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Abstract

Hepatocellular carcinoma and cholangiocarcinoma are primary liver cancers, both represent a
growing challenge for clinicians due to their increasing morbidity and mortality.

In the last few years a number of /in vivo models of hepatocellular carcinoma and
cholangiocarcinoma have been developed. The study of these models is providing a significant
contribution in unveiling the pathophysiology of primary liver malignancies. They are also
fundamental tools to evaluate newly designed molecules to be tested as new potential therapeutic
agents in a pre-clinical set. Technical aspects of each model are critical steps, and they should
always be considered in order to appropriately interpret the findings of a study or its planning.

The purpose of this review is to describe the technical and experimental features of the most
significant rodent models, highlighting similarities or differences between the corresponding
human diseases. The first part is dedicated to the discussion of models of hepatocellular
carcinoma, developed using toxic agents, or through dietary or genetic manipulations. In the
second we will address models of cholangiocarcinoma developed in rats or mice by toxin
administration, genetic manipulation and/or bile duct incannulation or surgery. Xenograft or
syngenic models are also proposed.
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1. Introduction

Hepatocellular carcinoma (HCC) and cholangiocarcinoma (CCA) are primary liver cancers,
both represent a growing challenge for clinicians due to their increasing morbidity and
mortality.

HCC is the sixth most common cancer in the world, with 630,000 new cases diagnosed each
year [1]. The clinical history of approximately 80% of HCC patients progresses from
fibrosis, to cirrhosis and finally to cancer [2,3]. The three main causes of HCC are HBV and
HCV infections and alcohol-induced liver injury. Less frequent causes are some
autoimmune and metabolic diseases (starting from non-alcoholic fatty liver disease
(NAFLD) and nonalcoholic steatohepatitis (NASH)). An additional rarer cause of liver
carcinogenesis, especially in African and Asian Countries, is represented by aflatoxin B1
(AFB) [4]. The mechanisms by which these aetiologic factors may induce HCC involve a
wide range of pathways and molecules, currently under study.

CCA arises as a malignant transformation of cholangiocytes, the epithelial cells lining the
intra- and extrahepatic biliary epithelium. CCA is an aggressive disease, with increasing
incidence in Western countries [5]; currently approximately 6000 new cases of CCA are
diagnosed in the United States each year [6]. Diagnosis is often made when the disease is
already in its late stages. The therapeutic options (medical or surgical) are limited, which
results in a poor prognosis. The vast majority of the patients die within a few months from
diagnosis [5,7].

The pathophysiology of CCA is poorly understood. The known definite or probable risk
factors [such as Primary Sclerosing Cholangitis, liver fluke infections, hepatolithiasis or
chronic hepatitis C, cirrhosis and toxins) share the common feature of inducing chronic
cholestasis and biliary and/or liver inflammation [5,7]. Thus, the development of animal
models for better understanding the aetiology of these deadly cancers is essential. Over the
last years a broad number of /n vivo models of HCC and CCA have been developed. The
studyof these models are providing a significant contribution to unveiling the
pathophysiology of primary liver malignancies. These models are also fundamental tools to
evaluate newly designed molecules to be tested as new potential therapeutic agents in a pre-
clinical set.

Because of the short lifespan and breeding capacity, rodents are widely employed for cancer
research. Rats (Rattus norvegicus) or mice (Mus musculus) have also been favourite models
for studying both HCC and CCA development. Mice are widely used to define the role of
genetic modification through the use of knock or transgenic models, also because these
models are easier to be handle.

The purpose of this review is to describe the technical and experimental features of the most
significant rodent models, highlighting similarities or differences between the corresponding
human diseases. For clarity, animal models were given specific names, in order to facilitate
interpretation by readers.

2. Experimental models of HCC

2.1. Chemotoxic agents

Several chemicals damage the liver and induce progression and development of tumours
(Table 1). Based on current literature, there are two types of carcinogenic compounds: (i)
genotoxic agents that directly induce tumour formation and (ii) promoting agents that
enhance tumour formation when in association with genotoxic agents [8]. The treatment
with a tumour-promoting agents facilitates the clonal expansion of the preneoplastic cells,
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therefore enhancing both tumour development and its aggressiveness. The main advantage
of chemically induced models is the similarity with the injury—fibrosis—malignancy cycle
seen in humans.

2.1.1. The “N-nitrosodiethylamine” model—This model of HCC is developed by
administering N-nitrosodiethylamine (DEN) to mice [9,10]. The carcinogenetic activity of
DEN is exerted in two different ways: (i) by alkylating DNA structures thus causing DNA
damage and subsequent cell degeneration and (ii) by inducing reactive oxygen species
(ROS) formation through the activation of the cytochrome P450 in hepatocytes [11,12]. The
DEN model has specific characteristics: (i) dose dependency; (ii) timing of the
administration; (iii) sex-, age- and mice strain-related efficacy; and (iv) possible association
with the simultaneous administration of promoting agents (Table 1) [13—-17]. Administration
of DEN, in a single dose to 15-day-old mice, leads to tumour development in 80% of cases,
while a 100% success rate in tumour formation is obtained with long term DEN
administration [18,19].

Among the promoting agents, phenobarbital (PB) needs to be taken into consideration. The
effects of PB promotion on DEN-initiated mice also vary considerably depending upon
strain, sex and age of the mice. Timing of initiation with DEN is a critical determinant:
when adult male B6C3F1 mice are initiated with DEN between 6 and 10 weeks of age
followed by exposure to PB in drinking water for 36 weeks, PB serves as a tumour
promoting agent [20,21].

Another “two-step” hepatocarcinogenesis model is known as the Solt-Farber protocol [22].
In this model, initiation with a hepato-carcinogenic compound (DEN) is followed by partial
hepatectomy (PH) [23].

The main limit of the DEN model is the long duration of the experiments, the average time
being 50 weeks for HCC development. Specifically, in the different chemotoxic models, a
single dose of DEN is simple and reproducible: although the incidence of tumour
development is less than 100%, the single dose administration exposes the animals to a
reduced external effect and the mechanism is more similar to a pathophysiological
progression. The long-term protocols have the advantage of inducing tumour formation in a
higher percentage of cases, however, the model is influenced by the multiple DEN
injections. Promoting agents such as PB may induce a higher rate of carcinogenesis, but the
characteristics of the tumour are slightly modified in addition to a significantly reduced
reproducibility of the model itself [24,25]. Finally, the PH-method is based on a difficult
surgical technique and, therefore, is an operator-dependent feature and less reproducible.

2.1.2. The “peroxisome proliferators” model—The peroxisome proliferator-activated
receptors (PPARSs) are nuclear receptors that bind to fatty acid-derived ligands and activate
the transcription of genes that regulate lipid metabolism [26,27]. PPARs ligand activates
peroxisomal oxidase and induces ROS formation, thus promoting HCC-development
[28,29]. This experimental model has specific characteristics such as the trabecular
histological pattern, metastasis in 20-40% of cases and possible induction of gene mutations
[30]. However, caution should be used in the extrapolation to the human disease, since the
PPs induced hepatocarcinogenesis might be a species-specific process and PP models do not
have much in common with human HCCs from a genetic point of view.

2.1.3. The “aflatoxin” model—A limited number of studies employed aflatoxin
exposure to both mice and rats to study HCC formation. The hepatotoxin AFB is mainly
produced by certain fungi of the Aspergillus genus, such as Aspergillus flavum, and exerts
carcinogenic activity. In China and Western Africa, the combined high prevalence of AFB
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and HBV contributes to high rates of HCC [31]. Carcinogenic activity of AFB is strictly
related to the induction of chromosomal aberrations, chromosomal strand breaks, DNA-
adducts generation, micronuclei and uncontrolled DNA synthesis [32]. This model has been
used in both mice and rats [33]. HCC development in 7-day-old mice, injected with 6 mg/kg
of AFB, is obtained after 52 weeks with a success rate of almost 100% [34]. Experimental
models involving AFB administration are useful to evaluate the mechanisms involved in
AFB-induced hepatocarcinogenesis, yet limited to the specific cases in which the
mechanisms of AFB-induced HCC need to be elucidated.

2.1.4. The “carbon tetrachloride” model—An important chemotoxin, when
administered to mice or rats, is carbon tetrachloride (CCly) [35]. The hepatotoxicity of CCly
is mainly exerted in two different levels: first, CCI4 induction of cytochrome P450 and the
consequent increased formation of ROS, and [36,37] induction of inflammatory response by
Kupffer cells through production of cytokines, chemokines and other proinflammatory
factors [38]. The repeated cycles of injury, inflammation and repair lead to fibrosis and
eventually HCC. Several studies have mostly used CCly, in association with other agents
such as alcohol: weekly injections of CCl, and alcohol administration through drinking
water lead to HCC after 104 weeks in mice [35,38,39]. Other studies used CCly
administration in rats leading to a 30% efficacy in HCC formation after 30 weeks [40].

2.2. Diet-induced HCC models

Studies have shown that HCC development can be achieved by the administration of a
choline deficient diet (CDD). This diet was originally developed to induce steatohepatitis,
fibrosis and cirrhosis in mice and rats [41,42]. More recently, it has been observed that mice
subjected to CDD develop HCC after 50-52 weeks [41]. Similarly, rats on a CDD develop
tumours in a significant percentage of cases. The main mechanisms related to HCC
development in CDD-treated animals are related to the stimulation of oval cells, leading to
an increased oxidative stress, DNA damage and genetic mutations or modifications.

The effects of CDD have been evaluated in association with the administration of
chemotoxic compounds such as DEN or CCl, [43]. Ethionine supplementation to CDD
enhances oval cell stimulation increasing carcinogenetic potential [44,45]. Similarly,
combining the CDD and DEN models induces HCC faster than CDD alone, while
maintaining the specific features of the diet-induced liver injury, namely steatosis and
inflammation [43]. In a similar fashion, the CDD has been employed in association with
CCly or alcohol, resulting in increased number and size of liver tumours [43]. A small
variation of the CDD is represented by the choline-deficient and iron-supplemented .-amino
acid-defined (CDAA) diet that mimics the same effect of the CDD in a shorter time frame
(Fig. 1) [42,46].

2.3. The “TAA” model

An additional model used in the study of HCC is thioacetamide (TAA) administration, TAA
is a hepatotoxin that can be administered either in drinking water (0.02-0.05%) or by
intraperitoneal (IP) injections. Several studies have shown that repeated administration of
TAA leads to fibrosis in mice over a period of 10-15 weeks. The main carcinogenetic effect
of TAA is related to oxidative stress formation. Increased levels of ROS in the liver
progressively lead to DNA damage and HCC development [47].

2.4. Xenograft models

Xenograft tumours grow rapidly, as a consequence of cancer cell replication, collagen
deposition and neo-angiogenesis. The major advantages of this model are the rapid induction
and easy surveillance of tumour growth, with direct nodule measurement over time [48]. In
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xenograft models, tumours are induced by injecting human cancer cells in immune deficient
mice, such as athymic (nude) or severe combined immune deficient (SCID) mice [49]. The
main xenograft models are: (i) the ectopic model, in which human cancer cells are directly
injected subcutaneously in the hind flanks of mice and (ii) the orthotopic model, in which
tumour cells are injected directly into the mouse liver. The orthotopic model allows a better
understanding of the metastatic spread of the tumour [50].

Concerning the ectopic model, different cell lines are often used for chemotherapeutic drug
screening with common chemotherapeutic agents. However, significant differences in
tumour growth inhibition are present in literature [51,52].

An interesting and more reproducible setup consists of orthotopic implantations of HCC
cells in fibrotic livers [53]. Using a fibrotic liver model, the authors demonstrated the faster
development of tumours and their higher capacity to metastasize and form satellite nodules
[54].

In summary, the main advantage of the present model is related to the short time span
occurring between injection and tumour development. However, the pathophysiological
processes associated with tumour development are completely related to the model and do
not resemble the main changes observed in humans. Thus, the xenograft model is commonly
used and is important for the study of drug reactions and tumour characteristics, but cannot
be used to mimic human tumour development [55].

An additional method used for the study of cancer is the “hollow fibre assay (HFA)” [56]. In
this model, tumour cell lines are inoculated into hollow (1 mm internal diameter)
polyvinylidene fluoride fibres that are heat-sealed and cut at 2 cm intervals [57]. After 24—
48 h of culture /n vitro, multiple fibres may be implanted in athymic mice, subcutaneously
or intraperitoneally. The main advantage of this method, in comparison to the other
xenograft models is represented by the possibility of testing multiple cells lines in a single
mouse [58].

2.5. Genetically modified models

Genetically modified mouse models (GMMs) have the ability to mimic pathophysiological
and molecular features of HCC [59]. This approach represents the best tool to test the effects
of oncogenes in the presence or absence of carcinogenic agents. GMMs may be further
improved by using cDNA constructs containing a promoter able to target a specific cell
type; this condition may allow the generation of tissue-specific expression of special genes
[60]. Mice with albumin promoter are often used in this field.

Rather than constitutive tissue-specific deleted expression of genes, an alternative model
could be represented by the induction of specific genes, the so-called transgenic mice. This
approach allows the study of the role of several oncogenes in tumour maintenance. Several
transgenic mice models are found in the literature on HCC (Table 2). Of these it is important
to consider the transgenic mice models expressing viral genes for hepatitis.

Among the viral models, most of the HBV-related transgenic animals express the HBx
genes, showing HCC development after 52—104 weeks [61-63]. In HCV-models transgenic
mice, expressing core E1 and E2 structural proteins, develop HCC after 60 weeks [64]. The
addition of DEN injections accelerated HCC development to only 32 weeks [65].

Other mouse models of HCC have been generated from transgenic mice expressing
oncogenes [66], such as c-Myc, p-catenin, or from mice with mutation/deletion of several
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genes: PDGF, TGFB1, NEMO, TAK1, alpha-1 antitrypsin and PTEN (tumour suppressor
gene that regulates the PKB/akt pathway) [67-71].

Among these models, an important contribution to cancer research has been the PTEN-
deficient mice [19,72-74]. Liver-specific PTEN-deficient mice develop HCC after 40-44
weeks, in addition to hepatic steatosis, inflammation and fibrosis [75].

3. Experimental models of CCA
3.1. Rat models of CCA

3.1.1. The “syngenic” model—The syngenic model of CCA was proposed by Sirica et
al. [76] and consists of the intra-hepatic implantation of cells from a rat-derived CCA cell
line (BDEneu) into Fisher 344 rats. This approach yielded tumour formation in 100% of the
injected animals, with a high level of consistency of tumoural mass after 20-22 days from
the inoculation (Table 3). The course of tumour development showed an exponential trend,
being greater at 25-26 days than at 15-16 days after cell inoculation. Significant increases in
bilirubin serum levels were observed. Intrahepatic growth of the tumours was also paralleled
by a concomitant development of peritoneal metastases and by a progressive reduction of
body weight.

The authors also proposed a slightly different model, in which BDEneu cells were implanted
in the liver after having subjected the animal to common bile duct ligation (BDL). After 21
days, tumour growth was found to be significantly greater than that observed in animals not
subjected to BDL. Extra-hepatic, peritoneal tumoural nodules were found in animals
injected with BDEneu cells and subjected to BDL, but not in animals injected with cells and
sham operated.

The current model has the advantage of employing cells that show biological features
similar to the ones observed in human disease, such as TRAIL expression, COX-2 over
expression and ERK1/2 hyper-phosphorylation [7,76-78]. In addition, and in accordance
with human CCA, the model is associated with biliary obstruction, by which tumour
development is further increased, and with progressive body weight loss.

From an experimental point of view, the model has two advantages: (i) tumour nodules
develop consistently and (ii) within a short period of time (Table 3). These features make
this model suitable for testing novel therapeutic molecules in pre-clinical studies.

Consistently, using this model, sorafenib was shown to reduce CCA growth. Sorafenib
treatment produced a significant reduction in tumoural liver invasion, with complete
regression in 22% of the treated animals [79].

More recently, BDEneu cell implanted rats were treated with JP1584, a small-molecule
second mitochondria-derived activator of caspase (smac) mimetic [78], which resulted in a
significant reduction in peritoneal metastatization, as compared to vehicle treated ones [78].

The limits of this model reside in the absence of de novo CCA development and the
implantation of malignant cells in the absence of chronic biliary/liver injury, which differs
from human disease. From an experimental point of view, the model requires abdominal
manipulation and left bile duct incannulation, thus possibly altering the cytokine milieu
within the liver and limiting its extensive employment in larger numbers. This model has
been developed in rats, but probably has limited applications for pathophysiological studies
in transgenic animals.
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3.1.2. The “thioacetamide” model—Administration of TAA in rodents is a commonly
used model for the induction of liver fibrosis and cirrhosis [47]. Over two decades ago,
however, it was observed that oral feeding of rats with TAA caused biliary dysplasia and
CCA [80,81]. Since then, the TAA rat model of CCA has been the one most studied and
employed. TAA is given in drinking water, at a standard dose of 0.03%; this, in time,
induces progressive weight loss, liver injury and fibrosis [81-84]. By the 9th week, foci of
cholangiocyte proliferation and dysplasia can be detected and, by the 12th week, microfoci
of cancerous cells develop [81,83,84]. Whitish, visible CCA tumours are observed from the
16th week of treatment, with the incidence of larger and invasive tumours increasing
progressively to 100% of the animals by the 24th week (Fig. 2A) [81,83-86]. This CCA
developmental path was independent from the rat strain (Table 3) [81,83-86]. Animal
mortality is virtually null [81,83-86], with some experiments carried on for up to 40 weeks
[87]. At 24 weeks, lung metastases can be detected (Fig. 2A) [86]; intra-hepatic CAA
nodules persist even after TAA discontinuation at least for a period of observation of 8
weeks [86].

There have been attempts to modify the above-mentioned protocol by increasing the daily
dose of TAA. Al-Bader et al., in a dose-response study, observed the anticipation of the
development of CCA to weeks 11-13 if TAA was increased by 0.05-0.1%, whereas high
mortality, before CCA development, was seen in animals receiving 0.15% TAA [82]. More
recently, these data were confirmed by Mansuroglu et al., who showed the consistent
development of CCA nodules in 100% of the animals in 18 weeks in 0.05% TAA treated
rats [88].

The TAA model reproduces several features of human CCA, such as the association with
chronic liver injury and fibrosis, the intense tumoural desmoplastic reaction and, most
importantly, the persistent inflammation of liver parenchyma and bile ducts (Fig. 2B) [5,7].
The molecular phenotype of malignant cells in this model is similar to that of human
disease, being positive for COX-2, EGFR, MUC1, MMP-2, MMP-9, c-Met, c-erb-B2, c-Kit
and oestrogen receptors [83,84,87,88].

From an experimental point of view, the model has the advantage of requiring any
abdominal manipulation or surgery; in addition, the simple TAA-enriched water induces a
consistent development of CCA nodules. As a confirmation of its reproducibility and
feasibility, this model has been employed in several pre-clinical studies in order to test novel
diagnostic or therapeutic approaches for CCA. [18F]fluoro-2-deoxyglucose, a positron
emission tomography tracer, accumulates in TAA-induced CCA and it is able to distinguish
tumoural nodules from liver cirrhosis [89,90]. Administration of an oestrogen receptor-p
selective agonists inhibits TAA-induced CCA development and reduces its progression after
tumour full establishment [86].

The major limit of this model is that it is currently standardized only in rats. Besides the
handling and care issues, the animals' marked increase in size and weight after 16—-24 weeks
of treatment implies the employment of greater amounts of compounds to be tested as novel
therapeutic tools, especially when compared to mice. The limited availability of rats with
genetic knock down of specific genes hampers the chances of studying the specific role of
molecules involved in CCA pathophysiology.

3.2. Mouse models of CCA

3.2.1. The “Smad4-Pten knock out” model—The “Smad4-Pten knock out” mouse
model of CCA was proposed by Xu et al. [91]. The authors used an elegant approach, the
conditional disruption of both Smad4 and Pten, using the Cre-loxP. They crossbred mice
carrying the Smad4 conditional allele (Smad4<?) and/or the Pten conditional allele (Pten<?),
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which were then crossed with albumin-Cre mice (A/b-Cre). Hyperplastic foci of the biliary
epithelium were observed at 2—-3 months of age in the so generated

Smad4 €9 CoptenCdCoA/p-Cre mice. Full and consistent development of CCA was observed
in all the animals at 4-7 months of age, followed by a progressive increase of tumoural
intra-hepatic nodules (Table 3).

This model is of major relevance for the understanding of the genetic and molecular
mechanisms underlying disease development. SMADA4 is a tumour suppressor gene
frequently altered in CCA [92]. PTEN (phosphatase and tensin homolog deleted
chromosome 10) has been involved in the pathogenesis of several cancers [93]. PTEN loss
induces a constitutive activation of the pro-proliferative and anti-apoptotic PI3K pathway,
known to play a major role in human CCA development [77,94,95]. As a confirmation,
tumoural cells of the Smad4 9 CoptenCCoA p-Cre mice were found to have ERK1/2
hyperphosphorylation, nuclear overexpression of cyclin D1, AKT hyperphosphorylation and
nuclear translocation. This led the authors to investigate human CCA samples, finding
PTEN inactivation by epigenetic modification and loss of expression of SMAD in 71% and
48% (respectively) of the phosphorylated-AKT positive tumours. Another point in favour of
this model is that it allows the consistent development of tumours already at 4-5 months of
age, without any further manipulation.

The limitations of this model reside in the absence of chronic liver injury and inflammation,
the absence of metastases (even in older animals) and the concomitant development of
tumours of the salivary glands, although in a limited number of mice. Another aspect of the
study, is the utilization of the A/b-Cre mice, as a mean for delivering conditional gene knock
out. By crossing these mice with Rosa-26, the authors observed that the Cre-mediated
recombination was detected not only, as expected, in hepatocytes but also in cholangiocytes,
thus justifying the knock down of Smad4 and Pten in cholangiocytes as well. However,
recent studies showed that in conditional knock-out in A/b-Cre mice is highly specific for
hepatocytes, being minimal in other liver cells [96,97]. How hepatocyte specific mutations
may contribute to CCA development remains thus to be understood.

3.2.2. The “p53 knock out-carbon tetrachloride” model—This model was proposed
by Farazi et al. [98], and consisted of CCl, administration three times per week for 4 months
to p53 knockout mice. Mutations of the p53 gene are frequent genomic alterations observed
in human intra-hepatic CCA (IH-CCA) [5,99-101]. As expected, mice developed
progressive liver injury and fibrosis, with associated bile duct proliferation. At early time
points cholangiocyte death by apoptosis was observed only in p53+/+ and +/— mice, but not
in —/- mice. Cytological abnormalities and, shortly after the end of CCl4 administration, foci
of early carcinoma were detected only in p53—/- animals.

A cohort of mice was followed up for a longer term after the end of CCl, administration. In
time, fully developed IH-CCA nodules became detectable. Tumours were formed by
deranged, infiltrating CK-19-positive ducts and tubules with a dense collagenous stroma.
The p53 genotype had a major impact on tumour development: IH-CCA was detected only
in p53-/- and +/- mice (54% and 18%, respectively), with a consistent reduction of tumour
latency (29 weeks for —/— mice and 52 weeks for +/- mice) (Table 3).

From a pathophysiological point of view, the positive aspect of this model is that of
combining a genetic susceptibility with a toxic chronic liver injury, a condition postulated to
be similar to that leading to CCA development in humans [5]. As confirmation, tumoural
nodules showed iNOS, COX-2, c-Met and cErbB2 positive malignant cholangiocytes
[7,102-104]. From an experimental point of view, the model is limited by the length of time
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needed for tumours establishment (29-52 weeks) and by the lack of consistency in IH-CCA
development.

3.2.3. The “xenograft” model—The first application of this model in the study of CCA
was in 1985, when a cell line derived from a human CCA metastasis was injected
subcutaneously into the flank of nude mice [105]. Detectable changes in tumour size in
different experimental sets begin after 2 weeks from cell implantation (Fig. 2C), with studies
following up to 11 weeks (Table 3). Besides patho-physiological studies [106-113], this
model is suitable for testing the efficacy of novel therapeutic approaches for CCA.
Molecules like tannic acid, resveratrol, caffeic acid, anandamide, tamoxifen, felodipine,
melatonin, and clobenpropit were shown to inhibit CCA xenograft tumour growth as did
hematoporphyrin derivative-mediated photodynamic therapy, and oncolytic gene therapy,
[114-126]. Similarly, targeting CCA cells with Slug si-RNA increased tumour sensitivity to
cisplatin [127].

Besides the species-specific differences, the micro-environment and pharmacodynamics of
this model are critically different from the tumour developing within the liver [49]. One
solution, proposed by Yokomuro et al., is to inject CCA cells directly into the livers of nude
mice, although it carries the drawback of an abdominal incision [128].

3.2.4. The “DEN-left median bile duct ligation” model—This is the newest rodent
model of CCA, being proposed by Yang et al. [129]. To achieve tumour development, the
authors subjected young adult Balb/c mice to two separate weekly IP injections of DEN
(diethylnitrosamine). Two weeks later, animals were subjected to left median bile duct
ligation (LMBDL) and then, 1 week later DEN feeding by oral gavage, the total duration of
the experiment being 28 weeks (Table 3). The overall survival of the animals was around
70% at the end of the 28 weeks. At week 8, livers showed multifocal cystic hyperplasia of
the intra-hepatic bile ducts and multifocal cyst formation. At week 12, the biliary epithelium
of the hyperplastic foci, and the epithelium lining the cysts showed elongated nuclei.
Cholangiomas and biliary adenomas developed at week 16, with full development of CCA
in these areas at week 28. CCA did not develop in control animals, 7.e. those subjected to
either DEN injection or feeding or to LMBDL, although the biliary epithelium was found to
be abnormal. The number of liver c-Myc positive cells increased and remained persistently
high in animals that developed CCA, whereas it increased and then tended to decrease in
control animals.

The advantage of this model is that it allows the development of CCA in wild type mice,
thus being the only one standardized for tumoural development in non-engineered mice.
Other advantages are the induction of oncogenes such as c-Myc and the association with
biliary obstruction, features thought to be important for the development of human primary
liver cancers [130]. From a pathophysiological point of view, c-Myc overexpression was
observed not only in cholangiocytes, but also in hepatocytes and inflammatory cells, which
does not clarify the actual role of the molecule in the malignant transformation of
cholangiocytes.

From the experimental point of view, the merit of this model is the short time required for
tumour development (/.e. 28 weeks). On the other hand, the model is quite complex, needing
subtle abdominal manipulation and long-term weekly gavage of the mice.

4. Conclusions

Animal models represent essential tools in cancer research, since they allow scientists to
reproduce genetic, pathophysiological or environmental abnormalities thought to be
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important for cancer development. Novel therapeutic approaches can also be assayed in pre-
clinical sets by employing oncologic models of diseases. It is common to use rodents for
such studies, given their light weight, easy breeding and limited expense, as compared to
other animals. Mice are widely used in these studies due to the availability of genetically
altered mice [131].

Over the last few years, a number of HCC and CCA rodent models have been developed.
With their heterogeneity, they all represent valuable tools to study and understand several
pathophysiological aspects of these two malignancies.

In many cases it is difficult to determine to what extent mouse models reproduce features
observed in corresponding human conditions. This issue has been elegantly evaluated by
Prof. Thorgeirsson's group, who compared the global gene expression patterns of 68 HCCs
from seven different mouse models and 91 human HCCs from predefined subclasses: the
gene expression patterns in HCCs from Myc, E2f1 and Myc E2f1 transgenic mice were most
similar to those of the human HCCs better survival group, whereas the expression patterns in
HCCs from Myc Tgfa transgenic mice and in DEN-induced mouse HCCs were most similar
to those of the human HCCs poorer survival group. Gene expression patterns in HCCs from
Acox1-/- mice and in ciprofibrate-induced HCCs were least similar to those observed in
human HCCs [132]. A similar study of the differences in gene expression between human
disease and experimental models of CCA is still lacking. However, a synoptic view shows
us that key features of human disease (such as genetic background, chronic liver injury and
cholestasis) are inconsistently represented in the different models (Table 4). In addition, no
models of extra-hepatic CCA (EH-CCA) are as yet available.

To adequately interpret the significance of rodent models and to employ them properly for
future studies, it is thus important to have a proper perception of their experimental features
and similarities/differences with the corresponding human disease. Differences, in
particular, stand as an “imperative” for researchers and the scientific community to pursue
and develop the “ideal” model for studying primary liver cancers.
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Fig. 1.

Representative images of macroscopic (top) and microscopic H&E staining (bottom)
appearance of CDAA (choline-deficient and iron-supplemented I-amino acid-defined) +
CCly (carbon tetrachloride)-induced HCC (hepatocellular carcinoma) nodules. Large
nodules are visible on the surface of the mice livers after 6 month of CDAA diet associated
with low dose chronic injection of CCly (0.2 mg/kg of body weight, once a week).

From: De Minicis et al., unpublished observations (2011).
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Fig. 2.

(A) Representative image of macroscopic appearance of TAA (thioacetamide)-induced IH-
CCA (intrahepatic-cholangiocarcinoma) nodules. White-yellowish large nodules/arrows are
consistently visible on the surface of the liver of treated animals after 24 weeks of 0.03%
TAA administration to rats (left). Representative image of lung metastases due to TAA-
induced IH-CCA. Bottom segments of left lung from a 24 week 0.03% TAA administration
show clear evidence of nodules, metastases from IH-CCA (right). (From: Marzioni and
Nilsson, unpublished observations (2011)). (B) Representative image of H&E staining of a
TAA-induced IH-CCA nodule. Tumour is composed of deranged and irregular, duct
forming tissue, together with a dense inflammatory infiltrate (original magnification 20X,
left). Representative image of Sirius-Red staining of a TAA-induced IH-CCA nodule.
Tumour shows an intense desmoplastic reaction, stained in red, similar to human disease
(original magnification 20, right). (From: Marzioni and Nilsson, unpublished observations,
2011). (C) Mz-ChA-1 cells (a CCA cell line) implanted subcutaneously in the flank of a
nude mouse give rise to a clearly visible tumour. Tumour changes in size can be easily
measured over time (top). Enlarged view of the same nodule (bottom). (From: Francis and
Alpini, unpublished observations (2009)).
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Synopsis of the main experimental features of rodent models of HCC.
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Genotoxic agent Promoting agent  Species Tumour development (time)  Features Metastatic foci  References
DEN - Mouse/rat 100 weeks Pure tumours, no fibrogenesis No [13-21]
DEN PB Mouse/rat  12-40 weeks Aggressive Tumours Yes [22,23]
DEN PH Rat 4-8 weeks Poorly reproducible No [24-27]
Peroxisome proliferators — — Mouse 50-100 weeks Strain specific, mutations not known Yes [28-33]
in humans
Aflatoxin - Mouse/rat 50 weeks Yes [34-36]
CCly - Mouse 100 weeks Inflammation and fibrosis Yes [37-41]
TAA - Mouse/rat  50-70 weeks Inflammation No [49]
Choline deficient diet — (Ethionine) Mouse/rat 50 weeks (30-40 weeks) Steatohepatitis No [42-47]
HBX transgenic — (DEN) Mouse 80-100 weeks (30-50 weeks)  HBV related No [62,63]
Core, A, E transgenic — (DEN) Mouse 60 weeks (30 weeks) HCV related No [64,65]
mice
P-TEN - Mouse 40 weeks Tumour, proliferation No [74,75]
TGF-b transgenic mice - Mouse 30 weeks Tumour, inflammation, fibrosis No [66]
NEMO - Mouse 48 weeks Tumour, inflammation, steatohepatitis  No [68-70]
TAK 1 - Mouse 48 weeks Tumour, inflammation, fibrosis No [71]

DEN = N-nitrosodiethylamine; CCl4 = carbon tetrachloride; TAA = thioacetamide; TGF = transforming growth factor.
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Synopsis of the main experimental features of rodent models of HCC.

Table 2

Page 22

Model Promotingagent  Orthotopic  Genetic Toxic Abdominal surgery Inflammation  References
DEN v v v [13-21]
DEN PB N v v [22,23]
DEN PH v v [24-27]
Peroxisome proliferators Vv v Vv [28-33]
Aflatoxin Vv v [34-36]
ccl, v v v [37-41]
TAA v v v [49]
Choline deficient diet v Vv v [42-45]
Choline deficient diet Ethionine Vv v Vv [46,47]
HBX transgenic (DEN) Vv ) [62,63]
Core, A, E transgenic mice  (DEN) v v ) [64,65]
P-TEN v v v [74,75]
TGF-b transgenic mice Vv v [66]
NEMO v v v [68-70]
TAK 1 v v v 71

DEN = N-nitrosodiethylamine; CCl4 = carbon tetrachloride; TAA = thioacetamide; TGF = transforming growth factor.
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Table 3

Synopsis of the experimental protocols and outcomes of rodent models of CCA.
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Model

Rodent background

Protocol

Time for tumour
development

Yield M etastases

References

Syngenic

TAA

Smad4-Pten knock out

p53 knock out-CCl,

Fisher rat

Sprague-Dawley,
Fisher, Zucker rat

Smad4coco
PtenCoCo Al/p-Cre
mouse

p53-/- C57B16 mouse

4 x 106 BDEneu
cells, resuspended in
0.1 ml Hanks'
balanced salt
solution, are injected
in the left hepatic
duct. of adult
Fischer 344 rats.
Such an approach
yielded the 100% of
tumour formation in
the injected animals,
with a high level of
consistency in
tumoral mass after
20-22 days from the
inoculation, yet
independently from
the number of
culture passages of
the cell line

0.03% TAA in
drinking water, at a
standard dose of
0.03% for 24 weeks

9th week: foci of
cholangiocyte
proliferation and
dysplasia

12th week: cancer
microfoci

16th week: visible
CCA tumours

24th week:
consistent CCA
tumours in treated

. b
animals

Cross-breeding of
Smad4<? and/or
Pten<? mice with
Alb-Cre mice:
generation of
Smad4Co/Co
Pten<oCo Alp-Cre
mice

2-3 month old mice:
hyperplastic foci of
the biliary
epithelium

Time-dependent
progression to
dysplasia and cancer
in situ

p53+/- mice bred to
produce p53 +/+, +/
—-and -/-

CCl, administration
(10 pL/g body

17 days

16-24 weeks

24-28 weeks

29 weeks (p53-/-)

53 weeks(p53+/-)

100% after
20-22 days
from

inoculation

] a
Peritoneal

100% Lung

4-7 month
old mice:
consistent
CCA tumours
of age

Not reported

54% (p53-/-)  Not reported

18%(p53+/-)
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Model

Rodent background Protocol Timefor tumour  Yield

development

Metastases

References

Xenograft

DEN-LMBDL

weight, i.p.) starts at
the age of 6 months.

Schedule: three
injections per week
for 4 months.
Follow up to 53
weeks

Nude mouse Subcutaneous 3-11 weeks 100%

implant of cancer
cell lines of human
origin

Rapid tumour
growth, as a
consequence of
cancer cell
replication, collagen
deposition and
neoangiogenesis

Detectable changes
in tumour size from
week 2

Balb/c mouse Young adult mice 28 weeks Not indicated

subjected to two
separate weekly IP
injections of DEN

After 2 weeks:
LMBDL

After 1 week: DEN
feeding (oral
gavage, 25 mg/kg
body weight, once a
week)

8th week: cyst
formation

12th week: biliary
hyperplasia

16th week:
cholangiomas and
adenomas

28th week: CCA

Not reported

[105-113]

[129]

TAA = thioacetamide; DEN = N-nitrosodiethylamine; LMBDL = left median bile duct ligation.

a . . . . . .
Implanted in the liver viathe inoculation of the left hepatic lobe.

bMansuroqu et al. demonstrated consistent development of CCA nodules in the 100% of the animals in 18 week 0.05% TAA treated rats.
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Table 4

Synopsis of the main experimental features of rodent models of CCA.

Model Species  Orthotopic  Genetic Toxic Abdominal surgery Inflammation  Intra/Extra-hepatic  References
Syngenic Rat v v Intra [76,78,79]
TAA Rat Vv Vv v Intra [80-88]
Smad4-Pten knock out  Mouse v v Intra [91]

p53 knock out-CCl, Mouse v Vv v v Intra [98]
Xenograft Mouse Intra [105-113]
DEN-LMBDL Mouse v Vv Vv v Intra [129]

TAA = thioacetamide; DEN = N-nitrosodiethylamine; LMBDL = left median bile duct ligation.
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