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Abstract
Biliary tract cancer (BTC) arises from biliary epithelial cells (BECs) and includes in-
trahepatic cholangiocarcinoma (IHCC), gallbladder cancer (GC), and extrahepatic 
cholangiocarcinoma (EHCC). Although frequent KRAS mutations and epigenetic 
changes at the INK4A/ARF locus have been identified, the molecular pathogenesis 
of BTC is unclear and the development of corresponding anticancer agents remains 
inadequate. We isolated epithelial cell adhesion molecule (EpCAM)–positive BECs 
from the mouse intrahepatic bile duct, gallbladder, and extrahepatic bile duct, and 
established organoids derived from these cells. Introduction of activated KRAS and 
homozygous deletion of Ink4a/Arf in the cells of each organoid type conferred the 
ability to form lethal metastatic adenocarcinoma with differentiated components and 
a pronounced desmoplastic reaction on cell transplantation into syngeneic mice, in-
dicating that the manipulated cells correspond to BTC–initiating cells. The syngeneic 
mouse models recapitulate the pathological features of human IHCC, GC, and EHCC, 
and they should therefore prove useful for the investigation of BTC carcinogenesis 
and the development of new therapeutic strategies. Tumor cells isolated from pri-
mary tumors formed organoids in three-dimensional culture, and serial syngeneic 
transplantation of these cells revealed that their cancer stem cell properties were 
supported by organoid culture, but not by adherent culture. Adherent culture thus 
attenuated tumorigenic activity as well as the expression of both epithelial and stem 
cell markers, whereas the expression of epithelial-mesenchymal transition (EMT)–
related transcription factor genes and mesenchymal cell markers was induced. Our 
data show that organoid culture is important for maintenance of epithelial cell char-
acteristics, stemness, and tumorigenic activity of BTC–initiating cells.
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1  | INTRODUC TION

Biliary tract cancer (BTC) arises from biliary epithelial cells (BECs) 
lining the bile duct and can occur in distinct anatomic locations. It 
thus includes intrahepatic cholangiocarcinoma (IHCC), extrahepatic 
cholangiocarcinoma (EHCC), and gallbladder cancer (GC). Although 
the incidence of BTC remains highest in Asia and parts of South 
America, the rate of IHCC has been rising globally—including in 
North America, Europe, Australia, and Japan—over the past 2 de-
cades.1,2 The prognosis of individuals with advanced BTC is poor, 
with a median survival time of ~12 months and a 5-year survival rate 
of ~2%.3 Indeed, the disease is usually diagnosed only after it has 
reached the advanced stage. There are few promising anticancer 
agents for BTC, which is usually treated with gemcitabine, cispla-
tin, or S-1. New therapeutic options and markers that allow for early 
detection or inform personalized treatment are therefore urgently 
needed for BTC.

Molecular studies have identified frequent alterations in KRAS 
and at the INK4A/ARF locus in human BTC KRAS and TP53 are the 2 
genes most frequently mutated in IHCC, and KRAS mutations have 
been detected in ~30% of BTC tumors.4 The tumor suppressor gene 
INK4A, which encodes the cyclin-dependent kinase inhibitor p16, 
was found to be inactivated in up to 80% of cholangiocarcinomas, 
with the most frequent mechanism of inactivation being the loss of 
transcription as a result of DNA methylation at a CpG island in the 
promoter region.5,6

Genetically engineered mouse models can provide important 
insight into the molecular pathogenesis of human diseases and 
allow preclinical assessment of potential therapeutic strategies. The 
generation of transgenic mouse models for BTC has been limited, 
however. Although some mouse models for cholangiocarcinoma 
with liver-specific oncogene activation have been established, 
most of these mice develop hepatocellular carcinoma as well as 
IHCC.7,8 Mouse models engineered with the use of the cytokera-
tin 19 (CK19) gene promoter develop not only cholangiocarcinoma 
but also neoplastic lesions in a variety of tissues including pancre-
atic ducts, gastric and colonic mucosa, and lung.9,10 Recently, sev-
eral organoid-based mouse models of human IHCC, EHCC, and 
GC have been established and have shed light on the pathogenesis 
of human BTC.9,11-14 Organoid culture is a type of 3D culture that 
supports the formation of budding, cystlike structures from stem 
cells.15 Organoid models of the normal small intestine, colon, liver, 
and pancreas of mice have been established.15-20 Epithelial cell ad-
hesion molecule (EpCAM) is a cell surface protein that contributes 
to cell-cell adhesion and is expressed in normal epithelial tissues and 
epithelium–derived tumors. EpCAM–positive cells isolated from the 
normal liver have been found to contain hepatic stem cells.21-24

Cancer stem cells (CSCs) are a subpopulation of tumor cells 
that possess high tumorigenic activity and represent the top of a 
hierarchical organization similar to that of normal tissues. Similar 
to normal tissue stem cells, CSCs also possess self-renewal capac-
ity and multipotency.25,26 We previously established induced CSCs 
(iCSCs) from mouse somatic stem or progenitor cells of various 

tissues by forced expression of a set of defined factors.27 With the 
use of retroviral transduction of driver genes such as MYC or RAS, 
we have thus generated several types of iCSCs—including those for 
osteosarcoma, choriocarcinoma, glioblastoma, ovarian cancer, and 
leukemia-lymphoma—that are capable of forming tumors on trans-
plantation into recipient syngeneic mice. The phenotypes of these 
iCSC–derived tumors—including excessive growth, intratumoral 
heterogeneity, and invasive-metastatic ability—recapitulate those of 
the corresponding human cancers.

In the present study, we have combined 3D organoid culture 
with transplantation of oncogenic KRAS–expressing BECs into 
syngeneic mice. We thereby generated mouse models of BTC 
(IHCC, GC, and EHCC) that are based on transplantation of syn-
geneic tumor-initiating cells (TICs) derived from organoids formed 
by EpCAM–positive BECs. These TICs manifested epithelial stem 
cell characteristics and a high tumorigenic activity. The developed 
tumors were aggressive and were associated with a desmoplastic 
reaction, thus recapitulating the pathological features of human 
tumors. The stromal desmoplasia of tumor tissue included ECM, 
fibroblasts, endothelial cells, and infiltrated immune cells, indicat-
ing that the tumor microenvironment interacted and cooperated 
with BTC cells in our mouse models. Preclinical studies with these 
mouse models may lead to the development of more effective 
therapeutic agents for BTC.

2  | MATERIAL S AND METHODS

2.1 | Mice

All mouse experiments were approved by the ethics committee of 
Keio University School of Medicine (approval number 17034), and 
the animals were treated in compliance with the regulations for 
animal experiments of Keio University School of Medicine. Six- to 
8-week-old WT C57BL/6J mice served as immunocompetent re-
cipients of cell transplants. WT C57BL/6J mice and Ink4a/Arf-null 
C57BL/6J mice (B6.129-Cdkn2atm1Rdp; NCI, Frederick, MD, USA) 
were used for the establishment of BEC organoids.

2.2 | Isolation of BECs

For isolation of BECs from the intrahepatic bile duct (IHBD), gall-
bladder (GB), or extrahepatic bile duct (EHBD), the liver, GB or 
EHBD of 6-week-old female mice was minced with a razor blade 
and incubated for 45  minutes at 37°C in a digestion solution 
consisting of collagenase D (2  mg/mL; Sigma-Aldrich), dispase II 
(0.125  mg/mL, Sigma-Aldrich), and DNase I (0.1  mg/mL, Sigma-
Aldrich) in DMEM-F12 (Wako). The digested tissue was filtered 
through a 40-μm nylon cell strainer (BD Biosciences), the filtrate 
was centrifuged at 400  ×  g for 5  minutes, and the resulting cell 
pellet was suspended in TrypLE solution (DNase I [0.1 mg/mL, Sigma-
Aldrich] in TrypLE Express [Life Technologies]) and incubated for 
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5  minutes at 37°C. The suspension was then filtered through a 
40-μm nylon cell strainer, the filtrate was centrifuged at 400 × g 
for 5 minutes, and red blood cells in the pellet were lysed by the 
addition of 150  mmol/L NH4Cl. The cell suspension was centri-
fuged again at 400  ×  g for 5  minutes, and the resulting pellet 
was suspended in PBS. The cells were then labeled in the pres-
ence of the ROCK inhibitor Y-27632 (10 μmol/L; Miltenyi Biotec) 
with allophycocyanin (APC)–conjugated rat monoclonal antibod-
ies to mouse EpCAM (#118214; Biolegend, San Diego, CA, USA) 
and FITC-conjugated rat monoclonal antibodies to mouse CD45 
and CD31 (#102108 and #102406, respectively, Biolegend) for 
FACS with a MoFlo XDP Cell Sorter (Beckman Coulter). The 
EpCAM+CD45−CD31− fraction was isolated as BECs.

2.3 | 3D culture of BECs as organoids

BECs were suspended in a Matrigel growth factor–reduced base-
ment membrane matrix (Corning) and seeded on cell culture in-
serts (0.4  μm, Corning) placed in the wells of a 24-well plate 
(Corning). After the Matrigel had solidified, expansion medium 
(EM) was added to each well outside of the insert. EM consisted of 
DMEM-F12 supplemented with recombinant human hepatocyte 
growth factor (50 ng/mL, Biolegend), recombinant human epider-
mal growth factor (50  ng/mL; Pepro Tech), recombinant human 
fibroblast growth factor 10 (100 ng/mL, Biolegend), nicotinamide 
(10  mmol/L, Sigma-Aldrich), recombinant human R-spondin–1 
(0.5  μg/mL, Miltenyi Biotec), B27 supplement without vitamin 
A (Life Technologies), and Y-27632 (10  μmol/L). At 1  week after 
seeding, organoids were removed from the Matrigel for expansion 
of the cell culture. The Matrigel was mechanically dissociated into 
small fragments and incubated for 5 minutes at 37°C with TrypLE 
solution. The cell suspension was filtered with a 40-μm nylon cell 
strainer, and the filtrate was centrifuged at 400 × g for 5 minutes. 
The cells in the pellet were counted, suspended in fresh Matrigel, 
and cultured as organoids.

2.4 | Retroviral plasmids and retrovirus infection

The full-length human KRAS(G12V) cDNA was amplified by PCR 
from the plasmid pGCDN-KRASG12V-IRES-huKO28 with the primers 
KRASG12V-sense (5′-CGGGATCCATGACTGAATATAAACTTGTGGTA
GTTGGAGC-3′, BamHI site underlined) and KRASG12V-antisense (5
′-ATAAGAATGCGGCCGCTTACATAATTACACACTTTGTC-3′ NotI 
site underlined). The PCR product was digested and ligated into 
the pMXs-IRES-GFP retroviral vector29 to yield pMXs-IRES-GFP-
KRAS(G12V). Plat-E packaging cells were transfected with pMXs-
IRES-GFP-KRAS(G12V) or pMXs-IRES-GFP (control plasmid) with 
the use of the FugeneHD reagent (Promega), and the culture super-
natants were subsequently collected, passed through a 0.45-μm cel-
lulose acetate filter (Iwaki), and centrifuged at 23 000 × g for 4 hours 
at 4°C. The virus pellets were suspended in EM and added to BECs 

in organoid culture. The GFP–positive infected cells were sorted by 
FACS with a MoFlo XDP Cell Sorter (Beckman Coulter).

2.5 | Single-cell cloning and culture

For clonogenic assays, GFP-positive cells were sorted from dissoci-
ated organoids on the basis of forward scatter and pulse width to 
discriminate single cells. Dead cells were labeled with propidium io-
dide, and cell doublets were excluded by gating based on forward 
scatter and pulse width. Single cells were captured with a MoFlo 
XDP Cell Sorter (Beckman Coulter), and the sorted cells were em-
bedded in Matrigel, seeded in 96-well plates at a density of 1 cell per 
well, and maintained in 3D culture as described above.

2.6 | Implantation of KRAS(G12V)–expressing cells 
in recipient mice

KRAS(G12V)–expressing or control cells were injected as single-cell 
suspensions into WT C57BL/6J mice for intrahepatic, kidney sub-
capsular, or s.c. transplantation as described previously.14 The mice 
were anesthetized by i.p. injection of a combination of anesthetic 
agents (medetomidine [0.3 mg/kg], midazolam [4.0 mg/kg], and bu-
torphanol [5.0  mg/kg]) before surgery. For intrahepatic injection, 
cells (5 × 104) suspended in 10 μL of DMEM-F12 supplemented with 
50% Matrigel growth factor–reduced matrix were transplanted in 
the liver parenchyma with the use of a 29G syringe (Terumo). The ab-
dominal wall was then washed and closed with the use of absorbable 
sutures. For kidney subcapsular injection, cells (5  ×  104) were im-
planted with a 29G syringe. For s.c. injection, cells (1 × 102, 1 × 103, 
1 × 104, or 5 × 104) were injected into the rear flank. The time course 
of tumor volume, Kaplan-Meier survival analysis, and the incidence 
of lung metastasis at 4 weeks for recipient mice were evaluated after 
s.c. injection of 5 × 104 cells.

2.7 | Establishment of tumor cells from tumor tissue

Primary tumors were dissected from recipient mice and subjected to 
mechanical and enzymatic dissociation as described for isolation of 
BECs. GFP–positive tumor cells were sorted from single-cell suspen-
sions by FACS with a MoFlo XDP Cell Sorter (Beckman Coulter). For 
establishment of organoids, the GFP+ tumor cells were maintained in 
3D culture as described above. For adherent culture, the sorted GFP+ 
tumor cells were suspended in EM and seeded in a 35-mm culture dish.

2.8 | Immunohistochemistry (IHC)

Tumor or normal tissue was fixed with 4% paraformaldehyde, em-
bedded in paraffin, and sectioned, and the sections were then 
depleted of paraffin and stained with primary antibodies listed in 
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Table S1. Immune complexes were detected with biotinylated sec-
ondary antibodies and a Vectastain avidin and biotinylated horse-
radish peroxidase (HRP) macromolecular complex reagent and 
3,3′-diaminobenzidine (Vector Laboratories).

2.9 | Immunohistofluorescence analysis

Immunohistofluorescence staining was performed with antibod-
ies to GFP (biotinylated, #2912; Cell Signaling Technology), to CK19 
(ab52625; Abcam), and to vimentin (#5741, Cell Signaling Technology). 
Immune complexes were detected with Alexa Fluor 594–conjugated 
goat antibodies to rabbit IgG or streptavidin- and Alexa Fluor 
488–conjugated goat antibodies to biotin, and nuclei were stained 
with Hoechst 33342 (Sigma-Aldrich). Tissue sections were viewed 
with a Biorevo BZ-9000 fluorescence microscope (Keyence).

2.10 | Immunoblot analysis

Cells were lysed with SDS sample buffer (2% SDS, 10% glycerol, 
50 mmol/L Tris-HCl [pH 6.8]) containing 1 mol/L DTT for fractiona-
tion by SDS-PAGE. The separated proteins were transferred to a 
PVDF membrane and exposed to primary antibodies listed in Table S1. 
Immune complexes were detected with HRP-conjugated secondary 
antibodies and ECL reagents (Chemi-Lumi One L; Nacalai Tesque).

2.11 | Flow cytometric analysis

Cultured cells were dissociated by exposure to cell dissociation 
buffer (Thermo Fisher Scientific), and the resulting single-cell sus-
pensions were incubated with antibodies for 30 minutes at 4°C. The 
cells were labeled with antibodies listed in Table S2. Apoptotic cells 
were excluded during flow cytometric analysis by elimination of cells 
positive for staining with propidium iodide. Flow cytometry was per-
formed with a FACSCalibur instrument (BD Biosciences), and data 
were analyzed with FlowJo software (FlowJo).

2.12 | RT and real-time PCR analysis

RT and real-time PCR analysis was performed as previously de-
scribed.30 The amount of each target mRNA was normalized by that 
of Gapdh mRNA. The primer sequences are listed in Table S3.

2.13 | Microarray analysis

Total RNA was extracted from organoids with the use of an RNeasy 
Mini Kit (Qiagen). The quality of the RNA was assessed with an 
Agilent 2100 Bioanalyzer (Agilent Technologies). Cy3-labeled 
cRNA probes were synthesized from the total RNA with the use 
of a Low Input Quick Amp Labeling Kit (Agilent Technologies) and 
were subjected to hybridization with a SurePrint G3 Mouse GE 
v2 8 × 60 K microarray (Agilent Technologies). Fluorescence im-
ages were visualized with an Agilent microarray scanner G2505C. 
The raw data for each spot were normalized by subtraction of the 
mean background signal intensity determined from the intensi-
ties of all blank spots with 95% confidence intervals and were 
analyzed with GeneSpring GX software (Tomy Digital Biology). 
Relative expression level was calculated by comparison of the 
signal intensities of valid spots throughout the microarray. The 
Spotfire Decision Site for Functional Genomics software pack-
age (TIBCO Software) was used for visualization of microar-
ray data. Functional analysis was performed using the DAVID 
Bioinformatics Resources 6.8 (http://david.abcc.ncifc​rf.gov). 
The probe IDs and data are listed in Tables  S4 and S5, respec-
tively. The microarray data are available in the Gene Expression 
Omnibus (GEO) database under the accession number GSE15​
1442.

2.14 | Gene Set Enrichment Analysis (GSEA)

GSEA was performed with version 3.1 of the molecular signature 
database and the HALLMARK_EPITHELIAL_MESENCHYMAL_
TRANSITION gene set.

2.15 | Statistical analysis

Data (means + SD) were compared using Student paired t test. A P 
value of < .05 was considered statistically significant.

3  | RESULTS

3.1 | Isolation and organoid culture of mouse BECs

IHC analysis of mouse liver (IHBD), GB, and EHBD confirmed that 
the corresponding BECs express EpCAM and CK19 (Figure  1A,B). 

F I G U R E  1   Isolation and organoid culture of mouse biliary epithelial cells (BECs). A, Representative gross morphology of the mouse liver, 
gall bladder (GB), extrahepatic bile duct (EHBD), and duodenum. The intrahepatic bile duct (IHBD) is located within the liver. B, H&E staining 
as well as IHC of EpCAM and CK19 in the mouse biliary tract (IHBD, GB, and EHBD). Scale bars, 100 μm. C, FACS of EpCAM+CD31−CD45− 
cells from single-cell digests of the liver (IHBD), GB, and EHBD of WT and Ink4a/Arf−/− mice. D, Organoids formed by cells isolated as in (C) 
were disrupted and subjected to flow cytometric analysis of EpCAM. Control represents staining with control IgG. E, Bright-field images (low 
and high magnification) of organoid cultures of BECs from WT and Ink4a/Arf−/− mice. Scale bars, 100 μm. F, H&E staining and IHC of EpCAM 
and CK19 for BEC organoids of WT and Ink4a/Arf−/− mice. Scale bars, 100 μm

http://david.abcc.ncifcrf.gov
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE151442
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE151442
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We isolated EpCAM+CD31−CD45− cells from the liver (IHBD), GB, 
and EHBD of both WT and Ink4a/Arf−/− mice as BECs by FACS 
(Figure  1C). The population of EpCAM–positive BECs in the liver 
was small (0.76% and 1.23% in WT and Ink4a/Arf−/− mice, respec-
tively), given that most cells in the liver are hepatocytes. Single-cell 
suspensions of each type of BEC (IHBD, GB, and EHBD) were then 
suspended in Matrigel and subjected to organoid culture. EpCAM–
positive cells were enriched after serial passage of BECs from both 
WT and Ink4a/Arf−/− mice (Figure 1D). Flow cytometry revealed that 
EpCAM–positive cells constituted 98.05% of IHBD cells, 94.28% 
of GB cells, and 96.38% of EHBD cells in organoids derived from 
WT mice as well as 95.39%, 90.19%, and 92.73% of those, respec-
tively, in organoids derived from Ink4a/Arf−/− mice. Organoid struc-
tures were also maintained or restored after serial passage of BECs 
from both WT and Ink4a/Arf−/− mice (Figure 1E). The morphology of 
BEC organoids was similar for both WT and Ink4a/Arf−/− mice and 
did not change with serial passage. IHC analysis revealed that each 
type of organoid was composed of CK19- and EpCAM–positive cells 
(Figure 1F).

3.2 | Establishment of mouse BEC organoids 
expressing KRAS(G12V)

We next infected the organoid cultures for each type of BEC from 
WT and Ink4a/Arf−/− mice either with a retrovirus encoding the 
oncogenic mutant KRAS(G12V)-GFP or with a control virus en-
coding GFP alone. Each type of WT BEC infected with the control 
virus was amenable to serial passage in culture. However, those 
infected with the virus for KRAS(G12V)-GFP did not proliferate, 
possibly as a result of oncogene-induced senescence dependent 
on Ink4a/Arf. We therefore used Ink4a/Arf−/− BECs to develop 
our BTC models. The infected cells were isolated by FACS on 
the basis of their expression of GFP (Figure  2A) and were sub-
jected to further organoid culture (Figure 2B). We have been able 
to maintain these organoids stably in culture for multiple pas-
sages. The organoids formed by Ink4a/Arf−/− BECs infected with 
the control virus resembled those formed by noninfected cells, 
whereas those formed by the corresponding cells infected with 
the KRAS(G12V)-GFP virus manifested structural and cellular 

F I G U R E  2   Establishment of mouse biliary epithelial cells (BECs) organoids expressing KRAS(G12V). A, Representative dot plots for flow 
cytometric analysis of GFP expression in BECs from Ink4a/Arf−/− mice infected with a retrovirus encoding KRAS(G12V) and GFP. B, Bright-
field and fluorescence images of organoid cultures of Ink4a/Arf−/− BECs infected with retroviruses encoding GFP alone or both KRAS(G12V) 
and GFP. Scale bars, 100 µm. C, H&E staining and IHC for EpCAM and CK19 in Ink4a/Arf−/− BEC organoids infected with GFP (control) or 
KRAS(G12V)-GFP viruses. Scale bars, 100 μm. D, Immunoblot analysis of p16, GFP, and KRAS as well as of total and phosphorylated (p-) 
forms of ERK and Akt in WT BECs and in Ink4a/Arf−/− BECs infected (or not) with GFP (control) or KRAS(G12V)-GFP viruses. β-Actin was 
examined as a loading control
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atypia, with regions showing the formation of multilayered cystic 
structures (Figure 2C). Immunoblot analysis revealed the expres-
sion of p16 in WT BECs, of GFP in Ink4a/Arf−/− BECs infected with 
the control or KRAS(G12V)-GFP viruses, and of KRAS in Ink4a/
Arf−/− BECs infected with the KRAS(G12V)-GFP virus (Figure 2D). 
Immunoblot analysis also showed that the extent of ERK or Akt 
phosphorylation was not substantially affected by expression of 
KRAS(G12V). Microarray analysis revealed that the expression 
of 205 genes was increased >2-fold in Ink4a/Arf−/− BECs infected 
with the KRAS(G12V)-GFP virus compared with those infected 
with the control virus, but gene ontology analysis did not detect 
significant changes for any functional category among these 
genes (data not shown).

3.3 | Tumor formation by KRAS(G12V)–expressing 
BECs in syngeneic mice

To determine whether KRAS(G12V)–expressing BECs from Ink4a/
Arf−/− mice are able to function as TICs, we implanted single-cell 
suspensions in immunocompetent syngeneic mice. The cells de-
rived from the IHBD, GB, or EHBD formed lethal metastatic 
adenocarcinomas after intrahepatic, s.c., or renal subcapsular 
transplantation (Figure  3A-C). The phosphorylation of ERK was 
detected in the developed tumors (Figure  3A), suggesting that 
ERK signaling was activated by KRAS(G12V) and was associated 
with tumorigenesis. Given that ERK phosphorylation was not in-
duced by KRAS(G12V) in the corresponding BECs in culture, the 

F I G U R E  3   Tumor formation by KRAS(G12V)–expressing Ink4a/Arf−/− biliary epithelial cells (BECs) in WT C57BL/6J mice. A, Macroscopic 
and microscopic appearance of tumors formed 4 wk after intrahepatic injection of KRAS(G12V)–expressing Ink4a/Arf−/− IHBD–, GB–, or 
EHBD–derived BECs (5 × 104 cells) in syngeneic WT mice. The light–emitting diode (LED) images reveal GFP fluorescence. For microscopic 
analysis, tumor sections were subjected to H&E staining as well as to IHC of GFP, CK19, α-SMA, and phosphorylated (p-) forms of ERK 
and Akt. Scale bars, 100 μm. B, C, H&E staining and IHC of GFP, CK19, and α-SMA in tumors formed 4 wk after injection of KRAS(G12V)–
expressing Ink4a/Arf−/− BECs (5 × 104 cells) either s.c. (B) or below the kidney capsule (C) in syngeneic WT mice. Scale bars, 100 µm. D, H&E 
staining and IHC of GFP, α-SMA, and vimentin in tumors formed 3, 7, or 14 d after s.c. injection of KRAS(G12V)–expressing Ink4a/Arf−/− 
IHBD cells (1 × 104 cells) in syngeneic WT mice. Scale bars, 100 μm

(A)

(B)

(D)

(C)
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activation of ERK signaling downstream of KRAS(G12V) in the 
tumors was likely either dependent on the tumor microenviron-
ment or due to the selection of cells with activated ERK signaling. 
The tumors included differentiated components that expressed 
the epithelial cell marker CK19 (Figures 3A-C and S1). They also 
included stromal cell components that expressed α–smooth mus-
cle actin (α-SMA), showing a pronounced desmoplastic reaction 
(Figure  3A-C). These results thus indicated that we had estab-
lished BTC (IHCC, GC, or EHCC)–initiating cells, and that these 
cells formed tumors with features of human desmoplastic BTC. 

We further examined tumor histology at 3, 7, and 14  days after 
s.c. cell transplantation. At 3 days, GFP–positive tumor cells had 
expanded into bile duct epithelium–like structures without stro-
mal components. At 7 days, α-SMA–positive fibroblasts had been 
recruited around the cystic structures. Infiltration of tumor cells 
accompanied by marked recruitment of α-SMA–positive cells had 
resulted in mass formation after 2 weeks (Figure 3D).

A major advantage of syngeneic mice as recipients is that tumors 
are able to grow in the setting of intact immunity. To characterize 
further the tumor microenvironment including immune cells for the 

F I G U R E  4   Microenvironments in tumors formed by KRAS(G12V)–expressing Ink4a/Arf−/− biliary epithelial cells (BECs) in WT C57BL/6J 
mice. A, Masson trichrome staining as well as IHC of CD31, F4/80, CD4, CD8, and the cell proliferation marker Ki67 in tumors formed 
4 wk after intrahepatic injection of KRAS(G12V)–expressing Ink4a/Arf−/− intrahepatic bile duct (IHBD)–derived BECs (5 × 104 cells) in 
WT C57BL/6J mice. Scale bars, 100 μm. B, Flow cytometric analysis of PD-L1 expression in IHBD tumor-initiating cells (TICs) before the 
inoculation (IHBD TIC) and in tumor–derived cells, which were isolated 4 wk after intrahepatic injection of the IHBD TICs (IHBD tumor). 
These cells were incubated with APC-conjugated rat monoclonal antibodies to mouse PD-L1 (red line). APC–conjugated rat IgG was used 
as isotype control antibody (black line). The expression of PD-L1 in GFP–positive tumor cells and in GFP-negative stromal cells is shown 
in lower panels. C, Flow cytometric analysis of PD-L1 expression in cells derived from tumors isolated 4 wk after s.c. injection of IHBD, 
gallbladder (GB), or extrahepatic bile duct (EHBD) TICs (5 × 104 cells). The cells derived from IHBD, GB, or EHBD tumors were incubated 
with APC–conjugated rat monoclonal antibodies to mouse PD-L1 (red, green, or blue line, respectively). The cells derived from IHBD tumors 
were incubated with isotype control antibody (APC–conjugated rat IgG, black line). The percentages of GFP–positive tumor cells and GFP-
negative stromal cells expressing PD-L1 are also shown

(A)

(B) (C)

F I G U R E  5   High tumorigenic and metastatic capacity of KRAS(G12V)–expressing Ink4a/Arf−/− biliary epithelial cells (BECs). A, Time course 
for the volume of tumors formed after s.c. injection of KRAS(G12V)–expressing Ink4a/Arf−/− BECs (5 × 104 cells) in syngeneic WT mice (n = 5 
for each group). Data are means ± SD. B, Kaplan-Meier survival analysis for the mice in (A). C, Incidence of initial tumor formation and lung 
metastasis for the mice in (A). H&E staining and IHC for GFP in lung metastatic lesions formed 4 wk after s.c. cell injection are also shown. 
D, Incidence of initial tumor formation in mice injected s.c. with various numbers of Ink4a/Arf−/− BECs expressing either GFP alone or both 
KRAS(G12V) and GFP. E, Bright-field (low and high magnification) and fluorescence images of organoids formed by individual KRAS(G12V)–
expressing Ink4a/Arf−/− IHBD cells after single-cell cloning. Scale bars, 100 μm. F, H&E staining of tumors formed 4 wk after s.c. injection of 
syngeneic WT mice with the single-cell clones (5 × 104 cells) derived from organoid culture shown in E. Scale bars, 100 μm
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BTC tumors, we performed IHC analysis of CD4, CD8, F4/80, and 
CD31. CD4+ T cells, CD8+ T cells, F4/80+ macrophages, and CD31+ 
endothelial cells were detected mostly in desmoplastic areas where 
tumor cells were surrounded by stromal cells and ECM (Figures 4A 
and S2). The tumors thus comprised both tumor cells and various 
microenvironmental components including fibroblasts, ECM, blood 
vessels, macrophages, and T cells. We also performed flow cytomet-
ric analysis of programmed cell death–ligand 1 (PD-L1) expression in 
cells isolated from the developed tumors. Although PD-L1 was ex-
pressed at only a low level in BTC cells before transplantation, it was 
highly expressed in both GFP–positive tumor cells and GFP-negative 
microenvironmental cells isolated from recipient mice (Figure 4B,C). 
These data thus indicated the presence of an immunosuppressive 
tumor microenvironment in our model mice.

3.4 | High tumorigenic and metastatic capacity of 
KRAS(G12V)–expressing BECs

We next examined the kinetics of tumor growth and its effects on 
the survival of immunocompetent syngeneic mice with s.c. implants 
of KRAS(G12V)–expressing Ink4a/Arf−/− BECs. The tumors grew rap-
idly (Figure 5A) and were highly invasive, with a median survival time 
for the host animals of ~60 to 100 days (IHBD, 98 days; GB, 77 days; 
EHBD, 68 days) (Figure 5B). The frequency of lung metastasis was 
100% for tumors formed by each type of BEC (Figure 5C). Limiting 
dilution analysis revealed that, in contrast with BECs expressing only 
GFP, which did not form tumors, those expressing KRAS(G12V) had 
a high tumor–initiating ability, with as few as 100 KRAS(G12V)–
expressing BECs being sufficient for tumor formation (Figure 5D).

Single-cell cloning of BTC–initiating cells showed that some clones 
of KRAS(G12V)–expressing Ink4a/Arf−/− BECs from the IHBD were 
able to form organoids in 3D culture (Figure  5E). Each such single-
cell clone formed tumors with an adenocarcinoma histology and pro-
nounced desmoplastic reaction in immunocompetent mice (Figure 5F), 
indicating that the implanted cells were able to function as TICs.

3.5 | CSC properties of cells derived from primary 
tumors are supported by subsequent organoid culture 
but not by adherent culture

We next isolated GFP–positive tumor cells from primary tumors 
formed as a result of s.c. transplantation of BTC–initiating cells 

(Figure  6A). We established organoids in 3D culture from these 
cells and found that the organoids manifested structural and cel-
lular atypia (Figure 6B) similar to that of primary organoids formed 
by KRAS(G12V)–expressing Ink4a/Arf−/− BECs (Figure  2C). We 
performed a serial transplantation assay to examine whether 
these tumor–derived cells could form secondary s.c. tumors. The 
cells formed adenocarcinoma showing a desmoplastic reaction 
(Figure 6C), with the secondary tumors being pathologically similar 
to the corresponding primary tumors (Figure 3A-C), suggesting that 
these established cells possess CSC properties. Similar to the pri-
mary TICs, as few as 100 of the secondary organoid–derived cells 
was sufficient for formation of s.c. tumors (Figure 6D).

We also established adherent cultures of cells derived from the 
same primary tumors as those that gave rise to the secondary or-
ganoids used for these experiments. The cells maintained in adher-
ent culture were spindle shaped (Figure S3) and manifested a lower 
tumor-initiating ability compared with the cells derived from second-
ary organoids (Figure 6D).

We examined the expression of EpCAM, CD133, and Sca-1 pro-
teins in both primary and secondary TICs, given that these proteins 
are thought to be stem-progenitor cell markers in BTC.26,31 Flow cy-
tometry revealed that the proportion of cells positive for each of 
these marker proteins was much higher for the primary or secondary 
cells maintained in organoid culture compared with the secondary 
cells maintained in adherent culture (Figure 6E). Microarray analysis 
also revealed that expression of biliary tract CSC marker genes in 
primary or secondary TICs was maintained by organoid culture but 
not by adherent culture (Figure 6F). Collectively, these findings sug-
gested that adherent culture attenuated the CSC nature of organoid 
cells.

3.6 | EMT-related gene expression in BTC models

In addition to the loss of expression of BTC stem cell markers, GSEA of 
the microarray data revealed that the EMT gene set was significantly 
enriched for the secondary TICs maintained under the adherent con-
dition relative to those maintained in organoid culture (Figure  7A). 
Immunoblot analysis also showed that expression of the epithelial cell 
markers EpCAM and E-cadherin was attenuated, whereas that of the 
mesenchymal cell marker vimentin was induced, in the secondary TICs 
maintained in adherent culture compared with those maintained in 
organoid culture (Figure 7B). We further evaluated 3- and 6-week-old 
primary tumors formed from a single-cell clone (IHBD clone 1). At 

F I G U R E  6   Cancer stem cell (CSC) properties are supported by organoid culture but not by adherent culture. A, Flow cytometric analysis 
for GFP expression and propidium iodide (PI) staining in cells derived from primary tumors formed 6 wk after s.c. injection of KRAS(G12V)–
expressing Ink4a/Arf−/− biliary epithelial cells (BECs) (5 × 104 cells) in syngeneic WT mice. The percentages of GFP+PI– cells for each primary 
tumor are shown. B, H&E staining and IHC of GFP and CK19 for secondary organoids derived from GFP–positive cells isolated from tumors 
as in (A). Scale bars, 100 μm. C, H&E staining and IHC of GFP and CK19 for tumors formed 4 wk after s.c. transplantation of secondary TICs 
(5 × 104) that had been maintained in organoid culture as in (B). Scale bars, 100 µm. D, Incidence of tumor formation in WT C57BL/6J mice 
injected s.c. with the indicated numbers of secondary TICs that had been maintained in organoid or adherent culture. E, Flow cytometric 
analysis of EpCAM, CD133, and Sca-1 expression in primary and secondary TICs maintained in organoid or adherent culture. F, Heat map of 
biliary tract CSC marker gene expression as determined by microarray analysis of IHBD, GB, and EHBD cells as in (E).
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the early stage of tumor development, most GFP–positive tumor 
cells were epithelial cells, whereas at the late stage the GFP–positive 
tumor cells comprised both epithelial and mesenchymal-like cells 
(Figure 7C,D). Desmoplastic reactions were also more pronounced at 

the late stage of tumor development. Given that the adherent culture 
condition resulted in a loss of both epithelial stem cell properties and 
tumorigenic activity, our data showed the importance of organoid cul-
ture to sustain epithelial stem cell properties as well as demonstrated 
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a relation between epithelial stem cell properties and tumorigenesis. 
We next implanted the corresponding secondary TICs that had been 
maintained under adherent or organoid culture conditions in new 
recipient WT mice and examined the phenotypes of the resulting 
tumors (Figure  7E). Secondary TICs derived from 6-week-old pri-
mary tumors and maintained as organoids formed tumors comprised 
of epithelial tumor cells (cystic structures) and vimentin–positive 
mesenchymal-like tumor cells, whereas secondary TICs maintained 
in adherent culture formed tumors comprised of vimentin–positive 
mesenchymal-like tumor cells (Figure 7E).

3.7 | Expression of EMT transcription factor genes 
in adherent-cultured TICs

We implanted primary TICs derived from a single-cell clone (IHBD 
clone 1) into syngeneic WT mice, isolated the resulting s.c. tumors 
after 3 or 6 weeks, and then cultured the tumor cells under adher-
ent or organoid conditions. The morphology of the tumor cells main-
tained under the adherent condition differed between those isolated 
at 3 weeks and those isolated at 6 weeks, with the latter cells mani-
festing a more prominent spindle shape (Figure  S4). Immunoblot 
analysis revealed that the abundance of vimentin was increased 
and that of EpCAM decreased in the cells maintained in adherent 
culture relative to those maintained in organoid culture, with the 
amount of vimentin being increased to a greater extent in the adher-
ent cells derived from the older primary tumors (Figure 8A). RT and 
real-time PCR analysis showed that expression of the EpCAM gene 
was also markedly decreased in cells maintained under the adherent 
condition (Figure 8B). We also examined the expression of genes for 
EMT–related transcription factors (EMT-TFs) including ZEB1, ZEB2, 
SNAIL1, SNAIL2, TWIST1, and TWIST2, all of which induce EMT by 
suppressing the expression of cell adhesion molecules.32 Significant 
up-regulation of Zeb1, Zeb2, Snail1, Snail2, Twist1, and Twist2 mRNAs 
was apparent in the cells maintained in adherent culture, and, with 
the exception of Twist1 mRNA, the extent of this up-regulation was 
greater in the cells derived from the older tumors (Figure 8B).

4  | DISCUSSION

To provide insight into the molecular pathogenesis of BTC, we 
have here established BTC-initiating cells for IHCC, GC, and EHCC. 

EpCAM–positive BECs isolated from the IHBD, GB, or EHBD of 
Ink4a/Arf knockout C57BL/6J mice were maintained as organoids in 
3D culture and then infected with a retrovirus encoding KRAS(G12V). 
Transplantation of the BTC-initiating cells derived from the BEC-
specific organoid cultures into syngeneic WT C57BL/6J mice gave 
rise to the formation of lethal metastatic adenocarcinomas with het-
erogeneous differentiated components and pronounced desmoplas-
tic reactions.

The liver is composed mostly of 2 epithelial cell types: hepato-
cytes (EpCAM−) and cholangiocytes (EpCAM+ ductal cells). Normal 
EpCAM+ IHBD cells were previously shown to include liver stem 
cells, and organoids derived from these cells were found to undergo 
conversion to functional hepatocytes.21 Normal BECs have also 
been isolated from the GB, and the EpCAM+CD49f+ GB cells were 
shown to possess self-renewal ability and to undergo organotypic 
morphogenesis to form ductlike structures and cysts reminiscent 
of the primary GB.33 In addition, EpCAM+ peribiliary glands, clus-
ters of epithelial cells residing in the submucosal compartment of 
the EHBD, were found to link epithelial networks within the wall 
of the EHBD and might function as BEC stem cells.34,35 Similar to 
normal stem cells, we obtained cultures of KRAS(G12V)–expressing 
EpCAM+ BECs (IHBD, GB, and EHBD cells) as organoids in serum-
free medium supplemented with growth factors. We established and 
enriched BTC-initiating cells with epithelial stem cell properties, and 
these TICs were found to be capable of serial syngeneic transplan-
tation, with maintenance of high tumorigenic activity in organoid 
culture over a long period. In contrast, TICs maintained in adher-
ent culture showed attenuation both of tumorigenic activity and of 
the expression of both epithelial and stem cell markers. Our data 
thus indicate that organoid culture is necessary for maintenance of 
epithelial cell characteristics, stemness, and tumorigenic activity in 
BTC-initiating cells.

Adult liver stem-progenitor cells are bipotent cells capable of 
differentiating into either hepatocytes or BECs (cholangiocytes). 
Cholangiocarcinoma within the liver is a tumor of the bile duct 
epithelium, but IHCC has been suggested to originate from differ-
entiated hepatocytes via trans-differentiation in injured liver.36,37 
Conversely, a cholangiocyte lineage–tracing system implicated BECs 
as a possible origin of IHCC.38 In the present study, we established 
a mouse model for IHCC originating from EpCAM+ BECs. Given that 
cholangiocarcinoma is strongly associated with chronic biliary tract 
infection and inflammation,39 we suggest that the fate of IHCC is de-
pendent on the tissue microenvironment, including the recruitment 

F I G U R E  7   EMT–related gene expression in biliary tract cancer (BTC) models. A, GSEA of microarray data for the EMT gene set in 
secondary tumor–initiating cells (TICs) that had been maintained in adherent or organoid culture. NES, normalized enrichment score; FDR, 
false discovery rate. B, Immunoblot analysis of E-cadherin, EpCAM, and vimentin in whole lysates of cells as in Figure 6E. C, H&E staining as 
well as IHC of GFP, EpCAM, CK19, ZEB1, and vimentin in primary tumors formed by IHBD clone 1 (5 × 104 cells) at 6 wk after s.c. injection 
in syngeneic WT hosts. The boxed regions in the upper panels are shown at higher magnification in the lower panels. Scale bars, 100 µm. 
D, Immunofluorescence analysis of GFP and either CK19 or vimentin in primary tumors formed by IHBD clone 1 (5 × 104 cells) at 3 or 6 wk 
after s.c. injection in syngeneic WT hosts. Nuclei were stained with Hoechst 33342 (blue). Scale bars, 100 µm. E, Immunofluorescence 
analysis of GFP and vimentin in secondary tumors formed 4 wk after s.c. implantation in new recipients of IHBD clone 1 cells (5 × 104 cells) 
derived from 6-wk-old primary tumors as in (D) and then maintained in organoid or adherent culture for 4 wk before transplantation. Nuclei 
were stained with Hoechst 33342 (blue). Scale bars, 100 µm
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of inflammatory cells and release of pro-inflammatory cytokines 
(such as interleukin-6 and transforming growth factor–β [TGF-β]) 
that promote the proliferation of cholangiocytes and fibroblasts.

In our models, BTCs arising from cells maintained in organoid 
culture consist of heterogeneous adenocarcinoma components con-
taining epithelial–type and mesenchymal–type tumor cells and show 
a pronounced desmoplastic reaction. However, maintenance of TICs 
in adherent culture attenuated the expression of both epithelial 
and stem cell markers, whereas the expression of EMT-TFs and the 
mesenchymal cell marker vimentin was increased. Such cells had a 
lower tumorigenicity compared with the secondary BTC–initiating 
cells with CSC properties that were propagated by organoid cul-
ture. Furthermore, in contrast to tumors derived from organoid 
cells, there was no obvious desmoplastic reaction or infiltration of 
CD4+ or CD8+ T cells in tumors derived from adherent-cultured cells 
(Figure S5). Our results suggest that CSCs with EMT potential are 
more tumorigenic compared with cells that have become mesen-
chymal. Recent studies have indicated that EMT is associated with 
malignancy in various types of cancer, and activation of EMT signal-
ing in cancer cells is thought to contribute to metastasis, recurrence, 
or therapeutic resistance.25,40 Wnt, TGF-β, Notch, Hedgehog, and 
Hippo signaling pathways play a role in the development of cholan-
giocarcinoma as well as in embryonic liver morphogenesis, and TGF-
β, Wnt, and Notch promote EMT or the acquisition of mesenchymal 
features.41 EMT potential may therefore be a critical feature of chol-
angiocarcinoma. Indeed, loss of cell-to-cell adhesion and increased 
expression of EMT-TFs have been detected in human BTC specimens 
and are associated with a poor clinical outcome.42,43 However, cu-
mulative changes in EMT-related markers, rather than changes in ei-
ther epithelial or mesenchymal markers alone, should be taken into 
account in the prediction of clinical outcome. We therefore investi-
gated the relation of KRT19 (CK19 gene) and ZEB1 mRNA abundance 
in primary tumors to the prognosis of patients with cholangiocarci-
noma in the cBioPortal database (www.cbiop​ortal.org). Analysis of 
36 such patients revealed an association between high expression of 
both KRT19 and ZEB1 and poor survival, suggesting that intratumoral 
heterogeneity characterized by the presence of both epithelial-type 
and mesenchymal-type tumor cells may contribute to a poor clinical 
outcome.

Preclinical cancer models provide insight into the pathogenesis 
and treatment of cancer.44,45 To establish mouse models that reca-
pitulate features of human malignant tumors, we have previously 
generated mice with various tumor types that are derived from 
iCSCs and consist of a hierarchy of heterogeneous tumor cells.27 
We have now established mouse BTC organoids and syngeneic 
mouse models of BTC by improving methods to sustain epithelial 

stem cell characteristics. The tumors formed after transplantation 
of BTC-initiating cells derived from BTC organoids recapitulate the 
pathological features of human BTC (IHCC, GC, and EHCC) includ-
ing a desmoplastic reaction and lung metastasis. The advantages of 
our mouse models include the facts that the high tumorigenesis ef-
ficiency (100%) and the characteristics of tumor growth in vivo are 
highly consistent, which allows detailed histopathologic analysis at 
different stages of tumor development. Furthermore, given that our 
models are based on syngeneic rather than immunodeficient mouse 
hosts, the tumor microenvironment, including antitumor immunity 
systems, is preserved, which allows the identification of interac-
tions between tumor cells and host cells. In vitro and in vivo mod-
els based on human cholangiocarcinoma–derived organoids were 
recently developed for studies of the pathophysiology of primary 
tumors.46,47 Given that organoids reproduce the properties of pri-
mary tumors,48-51 human BTC organoids and our mouse BTC mod-
els based on an organoid culture system are likely to prove valuable 
research tools for clarification of the mechanisms underlying BTC 
carcinogenesis.

Gene amplification for mutant KRAS has been detected in a sub-
stantial fraction of lung52 and prostate53 cancers, and it is appar-
ent in many cases of pancreatic cancer in The Cancer Genome Atlas 
(TCGA).54 In addition, such cases have been found to be clinically 
aggressive. Although limited information is available for biliary car-
cinomas, a tumor with high expression of mutant KRAS as a result 
of gene amplification is present in the TCGA database (Figure S6). 
Furthermore, a previous study identified 2 of 182 cases of biliary 
tract cholangiocarcinoma in Taiwan as being positive for both KRAS 
mutation and gene amplification.55 The BTC-initiating cells estab-
lished in the present study by KRAS(G12V) overexpression possess 
CSC properties and therefore generate aggressive tumors charac-
terized by a high tumorigenic activity and metastatic ability in mice.

In conclusion, we have established novel organoids and synge-
neic mouse models of IHCC, GC, and EHCC based on KRAS activation 
and homozygous Ink4a/Arf deletion in corresponding EpCAM+ BECs. 
The tumors formed in these models recapitulate the histology of 
human BTC. Further studies with these organoids and animal mod-
els should provide a better understanding of CSCs for human BTC 
and contribute to the development of new therapeutic strategies for 
these malignancies.
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FIGURE S1 Tumors formed 4 weeks after intrahepatic injection of KRAS(G12V)-expressing 

Ink4a/Arf–/– IHBD-, GB-, or EHBD-derived BECs (5 × 104 cells) in syngeneic WT mice were 

isolated and subjected to H&E staining and to IHC of GFP and CK19. The boxed regions in 

the upper panels are shown at higher magnification in the corresponding lower panels. Scale 

bars, 100 µm.  



 

FIGURE S2 Immune microenvironments in tumor formed by KRAS(G12V)-expressing 

Ink4a/Arf–/– BECs in WT C57BL/6J mice. Tumors formed 4 weeks after intrahepatic (A) or 

s.c. (B) injection of KRAS(G12V)-expressing Ink4a/Arf–/– IHBD-, GB-, or EHBD-derived 

BECs (5 × 104 cells) in WT C57BL/6J mice were subjected to Masson trichrome staining as 

well as to IHC of CD31, F4/80, CD4, CD8, and Ki67. Scale bars, 100 μm. 

  



 

FIGURE S3 Bright-field and fluorescence images of secondary TICs prepared as in Figure 

6A and maintained in adherent culture. Scale bars, 100 μm.. 

  



 

FIGURE S4 Bright-field and fluorescence images of cells derived from 3- or 6-week-old 

tumors and maintained under the adherent condition as in Figure 8A. Scale bars, 100 μm. 

  



 

FIGURE S5 Microenvironment of tumors derived from adherent-cultured KRAS(G12V)-

expressing Ink4a/Arf–/– BECs. Tumors formed 4 weeks after s.c. injection of WT C57BL/6J 

mice with KRAS(G12V)-expressing Ink4a/Arf–/– IHBD-, GB-, or EHBD-derived BECs (5 × 



104 cells) that had been maintained in adherent culture were isolated and subjected to H&E 

and Masson trichrome staining as well as to IHC for GFP, CK19, vimentin, Ki67, α-SMA, 

CD31, F4/80, CD4, and CD8. Scale bars, 100 µm. 

  



 

FIGURE S6 Gene amplification of mutated KRAS in biliary carcinomas of patients in the 

TCGA database. A, OncoPrint of KRAS alterations (19%) including missense mutations as 

well as high or low mRNA abundance for 36 patients with cholangiocarcinoma (TCGA Pan-

Cancer Atlas) as analyzed with the use of cBioPortal. The red arrow indicates a patient with 

both the KRAS(G12R) mutation and a high level of KRAS mRNA. B, Relation between 

KRAS copy number alterations and corresponding mRNA abundance in cholangiocarcinoma 

(TCGA Pan-Cancer Atlas). The red arrow indicates a patient with KRAS copy number gain 

who harbors both the KRAS(G12R) mutation and a high level of KRAS mRNA. 


