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Abstract

Cholangiocarcinoma (CCA) is an aggressive biliary tract malignancy with a poor overall
prognosis. There is a critical need to develop effective targeted therapies for the treatment

of this lethal disease. In an effort to address this challenge, preclinical in vivo studies have
become paramount in understanding CCA carcinogenesis, progression, and therapy. Various CCA
animal models exist including carcinogen-based models in which animals develop CCA after
exposure to a carcinogen, genetically engineered mouse models in which genetic changes are
induced in mice leading to CCA, murine syngeneic orthotopic models, as well as xenograft
tumors derived from xenotransplantation of CCA cells, organoids, and patient-derived tissue.
Each type has distinct advantages as well as shortcomings. In the ideal animal model of CCA,

the tumor arises from the biliary tract in an immunocompetent host with a species-matched

tumor microenvironment. Such a model would also be time-efficient, recapitulate the genetic and
histopathological features of human CCA, and predict therapeutic response in humans. Recently
developed biliary tract transduction and orthotopic syngeneic transplant mouse models encompass
several of these elements. Herein, we review the different animal models of CCA, their advantages
and deficiencies, as well as features which mimic human CCA.
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INTRODUCTION

Cholangiocarcinoma (CCA) is the most common biliary malignancy and the second most
common hepatic malignancy after hepatocellular carcinoma. CCAs are epithelial tumors
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likely originating from the biliary tree and are classified into three subtypes based on

their anatomic location [1]. Intrahepatic cholangiocarcinoma (iCCA) originates above the
second order bile ducts within the hepatic parenchyma [2]. Perihilar CCA (pCCA) arises
between the second-order bile ducts and the cystic duct; pCCA is the most common type
of CCA, accounting for approximately 50-70% of CCAs in different series [3, 4]. Distal
CCA (dCCA), arises distal to the cystic duct [5]. Each anatomic subtype has a distinct
epidemiology, molecular pathogenesis, and management. Overall, CCA is a relatively rare
malignancy, representing 3% of all gastrointestinal cancers [6]. Although the incidence

of CCA has increased over the past three decades, the prognosis remains poor with a
5-year overall survival of less than 10% [6, 7]. Potentially curative options such as surgical
resection and liver transplantation (for pCCA) are limited to the subset of patients with
early stage disease. For patients with advanced disease not amenable to surgical options,
the standard of care is systemic chemotherapy with gemcitabine and cisplatin. However, the
median overall survival with this regimen is <1 year [8]. Hence, there is a critical need for
development of effective targeted molecular therapies for CCA. Such a precision medicine
approach requires greater insight into the molecular pathogenesis of CCA.

In cancer research, in vitro studies utilizing cell culture are generally used to investigate

the biochemical processes of cancer cells [9]. However, this approach is not sufficient

to investigate the myriad of biologic process occurring in tumors including cell survival,
inflammation, angiogenesis, and mutations. Although cell culture models have advantages
including high reproducibility, homogeneity and highly controlled experimental conditions,
cultured cells typically have uniform phenotypic and genetic characteristics; hence,

it is challenging to study interactions between different cell types within a tumor

or investigate the role of various biologic processes. Moreover, investigating novel
therapeutic targets ultimately requires preclinical studies in animal models. Hence, the

use of in vivo models is necessary in cancer research. The ideal animal model of

CCA would originate from the biliary tract in an immunocompetent host with a species-
matched microenvironment; have time-efficient tumor development; recapitulate the genetic,
anatomic, and phenotypic features of human CCA (Table 1). Assessment of such a model
would require anatomic, histopathologic, and genetic characterization as well as evaluation
of liver injury or dysfunction (Table 2). Herein, we review the available animal models of
cholangiocarcinoma, summarizing the strengths and weaknesses of the different models with
a focus on carcinogen-based, xenograft, allograft, and genetic models. These animal models
represent iCCA; we are still in need of pCCA and dCCA animal models of CCA.

CARCINOGEN-BASED CCA ANIMAL MODELS

In chemical models, CCA is induced by administration of a carcinogen such as
dimethylnitrosamine (DMN), thiocetamide (TAA) or furan. These carcinogenic compounds
can be used to either induce a genotoxic effect with deoxyribonucleotide acid (DNA)
structural changes or to enhance tumor formation via expansion of preneoplastic cells. Other
carcinogens include infectious agents such as the liver flukes Opisthorchis viverrini (O.
Viverrini) and Clonorchis sinensis, known risk factors for CCA in Southeast Asia [10].
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Dimethylnitrosamine and diethylnitrosamine

DMN is a genotoxic compound metabolized by cytochrome P450 which is mainly active
in the centrilobular hepatocytes [11]. DMN promotes alkylation of DNA structure and
generation of reactive oxygen species known to induce protein, lipid and DNA damage
[12]. Consequently, DMN induces not only CCA but also other gastrointestinal tumors,

as well as skin, lung and hematopoietic tumors [13]. The DMN based CCA animal

model was first described in 1978 by Thamavit et al. in Syrian Golden Hamsters [14].

In this model, the authors induced liver fluke infection via intragastric administration of
O. Viverrini. Once parasitic eggs were detected in animal stools (typically 4 weeks after
infection) 0.0025% DMN was added to the drinking water of animals for another ten
weeks. Animals receiving either DMN alone or parasites alone did not develop tumors,
whereas 100% of animals receiving both carcinogens developed tumors [14]. The authors
hypothesized that O. viverrini infection promotes proliferation of altered biliary epithelial
cells and the subsequent DMN administration exerts a carcinogenic effect on these altered
cells. Long-term administration of DMN appears to be necessary as hamsters receiving

a single oral dose of DMN plus O. viverrini infection developed CCA in only 20% and
44% of cases, respectively, in two different series [15, 16]. It has also been postulated that
small intraportal “oval” cells, which appear in animals following liver injury, are activated
by DMN administration and liver fluke infection subsequently stimulates proliferation of
these dysplastic cells thereby promoting CCA [17]. DMN administration has also been
combined with bile duct ligation in the Syrian hamster, resulting in CCA development in
approximately 40% of animals [18].

Diethylnitrosamine (DEN), another carcinogen, may promote tumorigenesis via DNA
methylation [19]. DEN administration results in formation of multifocal biliary cystic
lesions in mice, and induces CCA in mice when combined with pentachlorophenol [20,

21]. In mice with liver-specific deletion of cy/indromatosis (CYLD), a tumor suppressor
gene which is mutated in familial cylindromatosis, DEN single intraperitoneal injection
combined with phenobarbital in drinking water results in CCA development. These mice
develop a ductular reaction which progresses to biliary fibrosis, and eventually 5 out of 8
mice developed nodules consistent with hepatocellular carcinoma (HCC) as well as CCA
[22]. The formation of mixed CCA and HCC in these and other models is of interest in liver
carcinogenesis but limits their applicability for studying iCCA.

Thioacetamide (TAA)

TAA is a chemical compound, which has been primarily used to induce liver fibrosis and
cirrhosis in rodents [23]. Although the molecular mechanism of TAA carcinogenesis is

not completely understood, it is likely that bio-activation of TAA induces reactive oxygen
species which promote hepatotoxicity and interfere with ribosomal activity [24, 25]. TAA-
induced CCA was first reported in 1984 by Praet et al. Male albino rats developed benign
lesions such as cystadenomas after 8 months of TAA treatment, and 100% of animals
developed CCA after 12 months of TAA treatment [26]. Subsequent studies have reported
development of CCA microfoci with shorter duration (12-16 weeks) of TAA treatment
(0.03% TAA administered in animal drinking water), and development of mass forming
lesions occurring at longer treatment intervals (22-24 weeks) in essentially all animals [27-
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30]. Biliary dysplasia was observed at week 9 of TAA treatment, and microarray analysis of
tumor versus non-tumor liver tissue demonstrated differential expression of genes involved
in cell proliferation, apoptosis, and cell cycle [30]. Upregulation of stem cell factor and its
receptor c-Kit, a proliferative and anti-apoptotic signaling system, has also been reported

in animals with TAA-induced CCA [31]. Leptin, a hormone produced by adipose tissue,
regulates caloric homeostasis and energy expenditure. Leptin is increased in obesity, which
is a risk factor for CCA. Hence, TAA treated fa/fa Zucker rats which have faulty leptin
receptors, had reduced tumor burden compared to TAA-treated lean Zucker rats [28]. TAA
has also been utilized as an enhancer following DEN induction. However, the TAA and
DEN combination tends to induce HCC, and CCA development was noted in only 10%

of animals after 8 weeks of treatment [32]. The advantages of the TAA animal models
include ease of carcinogen administration without the need for a surgical procedure and
good reproducibility in different studies. However, this model has been limited primarily to
rats.

Furan

Furan is a chemical compound used in manufacturing of other organic compounds such as
herbicides, pharmaceutical compounds, and plastic [33]. Furan was described in 1991 for
the first time as a cholangiocarcinogenic compound by the National Toxicology Program.
Indeed, chronic furan administration at a high dose of 8 mg/Kg for 15 months induced CCA
development in 98% of rats [34]. Moreover, six of the high-dose furan treated rats (n=13)
developed distant metastasis in a variety of tissues including pancreas, abdominal blood
vessels and adrenal capsule [34]. Higher doses of furan (15-60 mg/kg/per day) for 2-3 weeks
result in rapid development of cholangiofibrosis, marked by the presence of bile ductular
hyperplasia, intestinal metaplasia, and fibrosis [33]. Bile ductule hyperplasia appeared as
early as 1 week following furan treatment initiation and intestinal metaplasia was noted
after 2 weeks of treatment [35]. Strongly positive cytokeratin (CK)-19 staining is observed
in both the hyperplastic bile ductular epithelial cells and the intestinal-like epithelial

cells [33]. Furthermore, in rats with 3 weeks of treatment followed by 6 weeks without
treatment, a marked persistent cholangiofibrosis was noted in the caudate liver lobe with the
development of dysplastic glands which confirm the progressive nature of these lesions [33].
The investigators postulated that there are two different cell lineages in the histogenesis of
cholangiocarcinoma in the furan treated rats; the major one being derived from intestinal
like glands that appear during the early steps of cholangiofibrosis development and the

less common one being derived from hyperplastic bile ductule-like structures which also
develop during cholangiofibrosis [36]. The intestinal-like gland cells seem to have a

greater proliferation than the hyperplastic bile ductule cells in the cholangiofibrotic tissue,
which would explain the preferential selection for the intestinal-like gland cells [37].

This proliferative advantage could be linked with tyrosine kinase growth factor receptor
overexpression in these cells, conferring a selective proliferative advantage over hyperplastic
bile ductular epithelium [38]. It has been reported that intestinal metaplasia is associated
with CCA development in humans with intestinal cell differentiation being observed in intra
and extra-hepatic human CCA [39]. In summary, CCA generated in the furan rat model
resembles human CCA and mimics the natural progression of iCCA from chronic bile duct
lesions inducing cholangiofibrosis to subsequent CCA development. However, furan can
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induce other malignancies as well including malignant mesothelioma and mononuclear cell
leukemia [40].

CHOLESTATIC MODELS OF CCA

Cholestasis, the retention of bile acids normally excreted into bile within the liver, elicits

a toxic response leading to liver injury [41]. Cholestasis is a prominent component of
several chronic biliary tract diseases such as primary sclerosing cholangitis, primary biliary
cirrhosis, and biliary atresia [41]. Chronic cholestasis promotes CCA carcinogenesis by
inducing genetic aberrations and pro-survival signaling pathways. Cholestasis alone or

in combination with chemical carcinogens serves as the basis for several animal models

of liver injury or CCA. One of the earlier cholestatic CCA models was reported by
Thamavit et al. [18]. In this model, cholestasis was achieved via left and medial bile duct
ligation (LMBDL). The combination of DMN and LMBDL resulted in CCA formation

in approximately 40% of the mice after 40 weeks of treatment [18]. A more recent

model utilized the combination of DEN and cholestasis [42]. Following two weekly DEN
intraperitoneal injections, chronic cholestasis was induced by LMBDL. One week after
LMBDL mice received DEN in corn oil via oral gavage. This combination resulted in CCA
formation in 50% (5/10) of the animals by week 28, whereas none of the animals undergoing
LMBDL alone or DEN administration alone developed CCA [42]. The advantages of

this model include a higher tumor incidence and shorter duration to tumor development
compared to prior similar models. However, it does require significant technical skill.

CCA XENOGRAFT AND ALLOGRAFT MODELS

Tumor graft models are commonly used in cancer studies. They permit investigation of
novel therapeutic compounds, while remaining easy to use and cost effective. There are
multiple types of graft models, the most common being the xenograft model, but many
models implore the allograft as well [43].

Xenotransplantation models of CCA

The most common xenograft is a heterotopic graft, which entails xenotransplantation (via
subcutaneous flank injection) of human cells or human tumor tissue into immunodeficient or
nude mice. The first use of an ectopic CCA xenograft model was described in 1985 by Hudd
et al., where cell lines derived from human metastatic CCA tissue were injected into the
flank of a mouse to study the effect of a potential therapeutic compound. In this first ectopic
CCA xenograft model, 26 of 30 mice developed tumors [44]. Subsequent studies have used
cell lines derived from different CCA subtypes to study CCA pathogenesis and various
therapies [45-65]. With their reproducibility, feasibility, modest cost, and time effectiveness,
xenotransplantation models are useful to assess new drug efficacy and tolerability in vivo.
The shortcomings of this model are that the host is immunocompromised and there is a
species-mismatch between the tumor and the host microenvironment (Fig. 1).

Xenograft models using CCA cells (Table 3)—Several studies utilizing CCA
xenograft models have investigated novel therapeutic agents for the treatment of CCA.
These studies focused on compounds such as -y-aminobutyric acid (GABA) [47],
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combinations of salubrinal and rapamycin [63], SC-43 (a Sorafenib derivative) [50],
telmisartan [58], and JQ1 (bromodomain inhibitor) [66]. Moreover, xenotransplantation of
transfected cells can be used to investigate the upstream and downstream regulation of
specific pathways [49, 51, 53, 54, 60] and microRNAs (miRs) [56, 62, 64, 65], with the hope
of establishing a new anti-tumor treatment. In orthotopic CCA models, CCA cell lines are
injected directly in the liver [51, 67]. This permits study of the biological behavior of CCAs
within the liver’s physiological environment.

Patient-derived xenograft (PDX) model—There are limits to the effectiveness of
xenograft models using continuously passaged cell lines. Such weaknesses include the
potential loss of tumor heterogeneity due to selective pressures, loss of tumor representation
due to culture specific mutations and gene silencing, and the lack of interaction with the
tumor microenvironment and the immune system [66, 68—71]. To improve upon these
models, the PDX model (Fig. 1) was developed [66]. Originally developed in the 1980’s

to assist in adapting laboratory results to clinical oncology, PDX models are generated

from primary human tumors being implanted directly into immunocompromised mice [66,
72-74]. Cavaloni et al. observed that fourth generation iCCA PDXs exhibit the same
morphology, histology, and immunohistochemical reactivity that is seen in primary patient
tumors. The authors went on to further characterize that fourth generation PDX and primary
tumors have highly similar genetic and molecular profiles, highlighting similar stability of
gene expression, tissue arrangement, ribonucleic acid (RNA) expression, and mutational
similarities [64]. These similarities support that cell heterogeneity, architecture, genetic
profile, and histology characteristics are maintained between PDX and primary tumors.
They also allow for better understanding of pathway activations, cell interactions, and are
excellent predictors of anti-tumor treatments [50, 54, 64, 75-77]. Nevertheless, CCA PDX
models are expensive and time-consuming with a long engraftment period and a low rate of
efficacy [78].

Xenograft models using CCA organoids—Recent studies have demonstrated that
primary CCA can be grown in 3D in vitro culture to obtain organoids, referred to as
“tumoroid” (Fig. 1). After long-term in vitro growth culturing, organoids show the same
histological architecture and expression profile of the primary human CCA from which they
were derived, and have a high engraftment rate with 100% of mice developing tumors [79].
Interestingly, organoid xenografts derived from patients with metastatic CCA generate the
same metastatic profile in mice [75, 79]. An important advantage of organoid xenografts

is the maintenance of mutational expression after long term culturing [79]. However, these
models do not mimic the inflammatory and stromal microenvironment during in vitro or in
vivo growth, which limits potential studies investigating cell-cell interactions in the tumor
microenvironment [79].

Allograft models of CCA

Syngeneic orthotopic rat model of CCA—The syngeneic orthotopic rat model of
CCA was developed by Sirica et al., and uses two rat cell lines, BDEneu and BDEsp.

Although both cell lines were derived from the malignant cholangiocyte cell line BDE1,
BDEneu exhibits an aggressive, highly malignant profile and CCA progression markers,
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while the BDESsp line is less aggressive. These cell lines were inoculated into the bile

ducts of Fisher 344 rats, and after 21-26 days BDEsp inoculations resulted in small, non-
metastatic iCCA, while BDEneu inoculations resulted in rapid tumor growth in all animals
accompanied by bile duct obstruction and peritoneal metastasis [80]. This intrahepatic
malignant cell implantation can be combined with common bile duct ligation to mimic

the biliary obstruction and tumor progression observed in human CCAs [80]. In addition,
BDEneu cells have biological and molecular features similar to human CCA, such as
expression of tumor necrosis factor related apoptosis inducing ligand (TRAIL) and polo
like kinase 2, as well as hedgehog pathway activation [51, 80, 81]. This model overcomes
many of the immune and stromal limitations of other xenograft approaches. It is also an
excellent model for investigating novel therapeutic agents, and has been used to characterize
the effect of sorafenib treatment on CCA progression, where complete tumor regression
was observed in 22% of animals [82]. Another study using this model demonstrated a
reduction in CCA metastases with JP1584, a second mitochondria-derived activator of
caspase mimetic, treatment [81]. Furthermore, a series of studies investigating the TRAIL
and hedgehog pathways highlighted the role of the cancer-associated fibroblasts in CCA
using this model [81, 83—-86]. An organotypic culture model of CCA was established by
using iCCA cells isolated from this orthotopic rat model with a-smooth muscle actin
(a.-SMA) positive cancer-associated fibroblasts [87]. This permits the in vitro study of
interaction between key stromal cells and malignant CCA cells [87]. The advantages of

the syngeneic orthotopic rat model include the presence of a tumor microenvironment and
an immunocompetent host. This model can also be combined with bile duct ligation with
resultant cholestasis, hence giving rise to CCA in a background of liver injury. However, the
model does entail abdominal manipulation and consequent surgical risk to the animals (Fig.
2). Another limitation of this model is the absence of de novo CCA development as tumors
arise following implantation of malignant cells. Moreover, as this is a rat model there are
limited reagents available.

Syngeneic orthotopic mouse model of CCA—A syngeneic orthotopic mouse model
would overcome the disadvantage of limited reagents that the rat model poses. Such

a model was recently described [88]; seven malignant mouse cell lines (SB1-7) were
established from tumor nodules derived from a genetic transposon-based model of CCA
(described below) [89]. All seven mouse cell lines can be implanted into the medial lobe of
mouse livers with consequent orthotopic tumor formation [88]. The resulting tumors mimic
histopathologic characteristics of human CCA including desmoplasia, malignant glands, as
well as expression of CK-19 and SRY box 9 (SOX9) [88]. This is a unique mouse model as
it allows genetic manipulation of cells prior to implantation. This model has the potential to
be a valuable tool which can be utilized to enhance our understanding of CCA tumor-stroma
interactions, pathogenesis, and therapeutics.

GENETIC MODELS OF CCA

Genetically engineered models (GEMs) of CCA include transgenic models and transduction
models. Genetic models are an important tool in cancer investigation for elucidating
complex biologic pathways, molecular processes, as well as for studying the role of
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oncogenes and tumor suppressor genes. Indeed, the possibility to generate animal models
which have the potential to recapitulate specific genetic mutation as well as the biochemical,
proteomic and phenotypic features observed in human CCA has enabled important progress
in the understanding of CCA cancer. In these models, tumors develop spontaneously in situ
in an immunocompetent organism with the appropriate tumor microenvironment. Before
the development of Crispr/Cas9 system [90], the most commonly used systems to develop
these models were Cre-Lox, tetracycline-dependent promoter regulation and FLP-mediated
site-specific and spontaneous recombination methods [91-93]. Although genetic models
can be quite informative in terms of elucidating mechanisms, they are not very time
efficient and can be technically challenging and expensive. Moreover, these models may
have uncontrolled pattern expression of the transgenes and their random integration can
induce unexpected results [94].

Transgenic models of CCA

Mothers against decapentaplegic homolog 4 (Smad4)-Phosphatase and tensin
homolog deleted on chromosome 10 (Pten) conditional knockout model—The
Smad4-Pten model, with conditional disruption of both genes using Cre-loxP recombination,
was developed in 2006 by Xu et al. [95]. Smad4 is one of the most frequently mutated tumor
suppressor genes in human CCA. It is a protein activated in response to transforming growth
factor-p (TGF-B) and is involved in the G1-S cell cycle arrest [96]. Smad4 gene expression
is essential for the development of embryonic mice and Smad4 loss is embryonically

lethal [97]. Therefore, to study the impact of Smacd4 deletion, the investigators utilized a
mouse strain carrying a conditional allele of Smad4 (Smad4C°/C) and a tissue specific

Cre expression system using albumin to induce liver-specific Smad4 deletion. Pten deletion
induces constitutive activation of the PI3K/AKT pathway and extracellular signal regulated
protein kinases 1/2 (ERK1/2) hyperphosphorylation, which has an essential role in cell
proliferation and survival [98]. Pten confers a tumor suppressive effect via induction of
G1-S cell cycle arrest [99]. To investigate the effect of liver-specific Srmad4and Pten
deletion, the authors crossed Smad4€?/€0 mice or mice carrying a Pfen conditional allele
(Pten®) with a mouse strain expressing Cre-recombinase under the control of albumin
regulatory elements (Alb-Cre). It should be noted that albumin-Cre is expressed in both
hepatocytes and cholangiocytes during embryogenesis. Smad4 and Pten deletions were
observed in both hepatocytes and cholangiocytes of the Smad4€9/Co/pten©o/Co Alp-Cre
phenotype. Consistently, Smad4 and Pren deletion resulted in bile duct hyperplasia at 2
months of age in these mice, and all animals had tumor development by 4-7 months of age.
Histopathological analysis demonstrated sequential progression from bile ducts dysplasia to
multifocal and invasive CCA. Molecular analyses of this model demonstrated increased
levels of phosphorylated AKT and the downstream targets of the PTEN/PI3K/AKT
pathways including mammalian target of rapamycin (mTOR) and glycogen synthase
kinase-3p. Increased nuclear levels of cyclin D1 and ERK, which plays an important role in
induction of cyclin D1 expression, were also observed. As AKT is activated in a majority

of human CCAs, this model may mimic human disease. However, the authors did note that
this might not be a pure CCA model as an earlier study had demonstrated that liver-specific
disruption of Ptenresults in HCC in the majority of mice at 74-78 weeks of age [100].
Hence, if the Smad4Co/Co/ptenco/Co Alp-Cre mice survived longer, they may have both CCA
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and HCC. In addition, unlike human CCA, the tumors in this model develop in the absence
of a background of chronic liver injury and inflammation. Additionally, no metastases were
noted in these mice.

Kras—Pten model—Mutations activating the proto-oncogene KRAS are some of the

most frequent occurrences in human malignancies, including distal CCA; KRAS mutations
are less frequent in iCCA. Activation of KRAS leads to upregulation of downstream
pathways including the PI3kK/AKT/mTOR pathway and the RaffMEK/ERK pathways, and

is implicated in a myriad of biological processes including cell proliferation, differentiation,
and survival [101]. Accordingly, liver-specific Kras activation and Pren deletion promotes
iCCA in mice [102]. Using the Cre-loxP system, lkenoue et al. introduced an activating
mutation of Kras (LSL-Kras®12D) plus deletion of Pren (PtenX) specifically in hepatocytes
and hepatoblasts by crossing mice carrying a LSL-Kras®22P allele and/or a Pten’X with
Alb-Cre* mice. The Alb-Cre*/1 S -KrasC120/Pten™X mice were referred to as AKPP mice.
At 5 weeks of age, all of the AKPP mice developed abdominal distension secondary to
hepatic enlargement and hemorrhagic ascites as well as jaundice and weight loss, mimicking
symptoms frequently observed in human iCCA. The median survival of AKPP mice was 46
days and at autopsy these mice had multiple tumor nodules with a glandular morphology
and an abundant desmoplastic stroma closely resembling well-differentiated iCCA. The
mice had no evidence of metastatic disease. Immunohistochemical analyses demonstrated
that AKPP mice develop iCCA exclusively whereas A/b-C¢*/L SL -Kras®120*| prepfloxi+
mice which had deletion of only one Pren allele developed hepatocellular dysplasia in the
majority of nodules with some nodules resembling iCCA. This is similar to several other
genetically engineered mouse models which have features of HCC as well as CCA [95,

103, 104]. Mice without Pren deletion developed hepatocellular dysplasia but no features of
CCA, suggesting that Pfenmay play a role in fate determination of hepatotumorigenesis.

As activating Kras gene mutations and PI3K pathway alterations are frequently observed

in human iCCA [105-107], this model recapitulates a subset of human iCCAs. Other
advantages include relatively short duration to tumor development without the need for
highly technical skills. However, this model does occur in the absence of any inflammation
or chronic liver injury, frequent antecedent events in CCA. Additionally, no metastases were
noted in these mice.

Kras-isocitrate dehydrogenase (IDH) model—Gain of function mutations of /DH1
and /DHZ occur in approximately 25% of iCCAs [108-110]. Mutant IDH blocks hepatocyte
differentiation from progenitor cells via suppression of hepatocyte nuclear factor-4a, a
transcriptional regulator of hepatocyte differentiation [111]. Intercrossing of mutant /dh2
(LSL-IDH2R172K) mice with activating Kras mutations, (LSL-KrasC12), and Alb-Cre* mice
resulted in palpable liver tumors in six out of six IDH2R172K/KrasG12D mice at 33-58 weeks
of age [111]. Histopathologic analysis of these tumors confirmed iCCA with positive CK19
staining. Mice had multifocal liver masses as well as peritoneal metastases. In contrast, only
one out of seven KRASG12P mice developed tumor nodules, and only HCC was detected

in these nodules. As KRAS and /DH mutations occur frequently in human CCA, this
genetically engineered model recapitulates a subset of human iCCAs. However, the time to
tumor development was prolonged in these mice.
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Kras®12D_p53L/L model—This model was established by intercrossing A/b-Cre mutants
with KrasGZ2P mice with or without deletion of tumor protein 53 ( 7P53), a tumor
suppressor gene frequently mutated in human cancer [104]. p53is a nuclear DNA-binding
phosphoprotein which can act as a transcriptional activator or repressor and is involved in
the control of cellular response to DNA damage by cell cycle arrest or apoptosis [112]. Mice
with the following genotypes were obtained, Alb-Crel Kras®120, Alb-Crel KrasC120|p53LL,
and Alb-Crel KrasG120 p53L/* Mice with homozygous p53 deletion (A/b-Crel KrasG12D)
p53LL) developed tumors at 9 weeks of age and had a mean survival of 19 weeks. Many

of these mice had cystic fluid lesions, hemorrhagic ascites as well as evidence of tumor
necrosis. Moreover, 75% of tumors displayed adjacent organ invasion or distant metastasis.
Histopathological analysis revealed that overall 83% of the liver tumors had histological
features of iCCAs (66% CCA exclusively, 17% mixed CCA-HCC phenotype, 17% HCC)
[104]. Characterization of the molecular features demonstrated that the A/b-Crel KrasG120)
p53LL mice have activation of the MAPK/MEK and PI3K/AKT pathways, similar to a
subset of human CCAs [107]. This model combines two of the most common genetic
alterations observed in CCA. Moreover, malignant progression of precursor lesions in bile
ducts noted in these animals is similar to human CCA. Notably, unlike several other genetic
models, organ invasion or distal metastasis were present in this model. Nevertheless, this
model does not reproduce the background of chronic liver injury nor the inflammatory and
stromal microenvironment that is present in human CCA. Additionally, this is another model
which is not exclusively a CCA model as 17% of the liver tumors in the Alb-Crel KrasG12D)
p53L/L were consistent with HCC.

p53~~—carbon tetrachloride (CCL,4) model—A frequent disadvantage of GEM CCA
models is the absence of a background of chronic liver injury with fibrosis and inflammation
during CCA development, as this microenvironment plays a major role in the aggressiveness
of this malignancy in humans [113]. To address this issue, Farazi et al. treated mice
harboring a p53 deletion with CCL,4 [114]. CCL,4 is a compound that used to induce liver
fibrosis [115]. The investigators administrated CCL4 three times per week for four months
to p537~ mice. As expected, mice developed fibrosis with cholangiocyte proliferation.
However, cholangiocyte apoptosis was observed only in the mice without a p53 deletion
(p53*”*) and mice with deletion of only one p53allele (p53*/"). Moreover, malignant cells
were observed only in the p537~ mice, appearing shortly after the end of CCL,4 treatment.
This model demonstrates that the loss of p53 expression combined with cholangiocyte
hyperplasia induced by chronic injury is involved in the early phases of CCA carcinogenesis.
CCA was detected in 54% of mice with homozygous p53 deletion and only 18% of mice
with heterozygous p53 deletion, with a shorter tumor latency being observed in the p537~
(29 weeks) compared with p53*~ mice (52 weeks). Moreover, 14% of the p537~ mice
developed metastasis. These findings support an important role for p53 deletion in CCA
development. The toxic chronic liver injury associated with the genetic abnormality in

this model reproduces the human CCA molecular profile with c-met activation, as well as
COX-2 and cErbB2 overexpression. Moreover, the presence of chronic liver injury inducing
fibrosis and inflammation is the strength of this model [113]. The limits of this model reside
in the development of HCC as well as CCA and a relatively long duration of CCL,4 treatment
(4 months).
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ErbB-2A model—ERBB?2 is a receptor tyrosine kinase which induces RAS-ERK and
PI13K-AKTt pathway activation, hence playing a role in cell survival, proliferation and
migration [116]. ERBB2 is frequently overexpressed in human CCA [116]. The expression
of murine erbB2was targeted to epithelial cells using the Bovine Keratin 5 (BK5) promoter
in mice with constitutive expression of £ErbB2 (ErbB-2A transgenic mice) [117]. Gallbladder
adenocarcinoma was observed in 85% of these mice, appearing as early as 2-3 weeks

of age. Mice greater than 4 months of age developed tumors in the adjacent biliary

tract including the common bile duct and intrahepatic bile duct with an incidence of

87% and 30%, respectively. Analyses of the transgene expression showed that both the
gallbladder adenocarcinoma and CCA expressed the transgene. The BK-ErbB-2A mice had
increased COX-2 levels and MAPK pathway activation, similar to human CCA. The main
disadvantage of this model is that it is primarily a model of gallbladder adenocarcinoma
rather than CCA. Moreover, CCA tumor development required a longer duration as it was
noted only in mice older than 4 months of age.

Notch1l model—Notch is a major protein regulator of mammalian hepatic cell fate. The
Notch signaling pathway has been implicated in the development and proliferation of the
biliary tree during the embryonic period [118]. Accordingly, aberrations in the pathway
are associated with CCA carcinogenesis [119]. Zender et al. developed a transgenic mouse
model with constitutive Notch expression in liver tissue. A transgenic mouse with tissue-
specific overexpression of the intracellular domain of Notch 1 (NICD) (Rosa26/Notch1C)
was crossed with A/b-Cre mice for liver-specific expression [119]. Epithelial cells with
features of hepatocyte and cholangiocyte differentiation were noted in livers of mice

at 7 months of age. Changes in nuclear morphology were observed in primarily liver
tissues from the Notch1C:AlbCre mice at 8 months of age. Xenotransplantation of these
altered cells into flanks of immunodeficient mice resulted in formation of tumors with
histopathologic features of human iCCAs including a desmoplastic stroma and CK7 and
CK17 expression. These findings suggest that NICD expression in hepatic progenitor cells
promotes differentiation of these cells towards a biliary lineage with prolonged NICD
expression contributing to malignant transformation. However, given the high plasticity

of these cells, the authors did not exclude that tumors have features of HCC or mixed
CCA-HCC phenotype. The investigators also demonstrated that Notch induces cyclin E
promoter activation leading to cyclin E expression and DNA instability, features found in
human CCA [120-122].

Transduction models of CCA

NICD-AKT Model—In a subsequent study, Fan et al. further investigated the ability of the
Notch pathway to convert hepatocytes into CCA cells. NOTCH signaling in the liver was
activated via stable overexpression of NICD and plasmids for sleeping beauty transposase-
mediated transgene integration to livers of mice were delivered by hydrodynamic tail vein
injection with resultant tumor development in 100% of mice [123]. By 20 weeks after
injection, cystic cholangiocellular tumors resembling human biliary cystadenomas were
observed. As AKT overexpression is a frequent occurrence in human CCA, the investigators
next injected the NICD plasmid with an AKT plasmid using hydrodynamic tail vein
injection. At 3.5 week following injection, these mice developed cyst-like lesion on the
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liver surface. However, microscopic analyses revealed that malignant cells were detected

as early as 1.5 weeks after injection. The lesions continued to grow and replaced most of

the liver tissue by 5 weeks following injection. Additional signs of malignancy such as
necrosis, strong mitotic activity and tissue invasion (features found in human iCCA) were
also observed. These findings suggest that NOTCH and AKT signaling pathways collaborate
to promote hepatocytes transformation to iCCA.

AKT/YAP model—A subsequent murine oncogene transduction model featured in situ
tumor development from the biliary tract using biliary instillation of oncogenes. Mouse
Aktand human yes-associated protein ( YAP) were the oncogenes used to transduce the
biliary epithelium. YAP is a transcriptional co-activator which has been implicated in liver
carcinogenesis [124, 125]. Mouse constitutively active, myristoylated Afand human YAP
were instilled in the biliary tree of wild type C57BL/6 mice using a surgical approach

(Fig. 3). During the surgery, the biliary duct draining the left lobe of the liver was ligated
to allow retention of the transduction oncogenes within the lobe. For three consecutive
days postoperatively, animals received intraperitoneal injections of interleukin-33 (IL-33).
IL-33 is a potent biliary mitogen which promotes cholangiocyte proliferation [126] and has
been implicated in liver fibrosis and inflammation [127]. Tumor development was noted
beginning at week 6. Ten weeks following the surgery, tumors were noted in 72% of

mice which received transduction of both oncogenes and systemic IL-33 administration.

In contrast, tumors were present in only 20% of mice which were transduced with

both oncogenes but did not receive systemic 1L-33 indicating that IL-33 is essential

for tumor development [89]. Morphologic and phenotypic analysis indicated that these
tumors recapitulate human CCA with features such as hyperplasia of irregular glands,
pancytokeratin and SOX9 expression, abundant a.-SMA positive myofibroblasts and a
common profile of gene expression between human CCA and this model. Mechanistic
studies demonstrated that IL-33 enhances I1L-6 expression in human cholangiocytes and
facilitates tumor development by an IL-6 sensitive process. This is a robust model which is
time efficient and CCA arises in situ from the biliary epithelium. The model recapitulates
many features of the human disease including a desmoplastic stroma and alterations in
signaling pathways known to be implicated in CCA genesis. However, the model does
require considerable technical skill. Nonetheless, it should serve as an invaluable tool for the
study of novel therapeutic agents for the treatment of this lethal cancer.

CONCLUSION AND FUTURE DIRECTIONS

Animal models are essential tools in cancer research that permit the study of cancer biology
and novel therapeutic agents. Historically, animal models of CCA were carcinogen based
or xenograft models. Carcinogen based models are not specific for CCA development

as various carcinogens can give rise to other tumor types. Xenograft models with
xenotransplantation of CCA cell lines develop in a species mismatched immunodeficient
host. A syngeneic orthotopic transplantation model in rats overcame these shortcomings.
However, the primary limitation of this model was that there are fewer reagents for rats
than there are for mice. There are several transgenic mouse models which can be quite
informative in terms of elucidating mechanisms. However, these models are not very time
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efficient, can be technically challenging and expensive. In a recently developed transduction
model in which oncogenes (AKT/YAP) are instilled directly into the biliary tree [89],
tumors arise from the biliary tract in immunocompetent hosts with species-matched tumor
microenvironment. This model is time efficient and closely mimics features of human CCA.
Malignant cell lines derived from these tumors can in turn be implanted into mice resulting
in a unique syngeneic orthotopic mouse model of CCA that overcomes the shortcomings of
the orthotopic rat model. The vast majority of available CCA models are those of iCCA.
PDX models can allow the study of pPCCA/dCCA, however, there remains the issue of
species mismatch as these are xenografts. As the majority of CCAs are pCCA/dCCA there is
a need to develop specific animal models for these subtypes.

Abbreviations

a-SMA a-smooth muscle actin
AFAP1-AS1 actin filament associated protein 1 antisense RNA1
BK5 bovine keratin 5
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DNMT-1 DNA methyltransferase-1
EGCG epigallocatechin-gallate
ERK1/2 extracellular signal regulated protein kinases 1/2
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HCC hepatocellular carcinoma

iCCA intrahepatic cholangiocarcinoma
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Animal Models of Cholangiocarcinoma Highlights
. Animal models of CCA are essential to understand the human disease
. Ideal model would be in immunocompetent host, time-efficient, and mimic
human CCA
. Transgenic CCA models help elucidate mechanisms

. Vast majority of available CCA models are those of iCCA

. PDX models can allow study of pCCA/dCCA but are in
immunocompromised host
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- Technically facile
- Monitoring of tumor
progression feasible

subcutaneous
- CCAcell lines implantation
- Organoids
- Patient-derived tumors
Strengths: Weaknesses:
- Reproducible - Absence of tumor microenvironment

- Immunodeficient host
- Species mismatched

Figure 1. Xenograft heterotopic models of CCA
Schematic diagram depicting heterotopic implantation of CCA cell lines, organoids, or

patient-derived tumors in mice, and the strengths and weaknesses of this model.
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- BDEneu cell: malignant rat cholangiocyte cell line |  implantation
- SB cell: mouse CCA cell line

liver

Strengths: Weaknesses:

- Presence of tumor microenvironment - Abdominal manipulation

- Immunocompetent host - Surgical risk

- Quick tumor development - Monitoring of tumor progression
difficult

Figure 2. Syngeneic orthotopic models of CCA
Schematic diagram depicting implantation of malignant rat or mouse CCA cells into mouse

livers, and the strengths and weaknesses of this model.
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Figure 3. AKT/YAP BDL model
(A) Schematic diagram depicting a transposon-transposase transduction system. The

transposon carrying the oncogene is cotransfected with the transposase. When transduced
into the same cell, the transposase excises the target oncogene, allowing its incorporation
into the host cells genome. (B) Schematic diagram depicting the surgical approach utilized
in the AKT-YAP biliary transduction model [89].
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Table 1
Ideal Characteristics of an Animal Model Of CCA.

« Originates in an immunocompetent host
O Optimally from the biliary tract

O Time-efficient tumor development

« Genetic aberrations similar to a subset of human CCA

O Comparison to The Cancer Genome Atlas CCA (TCGA-Chol) database [128]

« Phenotypic Expression of Markers Widely Expressed in Human CCA
O SOX9
OCK-7 and CK-19

« Desmoplastic Syngeneic Stroma
O Myofibroblast
O Tumor Associated Macrophages

O T-cells

» Mimics an Anatomic Subset of Human CCA
O Intrahepatic CCA
O Perihilar CCA
O Distal CCA

« Metastatic Phenotype
O Lymph nodes

O Peritoneum & Mesentery
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Evaluation of Animal Models of CCA.

* Anatomic Localization within the Liver
O Liver parenchyma and/or large bile ducts
O Metastasis

« Liver Injury/Dysfunction

O AST, ALT, Serum bilirubin levels

« Histopathologic Characterization
OH&E
O IHC for SOX9, CK-7, and CK-19

» Genetic Characterization

ORNA-Seq

O Mate pair sequencing for chromosomal instability

« Animal Consequences
O Metastasis

O Survival

Table 2

Page 28

ALT, alanine aminotransferase; AST, aspartate aminotransferase; H&E, hematoxylin and eosin; IHC, immunohistochemistry; RNA-Seq, RNA

sequencing
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Xenograft models of CCA using CCA cells.

Table 3

Page 29

Xenotransplantation Model

Study Findings

Study

Injection of 3x108 Mz-ChA-1 cells +/- GABA intratumoral
injection

GABA inhibits CCA growth in vivo

Favaetal., [47]

Injection of 3x106 Mz-IL-6 cells

IL-6 overexpression increases CCA xenograft
tumor growth

Meng et al., [53]

Injection of 2x108 QBC939 cells +/- magnetic nanoparticle
injections

Magnetic nanoparticles inhibit CCA tumor
growth

Tang et al., [61]

Injection of 5x106 Sk-ChA-1 cells +/- intratumoral tamoxifen
injection

Intratumoral tamoxifen injections decrease
CCA growth

Pawar et al., [57]

Injection of 5x108 Mz-ChA-1 cells +/- green tea polyphenol
EGCG i.p injection

EGCG decreases CCA tumor growth and
increases tumor sensitivity to gemcitabine

Lang etal., [52]

Injection of 5x108 Mz-ChA-1 cells expressing 11-6

Overexpression of 11-6 increases DNMT-1
expression in CCA

Braconi et al., [45]

Injection of 5x108 Mz-ChA-1 cells +/- resveratrol i.p injection

Resveratrol decreases Cyplbl expression in
CCA tumors

Frampton et al., [48]

Injection of 5x10% Mz-ChA-1 cells +/- intratumoral anti-NYP
antibody injection

NPY decreases CCA tumor growth

DeMorrow et al., [46]

Injection of 2x108 QBC939 cells +/- wortmannin i.p injection
or +/- AdSi-beclin intratumor injection

Treatment with an autophagy inhibitor or
knockdown of beclin-1 suppressed CCA
xenograft tumor growth

Hou et al., [49]

Injection of M139 CypA-silenced CCA cell lines

CypA silencing decreases CCA xenograft
tumor growth

Obchoei et al., [55]

Injection of HUCCT1 cell line overexpressing miR494

miR494 decreases CCA xenograft tumor
growth

Olaru et al., [56]

Injection of 1,5x108 CCLP1 cells +/- miR26-a overexpression

miR-26a overexpression increases in vivo
CCA tumor growth

Zhang et al., [62]

Injection of 2x106 HUCCT-1 cells +/- WTAP-over or siWTAP

WTAP overexpression increases CCA tumor
growth in an orthotopic xenograft model;
WTAP knockdown decreases CCA tumor
growth

Joetal, [51]

Injection of 3x108 CCLP1 cells +/- miR92a or miR-17-92

miR-19a overexpression induces CCA tumor
growth in vivo

Zhu et al., [64]

Injection of 1x107 QBC939 cells +/- intratumoral rapamycin/
salubrinal injection

Salubrinal with rapamycin has a synergistic
antitumor effect in CCA

Zhao et al., [63]

Injection of 1x108 EGI1 cells +/- 1x107 Lent-SOX17
intratumoral injection

SOX17 overexpression decreases CCA
xenograft tumor growth

Merino-Azpitarte et al.,
[54]

Injection of 5x106 HUCCT-1 cells +/-SC-43 gavage
administration

SC-43 induces apoptosis in CCA via the
SHP-1/STAT3 signaling pathway

Huetal., [50]

Injection of 2x10% RBE cells +/- NRP-1 depletion

NRP- 1 depletion reduces tumor growth and
metastasis

Zhu et al., [65]

Injection of 3x108 HUCCT-1 cells +/- telmisartan i.p injection

Telmisartan inhibits tumor growth in CCA

Samukawa et al., [58]

Injection of 1x107 RBE cells +/- sShPTHLHx

Loss of PTHLH suppresses CCA
tumorigenesis

Tang et al., [60]

Injection of 2x108 TFK-1 or HUCCT-1 cells +/- SiAFAP1-AS1

AFAP1-ASL1 is oncogenic in CCA

Shietal., [59]
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