
appreciable (Table 1 and Figure 1, C and D). Older animals in gen-
eral had more numerous and larger liver tumors than younger ones
(Table 1). Histological analysis indicated that lesions were char-
acterized by bile duct dysplasia with a papillary growth pattern
(Figure 2F), multiple tumors with varying histopathology (Figure 2,
G and H), and invasive CC histologically similar to human intra-
hepatic CC (Figure 2I). Thus, these data suggest that the CC pro-
gression follows a multistep progression that includes hyperplasia,
dysplasia, carcinoma in situ, and eventually well-established CC.
No metastases were found in these mice.

Ten of 23 Pten®@Alb-Cre mice examined between 2 and 11 months
of age displayed varying degrees of epithelial hyperplasia primar-
ily in larger bile ducts (Figure 2] and data not shown), although no
invasive CCs were found in any of the animals examined (Table 1).
Of note, 6 of 15 mice examined between 12 and 16 months of age
had CC foci (Figure 2K), although they were much fewer and smaller
than those observed in Smad4<”/Pten©/Alb-Cre livers. This obser-
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vation suggests that the absence of PTEN alone initiates bile duct
neoplasia and that bile duct neoplasia is inhibited by the presence
of SMADA4, especially when the animals are young.

It was recently shown that liver-specific disruption of Pten result-
ed in hepatocellular carcinoma (HCC) formation late in adult-
hood (34). Examination of our Pten®Alb-Cre animals detected 1
HCC among 13 animals at 8-9 months of age and 5 HCCs among
15 animals between 12 and 16 months (Table 1). The fact that
Smad4”/©Pten“Alb-Cre mice did not develop HCC before they
died at 10 months of age suggests that the absence of SMAD4 did
not accelerate HCC formation during this period of time.

To confirm that the tumors developed from Smad4©”/ < Ptence/ <
Alb-Cre mice were indeed CCs with bile duct epithelial cell differ-
entiation, we first labeled tissue sections with antibody A6, which
recognizes oval cells and cholangiocytes in mice (35). A6 labeled all
normal biliary epithelial cells in the wild-type liver (Figure 3A) and
the neoplastic cells in the Smad4/©Pten® @ Alb-Cre liver (Figure 3B),
suggesting oval cell or bile duct differentiation of the tumors. Next,
we used a panel of markers that have been used for CC diagnosis,
including CK19 (36), AE1 (36), Mucicarmine (37), and Mucin SAC
(38). Our analysis indicated that all tumors expressed these mark-
ers (Figure 3, C-G). In contrast, labeling with an antibody to Hep
Parl, a protein that is highly expressed in HCCs (36), showed that
all the samples (n > 10) analyzed were negative, in comparison with
the surrounding non-neoplastic hepatocytes (Figure 3, H and I,
and arrow in I). These observations provide strong evidence that
the loss of both SMAD4 and PTEN synergistically enhances CC
formation in the liver of mutant mice.

Activation of AKT signaling pathways in Smad4<” “Pten/<Alb-Cre
tumors. Next, we performed molecular analysis to characterize
the tumors. Liver cells were normally in a quiescent state, as
revealed by the lack of BrdU uptake (WT, Figure 4, A and D).
Volume 116~ Number 7
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In contrast, hyperplastic/neoplastic foci and tumors that devel-
oped in Smad4¢/Pten®/©Alb-Cre mice showed a markedly
increased number of BrdU-positive cells (Figure 4, B, C, E, and F).
This observation suggests that the loss of SMAD4 and PTEN
promotes cells to exit the G; phase, resulting in significantly
increased cell proliferation. Consistent with this, hyperplastic/
neoplastic foci and tumors also exhibited increased numbers of
mitotic cells compared with control bile ducts (Supplemental
Table 1). To identify molecular alterations that might be respon-
sible for tumorigenesis, we first studied the expression of select-
ed candidate genes using immunohistochemical labeling of liv-
ers isolated from 4-month-old control and mutant mice. Livers
from mutant mice at this stage displayed multiple neoplastic
foci and also some fully developed tumors. Previous investiga-
tions indicated that abnormal nuclear overexpression of cyclin
D1 is frequently observed in human CC (5, 7, 11). We there-
fore performed immunohistochemical labeling using an anti-
body to cyclin D1. Our analysis revealed that cyclin D1 was not
present at detectable levels in livers isolated from control mice
(Figure 4, G-I). By contrast, we detected nuclear overexpression
of cyclin D1 in hyperplastic bile ducts and even in many histo-

Figure 3

Tumors developed from Smad4¢o/CoPtenCo/CoAlb-Cre mice are
exclusively of bile duct origin. Molecular markers used are as indi-
cated. (A and H) Livers from WT mice. (B—-G and I) Livers from
Smad4Ce/CoptenCo/CoAlb-Cre mice. The arrow in | indicates tumor cells
that were Hep Par1 negative. At least 5 samples were used for each
antibody. Magnification: x300 (A—C); x600 (D—G); x500 (H and I).
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Figure 2

CC formation in Smad4¢ce/Coptenco/CoAlb-Cre mice. (A-D) Histologic
analysis of livers isolated from 2-month-old Smad4C/CoPtenco/CoAlb-Cre
(A and B), WT (C), and Smad4¢o/CoAlb-Cre (D) mice. Arrows indi-
cate bile ducts. (E) An H&E-stained liver section showing signifi-
cantly increased bile duct branching in the liver of a 3-month-old
Smad4ColCoPtenco/CoAlb-Cre mouse. The arrow and arrowhead indi-
cate large and small branches, respectively. (F-I) Bile duct dysplasia
(F), CC foci with varying histopathology (G and H), and well-developed
CC (1) found in Smad4Ce/CoPtenco/CoAlb-Cre livers. Arrowheads in the
insets indicate cells at the mitotic phase. (J and K) Bile duct hyperpla-
sia (J) and CC foci in Ptenc/CoAlb-Cre (K) livers. Magnification: x100
(A); x200 (B—-D and H); x400 (E-G and I-K).

logically normal-appearing bile ducts (small, with a single layer
of cells; arrows in Figure 4]) in the Smad4“/Ptenc/<Alb-Cre
mice. Because these bile duct were present at a high density and
were not adjacent to any portal veins as normally seen in the
control liver (Figure 4, G-I), we believe that they may be a part
of the abnormally branched bile duct network observed in all
Smad4<*/Ptenc/Alb-Cre mice. Abnormal nuclear localization
of cyclin D1 was also found in CCs at all different stages, with
varying frequency, ranging from 37% to 62% of cells (Figure 4,
Kand L). We have examined a total of 15 Smad4¢*/<Pten®/ < Alb-Cre
livers, and they all exhibited a similar pattern of cyclin D1 stain-
ing. Phosphorylation of the ERK pathway plays an important
role in the induction of cyclin D1 expression (39, 40). Our analy-
sis revealed that a majority of cells in hyperplasia (99/118, 84%;
Figure 4N) and in fully developed CC (138/154, 90%; Figure 40)
exhibited high levels of phosphorylation of ERK. Of note, hyper-

Number 7

Volume 116 July 2006



plastic bile ducts still contained p-ERK-negative cells (arrow-
heads in Figure 4N), while about 95% of cells (218/230) in
hyperplastic bile ducts were cyclin D1 positive (Figure 4]). This
observation, i.e., that more cells are cyclin D1 positive than p-ERK
positive in the hyperplasias, suggests that additional factors may
also have contributed to the nuclear accumulation of cyclin D1
in this stage of tumorigenesis.

Next, we studied phosphorylation of AKT, a downstream
gene of PTEN (25), in livers of control and mutant mice. Using
immunohistochemical labeling, we showed that p-AKT was
undetectable in wild-type and Smad mutant livers (Figure 5A),
and it was slightly increased in both bile ducts and hepatocytes
in Pten mutant livers (Figure SA). The p-AKT levels were even
higher in tumors (Figure 5A). Interestingly, we found that the
p-AKT localization was initially both cytoplasmic and nuclear
in hyperplastic bile ducts, while the nuclear component gradu-
ally increased in more advanced tumors (from left to right in the
lower 3 panels; Figure 5A). Increased levels of mammalian target
of rapamycin (mTOR) phosphorylation (Figure 5B) and glycogen
synthase kinase-3f (GSK-3p) phosphorylation were also observed
(Figure 5C and data not shown). Both mTOR and GSK-3f
are major downstream targets of PTEN/PI3K/AKT signals, pro-
moting cell cycle progression, cell growth, and proliferation.
Activated GSK-3 is known to phosphorylate T286 of cyclin D1,
reducing its half-life (41). Thus, the increased level of p-GSK-3f
(which is an inactivated form) in CC is consistent with the abnor-
mally increased nuclear accumulation of cyclin D1. We have also
studied protein levels of some other factors that may affect cyclin
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Figure 4

Molecular characterization of CCs that developed in Smad4Co/Co
Ptenco/CoAlb-Cre mice. H&E (A—C) and BrdU (D—F) images. Liver cells
appeared normal in WT liver (A and D), and hyperplasic foci (B and E)
and bigger tumors (C and F) developed in Smad4Cco/CoptenCo/CoAlb-Cre
mice. The arrow in E indicates an area of BrdU-positive cells, and
the arrowhead indicates a single BrdU-positive cell in a bile duct with
moderately increased numbers of cells. Their corresponding positions
are indicated in B. (G—O) Immunohistochemical staining with antibod-
ies against cyclin D1 (CtcD1) (G-L) and p-ERK (M-O) of control liver,
neoplastic foci, and bigger tumors. Arrows in J point to cyclin D1-
positive bile ducts that still maintained single layers of cells. Arrow-
heads in N indicate p-ERK—negative cells in the single layer area of
the bile duct. These cells gradually became p-ERK positive, especially
when multiple layers of cells accumulated in the bile duct (arrows).
Most samples were from 4-month-old mice, except for some bigger
tumors (K, L, and O), which were from 8-month-old mutant mice.
At least 5 samples of each genotype were used for each antibody.
Unless otherwise indicated (in the upper-right corner), tumors from
Smad4Cco/CoPtenCo/CoAlb-Cre mice are shown. Magnification: x500.

D1 expression, such as pRB, p16, and p21, but did not detect a
consistent pattern of change (data not shown), suggesting that
they may not contribute to the increased nuclear accumulation
of cyclin D1 at the early stages of tumorigenesis. Of note, we
found that expression of c-Myc was present at low levels in the
early stages of tumorigenesis but at higher levels in some tumors
of later stages (Figure 5D), suggesting the possible involvement
of this protein in later stages of tumorigenesis, when fractions of
cyclin D1-positive cells are gradually reduced.

To understand further the mechanisms underlying tumorigen-
esis, we derived cell lines from the CCs and transfected 1 of the cell
lines (858; Supplemental Figure 2, A and B) with Smad4 and/or
Pten expression vectors. We found that expression of Pten alone,
but not Smad4 alone, inhibited phosphorylation of AKT, GSK-3f,
and ERK, as well as expression of cyclin D1 (Figure 6A). Of note,
the transfection of Smad4 alone did not affect cyclin D1 expres-
sion; however, it caused a further decrease in cyclin D1 expression
when cotransfected with Pten as compared with Pten transfection
alone, suggesting a synergistic action between SMAD4 and PTEN
in inhibiting cyclin D1 expression.

A negative feedback loop between PTEN and SMAD4. Our data indi-
cate that the absence of both SMAD4 and PTEN synergistically
induces CC, suggesting that the absence of one protein could be
compensated by the presence of the other. To investigate this, we
performed Western blot analysis on liver lysates isolated from
mutant and control mice. Antibody against SMAD4 revealed a
remarkable increase in SMAD4 expression in PTEN-null livers
(Figure 6B). An obvious, yet less significant, increase in expres-
sion of PTEN was also observed in the SMAD4-null livers
(Figure 6C). Thus, the loss of each gene was associated with an
upregulation of the other.

Because the liver contains mostly hepatocytes, while only a
small population of cells is from bile ducts, we suspected that
such a negative inhibition between SMAD4 and PTEN could also
occur in hepatocytes. To study this, we transfected Smad4 and
Pten into 2 cell lines: 644, which was developed from the liver
epithelial cells of a 1-month-old Smad4¢”/“Pten®/ mouse, and
Hepal-6, which was derived from a mouse HCC (42) (Supple-
mental Figure 2, E and F). Our data revealed a similar mutual
inhibition effect between SMAD4 and PTEN (Figure 6, D and E).
Volume 116 1847
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Smad4A/PtenA

Smad4A/PtenA

This observation suggests that the negative regulation between
SMAD4 and PTEN exists in both hepatocytes and bile duct cells.
To provide additional evidence for this observation, we per-
formed RNA interference-mediated (RNAi-mediated) knock-
down of Smad4 and Pten in Hepal-6 cells. Our data revealed
that acute suppression of SMAD4 resulted in increased levels of
PTEN and vice verse (Figure 6E).

It was previously shown that TGF-f negatively regulates Pten
expression at the transcription level both in vitro and in vivo (43,
44). Because SMAD4 is a common mediator of signals of the
TGF-f superfamily, we hypothesized that this effect is mediated
by SMAD4. To test this, we overexpressed Smad4 in 644 cells and
studied its effect on Pten expression. Using real-time PCR analysis,

Figure 6

Analysis of cultured cells derived from liver cancers and normal livers
of control mice. (A) Transfection of Smad4 and Pten expression vec-
tors separately or together into 858 cells. Ten micrograms of total DNA
were used for each transfection in each 10-cm dish in various combina-
tions: i.e., pcDNA vector alone, vector plus Smad4 or Pten, or Smad4
plus Pten of 5 ug each. Multiple loading controls were performed, but
only 1 is shown. (B and C) Western blot analyses of SMAD4 (B) and
PTEN (C) using lysates isolated from livers of various genotypes, as
indicated. (D) Ectopic overexpression of Smad4 or Pten in 644 and
Hepa1-6 cells decreased expression of each other. In all the above
experiment, samples were harvested 48 hours after transfection. (E)
Acute suppression of Smad4 or Pten in Hepa1-6 cells. Cell lysates
were prepared 30 hours after transfection and subjected to Western
blot analysis. Con, control.
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Figure 5

Activation of AKT/mTOR pathways in CCs that developed in
Smad4¢o/CoptenCo/CoAlp-Cre mice. (A) Levels of p-AKT. Genotypes
are as indicted. (B) Phosphorylated mTOR (p-mTOR).The lower pan-
els in A and B represent samples from Smad4Co/CoPtenCco/CoAlb-Cre
mice. (C) Phosphorylated GSK-3f (p—GSK-3p). (D) c-Myc. Arrows in
A and B indicate bile ducts. Note that the bile ducts in Ptenco/CoAlb-Cre
livers were hyperplastic and abnormally enlarged. Some bile duct
cells also displayed increased expression of p-AKT and p-mTOR
(arrows). This phenotype was not found in WT and Smad4¢°/cAlb-Cre
samples. At least 5 samples of each genotype were used for each
antibody. Magnification: x500.

we showed that the overexpression of Smad4 (Figure 7A) indeed
resulted in decreased transcription of Pten (Figure 7B). The inhi-
bition was more obvious in the first 56 hours after Smad4 trans-
fection than at 72 hours. Because the cells had reached highest
density and only maintained minimal proliferation activity at this
point, it is possible that the inhibition efficiency of Smad4 on
Pten transcription was attenuated.

We next studied whether the expression of Pten could affect
Smad4. We transfected Pten into 644 cells and found no obvious
change in the transcription levels of Smad4 (data not shown),
suggesting that the effect of Pten on Smad4 might be at the pro-
tein level. We therefore tested SMAD4 stability in 644 cells and
Smad4©/“Prenc/Alb-Cre cells (858 cells). After transfecting
Smad4 into these cells, we monitored SMAD4 protein levels by
Western blot analysis and found that SMAD4 was always pres-
ent at significantly higher levels in 858 cells than in 644 cells
(Figure 7, C and D), a finding consistent with the view that PTEN
negatively regulates SMAD4 expression. To determine whether
this effect is due to the stability of SMAD4, we treated the cells
with cycloheximide 48 hours after transfection. We found that
SMAD4 levels were reduced in 644 cells 9 hours after the addition
of cycloheximide and diminished 24 hours later (Figure 7C, left),
while Smad4 transcriptional levels were not changed (Figure 7C,
right). In contrast, SMAD4 levels did not change even 24 hours
after cycloheximide treatment in 858 cells (Figure 7D). Similar
observations were also made in Hep1-6 cells. Because the 644 and
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Hep1-6 cells express PTEN while the 858 cells do not, these data
suggest that the presence of PTEN promotes SMAD4 degrada-
tion, while the absence of PTEN stabilizes SMADA4.

To provide additional evidence for this hypothesis, we next
cotransfected Smad4 and Pten into the 858 cells and studied
SMAD4 levels prior to and after cycloheximide treatment. Con-
sistently, our data indicated that SMAD4 disappeared 24 hours
after cycloheximide treatment in the Smad4/Pten-cotransfected
cells (Figure 7E), while no significant differences were observed
during the same period of time in the cells transfected with Smad4
but without Pten (Figure 7F).

PTEN is known to inhibit PI3K activity and AKT phosphory-
lation (24). Therefore, we suspected that the effect of PTEN on
SMAD4 stability might be mediated through the PI3K/AKT sig-
naling pathway. To test this, we treated Smad4-transfected cells
with LY294002, an inhibitor of PI3K activity. We found that the
presence of LY294002 quickly decreased AKT phosphorylation
and SMAD4 levels in these cells (Figure 7G). Conversely, the
expression of a constitutively activated form of AKT resulted in
increased levels of SMAD4 (Figure 7H). These data are consistent
with the fact that PTEN regulates SMAD4 stability through the
PI3K/AKT signaling pathway.
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Inactivation of PTEN and SMAD4 in human CC. Our previous
investigation indicated that 76% (25/33) of human CCs dis-
played increased expression of AKT (12). It was also shown that
45% (19/42) of these cancers failed to express SMAD4 protein
(5). These studies implicated both AKT activation and SMAD4
inactivation in CC formation. To further address the relation-
ship between these genes, we determined SMAD4 expression
in AKT-positive samples by immunohistochemical staining
using an antibody against SMAD4. Our data revealed that of
21 AKT-positive tumors analyzed, 48% (10/21) were negative for
SMAD4 immunoreactivity in the tumor cells, while the neigh-
boring hepatocytes remained positive for SMAD4 (Figure 8, A
and B, and Supplemental Figure 3, A and B). Currently, genomic
mutations in PTEN genes have not been found in CC (27). How-
ever, PTEN could also be inactivated by epigenetic modification
through protein phosphorylation. Using an antibody against
p-PTEN, we found that 71% (15/21) samples were p-PTEN posi-
tive (Figure 8, C and D). This observation suggests that PTEN
inactivation is responsible for AKT activation in the majority
of the CC samples we studied. Recent studies indicated that
inactivation of members of the forkhead box O (FOXO) family
of transcription factors, which control cell cycle and cell death,
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Figure 8

Immunohistochemistry for SMAD4, p-PTEN, and p-FOXO1. Represen-
tative images of SMAD4 immunostaining (x100 [A], x200 [B]), p-PTEN
(x200 [C], x600 [D]), and p-FOXO (x200 [E], x600 [F]). He, hepatocytes.

plays a critical role in malignant transformation of PTEN-nega-
tive/p-AKT-positive tumors (reviewed in ref. 45). The inactiva-
tion of FOXO proteins is characterized by protein phosphory-
lation and cytoplasmic retention. Therefore, we next examined
phosphorylation of FOXO using an antibody that is specific for
the phosphorylated form of FOXO1. Our data indicated that
76% (16/21) were positively stained and the p-FOXO1 was exclu-
sively located in the cytoplasm (Figure 8, E and F). These data
provide compelling evidence that the inactivation of PTEN and
SMAD4 is a frequent event in human CC and the inactivation
of FOXO by AKT signaling is involved in human CC formation.
Of note, similar cytoplasmic retention of FOXO1 protein was
also observed in the CC at various stages developed from our
mouse model (Supplemental Figure 3, C and D). This observa-
tion reveals a similar molecular mechanism underlying tumori-
genesis in our animals and the p-AKT-positive human CC.

Discussion

Despite steady increases in the worldwide incidence and mor-
tality rate of CC over the past 3 decades (1-3), mouse models
for this devastating disease are rare. Kiguchi et al. reported that
overexpression of ErbB-2 in the basal layer of biliary epitheli-
um led to gallbladder carcinoma formation in 100% of trans-
genic mice by 3 months of age, and at the same time 25% of
the mice also developed CC (46). However, CC formation in
this animal has not been characterized, perhaps due to its high
penetrance of gallbladder carcinomas. In this study, we studied
functions of Smad4 and Pten in liver development and neopla-
sia, using liver-specific disruption of these genes in the mouse.
We showed that absence of SMAD4 alone failed to cause CC,
although some Pten©/©Alb-Cre mice exhibited CC foci between
12 and 16 months of age. In contrast, neoplastic foci emerged
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from bile ducts of Smad4°*/cPten/©Alb-Cre mice at 2 months
of age and continued to grow, leading to tumor foci and/or CC
formation in all animals at 4-5 months of age. This observation
uncovers a synergistic role of PTEN and SMAD4 in repressing
CC formation. The mechanism underlying the synergistic action
of these genes is concomitant repression of Pten transcription
by SMAD4 and promotion of SMAD#4 degradation by PTEN.
This reciprocal negative feedback loop ensures that the absence
of one gene triggers upregulation of the other and may have the
following significance. First, in the abnormal situation when
mutations occur, the effect of the absence of one tumor sup-
pressor can be compensated by the increased expression of the
other, and, therefore, tumorigenesis can be repressed.

Second, this negative regulation loop may serve as a mecha-
nism to ensure that the expression levels of these genes are not
disproportionally high in relation to each other during the nor-
mal developmental process. This is perhaps because both SMAD4
and PTEN have profound inhibitory effects on cell proliferation.
It has been shown that targeted disruption of murine Pten results
in hyperproliferation prior to the embryonic lethality at E9.5
(47). Mice carrying tissue-specific disruption of PTEN or mice
heterozygous for a PTEN-null mutation exhibited increased cell
proliferation and were highly susceptible to spontaneous tumor
formation (29, 48). Similarly, mice heterozygous for SMAD4-
null mutation or mice carrying conditional knockout SMAD4
in mammary epithelium also developed tumors characterized
by increased cell proliferation (18, 21). It has been shown that
PTEN-deficient cells exhibit elevated PKB/AKT activity and
accelerated G1/S progression that may be caused by increased
nuclear accumulation of cyclin D1 (26, 47). On the other hand,
the pathway through which SMAD4 affects cell proliferation is
less clear, but increased expression of cyclin D1 has been reported
in SMAD4-deficient tumor cells (18). These observations suggest
that cyclin D1 may be a common target of SMAD4 and PTEN in
inhibiting cell proliferation. Our data indicated that cotransfec-
tion of Smad4 and Pten indeed results in more dramatic suppres-
sion of cyclin D1 than transfection of these genes separately.

It was recently shown that a liver-specific disruption of Pten
resulted in HCC in 45% (9/19) of mice at 40-44 weeks and 67%
(8/12) of mice at 74-78 weeks of age (34). Examination of our
Pten®/©Alb-Cre animals indicated that 8% (1/13) developed HCC
at 8-9 months (34-38 weeks) and 33% (5/15) at 12-16 months
(52-65 weeks) (Table 1). The average genetic background of the
mice in that study was 75% B6CS57/25% 129, while the back-
ground of our mice was, on average, 37.5% 129/25% FVB/25%
BALB/c/12.5% Black Swiss. The difference in the genetic back-
ground could be a major factor underlying the different HCC fre-
quencies observed in these mice. Consistently, our examination
of 12 Pten®”“Alb-Cre mice, which were in a genetic background
of 87.5% B6C57/12.5% 129, revealed that 91% (11/12) developed
HCC between 12 and 20 months of age. This observation indicat-
ed that when the animals have a similar genetic background, they
also have similar frequencies of HCC formation. Of note, some
Ptenc/€Alb-Cre mice in both genetic backgrounds we studied
developed CC foci and/or CC formation after 1 year of age. This
includes 6/15 mice listed in Table 1 and 5/12 mice in the genetic
background of 87.5% B6C57/12.5% 129 (data not shown), while
no documentation about CC formation was presented in the
study by Horie et al. (34). Because the mice in Horie’s study (75%
B6CS57/25% 129) share a similar genetic background with that of
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our mice (87.5% B6C57/12.5% 129), they might also develop CC at
an older age, although this remained to be confirmed. We would
also like to indicate that our Smad4”/“Pten“Alb-Cre mice may
not be a pure CC model, as we believe that if these animals could
live slightly longer, they would develop both CC and HCC.

Our analysis of mutant mice showed that Alb-Cre is expressed
in both bile ducts and hepatocytes (Figure 1, A and B). We also
showed that the regulation of the loop between SMAD4 and
PTEN occurs in both hepatocytes and bile duct cells (Figures 6
and 7). However, 100% of Smad4¢”/Pten®/<Alb-Cre animals devel-
oped CC at 4-7 months of age, and none of them developed HCC
during the same period of time. Although HCC might poten-
tially occur in an older population of Smad4“”/“°Pten</©Alb-Cre
mice, this did not happen till the death of all animals at 10
months of age. This observation suggests that bile duct cells
are more sensitive to the loss of both SMAD4 and PTEN than
hepatocytes for malignant transformation. The molecular mech-
anism underlying this differential response to the loss of SMAD4
and PTEN in CC and HCC formation is currently unclear and
will be addressed in future studies.

Human CCs harbor alterations of a number of tumor sup-
pressor genes, including pS3, p16, p27, p57, SMAD4, and onco-
genes such as B-catenin, cyclin D1, ERK, Ras, AKT, and c-Myc (3,
5-12). These alterations vary significantly among individuals,
perhaps due to the heterogeneous nature of the human. We have
sequenced Kras (exons 1 and 2), p53 (exons 2-9), and the promot-
er of the Ink4a/p16 gene, and we did not detect any mutations
in these genes. We have also examined the methylation status
of the Ink4a/p16 promoter, and we did not find any alterations
compared with wild-type control. These findings suggest that
once both SMAD4 and PTEN are mutated in early stages of liver
development, CC formation does not require mutations of Kras,
Ink4a/ARF, and p53 in our mice with a defined genetic back-
ground. Instead, we detected, at the earliest stages of tumorigen-
esis, activation of AKT, mTOR, ERK, and cyclin D1 and inactiva-
tion of FOXO1, some of which have been implicated in human
CC formation. Because the CC in Smad4“/CPten/Alb-Cre
mice developed at defined time points with high penetrance
and activation of AKT has been linked to a majority of human
CCs, this animal model should be useful in identifying markers
associated with the earliest changes during CC initiation and
the mechanism(s) underlying tumor progression, as well as for
developing techniques for drug screening, chemoprevention,
and therapeutic treatment of the disease.

Methods
Mice. Mice carrying Smad4 (20) and Pten (29) conditional knockout alleles
were crossed with an Alb-Cre-transgenic mouse (30). After multiple
rounds of crossing, we have generated mice with the following genotypes:
Smad4¢e/CPten/Alb-Cre, Smad4/Pten</<Alb-Cre, Pten</Alb-Cre,
Smad4</<Alb-Cre, and wild type. Genotyping of Smad4“ and Pten“ mice
were as described previously (20, 29). The Alb-Cre-transgenic mice were gen-
otyped using 2 primers for Cre: Cre-1 (5'-CCTGTTTTGCACGTTCACCG-3')
and Cre-3 (5'-ATGCTTCTGTCCGTTTGCCG-3'). Rosa-26-f-gal reporter
line (R26R) (31) was purchased from the Jackson Laboratory and genotyped
using primers for the lacZ gene: Lac-1 (5'-GATCCGCGCTGGCTACCGGC-
3') and Lac-2 (S'-GGATACTGACGAAACGCCTGCC-3'). All experiments
were approved by the Animal Care and Use Committee of the NIDDK.

Cell culture and treatment. To derive cell lines from CC and normal liv-

ers, we minced tumor tissue and livers of various genotypes in DMEM
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(Invitrogen Corp.) containing 10 ug/ml of bacterial collagenase type III.
After overnight digestion, cells were washed with PBS and cultured in
DMEM containing 10% FBS, glutamine, antibiotics, insulin (5 ug/ml),
and EGF (10 ug/ml). Cultures derived from CCs frequently exhibited
numerous foci of epithelial differentiation (Supplemental Figure 2A),
which were expanded using cloning rings. A total of 20 cell lines that were
derived from CCs and appeared to be epithelial cells (Supplemental Fig-
ure 2B) and expressed CK19 and AE1 (data not shown) were established.
These cells did not express SMAD4 and PTEN (Supplemental Figure 2C)
and exhibited minimal levels of genes immediately downstream of TGF-f,
such as Smad6 and Smad7 (Supplemental Figure 2D). Cultures from
the normal liver of Smad4¢”/“Pten®”/“ control mice did not form obvi-
ous foci. After continuous expansion of areas with epithelial-like cells
using cloning rings, 2 cell lines (i.e., 644 and 644-2) were established from
the liver of 1-month-old Smad4<”/“Pten®/> mice through spontaneous
immortalization during a prolonged period of culture. One cell line (i.e.,
644) was further characterized and showed epithelial-like morphology
(Supplemental Figure 2E). Hepal-6 (Supplemental Figure 2F), a cell line
derived from a mouse HCC (42), was cultured in DMEM with 10% FBS,
glutamine, and antibiotics. Plasmids bearing Smad4, Pten (gifts from Y.
Zhang, NIH), activated AKT (49), or GFP expression unit were transfect-
ed into these cells 24 hours after plating (about 80% confluence) using
Lipofectamine 2000 (Invitrogen Corp.). In some cases, cycloheximide
(Sigma-Aldrich) at a concentration of 100 ug/ml was added 48 hours
after transfection to block protein synthesis. RNAI specific for Smad4
(SC-29485; Santa Cruz Biotechnology Inc.), Pten (SC-36326; Santa Cruz
Biotechnology Inc.), and control (SC-37007; Santa Cruz Biotechnology
Inc.) ata concentration of 0.2 uM were transfected into 644 and Hepal-6
cells using Oligofectamine (Invitrogen Corp.).

Real-time PCR analysis. Total RNA was extracted from cells using RNA
STAT-60 (Tel-Test Inc.). Real-time PCR was performed with ABI PRISM
7000 Sequence Detection System (Applied Biosystems), using the follow-
ing primers: Smad4-1, 5'-GACAGTGTCTGTGTGAATCC-3'; Smad4-2,
S"-TACTTGGCGGGTGTTGGATG-3'; Pten-1, 5'-“TGCAGAAAGACTT-
GAAGGTG-3'; Pten-2, 5'-ATAAGTTCTAGCTGTGGTGG-3'; GAPDH-1,
5'-ACAGCCGCATCTTCTTGTGC-3"; GAPDH-2, 5'-TTTGATGTTAGT-
GGGGTCTCGC-3'.

Immunoblot analysis. Western blot analyses were performed by standard
procedures using ECL detection (Amersham Biosciences). The following
primary antibodies were used: SMAD4 and cyclin D1 (Santa Cruz Biotech-
nology Inc.), f-actin (Sigma-Aldrich), PTEN, AKT, p-AKT (Ser473), GSK-3f3,
p-GSK-3f, and p-ERK1/2 (Cell Signaling Technology). HRP-conjugated
anti-rabbit and anti-mouse antibodies (Kirkegaard & Perry Laboratories
Inc.) were used as secondary antibodies.

Histology and immunobistochemical staining. Paraffin sections of 4-5 um
were prepared for H&E and antibody staining. The following antibodies
were used for immunohistochemical staining for mouse specimens: A6
antibody (a gift from Valentina M. Factor, NIH), AE-1 (Signet Labora-
tories), CK19 (Dako), Hep Par1 (Dako), c-Myc (Santa Cruz Biotechnol-
ogy Inc.), Mucin SAC (Novocastra), FOXO1 (catalog 9461; Cell Signaling
Technology), and BrdU (BrdU staining kit; Zymed Laboratories Inc.),
p-AKT (Ser473), p-GSK-3f (Ser9), p-ERK1/2, and p-mTOR (Ser2448)
(Cell Signaling Technology).

For human CC specimens, heat antigen retrieval was performed in 1 mM
EDTA (pH 8.0) for 40 minutes using a commercial vegetable steamer. The
following primary antibodies were used for overnight incubation at 4°C:
SMAD4 (1:50; SC-7966, Santa Cruz Biotechnology Inc.), p-PTEN (1:50; cat-
alog 9551, Cell Signaling Technology), and p-FOXO (1:25; catalog 9461, Cell
Signaling Technology). For SMADA4, cells staining more weakly and strong-
ly than hepatocytes were considered negative and positive, respectively.
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For p-PTEN and p-FOXO1, cells that were stained were considered positive
and those that did not were considered negative.
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