
CANCER RESEARCH | TUMOR BIOLOGYAND IMMUNOLOGY

Concurrent Activation of Kras and Canonical Wnt
Signaling Induces Premalignant Lesions That Progress to
Extrahepatic Biliary Cancer in Mice
Munemasa Nagao1, Akihisa Fukuda1, Mayuki Omatsu1, Mio Namikawa1, Makoto Sono1, Yuichi Fukunaga1,2,
Tomonori Masuda1, Osamu Araki1, Takaaki Yoshikawa1, Satoshi Ogawa1, Kenji Masuo1, Norihiro Goto1,
Yukiko Hiramatsu1, YuMuta1, Motoyuki Tsuda1, TakahisaMaruno1, Yuki Nakanishi1, MakotoMark Taketo3,4,
Jorge Ferrer5,6,7, Tatsuaki Tsuruyama2, Yasuni Nakanuma8, Kojiro Taura9, Shinji Uemoto9, and
Hiroshi Seno1

ABSTRACT
◥

Biliary cancer has long been known to carry a poor prognosis,
yet the molecular pathogenesis of carcinoma of the extrahepatic
biliary system and its precursor lesions remains elusive. Here we
investigated the role of Kras and canonical Wnt pathways in the
tumorigenesis of the extrahepatic bile duct (EHBD) and gall
bladder (GB). In mice, concurrent activation of Kras and Wnt
pathways induced biliary neoplasms that resembled human
intracholecystic papillary-tubular neoplasm (ICPN) and biliary
intraepithelial neoplasia (BilIN), putative precursors to invasive
biliary cancer. At a low frequency, these lesions progressed to
adenocarcinoma in a xenograft model, establishing them as
precancerous lesions. Global gene expression analysis revealed
increased expression of genes associated with c-Myc and TGFb
pathways in mutant biliary spheroids. Silencing or pharmaco-

logic inhibition of c-Myc suppressed proliferation of mutant
biliary spheroids, whereas silencing of Smad4/Tgfbr2 or phar-
macologic inhibition of TGFb signaling increased proliferation of
mutant biliary spheroids and cancer formation in vivo. Human
ICPNs displayed activated Kras and Wnt signals and c-Myc and
TGFb pathways. Thus, these data provide direct evidence that
concurrent activation of the Kras and canonical Wnt pathways
results in formation of ICPN and BilIN, which could develop into
biliary cancer.

Significance: This work shows how dysregulation of canonical
cell growth pathways drives precursors to biliary cancers and
identifies several molecular vulnerabilities as potential therapeutic
targets in these precursors to prevent oncogenic progression.

Introduction
Biliary cancer, including cholangiocarcinoma (CCA) and gall

bladder carcinoma (GBC), accounts for approximately 3% of all adult
malignancies (1). According to their anatomical location, CCAs are
classified as either intrahepatic (iCCA), perihilar (pCCA), or distal

CCA (dCCA; ref. 2). Recently, the WHO classified iCCA into two
subtypes, small duct type and large duct type, based on their different
etiologies and clinical behaviors (3). Risk factors for CCA include liver
flukes, primary sclerosing cholangitis, hepatolithiasis, choledochal
cyst, and viral hepatitis (4). Most biliary cancer is not diagnosed until
the late stages, such as the locally advanced or metastatic phases. Most
of the currently available chemotherapies for biliary cancer are not
sufficiently effective, and the 5-year survival rate of biliary cancer is
only 5% to 15% (5, 6). To improve its poor prognosis, the devel-
opment of novel diagnostic methods and therapeutic strategies is
urgently needed. Accordingly, it is important to clarify the molec-
ular mechanism underlying the development of biliary cancer and
its precursor lesions.

CCA is considered to develop mainly from two distinct types of
precancerous lesions, biliary intraepithelial neoplasm (BilIN) and
intraductal papillary neoplasm of the bile duct (IPNB; refs. 7–9).
IPNB-like lesions in the gall bladder (GB) are commonly referred to
as intracholecystic papillary-tubular neoplasm (ICPN; ref. 10).
However, it is not known if these lesions are bona fide precursors
of biliary cancer. Furthermore, the molecular pathogenesis of these
precursor lesions is still not well understood. This is partly because
these precursor lesions have only been recently defined and genet-
ically engineered mouse models (GEM) of these lesions have not yet
been well established. GEMs, particularly those that apply the
inducible CreER system, are robust tools used in the study of the
molecular pathogenesis of human diseases and in the preclinical
assessment of novel therapeutic strategies. To date, only a limited
number of GEMs for tumors of the extrahepatic biliary system
including extrahepatic biliary duct (EHBD) and GB have been
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reported, partly because there is no known tissue-specific driver
CreER mouse line for the extrahepatic biliary system.

Although previous whole-genome sequencing (WGS) studies
have demonstrated a complex mutational landscape of biliary
cancer (11, 12), little is known about the molecular biological
significance of each genetic alternation. Several recent studies of
murine biliary cancer models have revealed that Pten (13), Smad4/
TgfbR2 (14), ErbB-2A (15), Kras, and p53 (16) play prominent roles
in biliary tumorigenesis. However, given the heterogenous char-
acteristics of biliary cancer and the variety of mutations,
the molecular function of other genes in biliary tumorigenesis has
to be taken into consideration. WGS studies have revealed that the
incidence of mutations in Kras (16.5%) and Wnt-related genes,
including APC (7.1%), RNF43 (4.7%), and CTNNB (1.3%), are
relatively frequent in biliary cancer (17). The incidence of Kras
mutation is relatively high in both extrahepatic cholangiocarcinoma
and intrahepatic cholangiocarcinoma (11). Mutation of Kras occurs
in 34.2% of BilIN cases (18). According to the International
Cancer Genome Consortium, biliary cancer is classified into four
subgroups based on mutation status, copy number variants, gene
expression, gene methylation, and prognosis. Subtype 2 biliary
cancer is reported to have a high gene expression of WNT5B and
CTNNB1 (17). In GB cancer, mutation of CTNNB is observed in
12% of GBC cases (19). In previous reports, mutations of CTNNB
were observed in 6 of 11 co-existing BilIN and GB carcinoma
cases (20) and in 5 of 26 co-existing IPNB/ITPN and CCA
cases (21). However, the role of the Kras and Wnt pathways in
biliary tumorigenesis remains elusive.

Therefore, in this study, we aimed to investigate the role of the Kras
and canonical Wnt pathways in the tumorigenesis of the extrahepatic
biliary system including the EHBD and GB.We found that concurrent
activation of the Kras and canonical Wnt pathways in adult biliary
epithelial cells induced ICPN and BilIN, which could develop into
biliary cancer, in mice. This study provides a novel GEM of ICPN
and BilIN, establishing them as precursors to biliary cancer. Further-
more, mechanistically, c-Myc contributed to tumorigenesis, whereas
the Tgfb pathway inhibited it.

Materials and Methods
Mice

Experimental animals were generated by crossing Hnf1b-
CreERT2 mice (a gift from Jorge Ferrer, Imperial College; ref. 22),
KrasG12D mice (a gift from David Tuveson, Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY), Ctnnb1lox(ex3)/þ mice
(generated as described previously; ref. 23), Rosa26-LacZ mice
(purchased from The Jackson Laboratory, JAX strain 003309),
Rosa26-tdTomato mice (purchased from The Jackson Laboratory,
JAX strain 007914), Dclk1CreERT2-IRES-EGFP mice (24), and Bmi1-
CreERT (purchased from Jackson Laboratory, JAX strain 010531).
Genotyping primers are listed in Supplementary Table S1.

For the induction of Cre-mediated recombination, tamoxifen
(Sigma-Aldrich) was administered by oral gavage to Hnf1b-
CreERT2 mice at a dose of 400 mg/g body weight per gavage. Time
courses are outlined in Figs. 1B, D, and 2A. For induction of Cre-
mediated recombination, 2 mg of tamoxifen was intraperitoneally
injected to Dclk1CreER; KrasG12D; Ctnnb1lox(ex3)/þ and Bmi1CreER;
KrasG12D; Ctnnb1lox(ex3)/þ mice once a day over 4 consecutive days.
Time courses are outlined in Supplementary Fig. S2A. All experi-
ments involving mice were approved by the animal research com-
mittee of Kyoto University.

Histologic analyses and immunostaining
Mouse tissues were performed by perfusion of 4% paraformalde-

hyde at sacrifice, fixed in 4% paraformaldehyde overnight, dehydrated
in 70% ethanol for 2 days, embedded in paraffin, and cut into 5mmol/L
sections. Paraffin-embedded sections were stained with hematoxylin
and eosin (H&E). For X-gal staining, isolated bile ducts were
incubated for 1 hour in fixative solution (4% formaldehyde, 0.2%
glutaraldehyde, 0.02% Nonidet P-40, 5 mmol/L EGTA, 2 mmol/L
MgCl2) at 4�C. The tissues were washed twice in PBS and then
incubated in a b-galactosidase substrate (5 mmol/L K3[Fe(CN)6],
5 mmol/L K4[Fe(CN)6]�3H2O, 2 mmol/L MgCl2, 0.02% Nonidet
P-40, 0.1% Na deoxycholate, and 1 mg/mL X-gal in PBS) in the dark
overnight. After fixation, the sections were counterstained with Nucle-
ar Fast Red (Sigma-Aldrich, catalog no. N3020). For IHC, antigen
retrieval was performed by boiling the sections in 10mmol/L citric acid
buffer (pH 6.0) or EDTA buffer (pH 8.0) for 15 minutes at 98�C.
Blocking was performed by incubating the sections with a blocking
solution (Dako, catalog no. X0909). For the primary antibodies, the
incubation was performed overnight at 4�C in a humidified chamber.
Secondary antibody incubation was conducted for 1 hour at room
temperature. Immunoperoxidase labeling was performed using the
VECTASTAIN Elite ABC Standard Kit (Vector Laboratories, catalog
no. PK-6100). The sections were then colored with diaminobenzidine
substrate (Dako, catalog no. K3468) and counterstained with hema-
toxylin. For immunofluorescence, sections were incubated with a
primary antibody overnight at 4�C. The sections were then incubated
with a fluorescence-conjugated secondary antibody (Invitrogen) for
1 hour at room temperature. The primary antibodies used in this study
are listed in Supplementary Table S2.

Three-dimensional culture
Organoid/spheroid cultures were established from murine EHBD

and GB. Mouse EHBD and GB were minced into small pieces and
digested with dissociation buffer at 37�C for 15 to 20 minutes. The
dissociation buffer consisted of DMEM with 10% FBS, 1 mg/mL
collagenase D (Roche Diagnostics Deutschland GmbH), 0.5 mg/mL
dispase (Invitrogen), and 40 mg/mL DNase (Roche Diagnostics
Deutschland GmbH). The tissue suspension was passed through a
100-mmol/L cell strainer and washed twice by DMEM with 10% FBS.
Washed cells were mixed with 15 mL Matrigel per well on a 48-well
plate. Passaging was performed at 1:4 to 1:8 split ratios once per week.
For passaging, organoids were digested in TrypLE (Invitrogen) for 10
minutes at 37�C. Centrifuged cells weremixed with 15 mLMatrigel per
well on a 48-well plate. Expansion Medium (L-WNR Conditioned
Medium-based, detailed below) was typically used. Two weeks before
the extraction of total RNA or protein, organoids were incubated with
Analysis Medium (without FBS, detailed below) and every organoid
was passaged at 1.0 � 104 cells/well. 10048-F4 (Selleck Chem, catalog
no. S7153) was used as a c-Myc inhibitor in vitro. SB431542 (Tocris
Bioscience, catalog no.1614) was used as a Tgfb inhibitor in vitro.

Expansion medium (L-WNR conditioned medium-based)
The Expansion Medium comprised a 50% conditioned medium of

L-cell line secreting Wnt3a, R-spondin3, and Noggin (L-WRN CM)
supplemented with 10 mmol/L Y-27632 (Tocris Bioscience) and
2 mmol/L SB 431542 (Tocris Bioscience). L-WRN CM was prepared
from the L-WRN cell line (ATCC; CRL-3276; ref. 25).

Analysis medium (without FBS)
The Analysis Medium (without FBS) comprised Ad-DMEM/F12

(Invitrogen) supplemented with B27 and N2, 1� Glutamax
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(Invitrogen), 10 mmol/L HEPES, 1 � penicillin-streptomycin
(Invitrogen), 1 mmol/L N-acetylcysteine (Sigma-Aldrich), 10 mmol/L
nicotinamide (Sigma-Aldrich), 50 ng/mL EGF (Peprotech), 1 mg/mL
Rspondin-1 (Peprotech), 50 ng/mL Wnt3a (Peprotech), 100 ng/mL
Noggin (Peprotech), 100 ng/mL FGF10 (Peprotech), and 10 mmol/L
Y-27632 (Tocris Bioscience).

Proliferation assay performed by PrestoBlue
For the cell proliferation assay, spheroids (5.0 � 103) were seeded

with 10 mL Matrigel per well in 96-well plates. Cell proliferation was

evaluated using PrestoBlue Cell Viability Reagent (Invitrogen;
catalog no. A13262) following the manufacturer’s protocol. On
days 1, 3, and 5, the absorbance at 560 and 595 nm was measured
using a plate reader.

The values were calculated as suggested by the product protocol:
(absorbance at 560 nm spheroid well � absorbance 595 nm spher-
oid well) � (absorbance 560 nm empty well � absorbance 595 nm
empty well)/(absorbance 560 nm spheroid day 1 � absorbance
595 nm spheroid well day 1) � (absorbance 560 nm empty well day
1 � absorbance 595 nm empty well day 1).

Figure 1.

Hnf1bCreER is a suitable CreERmouse linewith high efficiency to performgeneticmanipulation in the extrahepatic biliary tract epithelium.A, Immunostaining for Hnf1b
in the EHBD, IHBD, and GB of wild-type mice (n ¼ 3). B, Tamoxifen administration schema for lineage tracing experiments using Hnf1bCreER; Rosa26-LacZ mice.
C,Macroscopic (top) and microscopic (bottom) images of X-gal staining in Hnf1bCreER; Rosa26-LacZmice 2 days (n¼ 5), 6 weeks (n¼ 5), and 12 weeks (n¼ 5) after
the last tamoxifen administration. D, Tamoxifen administration schema for the experiments using Hnf1bCreER; Rosa26-tdTomato mice. E, Immunostaining for RFP
(left) and panCK (right) in Hnf1bCreER; Rosa26-tdTomato mice at 2 days (n ¼ 3) after the last tamoxifen administration. All black or white scale bars, 50 mm.
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Figure 2.

Concurrent activation of Kras and Wnt pathways induced ICPN and BilIN that resemble human ICPN and BilIN. A, Tamoxifen administration schema for the
experiments using Hnf1bCreER(H), Hnf1bCreER; KrasG12D (HK), Hnf1bCreER; Ctnnb1lox(ex3)/þ (Hb), and Hnf1bCreER; KrasG12D; Ctnnb1lox(ex3)/þ (HKb) mice (n ¼ 5–7 mice/
group). All mice were sacrificed 4 weeks after the last tamoxifen administration. B, Macroscopic images of the EHBD in H, HK, Hb, and HKbmice 4 weeks after
the last tamoxifen administration. C, H&E staining (low power field) of the EHBD and GB in HKbmice 4 weeks after the last tamoxifen administration. D, From
the top, H&E staining (high power field), immunostaining for Ki67, p-ERK, b-catenin, and coimmunostaining for DAPI (blue), GS-II (green), and CK19 (red) in
the EHBD and GB in H, HK, Hb, and HKbmice 4 weeks after the last tamoxifen administration. Neoplastic changes were also observed in the peribiliary glands
of EHBD in HKb mice (arrowheads). Hyperchromasia, nuclear stratification, and partial loss of nuclear polarity were observed in epithelial cells of BilIN and
ICPN lesions in HKb mice (insets). All black or white scale bars, 50 mm.
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Proliferation and apoptosis assay by immunostaining
Immunostaining for Ki67 and cleaved Caspase3 was performed in

H, HK, Hb, and HKb spheroids. All cells, Ki67-positive cells, and
cleaved Caspase3-positive cells were quantified in a low-power field.

RNA isolation and qRT-PCR
Total RNA was extracted using the RNeasy Micro Kit (Qiagen).

Single-strand complementary DNA was synthesized using a ReverTra
Ace qPCR RT Kit (TOYOBO). qRT-PCR was performed using SYBR
Green Master Mix (Roche Diagnostics Deutschland GmbH) and
LightCycler 480 (RocheDiagnosticsDeutschlandGmbH). The expres-
sion levels were standardized by comparing them to the levels
of GAPDH or b-actin (for c-Myc). Primer sequences are listed in
Supplementary Table S3.

Microarray analysis
The Clariom S Assay (Thermo Fisher Scientific) was used for

microarray analysis. Sample preparation, microarray hybridization,
and bioinformatics analyses were performed byMacrogen. The quality
of RNA extracted from spheroids was examined with an Agilent 2100
bioanalyzer (Agilent Technologies) and a Nanodrop (Thermo Fisher
Scientific). The RNA samples were hybridized to the Affymetrix
GeneChip Array (Thermo Fisher Scientific). Array data export pro-
cessing and analysis were performed using Affymetrix GeneChip
Command Console Software and Transcriptome Analysis Console
(Thermo Fisher Scientific). The raw data were normalized by Affy-
metrix Power Tools Software (Thermo Fisher Scientific). Unnamed
genes were excluded. The gene expression data of the samples were
analyzed using gene set enrichment analysis (GSEA) software pro-
vided by the Broad Institute of MIT and Harvard University.

Xenograft
For the xenograft model of H, HK, Hb, and HKb biliary spheroids,

every spheroid was passaged at 5.0 � 104 cells/well. Spheroids were
obtained from three wells 3 days after passage. Harvested spheroids
were suspended in 50 mL Matrigel þ 50 mL Ad-DMEM/F12 and
injected subcutaneously into NOD/SCID mice (NOD.CB17-
Prkdcscid/J; purchased from The Jackson Laboratory, JAX strain
001303) at one site. After 3 months, tumorigenicity was assessed.

For the xenograft model of shSmad4 and shTgfbr2 HKb biliary
spheroids, every spheroid was passaged at 1.0 � 104 cells/well.
Spheroids were obtained from the two wells 4 days after passage.
Harvested spheroids were suspended in 50 mL Matrigel þ 50 mL Ad-
DMEM/F12 and injected subcutaneously into NOD/SCIDmice at one
site. One month later, tumorigenicity was assessed.

DNA extraction
DNA was extracted using the QIAamp DNA Micro Kit (Qiagen)

according to the manufacturer’s protocol. Sample integrity and yield
were assessed by the Nanodrop (Thermo Fisher Scientific) and the
Agilent TapeStation. Purified DNA samples were stored at �20�C.

Library preparation and WES
The samples were prepared according to an Agilent SureSelect

Target Enrichment Kit preparation guide. The libraries were
sequenced with Illumina NovaSeq 6000 sequencer. Whole exome
capture was carried out using Agilent’s SureSelect Mouse Kit.
After DNA quality evaluation, pooled samples were sequenced on
Illunima NovaSeq 6000 according to the manufacture’s instructions
for paired-end 150 bp reads. The average sequencing depth of target
region and total mapped reads were summarized in Supplementary

Table S4. The Whole exome sequencing was performed by
Macrogen.

Exome-sequencing data analysis for SNVs and INDELs calling
Quality check in Raw data (stored as FastQ format) was performed

with the FastQC (ver0.11.8). Adapter contamination and low-quality
nucleotides are discarded by using Trim Galore (ver0.6.4). Read pairs
weremapped to the reference genomeGRCm38 using the BWA-MEM
(ver0.7.17). Duplicates were trimmed from the reads using the Picard
Mark Duplicates (ver2.22.9). Furthermore, we performed base quality
score recalibration with Base Recalibrator and ApplyBQSR in GATK
(ver4.1.9.0).

After realignment to genome, we identified and filtered variants
(SNPs, Indels) using GATK Mutect2 Somatic Mutation Call, GATK
Filter Mutect Calls, and GATK Select Variants to guarantee mean-
ingful analysis. Mutations with less than 5% allele frequency, low
(<5) number of read, and low (<2) number of read with mutation in
xenografted tumor were excluded from analysis. More than 10bp
Indel, Known SNPs and Indels registered in Mouse Genomes
Project, and silent mutations were excluded from analysis. The
filtered mutations were annotated with VEP (ver96). Finally, the
mutation spectrum of the final variant set was analyzed with the R
package maftools (ver2.6.0). The WES data analysis was performed
by cBioinformatics.

Lentivirus transduction and infection
The silencing of c-Myc was achieved using pLKO-shMyc (MIS-

SION shRNA NM_010849 TRCN0000042517, purchased from
Sigma-Aldrich), the silencing of Smad4 was attained using
pLKO-shSmad4 (MISSION shRNA NM_008540 TRCN0000025881,
purchased from Sigma-Aldrich), and the silencing of Tgfbr2 was
attained using pLKO-shTgfbr2 (MISSION shRNA NM_009371
TRCN0000294600, purchased from Sigma-Aldrich). To produce
lentiviruses, HEK293T cells were transfected with the targeting plas-
mid, pCAG-HIVgp, and pCMV-VSV-G-RSV-Rev (donated by
Dr. Hiroyuki Miyoshi, RIKEN BioResource Center) plasmids.
The culture supernatants were collected 48 hours after transfection,
filtered, concentrated by PEG-it (System Biosciences, catalog no.
LV810A-1), and resuspended in Hanks’ balanced salt solution. Infec-
tionwas performed in the presence of polybrene (8mg/mL) for 6 hours,
followed by selection with puromycin 1 mg/mL. For the proliferation
analysis of the spheroids that silenced c-Myc, Smad4, and Tgfbr2, the
spheroid was passaged at 2.0 � 103 cells/well after selection by
puromycin.

The Cancer Genome Atlas database
The data and analysis results can be explored through The Cancer

Genome Atlas (TCGA)Data Portal from the cBioPortal on the Cancer
Genomics website (https://www.cbioportal.org/).

Statistical analysis
Data are presented as mean � SEM. When n ¼ 3 per each group,

dot plots are also represented. The two-tailed Student t test was
performed to analyze the statistical difference between two groups.
To determine statistically significant associations between treat-
ment groups versus a control group or between the other groups
versus a control group, the data were statistically analyzed with
ANOVA followed by the Dunnett test. P value of less than 0.05 was
considered statistically significant. All statistical analyses were
performed with either JMP 15 (SAS Institute Inc.) or GraphPad
Prism, version 6.0 (GraphPad).
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Study approval
All mouse experiments were approved by the animal research

committee of KyotoUniversity (180260) and performed in accordance
with Japanese government regulations. We used 12 surgically resected
ICPN tissues that were obtained from patients admitted to Kyoto
University Hospital and that were stored in the hospital. The patient
samples were only used for immunohistochemistry and the Ethics
Committee of Kyoto University approved the use of patient samples
for this experiment without requiring written informed consent.
Informed consent was obtained in the form of opt-out on the web-
site. This research conformed to the provisions of the Declaration of
Helsinki. The study protocol (G1200–1 and R2904) was approved by
the Ethics Committee of Kyoto University.

Data availability
All original microarray data were deposited in the Gene Expression

Omnibus at National Center for Biotechnology Information
(GSE191072). The whole exome sequence data were deposited in the
DDBJ Sequence Read Archive (DRA) database (DRA013309). The
data that support the findings of this study are included in this article
and its Supplementary Table or available from the corresponding
author upon reasonable request.

Results
Hnf1b was expressed in the extrahepatic biliary system
including the EHBD and GB

To perform genetic manipulation in the extrahepatic biliary tract
epithelium including the EHBD andGB, we first sought to determine a
suitable CreER mouse line. Given that HNF1b expression has been
reported to be restricted to biliary duct epithelial cells in the normal
murine liver (26), we performed immunostaining (IHC) for Hnf1b to
determine the expression pattern of Hnf1b in the extrahepatic biliary
tract epithelium including the EHBD andGB in adult mice. Hnf1bwas
robustly expressed in the EHBD, IHBD and GB epithelial cells in adult
wild type mice (Fig. 1A).

To assess the efficiency of Cre expression in Hnf1b positive EHBD
cells in Hnf1bCreER mice, we generated Hnf1bCreER; Rosa26 LacZ mice
and performed lineage-tracing experiments by the administration of
tamoxifen (Fig. 1B). Macroscopically and histologically, the EHBD
and GB epithelial cells were Hnf1b-lineage labeled in Hnf1bCreER;
Rosa26 LacZ mice at 2 days, 6 weeks, and 12 weeks after the last
administration of tamoxifen (Fig. 1C). We also generatedHnf1bCreER;
Rosa26 tdTomato mice and assessed Hnf1b-lineage labeled efficiency
(Fig. 1D). Almost all EHBD and GB epithelial cells, which were
positive for cytokeratin (CK), were Hnf1b-lineage labeled on day 2
after the last tamoxifen administration (Fig. 1E). These results indicate
that the Hnf1bCreER mouse is a suitable CreER mouse line with high
efficiency for genetic manipulation in the extrahepatic biliary tract
epithelium including the EHBD and GB.

Concurrent activation of the Kras and canonical Wnt pathways
induced ICPN and BilIN in mice

We next investigated the functional role of Kras and canonical Wnt
signal activation and the effect of concurrent activation of both
pathways on tumorigenesis of the extrahepatic biliary system using
Hnf1bCreER mice. In a previous report, conditional knockout of exon3
of Ctnnb induced the stabilization of b-catenin or constitutive acti-
vation of theWnt/b-catenin signaling pathway in amousemodel (23).
We crossed KrasG12D mice and/or Ctnnb1lox(ex3)/þ mice with
Hnf1bCreER mice to generate Hnf1bCreER(H), Hnf1bCreER; KrasG12D

(HK), Hnf1bCreER; Ctnnb1lox(ex3)/þ (Hb), and Hnf1bCreER; KrasG12D;
Ctnnb1lox(ex3)/þ (HKb) mice. Four weeks after the last tamoxifen
administration, the biliary tract was analyzed (Fig. 2A). Macroscop-
ically, the EHBD ofHKbmice was dilated, whereas that ofH,HK, and
Hb mice appeared normal (Fig. 2B). H&E staining demonstrated an
almost normal appearance of the GB and EHBD epithelial cells in H
mice and aminimal neoplastic change inHb andHKmice. In contrast,
HKb mice (6/6 mice) displayed microscopic papillary neoplasms,
which resembled human BilIN in the EHBD, and papillary neoplasm,
which resembled human ICPN in the GB (Fig. 2C andD). Neoplastic
changes were also observed in the peribiliary glands of the EHBD in
HKb mice. Hyperchromasia, nuclear stratification, and partial loss of
nuclear polarity were observed in the epithelial cells of the BilIN and
ICPN lesions in HKbmice. Ki67 staining revealed proliferative cells
in these lesions in HKb mouse (Fig. 2D). EHBD and GB epithelial
cells demonstrated increased expression of pErk in both HK and
HKbmice (Fig. 2D). Nuclear accumulation or cytoplasmic staining
of b-catenin was observed in the EHBD and GB epithelial cells in
both Hb and HKb mice (Fig. 2D). These data indicated increased
activation of the Kras andWnt signaling pathways in EHBD and GB
epithelial cells in HKb mice.

To better characterize BilIN and ICPN in HKb mice, mucin IHC
was performed. Muc1 was positive in biliary epithelial cells in H, Hb,
HK, and HKb mice, whereas muc2 and muc5AC were negative
(Supplementary Fig. S1A). Staining for Griffonia simplicifolia lectin
II (GSII lectin), which is an alternate marker for muc6 in mice and is
indicative of the pyloric gland type (27), revealed that GSII was
partially expressed in BilIN and ICPN inHKbmice (Fig. 2D). Staining
for Ulex europaeus agglutinin I (UEA-1), an indicative marker for the
gastric foveolar type in mice (28), revealed that UEA-1 was partially
expressed in BilIN and ICPN in HKbmice (Supplementary Fig. S1B).
Given that both GSII and UEA-1 were positive in HKb mice, these
ICPN lesions resembled human gastric type ICPN.

To compare with other Cre mouse strains, we usedDclk1CreER and
Bmi1-CreER mouse lines and generated Dclk1CreER; KrasG12D;
Ctnnb1lox(ex3)/þ (DKb) and Bmi1CreER; KrasG12D; Ctnnb1lox(ex3)/þ

(BKb) mice, respectively. In both DKb and BKb mice, BilIN-like
lesions and ICPN-like lesions were formed in the EHBD and GB,
respectively, 4 weeks after tamoxifen administration (Supplementary
Figs. S2A–S2C).

Therefore, these data indicate that concurrent activation of the Kras
and canonicalWnt pathways results in the development of gastric type
ICPN and BilIN of EHBD in mice.

Establishment of spheroids derived frommurinemutant GB and
EHBD and characterization of their gene expression profiles

To provide insights into the underlying molecular mechanism
whereby activation of the Kras and Wnt pathways cooperatively
induce ICPN and BilIN in the EHBD of HKb mice, we sought to
perform global gene expression analysis of mutant biliary epithelium.
However, it was difficult to isolate the extrahepatic biliary epithelium
frommouse tissue. Therefore, we applied a 3D culture system of biliary
spheroids in vitro. We established biliary spheroids derived from the
EHBD and GB of H, HK, Hb, and HKb mice 4 weeks after the last
tamoxifen administration (Fig. 3A).We confirmed the recombination
of KrasG12D allele and Ctnnb1lox(ex3)/þ allele in H, HK, Hb, and HKb
biliary spheroids by genotyping with PCR (Supplementary Figs. S3A–
S3C). These spheroids were roundish and did not show any apparent
morphologic differences between genotypes (Fig. 3B). Proliferation
analysis revealed that HKb biliary spheroids grew significantly faster
than H, HK, and Hb biliary spheroids (Fig. 3C). Moreover, we
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Figure 3.

Expression ofWnt signaling pathway, c-Myc, CSCmarkers, and Tgfb pathwaywas increased inHKb biliary spheroids.A, Schema of biliary spheroids established from
EHBD and GB in H, HK, Hb, and HKbmice 4 weeks after the last tamoxifen administration (n ¼ 3 mice/group). B, Microscopic images of H, HK, Hb, and HKb biliary
spheroids on day 1 and day 5 after passage. Scale bars, 500 mm. C, Assay of the proliferation of H, HK, Hb, and HKb biliary spheroids on day 1, day 3, and day 5 after
passage (n¼ 3/group). The assay of proliferationwas performed using PrestoBlue. The valueswere calculated as described inMaterials andMethods. Data aremean
� SEM. Analyzed by one-wayANOVAwith Dunnett test (vs.HKb spheroids; � , P <0.05; �� , P <0.01).D, Top, commonly high fold change (>2 log, <�2 log) expression
genes on microarray analysis in HKb biliary spheroids. Bottom, upregulated gene sets on Hallmark gene set of GSEA in HKb spheroids. FDR, q < 0.25 (vs. HKb
spheroids). E and F, qRT-PCR analysis of H, HK, Hb, and HKb biliary spheroids (n¼ 3/group). Data are shown as individual data points and the mean� SEM for each
experimental group. Analyzed by one-way ANOVAwith Dunnett test (vs. HKb spheroids; � , P < 0.05). G, Immunostaining for Dclk1 (top) and Aldh1a1 (bottom) in the
EHBDandGB inH,HK,Hb, andHKbmice 4weeks after the last tamoxifen administration. Aldh1a1was expressed at a crypt-like location betweenBilIN inEHBDand the
inner epithelial cells of ICPN in HKb mice (arrowheads). Scale bars, 50 mm.
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performed immunostaining for Ki67 and cleaved caspase3. The ratio
of Ki67 positive proliferative cells was significantly higher in HKb
biliary spheroids than H, HK, and Hb spheroids. On the other hand,
the ratio of cleaved caspase 3 positive apoptotic cells in HKb biliary
spheroids was lower thanH,HK, andHb biliary spheroids, although it
did not reach statistical significance (Supplementary Figs. S4A–S4C).
Therefore, we concluded that the high proliferation contributes to the
increased growth of HKb biliary spheroids.

Next, we determined the gene expression profile ofH,HK,Hb, and
HKb biliary spheroids by genome-wide microarray analysis. Micro-
array analysis revealed the molecules with high fold change (>2 log or
<�2 log), which included 1,597 genes in HKb spheroids vs. H
spheroids, 1,795 genes in HKb spheroids versus HK spheroids, and
1,454 genes in HKb spheroids versus Hb spheroids. Commonly high
fold change (>2 log or <�2 log) expression in HKb spheroids
compared to H, HK, and Hb spheroids included 566 genes
(Fig. 3D). Upregulated genes in HKb spheroids included Aldh1a1,
Arl4c, Axin2, Bmp1, Bmp2, Bmp7, Cdh2, Cdkn2b, Ctgf, Igf2bp1, Loxl4,
Serpine1, and Tgfb3. Downregulated genes inHKb spheroids included
Hnf1a, Hnf4a, and Muc1. Other genes are listed in Supplementary
Data S1. GSEA revealed gene sets corresponding to epithelial–
mesenchymal transition (EMT), myogenesis, and TGFb, p53, and
Wnt signaling as commonly enriched signatures in HKb spheroids
compared with other genotypes in a “Hallmarks” compilation
(Fig. 3D). qRT-PCR analysis revealed that the expression of c-Myc,
Aldh1a1, Cdh2, Snail1, Tgfb3, Serpine1, and Dclk1 was significantly (P
< 0.05) upregulated in HKb spheroids compared to H, HK, and Hb
spheroids (Fig. 3E and F).

The expression of Axin2 reflects Wnt/b-catenin activity (29). High
expression ofCdh2 and Snail1 indicates the tendency of EMT.Aldh1a1
andDclk1 are known cancer stem cell (CSC)markers (24, 30). Serpine1
is known a target gene of the Tgfb signaling pathway and encodes
plasminogen activator inhibitor-1 (PAI-1; ref. 31). These results
indicated that HKb biliary spheroids harbor enhanced features of the
Wnt/b-catenin signaling pathway, c-Myc, CSC, EMT, and the Tgfb
signaling pathway compared with H, HK, and Hb biliary spheroids.

We then performed IHC analysis in murine the EHBD and GB
tissue for CSC markers, including Dclk1 and Aldh1a1. Dclk1 was
expressed in a small subset of epithelial cells of the EHBD andGB inH,
HK andHbmice, whereas Dclk1 was strongly expressed in most BilIN
and ICPN inHKbmice. Aldh1a1 was not expressed in EHBD and GB
inH,HK, andHbmice, whereas Aldh1a1 was expressed at a crypt-like
location between BilIN in EHBD and in the inner epithelial cells of
ICPN in HKb mice (Fig. 3G). These results, together with the
microarray data above, indicated that coactivation of Kras and canon-
ical Wnt leads to higher tumorigenic potential in mouse biliary tracts.

ICPN and BilIN have a malignant potential to progress to biliary
cancer

We next investigated whether BilIN and ICPN in HKb mice were
precancerous lesions. Longer-term analysis of HKb mice was impos-
sible, because HKb mice died at 6 to 8 weeks of age after tamoxifen
treatment. Given that Hnf1b is also expressed in the lung, pancreatic
duct, intrahepatic bile duct, and intestinal epithelium (32), we histo-
logically analyzed the intestine, pancreas, liver, and lung inHKbmice 4
and 6 weeks after administration of tamoxifen. We observed massive
adenomas in the intestine and focal nodular adenocarcinoma in the
lung, whereas pancreas and liver were almost normal in HKb mice 4
and 6 weeks after administration of tamoxifen (Supplementary
Fig. S5).HKbmice died due tomassive intestinal adenomas. Therefore,
we performed xenograft experiments using biliary spheroids devel-

oped from the EHBD and GB ofH,HK,Hb, andHKbmice (Fig. 4A).
Notably, xenograft tumors developed in two out of 24 cases of HKb
biliary spheroids approximately 3 months after the injection of
spheroids, whereas no xenograft tumors developed from H, HK, and
Hb biliary spheroids (Fig. 4B and C). Histologically, these xenograft
tumors were well-differentiated adenocarcinoma expressing CK19
(Fig. 4D). Ki67 staining revealed a high proliferation of xenograft
tumors in the cancer cells developed from HKb biliary spheroids.

To investigate the mutational profiles of the xenograft tumors
developed from mutant biliary spheroids, we performed WES
analysis using two sets of biliary spheroids; two original mutant
biliary spheroids and corresponding xenograft biliary cancer spher-
oids. The WES analysis revealed 10 common additional gene
mutations that were observed in the xenograft biliary cancer
spheroids but not in the original biliary mutant spheroids in both
sets (Supplementary Figs. S6A–S6D).

These results indicated that BilIN in the EHBD and ICPN in HKb
mice are bona fide precancerous lesions with a malignant potential to
become an adenocarcinoma although at a low frequency in vivo.

C-myc is a critical mediator for HKb biliary spheroid growth
Given that c-Myc expression was significantly increased in HKb

biliary spheroids compared to H, HK and Hb biliary spheroids, we
subsequently focused on c-Myc (Fig. 3E). IHC analysis revealed that c-
Myc was expressed in BilIN of the EHBD and ICPN in HKb mice
(Fig. 5A). Given that c-Myc is known to be located downstreamof both
Kras and Wnt signaling pathways, and is important for tumor
growth (33), we hypothesized that c-Myc plays a critical role in the
growth of HKb biliary spheroids. To investigate the functional role of
c-Myc in HKb tumorigenesis, we silenced c-Myc in HKb biliary
spheroids. The silencing of c-Myc markedly suppressed the growth
of HKb biliary spheroids compared to the controls (Fig. 5B and C).
Expression of Axin2, c-Myc, and Aldh1a1 was significantly decreased
by the silencing of c-Myc in HKb biliary spheroids (Fig. 5D).

To further validate the effect of c-Myc inhibition on the growth of
HKb biliary spheroids, we performed pharmacologic inhibition of c-
Myc in HKb biliary spheroids using 10058-F4, an inhibitor of c-Myc-
Max dimerization (34). Administration of c-Myc inhibitor markedly
suppressed the growth of HKb biliary spheroids compared with the
nontreated controls (Fig. 5E and F). We performed Myc inhibitor
experiments using normal biliary spheroids (H) as a negative control.
We found that administration of 100 mmol/L 10058-F4 suppressed
more effectively the growth of HKb biliary spheroids than that of H
spheroids. On the other hand, the range of suppression by adminis-
tration of 50 or 150 mmol/L 10058-F4 was not different betweenH and
HKb spheroids (Supplementary Figs. S7A–S7C). Thus, we concluded
that Myc inhibitor suppressed more effectively the growth of HKb
spheroids than H spheroids. These results defined c-Myc as a critical
mediator for the growth of HKb biliary spheroids.

Tgfb signaling pathway suppresses the growth of HKb biliary
spheroids

Given that the Tgfb signaling pathway was also upregulated inHKb
biliary spheroids compared with H, HK, and Hb biliary spheroids by
GSEA analysis, we next focused on Tgfb signaling (Fig. 3D). IHC
analysis revealed that p-Smad3, located downstream of the canonical
Tgfb pathway, was expressed in the nucleus of BilIN in the EHBD and
ICPN inHKbmice (Fig. 6A). The Tgfb signaling pathway is generally
known to play an important role as a tumor suppressor at an early stage
of tumorigenesis, whereas it functions as a tumor promoter at an
advanced stage of tumorigenesis. We hypothesized that the Tgfb
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signaling pathway plays a role in the growth ofHKb biliary spheroids.
To investigate the functional role of the Tgfb signaling pathway in the
growth of HKb biliary spheroids, we silenced Smad4 in HKb biliary
spheroids. qRT-PCR confirmed that expression of Smad4 was 79%
downregulated in Smad4 silencedHKb biliary spheroids (Supplemen-
tary Fig. S8A). Expression of Serpine1: target gene of the Tgfb signaling
pathway was also downregulated in Smad4 silenced HKb biliary
spheroids. Silencing of Smad4markedly increased the growth of HKb
biliary spheroids compared with the controls (Fig. 6B and C). To
further investigate the functional role of Tgfb signaling pathway in the
growth of HKb biliary spheroids, we silenced Tgfbr2 in HKb biliary
spheroids. qRT-PCR analysis confirmed that the expression of Tgfbr2
was 79% downregulated in Tgfbr2-silenced HKb biliary spheroids.
Silencing of Tgfbr2 markedly increased the growth of HKb biliary
spheroids compared with controls (Supplementary Figs. S8B–S8D).

We also performed chemical inhibition of the Tgfb signaling
pathway by administering an inhibitor of the Tgfb signaling pathway,
SB431542 (35), in HKb biliary spheroids. We treated HKb biliary
spheroids with SB431542 and analysis of proliferation and qRT-PCR

was performed. Growth of HKb biliary spheroids was markedly
increased when treated with 1 or 10 mmol/L SB431542 compared
with the controls (Fig. 6D andE). qRT-PCR confirmed that expression
of Dclk1, TgfbR1, Serpine1, and Cdh2 was significantly downregulated
in HKb biliary spheroids treated with SB431542 (Fig. 6F). We
performed chemical inhibition experiments using normal biliary
spheroids (H) as a negative control. We found that administration
of 1 or 10 mmol/L SB431524 increased more effectively the growth of
HKb spheroids than that ofH spheroids. Therefore, we concluded that
TGFb inhibitor increased more effectively the growth of HKb spher-
oids than H spheroids (Supplementary Figs. S7D–S7G). These results
further demonstrated that the Tgfb signaling pathway functions as a
suppressive mediator for the growth of HKb biliary spheroids.

Tgfb signaling pathway suppressed the progression of BilIN
and ICPN into biliary cancer

We hypothesized that the Tgfb pathway also inhibits the progres-
sion of BilIN and ICPN into biliary cancer. Accordingly, we performed
xenograft experiments using Smad4-silenced HKb biliary spheroids

Figure 4.

ICPN and BilIN have a malignant potential to progress to biliary cancer. A, Schema of the xenograft experiments of H, HK, Hb, and HKb biliary spheroids (n ¼ 24/
group).B,Xenograft tumors develop in two out of 24 cases ofHKb biliary spheroids 3months after injection of the spheroids.C,Macroscopic images of the xenograft
tumors. The xenograft tumors are indicated by arrowheads (top). One scale, 1 mm (bottom).D, From the top, H&E staining (top, low power field; bottom, high power
field) and immunostaining for CK19 and Ki67 in the xenograft tumors. Scale bars, 50 mm.
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(Fig. 6G). Notably, xenograft tumors developed in five out of nine
cases of Smad4-silenced HKb biliary spheroids 1 month after the
injection of Smad4-silenced the HKb biliary spheroids, whereas no
xenograft tumors developed from the control HKb biliary spheroids
(Fig. 6H). Histologically, xenograft tumors comprised tubular ade-
nocarcinomas expressing CK19 and Ki67 (Fig. 6H). The xenograft
tumors did not express Smad4 and were negative upon periodic acid-
Schiff staining. To further investigate whether Tgfb pathway inhibits
the progression of BilIN and ICPN into biliary cancer, we performed
xenograft experiments using Tgfbr2-silenced HKb biliary spheroids.
We found that xenograft tumors developed in 6 of 18 mice injected
with Tgfbr2-silenced HKb biliary spheroids 1 month after the injec-

tion, whereas no xenograft tumors developed in 18 control mice
injected with HKb biliary spheroids (Supplementary Figs. S8E and
S8F). These data indicate that the Tgfb pathway suppresses the
progression of BilIN and ICPN into biliary cancer.

Gene expression of human gastric type ICPN and biliary cancer
To investigate whether murine ICPN in HKb mice resembled

human ICPNs, we performed IHC analysis using resected human
gastric type ICPN samples. Both p-ERK and nuclear b-catenin were
expressed in serial sections in 7 of 12 human gastric ICPN cases
(Fig. 7A). These results suggested that the KRAS and WNT signaling
pathways were activated in human ICPNs. Human ICPNs also

Figure 5.

c-Myc is a criticalmediator for the growth ofHKb biliary spheroids.A, Immunostaining for c-Myc in the EHBD andGB inH,HK,Hb, andHKbmice 4weeks after the last
tamoxifen administration. Scale bars, 50mm.B,Microscopic imagesof control and c-Myc silencedHKbbiliary spheroids onday0, day2, day4, andday6after passage.
Scale bars, 500mm.C,Diameter (fold change) of control (n¼ 3) and c-Myc–silenced (n¼ 3)HKbbiliary spheroids onday0, day2, day4, and day6 after passage. Data
are mean � SEM. Analyzed by Student t test. � , P < 0.05. D, Relative gene expression of c-Myc silenced HKb biliary spheroids (n ¼ 3) compared with the control
spheroids (n ¼ 3) on day 6. Data are shown as individual data points and the mean � SEM for each experimental group. Analyzed by Student t test. � , P < 0.05;
�� , P < 0.01. E, Microscopic images of DMSO, 50, 100, and 150 mmol/L c-Myc inhibitor-treated HKb biliary spheroids on day 0 and day 6 after treatment. Scale bars,
500 mm. F,Diameter (fold change) of DMSO, 50, 100, and 150 mmol/L c-Myc inhibitor-treatedHKb spheroids on day0, day 2, day 4, and day 6 after treatment (n¼ 3/
group). Data are mean � SEM. Analyzed by one-way ANOVA with Dunnett test (vs. DMSO). � , P < 0.05; �� , P < 0.01.
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Figure 6.

Tgfb signaling pathway suppresses the growth of HKb biliary spheroids and the progression of BilIN and ICPN into biliary cancer. A, Immunostaining for p-Smad3 in
the EHBD andGB inH,HK,Hb, andHKbmice 4weeks after the last tamoxifen administration.B,Microscopic images of the control and the Smad4 silencedHKb biliary
spheroids on day 0, day 2, day 4, and day 6 after passage. C, Diameter (fold change) of the control and the Smad4 silenced HKb biliary spheroids (n¼ 3) on day
0, day 2, day 4, and day 6 after passage. Data are mean � SEM. � , P < 0.05; �� , P < 0.01, by Student t test. D, Microscopic images of DMSO, 1 mmol/L, and 10
mmol/L TGFb inhibitor-treated HKb biliary spheroids on day 0 and day 5 after treatment. E, Diameter (fold change) of DMSO, 1 mmol/L, and 10 mmol/L TGFb
inhibitor-treated HKb biliary spheroids on day 1, day 3, and day 5 after treatment (n ¼ 3/ group). Data are mean� SEM. F, Relative gene expression of DMSO, 1
mmol/L, and 10 mmol/L TGFb inhibitor-treated HKb biliary spheroids on day 5 (n ¼ 3/group). Data are shown as individual data points and the mean � SEM.
E and F, � , P < 0.05; �� , P < 0.01; ��� , P < 0.001, by one-way ANOVA with Dunnett’s test (vs. DMSO). G, Xenograft tumors developed in five out of nine cases of
ShSmad4 HKb biliary spheroids, whereas no tumor developed in the controls (n¼ 9) 1 month after injection of spheroids. H, From the top, macroscopic images
(one scale, 1 mm), H&E staining, immunostaining for CK19, Ki67, and Smad4, D-PAS staining of xenograft tumors derived from Smad4-silenced HKb biliary
spheroids. Scale bars, 50 mm (A and H) and 500 mm (B and D).
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expressedGS-II (an alternate forMUC6), indicating the characteristics
of the pyloric gland type, which was consistent with our mouse data.
Moreover, in large agreement with our mouse data, ALDH1A1,
C-MYC, and p-SMAD3 were also expressed in human ICPNs. These
results further support our conclusion that murine BilIN and ICPN
induced by biliary-specific concurrent activation of the Kras and Wnt
pathways recapitulated human ICPNs.

To investigate whether ICPN of HKb mice retained the character-
istics of human biliary cancer in terms of gene expression, we
performed correlative analyses using the TCGA database. Expression
of MUC6, DCLK1, SNAIL1, SNAIL2, TGFB3, TGFBR1, and TGFBR2
was positively correlated with AXIN2 expression in human biliary

cancer (Fig. 7B). Expression of CTNNB1 was negatively correlated
with overall survival in human biliary cancer (Fig. 7C). Therefore,
these data further strengthen the human relevance of our mouse
model, which provides direct evidence that concurrent activation of
the Kras and Wnt pathways induces ICPN and BilIN, which could
progress to biliary cancer.

Discussion
The WHO classification recently defined BilIN, IPNB, MCN, and

ICPN as precancerous lesions of biliary cancer (7, 8, 10). However, it
has not been demonstrated whether these lesions are bona fide

Figure 7.

Gene expression of human gastric
type ICPN and human biliary cancer.
A, From the top, immunostaining for
p-ERK, b-catenin, MUC5AC, MUC6,
GS-II (green), CK19 (red), DAPI (blue),
ALDH1A1, C-MYC, and p-SMAD3 in
human gastric type ICPN (n ¼ 12).
Scale bars, 50 mm. B, Genes positively
correlated with AXIN2 expression in
human biliary cancer by TCGA data
analysis. C, Expression of CTNNB1 is
negatively correlated with overall sur-
vival in human biliary cancer. B and C,
Pearson correlation coefficient is
described.
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precursor lesions of biliary cancer. Moreover, the molecular
mechanisms underlying the tumorigenesis of these precursor
lesions and their driver mutations are not well understood. In this
study, to determine the role of Kras and canonical Wnt pathways in
tumorigenesis of the extrahepatic biliary tract including the EHBD
and GB, we introduced endogenous expression of KRASG12D and
constitutive activation of Wnt signaling in the adult mouse biliary
epithelium. We revealed that concurrent activation of the Kras and
canonical Wnt pathways resulted in the development of biliary
neoplasms that resembled human ICPNs and BilINs in the EHBD,
putative precursors to biliary cancer. Furthermore, these lesions had
the capacity to progress to adenocarcinomas in a xenograft model,
establishing ICPNs and BilINs as precursors to biliary cancer. Thus,
together with our analyses of the human clinical samples and the
datasets described above, to the best of our knowledge, we have
provided the first novel GEM that recapitulates human ICPN and
BilIN, which can progress to biliary cancer.

In our global gene expression analysis of HKb biliary spheroids,
expression of c-Myc and the TGFb pathway was upregulated
in HKb biliary spheroids. c-Myc is a known oncogene that
promote progression of various types of cancer. Furthermore, it
is one of the common downstream targets of Kras and Wnt path-
ways (33). In this study, we showed that silencing c-Myc or
pharmacologic inhibition of c-Myc decreased the growth of HKb
biliary spheroids, suggesting the notion that c-Myc was a critical
mediator for biliary tumorigenesis in HKb mice. Moreover, con-
sistent with our mouse data, we observed high c-MYC expression in
human ICPN samples.

The TGFb pathwayworks as a tumor suppressor in the early stage of
tumorigenesis, whereas the TGFb pathway induces EMT and function
as a tumor suppressor in the late stage of tumorigenesis including
pancreatic cancer (35, 36). In this study, we demonstrated that the
silencing Smad4, silencing Tgfbr2, or pharmacologic inhibition of the
TGFb receptor increased the proliferation of HKb biliary spheroids
in vitro. Moreover, we showed that the silencing of Smad4 or Tgfbr2
markedly increased the progression of biliary cancer in vivo. Thus,
concurrent activation of the Kras andWnt pathways in the EHBD and
GB resulted in an activated TGFb pathway, which suppresses tumor-
igenesis and progression to biliary cancer. Consistent with our mouse
data, we also revealed p-Smad3 expression, which is indicative of the
activated TGFb pathway, in human ICPN samples. Notably, SMAD4
expression was decreased in human high grade BilINs (37). Therefore,
our data together with the previous report, suggest that the TGFb
pathway is an important barrier of ICPN and BilIN to progression to
biliary cancer.

It is conceivable that co-activation of the Kras and canonical Wnt
pathways upregulates TGFb ligands, because pharmacological inhi-
bition of the TGFb receptor increased the proliferation of HKb
biliary spheroids in vitro. The TGFb ligands include TGFb1, 2, and
3. In our analysis of biliary spheroids, there were no differences in
the expression of TGFb1 and TGFb2 among H, HK, Hb, and HKb
biliary spheroids, whereas expression of TGFb3 was significantly
higher in only HKb biliary spheroids (Fig. 3E; Supplementary
Fig. S9A). Therefore, it is most likely that concurrent activation
of the Kras and Wnt pathways results in activation of the TGFb
pathway via the upregulation of the TGFb3 ligand (Supplementary
Fig. S10).

We showed that both UAE-1 and GS2 were expressed in ICPN and
BilIN inHKbmice. AlthoughMuc1 was expressed in these neoplasms
via IHC,Muc1 expression inHKb biliary spheroid was lower than that
in control spheroids (Supplementary Fig. S9B and S9C). Our data

suggested that concurrent activation of the Kras and canonical Wnt
pathways in the EHBD and GB epithelium led to a decrease in the
biliary characteristics, but increased the gastric characteristics includ-
ing both the foveolar and pyloric gland types. Given that human IPNB
also includes the gastric type, it would be interesting for future studies
to investigate whether activation of the Wnt and Kras signaling
pathways is also observed in gastric type human IPNB.

To our knowledge, we have demonstrated for the first time that
Hnf1bCreER is a suitable biliary-specific CreER mouse line with high
efficiency to perform genetic manipulation in the extrahepatic biliary
system including the EHBD and GB. Sox9CreER (13) and CK19CreER
mice (16) were previously used as a GEM in the analysis of the adult
epithelium of the biliary tract. Sox9 is expressed in various organs,
including chondrocytes, testis, heart, lung, pancreas, bile duct, hair
follicles, retina, and the central nervous system (38). CK19 is
expressed in the oral cavity, mammary gland, skin, gastrointestinal
tract (from the esophagus to the rectum), and lung (39). Hnf1b is
expressed in the gastrointestinal tract (from the stomach to the
rectum), kidney, lung, and gonads (40). In this study, we found that
HKb mice died most likely due to massive intestinal adenomas.
Therefore, massive intestinal adenomas would be also formed in
Sox9CreER; KrasG12D; Ctnnb1lox(ex3)/þ and CK19CreER; KrasG12D;
Ctnnb1lox(ex3)/þ mice, and thus, long-term analysis would be impos-
sible similarly to HKb mice. Therefore, we conclude that
Hnf1bCreER line is one of the best lines for genetic manipulation
in the extrahepatic biliary epithelium among several CreER mouse
lines, including Sox9CreER, and CK19CreER lines.

Our lineage tracing analysis showed high efficiency of Cre expres-
sion in the epithelium of the EHBD and GB in Hnf1bCreER; Rosa26-
LacZ and Hnf1bCreER; Rosa26-tdTomato mice. The difference in the
efficiency of Cre recombination betweenHnf1bCreER; Rosa26-LacZ and
Hnf1bCreER; Rosa26-tdTomato is likely because the efficiency of report-
er proteins is higher in Rosa26-tdTomato mice than in Rosa26-LacZ
mice. It has been reported that the efficiency of Cre recombination of
several reporter alleles varied greatly (41).

Finally, TCGA database analysis of human biliary cancer indi-
cated a correlative relationship between the expression of AXIN2
and MUC6, DCLK1, EMT, and the TGFb pathway. TCGA data
indicated that biliary cancer in which the Wnt pathway is activated
expresses MUC6. Thus, the Wnt signaling pathway could be a
molecular therapeutic target for MUC6 positive biliary cancer.
Future research should focus on revealing the functional role of
the Kras and Wnt signaling pathways in established biliary cancer.
and investigating whether Wnt signaling could be a therapeutic
target for MUC6 positive biliary cancer

In summary, concurrent activation of the Kras and canonical
Wnt pathways in the extrahepatic biliary system induced ICPN and
BilIN, which can progress to biliary cancer. Mechanistically, c-Myc
contributed to tumorigenesis, whereas the Tgfb pathway inhibited it.
Consistent with the mouse data, the Kras, Wnt signalings, c-Myc,
and TGFb pathway were activated in human ICPNs. We have pro-
vided the first novel GEM that recapitulates human ICPN and BilIN,
establishing them precancerous lesions.

Authors’ Disclosures
M.Nagao reports grants from grants-in-aid KAKENHI, JapanAgency forMedical

Research and Development, the Project for Cancer Research and Therapeutic
Evolution, AMED-PRIME, Moonshot Research and Development Program, COI-
NEXT, Princess Takamatsu Cancer Research Fund, the Mochida Foundation, the
Mitsubishi Foundation, theUehara Foundation, theNaito Foundation, the Kobayashi
Foundation, the Simizu Foundation, the Japan Foundation for Applied Enzymology,

The Role of Kras and Wnt Pathways for Biliary Tumorigenesis

AACRJournals.org Cancer Res; 82(9) May 1, 2022 1815

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/82/9/1803/3118775/1803.pdf by Kyoto U

niversity user on 09 M
ay 2022



the SGH Foundation, the Kanae Foundation, the Bristol Myers Squibb, the Ichiro
Kanehara Foundation, and Takeda Foundation during the conduct of the study. M.
Omatsu reports grants from JPMJSP2110 outside the submitted work. Y. Fukunaga
reports other support from Sumitomo Dainippon Pharma Co., Ltd. during the
conduct of the study. Y. Muta reports grants and personal fees from the Japan
Society for the Promotion of Science during the conduct of the study. No disclosures
were reported by the other authors.

Authors’ Contributions
M. Nagao: Conceptualization, data curation, formal analysis, investigation,

visualization, methodology, writing–original draft. A. Fukuda: Conceptualization,
supervision, funding acquisition, methodology, project administration, writing–
review and editing. M. Omatsu: Investigation. M. Namikawa: Investigation.
M. Sono: Investigation. Y. Fukunaga: Investigation. T. Masuda: Investigation.
O. Araki: Supervision. T. Yoshikawa: Investigation. S. Ogawa: Investigation.
K. Masuo: Investigation. N. Goto: Investigation, methodology. Y. Hiramatsu:
Funding acquisition, investigation. Y. Muta: Investigation, methodology.
M. Tsuda: Investigation, methodology. T. Maruno: Investigation, methodology.
Y. Nakanishi: Funding acquisition, investigation, methodology, writing–review
and editing. M. Taketo: Resources. J. Ferrer: Resources. T. Tsuruyama: Investiga-
tion, he diagnosed murine neoplasia of biliary tract. Y. Nakanuma: Investigation,
he diagnosed murine neoplasia of biliary tract. K. Taura: Resources. S. Uemoto:
Resources. H. Seno: Supervision, funding acquisition, methodology, writing–review
and editing.

Acknowledgments
This work was supported in part by grants-in-aid KAKENHI (19H03639,

19K16712, 19K22619, 20K22841, 20H03659, 21K15948, and 21K20801). It was
also supported by Japan Agency for Medical Research and Development, the
Project for Cancer Research and Therapeutic Evolution (18cm0106142h0001,
20cm0106177h0001, 20cm0106375h0001) andAMED-PRIME (20gm6010022h0003),
Moonshot Research and Development Program (JPMJMS2022-1), and COI-NEXT
(JPMJPF2018). It was also supported by Princess Takamatsu Cancer Research
Fund (17-24924), the Mochida Foundation (2017bvAg), the Mitsubishi Foundation
(201910037), the Uehara Foundation (201720143), the Naito Foundation (22205-1),
the Kobayashi Foundation (203200700019), the Simizu Foundation (203180700103),
the Japan Foundation for Applied Enzymology (203190700054), the SGH Foundation
(203200700056), the Kanae Foundation (203190700083), the Bristol Myers Squibb
(200190700011), the Ichiro Kanehara Foundation (20KI037), Takeda Science Foun-
dation, and the Takeda Foundation (201749741, 203200700045). The authors thank all
members of the Fukuda laboratory for technical assistance and helpful discussions.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

Received July 7, 2021; revised December 31, 2021; accepted February 25, 2022;
published first March 1, 2022.

References
1. Naghavi M. Europe PMC funders group the global burden of cancer 2013.

JAMA Oncol 2015;1:505–27.
2. Rizvi S, Gores GJ. Pathogenesis, diagnosis, and management of cholangiocarci-

noma. Gastroenterology 2013;145:1215–29.
3. Nagtegaal ID, Odze RD, Klimstra D, Paradis V, Rugge M, Schirmacher P, et al.

The 2019WHOclassification of tumours of the digestive system.Histopathology
2020;76:182–8.

4. Lendvai G, Szekercz�es T, Illy�es I, D�ora R, Kontsek E, G�ogl A, et al. Cholangio-
carcinoma: classification, histopathology and molecular carcinogenesis.
Pathol Oncol Res 2020;26:3–15.

5. Banales JM, Marin JJG, Lamarca A, Rodrigues PM, Khan SA, Roberts LR, et al.
Cholangiocarcinoma 2020: the next horizon in mechanisms and management.
Nat Rev Gastroenterol Hepatol 2020;17:557–88.

6. Hundal R, Shaffer EA. Gallbladder cancer: epidemiology and outcome.
Clin Epidemiol 2014;6:99–109.

7. Zen Y, Adsay NV, Bardadin K, Colombari R, Ferrell L, Haga H, et al. Biliary
intraepithelial neoplasia: an international interobserver agreement study and
proposal for diagnostic criteria. Mod Pathol 2007;20:701–9.

8. Ohtsuka M, Shimizu H, Kato A, Yoshitomi H, Furukawa K, Tsuyuguchi T, et al.
Intraductal papillary neoplasms of the bile duct. Int J Hepatol 2014;2014:1–10.

9. Nakanuma Y, Jang KT, Fukushima N, Furukawa T, Hong SM, Kim H, et al. A
statement by the Japan-Korea expert pathologists for future clinicopathological
and molecular analyses toward consensus building of intraductal papillary
neoplasm of the bile duct through several opinions at the present stage.
J Hepatobiliary Pancreat Sci 2018;25:181–7.

10. Adsay V, Jang KT, Roa JC, Dursun N, Ohike N, Bagci P, et al. Intracholecystic
papillary-tubular neoplasms (ICPN) of the gallbladder (neoplastic polyps,
adenomas, and papillary neoplasms that are ≥1.0 cm): clinicopathologic
and immunohistochemical analysis of 123 cases. Am J Surg Pathol 2012;36:
1279–301.

11. Nakamura H, Arai Y, Totoki Y, Shirota T, Elzawahry A, Kato M, et al. Genomic
spectra of biliary tract cancer. Nat Genet 2015;47:1003–10.

12. Wardell CP, Fujita M, Yamada T, SimboloM, FassanM, Karlic R, et al. Genomic
characterization of biliary tract cancers identifies driver genes and predisposing
mutations. J Hepatol 2018;68:959–69.

13. Lin Y-K, Fang Z, Jiang T-Y, Wan Z-H, Pan Y-F, Ma Y-H, et al. Combination of
Kras activation and PTEN deletion contributes to murine hepatopancreatic
ductal malignancy. Cancer Lett 2018; 421:161–9.

14. Nakagawa H, Suzuki N, Hirata Y, Hikiba Y, Hayakawa Y, Kinoshita H, et al.
Biliary epithelial injury-induced regenerative response by IL-33 promotes
cholangiocarcinogenesis from peribiliary glands. Proc Natl Acad Sci U S A.
2017;114:E3806–15.

15. Kiguchi K, Carbajal S, Chan K, Beltr�an L, Ruffino L, Shen J, et al. Constitutive
expression of ErbB-2 in gallbladder epithelium results in development of
adenocarcinoma. Cancer Res 2001;61:6971–6.

16. HillMA, AlexanderWB,Guo B, KatoY, Patra K, O’DellMR, et al. Kras and Tp53
mutations cause cholangiocyte- and hepatocyte-derived cholangiocarcinoma.
Cancer Res 2018;78:4445–51.

17. Jusakul A, Cutcutache I, Yong CH, Lim JQ, Huang MN, Padmanabhan N, et al.
Whole-genome and epigenomic landscapes of etiologically distinct subtypes of
cholangiocarcinoma. Cancer Discov 2017;7:1116–35.

18. Hsu M, Sasaki M, Igarashi S, Sato Y, Nakanuma Y. KRAS and GNAS mutations
and p53 overexpression in biliary intraepithelial neoplasia and intrahepatic
cholangiocarcinomas. Cancer 2013;119:1669–74.

19. Pandey A, Stawiski EW, Durinck S, Gowda H, Goldstein LD, Barbhuiya MA,
et al. Integrated genomic analysis revealsmutated ELF3 as a potential gallbladder
cancer vaccine candidate. Nat Commun 2020;11:1–13.

20. Lin J, Peng X, DongK, Long J, Guo X, Li H, et al. Genomic characterization of co-
existing neoplasia and carcinoma lesions reveals distinct evolutionary paths of
gallbladder cancer. Nat Commun 2021;12:1–11.

21. Goeppert B, Stichel D, Toth R, Fritzsche S, Loeffler MA, Schlitter AM, et al.
Integrative analysis reveals early and distinct genetic and epigenetic changes in
intraductal papillary and tubulopapillary cholangiocarcinogenesis. Gut 2021;71:
391–401.

22. Solar M, Cardalda C, Houbracken I, Martín M, Maestro MA, De Medts N, et al.
Pancreatic exocrine duct cells give rise to insulin-producing b cells during
embryogenesis but not after birth. Dev Cell 2009;17:849–60.

23. Harada N, Tamai Y, Ishikawa TO, Sauer B, Takaku K, OshimaM, et al. Intestinal
polyposis in mice with a dominant stable mutation of the b-catenin gene.
EMBO J 1999;18:5931–42.

24. Nakanishi Y, Seno H, Fukuoka A, Ueo T, Yamaga Y, Maruno T, et al. Dclk1
distinguishes between tumor and normal stem cells in the intestine. Nat Genet
2013;45:98–103.

25. Miyoshi H, Stappenbeck TS. In vitro expansion and genetic modification of
gastrointestinal stem cells as organoids. 2008;42:157–62.

26. Rodrigo-Torres D, Aff�o S, Coll M, Morales-Ibanez O, Mill�an C, Blaya D, et al.
The biliary epithelium gives rise to liver progenitor cells. Hepatology 2014;60:
1367–77.

27. Shimizu T, Choi E, Petersen CP, Noto JM, Romero-Gallo J, Piazuelo MB, et al.
Characterization of progressive metaplasia in the gastric corpus mucosa of
Mongolian gerbils infected with Helicobacter pylori. J Pathol 2016;239:399–410.

28. Buzzelli JN, Chalinor HV, Pavlic DI, Sutton P, Menheniott TR, Giraud AS, et al.
IL33 is a stomach alarmin that initiates a skewed Th2 response to injury and
infection. Cell Mol Gastroenterol Hepatol 2015;1:203–21.

Nagao et al.

Cancer Res; 82(9) May 1, 2022 CANCER RESEARCH1816

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/82/9/1803/3118775/1803.pdf by Kyoto U

niversity user on 09 M
ay 2022



29. Goto N, Ueo T, Fukuda A, Kawada K, Sakai Y, Miyoshi H, et al. Distinct roles of
HES1 in normal stem cells and tumor stem-like cells of the intestine. Cancer Res
2017;77:3442–54.

30. Yoshino J, Akiyama Y, Shimada S, Ogura T, Ogawa K, Ono H, et al. Loss of
ARID1A induces a stemness gene ALDH1A1 expression with histone
acetylation in the malignant subtype of cholangiocarcinoma. Carcinogenesis
2020;41:734–42.

31. Massagu�e J. How cells read TGF-b signals. Nat Rev Mol Cell Biol 2000;1:
169–78.

32. Coffinier C, Barra J, Babinet C, Yaniv M. Expression of the vHNF1/HNF1b
homeoprotein gene during mouse organogenesis. Mech Dev 1999;89:211–3.

33. Dang CV. MYC on the path to cancer. Cell 2012;149:22–35.
34. Zirath H, Frenzel A, Oliynyk G, Segerstr€om L, Westermark UK, Larsson

K, et al. MYC inhibition induces metabolic changes leading to accumu-
lation of lipid droplets in tumor cells. Proc Natl Acad Sci U S A 2013;
110:10258–63.

35. Roberts AB, Wakefield LM. The two faces of transforming growth factor b in
carcinogenesis. Proc Natl Acad Sci U S A 2003;100:8621–3.

36. L€uttges J, Galehdari H, Br€ocker V, Schwarte-Waldhoff I, Henne-Bruns D,
Kl€oppel G, et al. Allelic loss is often the first hit in the biallelic inactivation of
the p53 and DPC4 genes during pancreatic carcinogenesis. Am J Pathol 2001;
158:1677–83.

37. Nakanishi Y, Zen Y, Kondo S, Itoh T, Itatsu K, Nakanuma Y. Expression of
cell cycle–related molecules in biliary premalignant lesions: biliary intrae-
pithelial neoplasia and biliary intraductal papillary neoplasm. Hum Pathol
2008;39:1153–61.

38. FuruyamaK, Kawaguchi Y,AkiyamaH,HoriguchiM,Kodama S, Kuhara T, et al.
Continuous cell supply from a Sox9-expressing progenitor zone in adult liver,
exocrine pancreas and intestine. Nat Genet 2011;43:34–41.

39. Chu PG, Weiss LM. Keratin expression in human tissues and neoplasms: other
issues. Histopathology 2003;43:196–7.

40. Yu DD, Guo SW, Jing YY, Dong YL, Wei LX. A review on hepatocyte nuclear
factor-1beta and tumor. Cell Biosci 2015;5:1–8.

41. Liu J, Willet SG, Bankaitis ED, Xu Y, Wright CVE, Gu G. Non-parallel
recombination limits cre-loxP-based reporters as precise indicators of condi-
tional genetic manipulation. Genesis 2013;51:436–42.

AACRJournals.org Cancer Res; 82(9) May 1, 2022 1817

The Role of Kras and Wnt Pathways for Biliary Tumorigenesis

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/82/9/1803/3118775/1803.pdf by Kyoto U

niversity user on 09 M
ay 2022



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


