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Abstract
The biliary system is a highly branched tubular network consisting of
intrahepatic bile ducts (IHBDs) and extrahepatic bile ducts (EHBDs). IHBDs
are derived from hepatic progenitor cells, while EHBDs originate directly
from the endoderm through a separate branching morphogenetic process.
Traits that are important for cancer are often found to overlap in
developmental and other processes. Therefore, it has been suggested that
intrahepatic cholangiocarcinomas (iCCAs) and extrahepatic cholangiocar-
cinomas (eCCAs) have different developmental mechanisms. While much
evidence is being gathered on the mechanism of iCCAs, the evidence for
eCCA is still very limited. The main reason for this is that there are very few
appropriate animal models for eCCA. We can gain important insights
from these animal models, particularly genetically engineered mouse
models (GEMMs). GEMMs are immunocompetent and mimic human CCA
subtypes with a specific mutational pattern, allowing the development of
precancerous lesions, that is, biliary intraepithelial neoplasia (BilIN) and
intraductal papillary neoplasm of the bile duct (IPNB). This review provides
a summary of the pathogenesis and mechanisms of eCCA that can be
revealed by GEMMs. Furthermore, we discuss several clinical questions,
such as whether BilIN and IPNB really become malignant, whether the
peribiliary gland is the origin of eCCAs, and others.
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INTRODUCTION

The mammalian biliary system is a network of highly
branched tubular forms consisting of intrahepatic bile
ducts (IHBDs) and extrahepatic bile ducts (EHBDs).1–3

EHBDs are divided into hilar regional bile ducts and
distal bile ducts, with the hilar regional bile ducts
extending up to the confluence of the gallbladder ducts

and the distal bile ducts extending from the confluence
of the gallbladder ducts to the duodenal wall.1–3

Bile duct formation requires cell–cell interactions,
which in turn regulate cell differentiation and morpho-
genesis.4 Despite the two origins of the bile ducts,
IHBDs and EHBDs are lined by a common cell type,
cholangiocytes, which forms a biliary tree that drains
bile produced by hepatocytes to the duodenum through
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a network of IHBDs and EHBDs.5 However, the
intrahepatic and extrahepatic biliary systems occur
separately, and it is still unclear how they are
connected.

In addition, the bile duct epithelial cells, both
intrahepatic and extrahepatic, are directly connected to
the peribiliary glands (PBGs), which are thought to have
regenerative capacity and progenitor cell properties.6–9

Therefore, the development of the PBGs should also be
mentioned.

Cholangiocarcinoma (CCA), also called bile duct
cancer, is a malignant tumor arising from the epithelial
cells of the biliary tree.10,11 Recently, the importance of
tumor localization of CCA has been emphasized as well
its heterogeneity.12 There are two main types of CCAs:
intrahepatic CCA (iCCA) and extrahepatic CCA (eCCA),
including both perihilar and distal CCA. These types
have differences regarding their etiology, molecular
alterations, pathogenesis, behavior, potential diagnostic
or prognostic biomarkers, and treatment.12–15 By intro-
ducing this knowledge of CCA into animal models, it
may be possible to assess how various genetic
mutations and changes are related to the patho-
physiology of human disease. While much evidence
regarding the mechanisms of cancer originating from
the IHBDs has been accumulated from both animal
models and humans,14–18 those of EHBDs are not well
understood.

Among animal models, genetically engineered
mouse models (GEMMs) are an excellent tool in
cancer research and are based on genetic alterations
in human cancers.19,20 Most tumors develop in
sequence from early to late stage disease in the tumor
microenvironment, which is composed of immune cells,
endothelial cells and fibroblasts, mimicking human
cancers.18,21,22 There are precancerous lesions in
CCAs, such as biliary intraepithelial neoplasia (BilIN)
and intraductal papillary neoplasm of the bile duct
(IPNB);23 however, whether these precancerous
lesions progress to cancer is controversial. Further-
more, other clinical and pathological questions remain.

It is well known that the developmental mechanisms
of organs have similarities with the cells involved in tumor
development and the mechanism of carcinogenesis.24

Thus, in this review, we describe the processes that
are relevant to the development of EHBDs and their
embryology, and focus on the few but valuable
GEMMs of eCCAs and what we can learn about the
pathophysiology of human CCAs.

DEVELOPMENT OF EHBDS

The extrahepatic biliary duct system and intrahepatic
biliary duct system, which have different origins, are
interconnected to form a continuous biliary network, or
bile duct tree. The extrahepatic biliary system consists

of the hepatic duct, ductus deferens, gallbladder, and
common bile duct.

The development of EHBDs is initiated by the
formation of a diverticulum located ventral to the liver
(Figure 1a). The gallbladder arises as a dilatation of the
hepatic diverticulum and the common bile duct and
grows by lengthening the caudal side of the hepatic
diverticulum. Above the junction of the bladder and the
common bile duct, the common hepatic duct prog-
resses and widens in a funnel‐like fashion, reforming
into individual hepatic ducts that collect bile from the
hepatic lobe.

In humans, the EHBDs are in contact with the liver
at any point in the development of the liver and
EHBDs.25,26 In mice, there is a transient period when
the EHBDs are not in contact with the liver,27 but it is
not well understood how the extrahepatic and intrahe-
patic systems anastomose. The intrahepatic portion of
the hepatic duct originates from the intrahepatic ductal
plate, while the extrahepatic portion originates from the
parietal wavy portion of the common hepatic duct.25

In mice, the origin of the EHBDs is somewhat
different to that of humans in terms of molecular
biology. EHBDs are not derived from hepatoblasts, but
from the endodermal region located just caudal to the
hepatic diverticulum (Figure 1a). This region develops
into the ventral pancreatic tissue, common bile duct,
and gallbladder, and is characterized by the expression
of the transcription factors SRY‐box transcription factor
17 (SOX17) and pancreatic and duodenal homeobox
factor‐1 (PDX1).28

The biliary system, including the gallbladder and
cystic duct, initially arises as a tubular structure (pars
cystica) formed by the elongation of the caudal portion
of the hepatic diverticulum (Figure 1b). The dorsal and
ventral pancreas fuse after the ventral bud rotates
clockwise around the caudal side of the foregut.29

During fusion of the dorsal and ventral pancreas, the
attachments of the developing common bile duct and
pancreatic duct are moved to their native positions in
the dorsal duodenum. The pancreas drains mainly from
the ventral pancreatic duct and joins the common bile
duct at the level of the greater papilla. The main
pancreatic duct arises from merging of the dorsal and
ventral pancreatic ducts.

SOX17 may be an important determinant of how cells
within the PDX1 domain are allocated to the two distinct
fates of the pancreas and EHBDs (Figure 1c). Expres-
sion analysis and fate mapping experiments have shown
that EHBDs arise from a pool of pancreatic biliary
progenitor cells co‐expressing SOX17 and PDX1 in the
foregut endoderm of E8.5.30 SOX17 is essential for
determining the biliary fate of mice, and when SOX17 is
lost, EHBDs do not form and are replaced by pancreatic
tissue.28,31 In addition, haploinsufficiency of SOX17
causes hypoplasia of gallbladder and the development
of short ectopic EHBDs, while IHBDs are uninfluenced.32
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Proper separation of the EHBDs from the ventral
pancreatic lineage is also regulated by Hes family
BHLH transcription factor 1 (HES1), a transcriptional
effector of NOTCH signaling; Hes1‐deficient mice
develop gallbladder dysplasia and undergo ectopic

pancreas formation, indicating that HES1 is required to
repress the fate of the pancreas within the EHBD.33,34

This phenotype is similar to the phenotype of Sox17
conditional knockout mice, indicating an interaction
between HES1 and SOX17 during EHBD development.

F IGURE 1 Development of the extrahepatic biliary tract. (a) Embryological development of the extrahepatic biliary tract. In humans, the
extrahepatic duct originates from the caudal part of the hepatic bud, whereas in mice, the gallbladder primordium is associated with the ventral
pancreas. E, embryonic day. (b) Development of the liver, pancreas, and biliary tree. (Left) The biliary system (gallbladder and cystic duct)
initially arises as a tubular structure (pars cystica) formed by the elongation of the caudal portion of the hepatic diverticulum. The dorsal and
ventral pancreas fuse after the ventral bud rotates clockwise around the caudal side of the foregut. (Right) During fusion of the dorsal and ventral
pancreas, the attachments of the developing common bile duct and pancreatic duct are moved to their native positions in the dorsal duodenum.
The pancreas drains mainly from the ventral pancreatic duct and joins the common bile duct at the level of the greater papilla. The main
pancreatic duct arises from the merging of dorsal and ventral pancreatic ducts. (c) Molecular regulation of the extrahepatic and intrahepatic
biliary tract. The transcription factors PDX1 and SOX17 regulate the development of the extrahepatic biliary tract.
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In fact, inactivation of SOX17 downregulates HES1
expression, while inactivation of HES1 paradoxically
expands the SOX17 domain,28,35 suggesting the
existence of a SOX17–HES1 feedback loop. Although
PDX1 is essential for pancreatic development, it is also
expressed in EHBDs36 and is required for the
differentiation of mucin‐producing cells and PBGs.37

That mesenchymal signaling contributes to the
patterning of EHBDs is evident from the fact that
fibroblast growth factor 10 (FGF10) mutants show
shortening of hepatopancreatic ducts and their compo-
sition is unclear.38 In addition, ectopic hepatocytes and
pancreatic cells are observed in FGF10 mutants,
indicating that hepatopancreatic cells and pancreatic
cells are mis‐differentiated, which suggests that FGF10
broadly regulates the development of the hepato-
pancreatic endoderm region. Recently, a study of
biliary atresia revealed that the bile ducts have special
anatomical features that prevent bile acid‐mediated
damage and other problems.39 In particular, the special
protective features of the cholangiocytes of EHBDs
include an apical glycocalyx with a unique apical
membrane and a protective bicarbonate layer.40–43

The affinity of FGF10 binding to FGF receptors is
increased by heparan sulfate, which are attached to
proteoglycans.44 The submucosal layer of EHBD may
also have a protective function, and studies of the
glycocalyx, which is mainly composed of heparan
sulfate proteoglycans, may be necessary.

DEVELOPMENT AND TUMORIGENESIS
OF PBGS

Development of peribiliary glands (PBGs)

Peribiliary glands are microscopic structures distributed
mainly along the IHBDs, EHBDs, and gallbladder ducts
(Figure 2). During development, the PBGs (especially
the extramural glands) surrounding the IHBDs originate
from the ductal plate.45 During the seventh week of
pregnancy, ductal plates are formed from immature
hepatocyte progenitors surrounding the branches of the
portal vein in the hilar region of the liver. At approxi-
mately 30 weeks of gestation, extrahepatic PBGs
appear from the EHBDs, but not from the gallbladder
duct.46 At approximately 40 weeks of gestation, the
ductal plate transforms into an immature PBG through
a doubled cord and duct. After birth, the apexes of the
immature PBGs keep increasing in number, finally
forming a widespread network that connects each
segment of the extrahepatic biliary system.46–48

Subsequently, organization proceeds and maturation
is completed at approximately 15 years of age.45 The
cells that form the network co‐express maturation
markers such as cytokeratin 19 (CK19) and endoder-
mal markers such as SOX17 and PDX1, whose

function is postulated to be proliferation in response
to injury to restore mucosal form and function.48

Peribiliary glands are categorized into two types
according to their location within the biliary wall:
intramural biliary glands and extramural biliary
glands.45,49 Substances secreted by both types of
glands are discharged into the lumen of the bile duct
through conduits from each gland.45,50 Intramural
glands are simple tubular mucous glands that are
present randomly within the bile duct wall, and they
drain directly into the lumen of the bile duct.45

Extramural glands are branched tubular alveolar
glands composed of serous, mucous, and mixed
glands, which are arranged in a lobular fashion and
are located in the periductal connective tissue. Further-
more, most of the endocrine cells expressing somato-
statin are mixed with other serous glandular cells.45

The ectopic pancreas resembles a pancreatic exocrine
gland that does not contain islet of Langerhans cells,
but rarely occurs alone or mixed with other serous acini
of extramural biliary glands.45 The PBGs, especially the
extramural glands, are a complex of fine vasculature
consisting of inflow arteries, capillary plexus (also
called peribiliary vascular plexus) and outflow veins,
lymphatic vessels, and nerve fibers. These anatomical
complexes have been described as a PBG network45,51

and are important structures in the spread of inflamma-
tory and neoplastic lesions. Trophoblast surface protein
2 (TROP2) has been identified as a marker that
distinguishes TROP2‐positive luminal cholangiocytes
from TROP2‐negative peribiliary constituent epithelial
cells,52 but further elucidation is awaited.

PBGs as a niche for biliary stem/
progenitor cells

The PBGs are believed to be a niche for biliary stem/
progenitor cells (BTSCs) (Figure 2). In particular,
BTSCs have been reported to differentiate into hepato-
cytes, cholangiocytes, and pancreatic cells.53 In addi-
tion, PBGs are responsible for several physiological
functions, such as the secretion of mucous glycopro-
teins, local immunity, enzyme secretion, regulation of
bile concentration, and turnover, regeneration, and
repair of the biliary epithelium.45,54 The PBGs include
the pancreatic exocrine glands, which have pancreatic
exocrine enzymes.45 Because of these functions and
histological features, the PBGs are inextricably related
to various biliary tract diseases.8,55–57 Moreover, it has
been speculated that cancer stem cells,58 which are
involved in the development and progression of primary
biliary tract cancer, originate from the conversion of
normal stem/progenitor cells, that is, BTSCs.57

Although PBG cells consist almost exclusively of
serous‐mucous epithelial cells, a few stem/progenitor
cells are involved in the PBG, depending on the location
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of the PBG.59 As a longitudinal or proximal–distal axis,
we observe a high density of primitive stem cells in
PBGs near the duodenum and more devoted progenitor
cells near the liver and pancreas.56 Stem cell niches with
pluripotency (NANOG, OCT4, SOX2, and KLF4, but not
MYC), self‐renewal (SALL4), and proliferation (MIB‐1)
phenotypes are observed near the duodenum, and
when proceeding to the pancreas, pancreatic/endoderm
markers (SOX17, PDX1, and LGR5) and endocrine
maturation markers (NGN3, MUC6, and insulin) have
been found.7,28 In the more proximal portion of the
EHBD, closer to the hepatic portal, PBGs express
biliary/endoderm markers (SOX17 and SOX9). The bile

ducts become intrahepatic, and some PBG cells
express albumin, suggesting hepatocyte maturation.7

A radial axis can be identified in which cells with
primitive stem cell characteristics are most abundant in
the epidural PBGs located near the fibromuscular outer
layer of the bile ducts.56 This is interpreted as a maturing
lineage from the deepest PBG to the bile duct epithelium
on the luminal side. It has been demonstrated that
EpCAM can be used as a transit lineage marker to
identify intermediate cells between the deepest PBG
cells and the lumen.7,59 Cells expressing maturation
markers (albumin, CK19, and CK7) gradually migrate to
the surface epithelium and appear. Repopulation of the

F IGURE 2 Schematic illustration with representative microphotographs (H&E staining) of common bile ducts with PBGs in humans and
mice. (a) The lower image shows the area enclosed by the rectangle in the upper image. In humans, PBGs are known to consist of the
intramural (arrowheads) and extramural glands (arrows). EHBD, extrahepatic bile duct; IHBD, intrahepatic bile duct; PBGs, peribiliary glands.
Scale bars, 100 μm.
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biliary epithelium from PBGs is similar to the natural
turnover of the intestine, which is also derived from the
embryonic endoderm. The most primitive PBG cells are
present in the basal PBG, while transit‐amplifying cells
are present in the intermediate compartment and mature
cells are contiguous to the epithelium.56,60 Similar to
intestinal crypts, PBGs are stimulated to proliferate and
repair the epithelium in pathological conditions of luminal
epithelial injury or defects.54,61,62 The intestinal epithe-
lium is renewed every 4–5 days by the proliferation of
stem cells in the crypts.63 In contrast, the turnover of the
epithelium of the bile ducts appears to be much slower.

PBGs as a site of tumor origin

Intraductal papillary neoplasm of the bile duct is a
papillary tumor that arises in the bile ducts of intrahepatic
and extrahepatic regions, and is centered on a fibro-
vascular core (Figure 3).64,65 It was defined and listed in
the World Health Organization (WHO) classification in
201066 as a precancerous and early cancerous lesion of
CCA, together with mucinous cystic neoplasm (MCN)
and BilIN (Figure 3). IPNB is prone to obstructive
jaundice and cholangitis, and it has been reported that
40% of IPNBs are malignant at the time of diagnosis.67–71

Nakanishi et al.72 reported the first case of IPNB that may
have originated from PBG histologically after surgical
resection of IPNB. This lesion contained an in situ
carcinoma at the base of the PBG.72 Another case of
IPNB that may have originated from a PBG has also
been reported. Even in MUC6‐expressing gastric mucin
of IPNB, MUC6 is not expressed in the epithelium lining
the bile ducts73 and this strong expression of MUC6 in
IPNBs may be due to the PBG origin of IPNBs. This was
also confirmed in other studies.74,75 A case of IPNB
reported by Miyata et al. showed that the cystic tumor did
not communicate with the bile duct lumen and lacked the
characteristics of MCN, indicating that the communication
with the bile duct lumen may be lost during the
development and progression of IPNB from a PBG.74

Taken together, IPNB may originate, at least in part, from
PBGs. In addition, it has been suggested that IPNBs
derived from PBGs are preneoplastic lesions of mucin‐
producing CCAs that morphologically resemble
PBGs,76 and our group has shown that some IPNBs
progress in multistep carcinogenesis to become invasive
carcinomas.77

MOUSE MODELS OF ECCAS

Importance of GEMMs

Understanding the histopathological classification of
the various human CCAs is important for the future
development and analysis of animal models, and that

of human CCA from the progression of lesions from
premalignant to malignant states is rapidly evol-
ving.12,13,15,23,78,79 In particular, the role of GEMMs in
the study of CCA is to reproduce early‐stage lesions
that are rarely detected in humans and to understand
their mechanisms.

In the eCCA model established by our group, the
development of biliary hyperplasia and low‐grade
adenomatous lesions was observed, such as IPNB‐
like77 and BilIN‐like lesions (Figure 3). However, it is
difficult to determine from human pathology whether
these lesions remain hyperplastic or if they have the
potential to become malignant. Animal models, partic-
ularly GEMMs, can provide some evidence for this
issue by providing information on the surrounding
tumor microenvironment.

The genetic mechanisms of tumorigenesis have
recently been found to be very different between IHBDs
and EHBDs in human patients.15,80–82 However,
compared with IHBD cancer, the mechanism of EHBD
cancer is unknown. This is partly because of the lack of
appropriate animal models. To elucidate the carcino-
genic mechanism and identify the cellular origin of
tumors and cancer, a good mouse model is essential.
In addition, GEMMs are very effective tools because
they can guide how normal cells become tumorous or
malignant; that is, how they progress from a normal
state to a precancerous state and an invasive or
metastatic state, by recreating abnormalities in genes,
inflammation, and the surrounding environment.21 For
these reasons, GEMMs of eCCA have an important
role in understanding pathogenesis.18

GEMMs of eCCA

What is lacking in most pre‐clinical approaches is the
use of mouse models characterized by spontaneous
cancer development in immunocompetent hosts.83,84

An example of such a model is the GEMM, which
spontaneously develops cancers. GEMMs have ad-
vantages and disadvantages. However, they are very
effective tools because they can guide how normal cells
become tumors or malignant; that is, how they progress
from a normal state to a precancerous state and an
invasive or metastatic state by recreating abnormalities
in genes, inflammation, and the surrounding environ-
ment. There are very few reports of GEMMs of eCCA
(Table 1). However, the histopathology illustrates the
complexity and diversity of eCCA in humans.

Krt19 CreERT Cdh1fox/flox, KrasG12D, and
Tgfbr2flox/flox mice

Nakagawa et al.87 focused on the abnormalities in the
RAS and TGFβ/SMAD signaling pathways in human
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F IGURE 3 Representative microphotographs (H&E staining) of BilIN (a) and IPNB (b), including CCA, in the mouse model (iFGF10 model)
and human patients. (a) Low‐ and high‐grade BilIN‐like lesions in mice are from liver‐specific iFGF10 (LSL‐rtTA;Alb‐Cre;Tet‐Fgf10) and
iFGF10‐KrasG12D (LSL‐rtTA;Alb‐Cre;Tet‐Fgf10;LSL‐KrasG12D) mice, respectively. (b) IPNB‐like lesions with LGD, HGD, and ADC in mice are
from iFGF10 (Rosa‐rtTA; Tet‐Fgf10), iFGF10‐KrasG12D (Rosa‐rtTA; Tet‐Fgf10; LSL‐KrasG12D; Krt19‐iCre), and iFGF10‐KrasG12D ‐p53R172H

(Rosa‐rtTA; Tet‐Fgf10; LSL‐KrasG12D; Krt19‐iCre; p53R172H/+ mice, respectively. Please note that although mouse models usually show milder
atypia than human lesions, biliary lesions in human patients are, in part, similar to those in mouse models. Each inset shows the higher
magnification photo. ADC, adenocarcinoma; BilIN, biliary intraepithelial neoplasia; CCA, cholangiocarcinoma; IPNB, intraductal papillary
neoplasm of the bile duct; HGD, high‐grade dysplasia; LGD, low‐grade dysplasia. The classification of the biliary lesions is based on the WHO
Classification of Tumors of the Digestive System, 5th edn. Lyon: IARC Press, 2019. Scale bars, 50 μm (a), 200 μm (b).
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CCA, and crossed LSL (loxp‐stop‐loxp) ‐KrasG12D,
Tgfbr2flox/flox, and Krt19 CreERT mice to develop a
tamoxifen‐induced bile duct epithelial cell‐specific mouse
model. They generated a CCA mouse model (KT‐K19
CreERT) with tamoxifen‐induced bile duct epithelial cell‐
specific activation of G12D mutant Kras and deletion of
Tgfbr2. Furthermore, by crossing KT‐K19 CreERT mice
with Cdh1flox/flox mice (KTC‐K19 CreERT), further deleting
the adhesion molecule CDH1 (E‐cadherin), they were
able to develop early invasive lesions within 4 weeks.
This mouse model showed that invasive eCCA devel-
oped at an early stage within 4 weeks.87

Histopathological observation of the neoplastic
lesions in the biliary tree revealed that adenocarci-
noma cells with mild to moderate atypia expanded
along the EHBD wall (so‐called periductal invasion)
and extended into the intrahepatic hilar region,
including the large IHBD. However, in the peripheral
small IHBDs, only lesions with dysplastic changes
were observed, and peripheral‐type iCCA did not
develop, even though the genetic recombination rate
between sites of the biliary tree was similar (approxi-
mately 40%). In addition, CCA extended to the
gallbladder ducts, but the gallbladder was poorly
altered. Consequently, the susceptibility of tumori-
genesis to these mutations differed depending on the
site of the biliary tree.

In these KTC‐K19 CreERT mice, deletion of
E‐cadherin resulted in loss of intercellular adhesion
of bile duct epithelial cells in the EHBDs and
detachment of bile duct epithelial cells from the EHBD
wall; loss of epithelium due to the deletion of
E‐cadherin thereafter led to inflammation and a
regenerative response by the PBGs. A time course
of biliary epithelial cells of EHBD tissues showed that
the PBGs incrementally enlarged and became mor-
phologically atypical, accompanied by mitosis. It has
been demonstrated that IL‐33 released by inflamma-
tion may also be involved in the unique distribution of
CCA in KTC‐K19 CreERT mice.85

In addition, cell fate mapping experiments con-
ducted by crossing Rosa26‐LSL‐LacZ reporter mice
(KTC‐LacZ‐K19 CreERT) suggested that the cellular
origin of CCA involves PBGs. In fact, the distribution
of CCA in KTC‐K19 CreERT mice was almost
identical to the distribution of PBGs (i.e., EHBDs
and surrounding large IHBDs, but not peripheral
small IHBDs).

In humans, proliferation and hyperplastic changes,
that is, cystic dilatation and papillary changes, of PBGs
similar to those observed in this mouse model have
been observed,54,88–90 and early and precancerous
lesions of CCA have been noted in PBGs.88 Overall,
this mouse model is an excellent tool that provides
valuable information on PBGs and carcinogenesis,
which are considered to harbor stem/progenitor cells in
large IHBDs and EHBDs.

Sox9‐CreERT2; KrasG12D; Ptenflox/flox mice

Lin et al.86 mainly generated and analyzed mouse models
of iCCA, in which they reported the formation of tumors in
EHBDs and the pancreas. To investigate whether KRAS
activation and Pten deletion in the bile ducts induce CCA,
they used tamoxifen‐inducible Cre‐transfected mice
under the control of Sox9 promoter. Sox9 is transiently
required for biliary tree development91 and is expressed
in intrahepatic and extrahepatic biliary epithelial cells, as
well as in progenitor cells that maintain biliary duct
epithelium.92,93 They generated a Sox9‐CreERT2, LSL‐
KrasG12D, Ptenflox/flox (S+ KPP) mouse model. As a result,
not only did iCCA and eCCA develop in these S+ KPP
mice, but pancreatic cancer also appeared.

Specifically, in the S+ KPP mice, tumor development
was examined 3 months after tamoxifen administration;
analysis of the pathological tissues of the S+ KPP mice
revealed the presence of various pathologies in the liver,
biliary tree, and pancreas, which had not been previ-
ously reported. Focal hyperplastic lesions were identified
in the epithelium of the interlobular bile ducts, EHBDs,
and gallbladder, and epithelial growths with mitotic
changes were observed. Scattered cystic collections of
dilated bile ducts were evident. Lin et al.86 referred to
these two types of lesions as biliary adenomas.

They also showed loss of epithelial polarity,
irregular edges, infiltration of inflammatory cells, and
periductal fibrotic changes or desmoplastic changes. In
the pancreatic lesions, the pancreatic ducts also
showed malignant papillary ductal lesions similar to
the bile ducts described above, and the peritumoral
stroma showed desmoplastic changes similar to the
bile ducts. Finally, the biliary adenoma in this model
could be classified as an IPNB in humans. Histopatho-
logically, the tumors grew not only in the hepatic bile
duct but also in the pancreatic duct in S+ KPP mice.
Although the tumors did not progress to cancer, they
served as a mouse model for studying tumors that
develop in the bile ducts from the IHBDs to the EHBDs
to the pancreas, namely, the biliary tree.

From a molecular biology point of view, the loss of
PTEN expression in biliary tract cancer is rare in
humans,12,78,79,94 but mutations in KRAS are some of
the most common genetic abnormalities in human
cancers.95 Although such a combination of mutations is
quite uncommon in human disease, the present model
faithfully recapitulates many of the critical histopatho-
logical features of human disease. Therefore, consid-
ering the diversity of CCA, it is a very useful mouse
model for histopathology.

iFGF10 mouse

The IPNB‐like lesions observed in the S+ KPP mice86

described above are also noted in humans and are
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neoplastic lesions that can be classified and diagnosed
on the basis of histopathological morphology.66 IPNB is
a papillary‐like lesion that can be observed grossly and
microscopically in the bile ducts and is considered to be
a precancerous lesion of CCA (Figure 3).23 In Japan, it
was reported in 2012 that young employees of a
printing factory who had been using a large amount of
chlorinated organic cleaning agents developed CCA at
an extremely high rate, which became a major social
problem.67–69 Detailed analysis of the histopathology of
this CCA revealed that the main tumors were iCCA of
the mass‐forming or intrahepatic growth type and
eCCA of the papillary type, most of which were located
in relatively large bile ducts such as EHBDs and hilar
bile ducts.67–69 Chronic bile duct injury and character-
istic morphological lesions such as BilIN‐ and IPNB‐like
lesions were observed in a wide range of bile ducts,
suggesting a multistep carcinogenesis mechanism,
that is, precancerous lesions.67–69 However, both the
mechanism of developing distinct neoplastic lesions in
the biliary tree, such as IPNB, and the fact that they are
precancerous lesions remain controversial. One of the
reasons for this is the lack of animal models that can
faithfully reproduce this pathology.

Our group focused on the ligand fibroblast growth
factor 10 (FGF10) and its receptor FGFR2, which are
involved in the elongation and bifurcation of glandular
ducts in the lung and pancreas,96,97 and the down-
stream extracellular signal‐regulated kinase (ERK)
signaling pathway.98 We succeeded in creating a
mouse model of intraductal papillary CCA with IPNB‐
like features (Figure 3).77 Furthermore, by analyzing
the model in detail, we clarified part of the mechanism
of the development, maintenance, and carcinogenesis
of IPNBs, and showed the possibility of its therapeutic
application.

Abnormal expression of FGF10 leads to the
development of pancreatic epithelial hyperplasia, pap-
illary adenoma of the lung, and prostatic intraepithelial
neoplasia.99–101 Therefore, we generated mice capable
of inducing overexpression of the secretory protein
FGF10 by doxycycline (Dox) treatment. In brief, we
generated a Dox‐inducible transgenic mouse model
(Col1a1:tetO:mouse Fgf10:ires:tdTomato:Rosa26:rt-
TA, hereafter referred to as “iFGF10”). The use of
adult iFGF10 mice allows for the precise, reversible,
and efficient spatiotemporal control of Fgf10 expres-
sion using the Tet system.102 These iFGF10 mice
overexpress FGF10 in Rosa26‐promoter dependent
manner, indicating that this expression is broadly
universal in the body.

Upon activation of FGF10–ERK signaling, papillary
and cystic neoplastic lesions, which histopathologically
mimic human IPNB, developed mainly in the EHBDs
(Figure 3). Using cytokeratin 19 (Krt19)–iCre trans-
genic mice103 and others that we generated in our
previous study, the paracrine and autocrine actions of

FGF10 caused widespread IPNB‐like lesions in the
biliary tree.

In this study, we found that liver‐specific FGF10
overexpression leads to the development of bile duct
cancers in the IHBDs but not EHBDs. We generated
LSL‐rtTA;Alb‐Cre;Tet‐Fgf10 mice (Figure 3). In this
mouse, FGF10 overexpression is induced in hepatic
and biliary epithelial cells within the liver under the
control of the Alb promoter. Furthermore, we found
that, by crossing LSL‐Kras G12D mice, high‐grade BilIN‐
like lesions in the peripheral IHBDs and IPNB in the
hilar hepatic ducts develop in these liver‐specific
FGF10‐inducible mice (Figure 3). Consequently,
FGF10‐inducible mice developed papillary tumors at
various locations in the biliary tree, depending on the
location of their expression.

Using the cell lineage tracing method with the LSL‐
LacZ reporter mouse, we showed that FGF10‐induced
IPNBs originate from biliary epithelial cells including
biliary stem/progenitor cells (SOX9 lineage) and PBGs
(PDX1 lineage) (Figure 4). We also demonstrated that
IPNB may indeed be a precancerous lesion. By
crossing iFGF10 mice with LSL‐Kras G12D, p53 mutant,
and p16 conditional knockout mice, a subset of FGF10‐
induced IPNBs develop invasive carcinomas. In addi-
tion, the development and progression of FGF10‐
induced IPNBs were suppressed by inhibition of the
FGF10–FGFR2–RAS–ERK signaling pathway, indicat-
ing that this pathway could be a therapeutic target.

Furthermore, we verified that FGF10 and ERK are
activated in human IPNB cases, indicating that
FGF10–FGFR2–RAS–ERK signaling is involved in
the development of CCA with papillary morphology,
not only in mouse models but also in humans. What is
unique about this mouse model is that it shows that
papillary lesions occur in the biliary tree even in the
absence of genetic mutations, and that inflammation
increases the degree of atypia. The iFGF10 mouse
model is extremely unique because a single secreted
growth factor induces aberrant tubule formation in the
biliary tree, thus leading to malignant transformation.
Further analyses using this model are needed to clarify
the pathogenesis of EHBD cancers.

LESSONS FROM GEMMS IN ECCAS

Are IPNB and BilIN precancerous lesions?

BilIN and IPNB in human CCA are considered to be
precancerous lesions.23 This has been demonstrated
by the iFGF10 mouse model,77 in which both IPNB‐
and BilIN‐like lesions can develop CCAs with invasive
carcinoma (see Section 3.3.3). This is the first evidence
obtained from a GEMM of eCCA. GEMMs can create
not only genetic alterations that are found in humans in
the biliary epithelium, but also assess changes in the
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surrounding microenvironment due to inflammation or
chemical exposure, for example, inflammatory cell
infiltration, fibrosis, and so on.18,21

For example, in human diagnostic pathology, papil-
lomatosis, which generates papillary and cystic dilated
ducts, was classified as a benign lesion (currently, it is
classified as IPNB with low‐grade dysplasia23). iFGF10
mice develop this papillomatosis‐like lesion, which then
progresses to a malignant lesion with more dysplasia
resulting from the continuous severe inflammation
present. This suggests that some cases of BiIIN and
IPNB should be followed as premalignant and pre-
cancerous lesions in the clinical setting.

Are BiIIN and IPNB true neoplasms?

Papillary morphology in hepatobiliary pancreatic ducts,
including low‐papillary, tubular, and cystic changes, is

observed not only in premalignant lesions but also
when inflammation is present, such as in hepatitis and
cholangitis as reactive atypia.104 The problem is
differentiating between reactive atypia and neoplastic
malignancy in diagnostic pathology.104 For example,
low‐grade BilIN involves reactive and metaplastic
changes as well as mild atypia, leading to serious
concerns for pathologists regarding the rapid histologi-
cal diagnosis of resected bile duct margins during
surgery.

The iFGF10 mouse, which has a Tet‐on inducible
system,102 can induce FGF10‐dependent papillary and
cystic morphology of the biliary epithelium (see
Section 3.3.3). Unlike conventional conditional knock-
out mice, such as those with the Cre‐loxP system, the
iFGF10 mouse can control the on‐off expression
FGF10 expression through Dox administration, leading
to the development of IPNB‐like77 and BilIN‐like
lesions. Only FGF10 overexpresssion leads to develop

F IGURE 4 The PBG is a site of origin of papillary tumorigenesis in EHBDs of the iFGF10 mouse model. Cell lineage tracing of Sox9‐ and
Pdx1‐expressing PBG cells during the progression from normal to papillary (IPNB‐like) lesions development in I FGF10 mice. Photos of X‐gal
staining the in Sox9‐iFGF10 model (LSL‐rtTA; Sox9‐CreERT2; Tet‐Fgf10) and Pdx1‐iFGF10 model (LSL‐rtTA; Pdx1‐Cre; Tet‐Fgf10) crossed
with LSL‐LacZ reporter mice. Dates indicate 1 day, 1 wks (weeks), and 1 M (month) since the start of Dox administration after marking the Sox9‐
or Pdx1‐expressing cells. Arrowhead, PBG. Bars, 200 µm. EHBD, extrahepatic bile duct; PBGs, peribiliary glands.
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IPNB‐like lesions. After that, the withdrawal of FGF10
induction leads to develop some flat or low‐papillary
lesions, suggesting that reactive hyperplastic lesions.
However, some IPNB‐like lesions keep still papillary
morphology. Thus, we think that most of FGF10‐
induced papillary lesions are reactive hyperplastic
lesions and some are neoplasms. These results
suggested that some FGF10‐induced papillary lesions
are reactive hyperplastic lesions, and some are
neoplasms. However, when genetic alterations, such
as KrasG12D, p53, and/or p16 mutations were added to
FGF10 induction in iFGF10 mice, papillary morphology
and cellular atypia almost keeps even in the withdrawal
of FGF10 induction, thus suggesting that the malig-
nancy promoted by genetic alterations such as those in
Kras, Tp53, and Cdkn2a(p16) is irreversible.

On the other hand, secreted FGF10 and inflamma-
tion cause not only papillary morphology but also
hyperplastic and metaplastic changes. Intriguingly,
papillary morphology is reversible, but metaplastic
and mucin‐producing statuses are irreversible.

Taken together, these results provide some insights
into clinical problems. For example, IPNB with low‐
grade dysplasia with severe inflammation, which often
causes bile duct obstruction,105,106 would be treated by
suppression of inflammation. However, genetic analy-
sis will be more important for predicting malignant
transformation.

Which genetic alterations contribute to
CCA progression in mice and humans?

In‐depth sequencing analyses of human CCAs have
accumulated evidence that molecular profiles vary
between iCCA and eCCA.107–114 In eCCA, most
frequent genetic aberrations in targetable pathways of
interest are KRAS mutation, TP53 mutation, SMAD4
mutation, CDKN2A/CDKN2B (including P16INK4A) loss,
ERBB2/ERBB3 amplification, and ARID1A mutations
(Figure 5a).109,111,115 Among these alterations, KRAS
mutation, TP53 mutation, SMAD4 mutation, CDKN2A/
CDKN2B (including P16INK4A) loss, and ARID1A
mutations are also frequent in iCCA.109,111,115 Intrigu-
ingly, because KRAS mutation, TP53 mutation, and
CDKN2A (P16INK4A) loss are strong oncogenic altera-
tions in our iFGF10 GEMM,77 these three genes may
be oncogenic genes to induce eCCAs in humans
(Figure 5b). Several gene alterations in the GEMMs of
eCCAs are related to the progress the tumor develop-
ment; however, these are not always consistent with
the alterations of human CCAs.

The development of GEMMs with tissue‐specific
conditionally expressed oncogenic changes has led to
the development of gene‐driven, spontaneous tumor
model mice. Current GEMMs of eCCA are very similar
to those of pancreatic adenocarcinomas regarding the

major genetic alterations that cause tumor initiation and
progression. In pancreatic cancer models, the main
driver gene that can initiate tumors is Kras G12D

mutation.116–118 In the eCCA models, Kras mutation
also cause the initiation and progression of
tumors.77,85,86,119 Intriguingly, some IPNBs without
dysplasia in iFGF10 mice develop malignant lesions,
that is, high‐grade dysplasia and adenocarcinoma,
through the addition of the Kras G12D mutation
(Figure 5b).77

The iFGF10 model harboring Tp53R172H mutation or
Cdkn2a(p16)Ink4a along with KrasG12D mutation devel-
ops more aggressive tumors such as adenocarcinoma,
faithfully recapitulating most of the pathological fea-
tures of human eCCA (Figures 3 and 5).77 Tp53 and
Cdkn2a (p16 Ink4a) genetic alterations progress malig-
nancy and invasiveness in the GEMMs of both
pancreatic cancer and eCCA,77,118 suggesting that
multistep carcinogenesis is a mechanism of eCCAs.
This also supports the similarity of the pathogenesis
between pancreatic cancer and CCA. In human
pancreatic ductal adenocarcinoma, activating KRAS
mutations and p16Ink4a inactivation are near universal
events.120 In mouse models, KrasG12D initiates the
formation of premalignant pancreatic ductal lesions,
and loss of either p16Ink4a or p53 enables their
malignant progression.118 Furthermore, this similarity
regarding Kras, Tp53, and Cdkn2a (p16 Ink4a) genetic
alterations is found in IPNB and intraductal papillary
mucinous neoplasm, which is considered to be a
counterpart of IPNB, in mice and humans.118

By analyzing these GEMMs, we learned that
p53 and p16 alterations along with mutated KRAS
are strong oncogenic factors and can have
therapeutic implications in eCCA as well as in
pancreatic cancer.

Limitations of GEMMs in eCCA

The three GEMMs studied in this review represent
the entire spectrum of human eCCAs, and some are
also useful for studying the multistage pathogenesis
of these tumors. However, in general, the difference
in pathological features between mouse models and
human specimens is a critically argued issue.121

First, mouse lesions are milder cellular atypia rather
than human lesions. Second, there are more human
eCCAs with invasion and metastasis than the
GEMMs. Third, most human eCCAs are solitary,
whereas multifocality seems common in the
GEMMs. The mouse is a mammal, yet it is not a
human. There are several apparent distinctions
between the two species. Our researchers must be
aware of some of the critical biological differences
between the two species in eCCAs and other
cancers. A detailed understanding of the pathology
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and biology of the individual GEMMs for eCCAs is
essential for selecting the most appropriate model
for future studies.

CONCLUSIONS

The biliary tree, especially EHBDs, remains a
mystery, not only in tumorigenesis but also in
development and disease. The first clue to unraveling
this mystery is the need for experimental analysis
such as mouse models. Certainly, GEMMs have
advantages and disadvantages. However, they are
very effective tools because they can guide how
normal cells become tumorous or malignant by
recreating abnormalities in genes, epigenetic

defects, inflammation, and the surrounding environ-
ment. Especially in EHBDs, histopathological analy-
sis is necessary to understand the morphology in
detail and to obtain a good understanding of the few
available mouse models.

Future studies will focus on the molecular mecha-
nisms that drive such oncogenesis and further progres-
sion to invasion and metastasis, while maintaining the
relevance to human CCA as much as possible. In
contrast to the progress made in the study of iCCA,
eCCA is increasingly complex, and is both a challenging
and highly ambitious task.
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