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Abstract

Hepatocellular carcinoma (HCC) is by far the most common histological subtype of
primary liver cancer. HCC often originates from chronic liver injuries and inflammation,
subsequently leading to fibrosis and cirrhosis. Preclinical animal models, especially
mice, are viewed as valuable and reliable tools for investigating the molecular
processes involved in hepatocarcinogenesis and facilitating the evaluations of the
efficacy of novel therapies for HCC. A wide range of mouse models of HCC has been
established using various approaches including chemotoxic agents, genetic
modifications, special diet administration, and tumor cells transplantation. Choosing a
suitable model to represent certain genetic and physiological features of human HCC
seems to be crucial. Here, we review the current preclinical mouse models that are

frequently used to study HCC.

Keywords: hepatocellular carcinoma; liver cancer; mouse models; preclinical models

1. Introduction

Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer and
the third leading cause of cancer-related mortality worldwide [1-3]. The major risk
factors for HCC include (1) liver cirrhosis; (2) chronic hepatitis B virus (HBV) or hepatitis
C virus (HCV) infections; (3) alcoholic liver disease (ALD); (4) nonalcoholic fatty liver
disease (NAFLD); and (5) carcinogen exposure such as aflatoxin-contaminated food [4,
5]. Despite the significant progress in HCC prevention and screening, over 50% of
patients are diagnosed with HCC at the advanced or terminal stage, making surgical
resection or liver transplantation unavailable as a therapeutic option [6, 7]. In recent
years, molecular targeted therapies have been developed for patients with advanced
and unresectable HCC [8]. Among them, sorafenib, a multiple-target tyrosine kinase
inhibitor, is the current FDA-approved front-line therapeutic intervention, but it can
only prolong survival by approximately 3 months [9-11]. More recently, immune

checkpoint inhibitors, which mainly block the activity of immune checkpoint proteins
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such as programmed cell death protein 1 (PD-1) and programmed death-ligand 1 (PD-
L1), have been approved by the FDA as treatments for advanced HCC, but only a small
proportion of patients (20%) respond well to the immunotherapies [12-14]. Thus,

novel therapies for HCC with better efficacy are urgently needed.

Preclinical animal models are well-established tools used to investigate disease
pathogenesis, identify therapeutic targets and screen for effective drugs, thus playing
a key role in cancer research. Despite the existence of many animal models of HCC,
laboratory mice (Mus musculus) are considered the best due to their short lifespan,
small body size, high breeding capacity, and physiological, genetic and molecular
similarities to humans [15, 16]. Over the last few decades, substantial progress has
been achieved in developing a variety of mouse models that target HCC pathogenesis
from different angles. Currently, the available mouse models can be categorized into
the following three main groups: genetically modified models, induced models and
transplantation models [17, 18]. The induced models can be further categorized into
chemically induced models, diet-induced models, and virus-induced models [17]. In
this review, we will provide an overview of these commonly used HCC mouse models,
describe their methodological basis, summarize their advantages and limitations, and

highlight their usage in the most recent findings.

2. Genetically modified mouse models

Genetically engineered mouse (GEM) models enable the activation of oncogenes or
inactivation of tumor suppressor genes to promote HCC tumor growth. Hydrodynamic
tail vein injection (HTVI), a technique that allows for direct gene delivery into the
mouse liver, has been widely utilized for creating liver-specific GEM models [19, 20].
This technique involves a rapid injection of a large volume of the solution (10% of the
body weight of the injected mouse) containing DNA plasmids encoding the gene of
interest into the mouse lateral tail vein within 5-7 seconds [19, 21-24] (Fig. 1). The
injected solution directly enters the inferior vena cava and induces transient heart

dysfunction and cardiac congestion, which forces the solution out of the endothelium
3
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and into the large hepatic vein in a retrograde movement [20, 25]. The enormous
hydrodynamic pressure generated by the rapid injection enlarges the fenestrae of liver
sinusoids, increases the permeability of the capillary endothelium and creates
transient membrane pores, which allow the DNA plasmids to pass through these pores
and reach the intracellular compartment of hepatocytes [17, 25]. Although HTVI does
cause transient dysfunction of the cardiac system and structural deformation of the
liver, the restoration of normal cardiac and liver functions occurs approximately one
week after the injection, and the long-term health conditions of the mice are not
affected [20, 26, 27]. Table 1 lists some examples of liver-specific GEM models by using

HTVI delivery method based on the most recent findings in the HCC field.

2.1 Sleeping beauty transposon system

One main problem of HTVI is that the long-term gene expression in hepatocytes is
difficult to maintain because the plasmids delivered to hepatocytes will be gradually
degraded and the gene expression will eventually turn off [25, 28, 29]. The sleeping
beauty (SB) transposon system, one of the DNA recombination technologies, is often
used together with HTVI to overcome this problem because it enables the
chromosomal integration of the gene of interest and their stable expression in
hepatocytes [30, 31]. The SB transposon system requires two plasmids: one plasmid
encodes the SB transposase, and the other plasmid functions as a transposon,
encoding the gene of interest flanked by two inverted/direct repeat sequences (IR/DRs)
[21, 32]. These two plasmids need to be co-injected and hydrodynamically delivered
to the liver. During SB-mediated transposition, the SB transposase binds to the IR/DRs
of the transposons, excises the transposons containing the gene of interest at the sites
of IR/DRs and randomly integrates them into the host genome [23, 32]. The SB
transposon system together with HTVI is commonly used to integrate oncogenes into
the mouse genome for their constitutive overexpression and subsequent induction of

HCC development.
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2.2 CRISPR-Cas9 system

As the SB transposon system is often employed to perform gene knock-in, a recent
breakthrough in the gene-editing technique known as the CRISPR-Cas9 system can
offer sequence-specific gene knockout [33]. The CRISPR-Cas9 system possesses two
components: a guide RNA (gRNA) and a Cas9 endonuclease [34, 35]. gRNA guides Cas9
to create double-strand breaks (DSBs) in the target DNA [35]. The error-prone non-
homologous end joining (NHEJ) DNA repair mechanism is usually utilized by cells to
repair DSBs [36]. Therefore, many mutations are introduced during NHEJ in the form
of small deletions or insertions, which results in the loss of gene function and gene
knockout. Importantly, HTVI enables the delivery of CRISPR-Cas9 to mouse liver to

precisely knock out tumor suppressor genes and induce HCC tumor formation.

2.3 Cre-loxP recombination system

The Cre-loxP recombination system is a powerful site-specific genetic manipulation
tool because it allows DNA modification in a specific organ or tissue [16, 31]. The
delivery of Cre recombinase by using HTVI allows Cre-loxP-mediated conditional
knockout in the mouse liver [37]. In a newly published paper, Liang et al. utilized the
Cre-loxP technique to determine the functional role of T-box protein 3 (TBX3) in liver
tumorigenesis [38]. They examined the effect of TBX3 ablation on c-Met/AN90-B-

catenin-mediated hepatocarcinogenesis in vivo [38].

2.4 Strengths and limitations of HTVI

HTVI is a simple, elegant and inexpensive approach for liver transgenesis [21-23, 26].
This method is highly specific for hepatocytes, and thus it is useful for liver-specific
genetic alterations [22, 26]. In addition, HTVI allows the generation of various HCC
models expressing several different oncogenes in a time- and cost-effective manner
[22, 25]. Furthermore, HTVI is performed in 6- to 8-week-old adult mice so that mouse
embryonic development is not affected, which avoids the troubles that often occur

when developing traditional transgenic mouse models [17]. Lastly, the transfection
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efficiency of HTVI is approximately 10-40% of hepatocytes [21], so genes in a small
proportion of hepatocytes are targeted and altered, which well resembles the
initiation of human HCC [25]. Nevertheless, the evidence from microscopic studies
shows that the peri-central region of the liver is primarily targeted by HTVI [28];
therefore, studies of tumors originating from other parts of the liver are not feasible.
Another limitation of HTVI is that the study results might be affected by the stress and
pain caused by the restraint of the mice during HTVI [39]. Therefore, the duration of

HTVI should be limited to minimize the suffering of mice.

3. Induced mouse models

3.1 Chemically induced models

Due to inevitable exposure to chemicals exerting toxicity and carcinogenicity in daily
life and the essential function of the liver in xenobiotic detoxification, the liver is
predisposed to severe damage [17, 57, 58]. Several mouse models have been well
established to induce HCC tumorigenesis using chemotoxic agents. These agents can
be classified into two main groups: genotoxic and non-genotoxic carcinogens [16, 59].
Genotoxic carcinogens act as tumor initiators to induce hepatocarcinogenesis through
direct DNA damage [21, 31, 60]. More specifically, they can directly interact with DNA
and form DNA-carcinogen complexes (DNA adducts), which disrupt the DNA structure
and produce cancer-promoting mutations [18]. Unlike genotoxic carcinogens, non-
genotoxic carcinogens do not interact with DNA. Instead, they function as tumor
promoters to enhance tumor formation by disrupting the cellular structure,
stimulating malignant cell transformation, and promoting the clonal expansion of
preneoplastic cells [31, 59-61]. Chemically induced HCC models often involve a
genotoxic carcinogen as an initiator and a non-genotoxic carcinogen as a tumor
promoter [15]. The most frequently used genotoxic carcinogen is diethylnitrosamine
(DEN), followed by 2-acetylaminofluorene (2-AAF) and aflatoxin [57, 62]. Commonly
used non-genotoxic carcinogens include carbon tetrachloride (CCls4), thioacetamide

(TAA) and phenobarbital (PB) [16, 59]. Table 2 lists some examples of chemically
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induced mouse models used in recent HCC research.

3.1.1 Genotoxic carcinogens

DEN is the most widely used genotoxic agent for inducing HCC in preclinical research
due to its high success rate [63]. The carcinogenesis of DEN involves two stages. Firstly,
after the administration of DEN to mice, DEN primarily targets the liver, where it is
bioactivated by cytochrome P450 enzymes in centrilobular hepatocytes [64]. Activated
DEN acts as an alkylating agent to link two guanine bases of DNA molecules by adding
an alkyl group between them, leading to DNA strand breakage and mutagenic DNA
adduct formation [16, 63]. Secondly, the activated DEN induces the generation of
reactive oxygen species (ROS), which is a threat to DNA stability [17, 65]. The
subsequent necrosis and regeneration of hepatocytes promote mutations, neoplastic
transformation and ultimately hepatocarcinogenesis [16, 66]. An effective protocol for
establishing DEN-induced HCC models involves the administration of a single
intraperitoneal injection of DEN (~25 mg/kg body weight) to the mice (less than two
weeks old), leading to the occurrence of liver tumor formation at approximately 7-11
months [57]. However, the carcinogenic effects of DEN-induced HCC models vary with

age, gender, strain, and administration dosage [18, 59].

3.1.2 Non-genotoxic carcinogens

CCl,

CCls is a potent hepatotoxin that has been extensively used to induce liver fibrosis in
mice [17, 67]. CCla-induced hepatotoxicity involves two phases. Firstly, trichloromethyl
free radicals are generated when CCls is metabolized by cytochrome P450 [15, 59].
These radicals increase ROS level, which causes peroxidative degradation of
membrane phospholipids in hepatocytes and leads to impaired cell membrane
integrity [16, 65, 68]. ROS also cause the necrosis and apoptosis of hepatocytes [69,
70]. Secondly, CCls promotes the activation of Kupffer cells that subsequently secrete
various cytokines, chemokines and other pro-inflammatory factors in the liver [71].

These pro-inflammatory molecules attract neutrophils, lymphocytes and monocytes
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to infiltrate into the inflammation site, which exacerbates liver inflammation and
results in liver tissue damage [59]. In contrast to DEN that only requires a single
administration, prolonged administration of CCls is necessary because only repeated
cycles of injury, inflammation and repair can develop fibrosis and cirrhosis [60]. CCls is
commonly administered at a dose of 0.5-2 ml/kg body weight via weekly or biweekly

intraperitoneal injections to generate fibrosis in 4-6 weeks [17].

TAA

TAA, another potent centrilobular hepatotoxin, generates sulfine and sulfene
metabolites during its bioactivation by a mixed-function oxidase system [72, 73]. These
metabolites can modify proteins and amine lipids to initiate hepatic centrilobular
necrosis [74, 75]. Repeated administration of TAA either by intraperitoneal injection
(100-200 mg/kg body weight) three times a week for 4-8 weeks or in the drinking
water (200-500 mg/L) for 6-18 weeks can induce robust fibrosis in mice within 10-15

weeks [76, 77].

PB

Similar to other non-genotoxic carcinogens, PB can induce oxidative stress by
increasing cytochrome P450 activity [60, 78]. The unique property of PB-mediated
carcinogenesis is that it can induce hypermethylation in the promoter region of tumor
suppressor genes, thus inhibiting the expression of tumor suppressor genes and in
turn promoting liver tumor development [79, 80]. Therefore, a differential methylation
level between mouse strains might be responsible for the different responses to PB. In
addition, PB might influence cell proliferation and intracellular signaling [60]. PB is
usually administered orally in drinking water or diet to mice over a prolonged period
[81, 82]. However, the effect of chronic PB treatment on liver tumor development
seems controversial. Braeuning et al. documents that PB exerts tumor-promoting and
tumor-inhibitory effects on the growth of hepatocellular adenoma (HCA) and HCC,

respectively [83]. This indicates that a more differentiated view of PB-induced liver
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tumor growth is necessary.

3.1.3 Two-stage models

Although a single intraperitoneal injection of DEN can induce HCC, the DEN-induced
HCC mouse model does not seem to develop the features of fibrosis and cirrhosis that
occur in most patients with HCC [57]. These features can be achieved by establishing
a two-stage model initiated with a genotoxic compound such as DEN and promoted
with a non-genotoxic compound acting as a pro-fibrogenic agent such as CCls, TAA and
PB [59, 60]. The involvement of fibrogenesis during HCC development more
realistically recapitulates the process of HCC pathogenesis and better mimics the

tumor microenvironment of human HCC [57].

Overall, chemically induced models mimic the genetic, immunological and
environmental features of human HCC, including DNA damage, inflammatory
responses, and fibrotic tumor microenvironment [15, 18]. On the other hand, although
various combinations of carcinogens have been employed to shorten the time for
tumor induction, hepatocarcinogenesis still takes many months to develop [62].
Another drawback of chemically induced models is that the genetic background of the

developed tumor is difficult to identify [15, 18].

3.2 Diet-induced mouse models

3.2.1 NAFLD and NASH

Due to a sedentary lifestyle and overconsumption of processed food and fructose-
containing beverages, nonalcoholic fatty liver disease (NAFLD) has become a major
cause of chronic liver diseases and HCC worldwide [99, 100]. Studies have shown that
obesity, insulin resistance, and metabolic syndrome characterized by hypertension,
hypertriglyceridemia and hyperlipidemia are responsible for the development of
NAFLD [101-105]. The clinical histological manifestation of NAFLD is steatosis in over
5% of hepatocytes [106-108]. The advanced form of NAFLD, nonalcoholic

steatohepatitis (NASH), is often associated with fibrosis that may lead to progression
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to cirrhosis and eventually HCC [108, 109]. The mechanisms of NASH to HCC
progression have been considered multifactorial, including inflammatory cytokines,
lipid accumulation, mitochondrial dysfunction and gut microbiota [110]. The initiation
of NASH pathogenesis is adequately explained by the “two-hit” hypothesis: lipid
droplet accumulation in the liver (a first hit) needs to be accompanied by oxidative
stress, ER stress, or necro-inflammation (a second hit), triggering liver inflammation

and damage [110, 111].

Diet-induced mouse models have been developed to represent the pathological and
metabolic liver alterations observed in human NASH-driven HCC, thereby facilitating
development of novel therapeutic strategies. To induce NAFLD, mice are usually fed
one or two of the following diets ad libitum: high-fat diet (HFD), high-fat high-
cholesterol diet (HFHCD), high-fat high-fructose diet (HFHFD), Western diet (WD),
choline-deficient high-fat diet (CDHFD), methionine and choline-deficient diet (MCD)

and choline-deficient L-amino acid-defined diet (CDAAD) [16, 111-113].

3.2.2 NASH-associated HCC models

In order to induce HCC tumorigenesis, a hepatotoxin can be added to diet-induced
models [16]. Table 3 shows some examples of NASH-associated HCC models generated
using a hepatotoxin-diet formula. Commonly, 2-week-old C57BL/6 male mice are
intraperitoneally injected with DEN and then fed a HFD, CDAAD, CDHFD or WD for 6-9
months, leading to the formation of HCC tumors [114, 115]. Liang et al. reported that
the addition of cholesterol to a HFD (HFHCD) after DEN administration led to an
increased HCC incidence (90% in HFD-fed mice vs. 100% in HFHCD-fed mice), mainly

through mutations in calcium signaling and dysregulated metabolism [116].

3.2.3 Obesogenic mouse models
ob/ob and db/db mice

Leptin, a peptide hormone secreted primarily by white adipose tissue, plays a crucial

10
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role in regulating food intake and body mass [117]. ob/ob mice carry mutations in the
gene responsible for leptin production, and thus these mice are deficient in functional
leptin [118]. Unlike ob/ob mice, db/db mice carry a point mutation in the leptin
receptor gene, which causes a leptin receptor deficiency and defective leptin signaling
[118]. Although ob/ob and db/db mice have different genetic backgrounds, their
phenotypes appear to be similar: they have an abnormally increased appetite for food,
and therefore they easily become obese and rapidly develop insulin resistance, fatty
liver and NAFLD [112]. Importantly, a second stimulus such as DEN needs be added for
ob/ob and db/db mice to develop HCC [111, 119]. One limitation of using ob/ob and
db/db mice is that gene mutations present in these mice are rare in obese humans

[110].

ALIOS mice

The American lifestyle-induced obesity syndrome (ALIOS) model was created by Tetri
et al. to closely resemble the living habits of modern people: a sedentary lifestyle
concurrent with high consumption of fast food [120]. In the ALIOS model, mice are fed
a diet high in trans fats and high fructose corn syrup, and the mouse cage rack is
removed to promote sedentary behavior and low energy expenditure [21, 120]. The
data from Tetri et al. revealed the development of inflammation, severe hepatic
steatosis and necrosis after 16 weeks [120]. Another study performed by Dowman et
al. showed that mice fed the ALIOS diet displayed histological features of advanced

NASH and hepatocellular neoplasms for an extended period of 12 months [121].

STAM mice

An animal model of NASH-related liver carcinogenesis called the Stelic Animal Model
(STAM) was developed by Fuijii et al. [122]. Two-day-old neonatal C57BL/6 male mice
are subcutaneously injected with low-dose streptozotocin (STZ), followed by HFD
starting at 4 weeks old to establish STAM [122, 123]. STZ is commonly used to induce

type 1 diabetes in preclinical settings because STZ can trigger pancreatic insulin-

11
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producing B cell death, resulting in hyperglycemia and hypoinsulinemia [110]. Notably,
when STZ is administered alone, no HCC tumors form, highlighting the necessity of an
additional stimulus such as a HFD [124]. The data from the study by Fuijii et al. showed
that hepatic steatosis, a hallmark of NAFLD, appeared at 6 weeks, followed by NASH
at 8 weeks, fibrosis at 12 weeks and HCC at 20 weeks [122]. STAM mice have been
widely adopted due to the rapid development of HCC and the resemblance of disease
development in humans, but STAM mice that exhibit type 1 diabetes fail to mimic the
metabolic syndrome, such as type 2 diabetes and insulin resistance, involved in NASH-

driven human HCC [16, 111, 125].

DIAMOND mice

Asgharpour et al. recently developed a stable isogenic B6/129 hybrid strain derived
from a cross between C57BL/6J and 12951/SvimJ mice fed a WD (high fat, high
carbohydrate and high cholesterol) together with SW (high fructose-glucose drink),
which was named the diet-induced animal model of nonalcoholic fatty liver disease
(DIAMOND) mice [126]. DIAMOND mice faithfully recapitulate human NAFLD by
developing obesity, insulin resistance and dyslipidemia [112]. They also closely
resemble the metabolic, histological, transcriptomic and clinical conditions of humans
with NASH and HCC [31, 110]. Hepatic steatosis developed 4-8 weeks after starting the
WD-SW diet, followed by fibrosis at 16 weeks, steatohepatitis at 16-24 weeks, and

hepatocarcinogenesis in 89% of the mice at 32-52 weeks [126].

MUP-uPA mice

Nakagawa et al. established a diet-induced model of NASH-driven HCC by feeding a
HFD to major urinary protein-urokinase plasminogen activator (MUP-uPA) transgenic
mice that specifically express an excessive amount of uPA in hepatocytes [127]. The
overexpression of uPA induces hepatocyte-specific ER stress and transient liver
damage, both of which have been strongly implicated in the pathological features of

human NASH [128]. At 24 weeks, HFD-fed MUP-uPA mice exhibited classic hallmarks

12
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of NASH, including steatosis, hepatocyte ballooning and inflammatory infiltrates, all of
which displayed similar patterns observed in humans with NASH [127]. At 32-40 weeks,
NASH-like disease in HFD-fed MUP-uPA mice spontaneously progressed to HCC [127].
Overall, the HFD-fed MUP-uPA model sufficiently recapitulates several hallmarks of
human NASH/HCC disease progression, facilitating studies designed to identify

molecular drivers of HCC progression.

3.2.4 Alcoholic liver disease-associated HCC models

Alcoholic liver disease (ALD) is one of the most prevalent liver diseases in many
developed countries due to chronic alcohol overconsumption [129]. The spectrum of
ALD starts with alcoholic fatty liver (AFL) characterized by hepatic steatosis, which may
further progress to alcoholic steatohepatitis (ASH). Similar to the histological features
of NASH, ASH is presented as hepatic inflammation, hepatocyte ballooning and liver
damage [130]. With continuous liver inflammation and injury, ASH can slowly progress
to fibrosis and cirrhosis, which ultimately drives HCC development in some cases [130].
The metabolic pathway of alcohol in hepatocytes involves the generation of
acetaldehyde and ROS [31, 129]. Acetaldehyde-mediated carcinogenicity and ROS-
mediated DNA damage and lipid peroxidation drive the development of ALD [31, 131].
ALD-associated HCC models commonly include a diet containing alcohol in the form of

ethanol combined with a chemical carcinogen (Table 3).

3.3 Virus-induced mouse models

The host tropism of HBV and HCV is highly restricted [7]. Productive infection is limited
to humans and chimpanzees [145]. The use of chimpanzees as an animal model faces
several limitations, such as a high cost, long lifespan and ethical issues, which impedes
their utility in research [7]. Although mice cannot be naturally infected by HBV or HCV,
the development of transgenic mouse models carrying certain viral genes makes them

more feasible for in vivo studies of virus-associated hepatocarcinogenesis [59, 146].

13
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3.3.1 HBV-associated HCC models

HBV is an enveloped DNA virus that exclusively infects hepatocytes [147]. HBV
comprises a partially double-stranded circular DNA genome encoding four HB viral
proteins: preS/S, preC/C, P and X [148]. HBV X (HBx) protein is commonly used to
induce HCC in transgenic mice [146, 149]. Koike et al. generated the first transgenic
mice expressing a high level of HBx, and successful HCC tumor formation was observed
in 84% of male transgenic mice aged 13-24 months [150]. An analysis of the DNA
content in these mice suggested that persistent HBx expression promoted DNA
synthesis, which provided a window of genetic mutations in a large number of
hepatocytes for malignant transformation. In addition to HBx, Chisari et al. established
a transgenic mouse model overexpressing the large envelope polypeptide of hepatitis
B surface antigen (HBsAg) [151]. Overexpression of the large envelope polypeptide
resulted in the accumulation of long filamentous HBsAg within the endoplasmic
reticulum of hepatocytes, leading to hepatotoxicity and carcinogenesis. This early and
important study indicates that the expression of a single structural viral component is

sufficient to induce malignant transformation [151].

3.3.2 HCV-associated HCC models

HCV is a small enveloped RNA virus consisting of a positive-sense single-stranded RNA
genome, capsid protein (core) and envelope glycoproteins 1 & 2 (E1 & E2) [152]. HCV
is unlikely to integrate its genetic material into the host genome, and thus researchers
postulate that HCV contributes to HCC development through the cumulative effects
of chronic infection, inflammation, injury and repair over several decades [153].
Evidence from published studies shows that HCV structural proteins have the potential
to trigger hepatic carcinogenesis [15, 62]. For instance, Kamegaya et al. developed two
transgenic mice: one expressing only the core protein and the other expressing both
the core protein and E1/E2 proteins [154]. Both models developed HCC tumors, but a

higher tumor burden was observed in core-E1/E2 transgenic mice [154].

14
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4. Transplantation mouse models

4.1 Xenograft models

The classical xenograft models are established by implanting cultured human HCC cell
lines or a fragment of human solid tumor into immunodeficient mice, either under the
skin (ectopic) or into the liver (orthotopic) [16, 17, 31, 57]. As xenograft models utilize
human cells or tumor tissue carrying human genetic materials, the mutations and
properties of human cancer are well preserved [17]. Importantly, xenograft models
require the usage of immunodeficient mice to avoid the rejection of transplanted
human cells or tumors by the murine immune system [15, 16, 31]. Two frequently used
types of immunodeficient mice are athymic nude mice lacking T cells and non-obese
diabetic/severe combined immunodeficiency (NOD/SCID) mice harboring very limited
innate and adaptive immunity [62, 155, 156]. As immunodeficient mice do not possess
a fully functional immune system, the involvement of immune cells in mounting anti-
tumor immune responses is limited [18]. Moreover, cytokines and chemokines
produced by immune cells within the tumor microenvironment to regulate
tumorigenesis are missing [157]. Therefore, these limitations of xenograft models

make them unsuitable for the investigation of oncologic immunotherapy.

4.1.1 Cell line ectopic xenograft model

The cell line ectopic xenograft model has been well established in the HCC field for
decades [18, 62]. The subcutaneous injection of human HCC cell lines is simple to
perform and highly reproducible [62, 158, 159]. In addition, visible tumors can rapidly
develop within a few weeks [15]. The subcutaneous implantation enables accurate
measurements of tumor size, direct monitoring of tumor progression and easy
detection of responses to various treatments [160]. In addition, this model also
provides an opportunity to study in vitro pre-treated cells [161]. Therefore, the
advantages of this model mentioned above make it a compelling preclinical model for
anti-cancer drug screening. Nevertheless, the results obtained with this model may

not be adequate for predicting human clinical outcomes [57]. One of the major
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reasons is that this model lacks hepatic tumor microenvironment, as the liver fibrotic
tissue, vascular tissue and stromal tissue are completely absent [162]. Secondly, the in
vitro culture environment of human HCC cell lines is very different from the in vivo
living environment of human HCC [158]. Therefore, the phenotypic and genotypic
characteristics of HCC cell lines tend not to be representative of tumor cells derived
from patients with HCC [158]. Thirdly, the inoculation of one single cell line into
immunodeficient mice cannot faithfully recapitulate tumor cell heterogeneity in the
bulk of tumors, indicating the necessity of testing multiple cell lines when screening

new anticancer drugs to avoid misleading results [17, 59].

4.1.2 Cell line orthotopic xenograft model

In the cell line orthotopic xenograft model, intrahepatic, intrasplenic or intraportal
injection is used to establish hepatic tumors (Fig. 2A) [16, 31, 158]. Compared with the
ectopic model, this orthotopic model seems to be superior, as it more accurately
reflects the native tumor microenvironment, particularly the effects of liver
vascularization and dynamic interactions with immune cells and stromal tissue [157,
160]. In addition, this model is able to develop tumor metastasis, thus providing a
platform for studies of late stages of liver metastasis [162]. Regarding the
disadvantages of this model, tumor growth and progression tend to be more difficult
to monitor [57]. With the advances in imaging techniques, the established luciferase-
expressing human HCC cell lines enable the tracking of tumor growth in the orthotopic
model using in vivo bioluminescence imaging [62, 163]. Another drawback is that the
orthotopic model is more technically cumbersome due to the requirement for surgical

expertise [16, 31].

4.1.3 Patient-derived xenograft model
In addition to transplanting cultured human cell lines, surgically resected tumor
specimens obtained from a patient can also be ectopically or orthotopically

transplanted into immunodeficient mice, which is termed the patient-derived
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xenograft (PDX) model (Fig. 2B) [156, 164]. Notably, PDX could also be established by
using patient-derived HCC organoids [160, 165]. The PDX model is considered an
effective preclinical cancer model because it closely recapitulates the tumor
microenvironment of primary HCC in humans [164, 166, 167]. In addition, the
histological, molecular and genetic characteristics of the original HCC biopsies are well
retained in the PDX model, thus enabling the prediction of clinical responses to
treatment in patients with HCC [156, 160, 166]. Nonetheless, a low engraftment
efficiency, long tumorigenesis period and high cost largely limit the wide usage of the
PDX model and hinder it from becoming a priority for large-scale drug screening [156,

168].

As the possession of a fully active immune system is essential for testing novel
immunotherapies, xenograft models established in immunodeficient mice are unable
to reflect the immune response in the tumor, which is a common limitation of
xenograft models [18]. In order to test the efficacy of oncologic immunotherapies,
numerous efforts have been made to create syngeneic models and humanized mouse

models.

4.2 Syngeneic mouse model

The syngeneic model involves the engraftment of mouse cell lines or mouse tumor
tissue into immunocompetent mice with the same genetic background through
ectopic or orthotopic injection (Fig. 2B) [16, 18, 59]. The use of immunocompetent
recipients harboring a complete host immune system allows researchers to study the
immunomodulatory effects of anti-cancer drugs [169, 170]. One of the major
limitations of syngeneic models is the difference between mice and humans in terms
of the genome, immune response and tumor microenvironment [17]. For instance,
mutations that occur in mouse HCC tumors may not be relevant to those in primary

human HCC.
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4.3 Humanized mouse models

The generation of humanized mouse models involves introducing human immune cells
into immunodeficient mice to promote the development of a functional human
immune system [57]. The commonly used procedure is the transfer of human CD34*
hematopoietic stem cells (HSCs) isolated from fetal cord blood and human peripheral
blood mononuclear cells (PBMCs) to the marrow of the mice that have been treated
with sublethal irritation (Fig. 2B) [155, 160, 171]. The humanized mouse model can
reproduce the complex human immune system and mimic a more realistic tumor
microenvironment, enabling the investigation of the efficacy of immunotherapeutic
interventions [155]. In addition, a PDX humanized model has been established,
involving transplanting human liver tumor samples into humanized mice [172].
Recently, a double humanized mouse model with the humanization of both human
immune cells and human hepatocytes has also been developed [16, 31, 173]. In this
model, mice possess HSCs and human hepatocytes, which better recapitulates the
critical features of dynamic interactions between human HCC tumors and human
immune system [170]. Table 4 lists the advantages and disadvantages of

transplantation models mentioned above.

5. Conclusions

Overall, the availability of various HCC mouse models has provided researchers
opportunities to understand the mechanisms underlying hepatocarcinogenesis (Figure
3). These models have their advantages, limitations and various timepoints of HCC
development (Table 5). Nevertheless, no single mouse model can accurately replicate
all features found in human HCC. The careful application of a combination of insults
may better recapitulate the multifactorial development of HCC in humans. Future
trends in HCC research may be related to personalized experimental models that

bridge the gap between basic research and clinical application.
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Figure Legends

Fig. 1. Schematic diagram of the mechanism of hydrodynamic tail vein injection. DNA
plasmids encoding sleeping beauty (SB) transposon system or CRISPR-Cas9 system are
hydrodynamically injected to the mouse liver. The solution containing DNA plasmids is
rapidly injected to the mouse tail vein within 5-7 seconds. The solution enters the
inferior vena cava and causes transient cardiac congestion, which successively pushes
the solution into the liver in a retrograde movement. IR/DRs: Inverted/direct repeat
sequences; EF-la: Eukaryotic translation elongation factor 1 alpha; CMV:

Cytomegalovirus.

Fig. 2. Schematic diagrams of the mechanisms of transplantation mouse models. (A)
Illustration of ectopic models established via subcutaneous injection and an orthotopic
model generated via intrahepatic, intrasplenic or intraportal injection. (B) Xenograft
models: a human HCC cell line or human tumor sample is transplanted into
immunodeficient mice or humanized mice that are established by introducing human
hematopoietic stem cells from fetal cord blood and human peripheral blood
mononuclear cells. Syngeneic models: a mouse HCC cell line or mouse tumor sample

is transplanted into immunocompetent mice. HCC: Hepatocellular carcinoma.

Figure 3. Schematic diagrams of current HCC mouse models.

(A) Genetically modified models: overexpression of oncogenes via knock-in,
inactivation of tumor suppressor gene via knockout, or spatial control of gene
expression via Cre-loxP recombination system is able to develop HCC. (B) Chemically
induced models: carcinogens such as DEN combined with CCls, TAA or PB can induce
hepatocarcinogenesis in the mouse liver. (C) Diet-induced models: oral administration
of special diet such as high fat diet can promote NAFLD development. Special diet in

combination of DEN can induce NASH-associated HCC tumorigenesis. (D) Virus-
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induced models: transgenic mouse carrying certain HBV or HCV gene can lead to HCC

tumor growth. (E) Transplantation models: primary or culture tumor cells can be

subcutaneously or orthotopically transplanted to mice to induce tumor formation.

HCC: Hepatocellular carcinoma; DEN: Diethylnitrosamine; CCl4: Carbon tetrachloride;
TAA: Thioacetamide; PB: phenobarbital; NAFLD: nonalcoholic fatty liver disease; NASH:
nonalcoholic steatohepatitis; HBV: hepatitis B virus; HCV: hepatitis C virus.
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Genetically modified mouse models generated using hydrodynamic tail vein injection.

Gene Strain Method Time of HCC development Reference
YAP C57BL/6) HTVI ~ 6 months (70% of mice) Kamimura et al.
[40]
c-Myc FVB/N SB transposase ~ 6 weeks Cigliano et al. [41]
c-Met, myr-AKT FVB/N SB transposase 6-8 weeks (c-Met, myr-AKT) (lethal) Hu et al. [42]
24 weeks (myr-AKT alone)
c-Met, myr-AKT FVB/N SB transposase ~ 6 weeks Mo et al. [43]
c-Met, B-catenin®*Y; c-Met, AN90-B-catenin  FVB/N SB transposase ~ 7 weeks Qiao et al. [44]
c-Met, B-catenin®*Y FVB/N SB transposase ~ 5 weeks Zhan et al. [45]
c-Met, AN90-B-catenin C57BL/6) SB transposase ~ 8 weeks Li et al. [46]
hMet, B-catenin®*Y; hMet, B-catenin®33Y FVB SB transposase 6-9 weeks Tao et al. [47]
myr-AKT, NRas C57BL/6) SB transposase Day 45 (80% of mice), Day 58 Liu et al. [48]
(100% of mice)
RBMY, myr-AKT, NRasV12 FvB SB transposase ~ 8 weeks Kido et al. [49]
TAZ58A, HRASC12Y C57BL/6 SB transposase ~ 5 weeks Cho et al. [50]
c-Myc, shp53 C57BL/6 SB transposase ~ 7 months (43.5% of mice) Chung et al. [26]
Pten-KO, NRas CD-1 NRas (SB transposase), Pten-KO (CRISPR/Cas9) ~ 16 weeks Gao et al. [51]
c-Myc, Trp53-KO C57BL/6 Trp53-KO (CRISPR-Cas9), c-Myc (SB transposase) 3-5 weeks Chiu et al. [52]
c-Myc, Pten-KO; c-Myc, p53-KO C57BL/6N p53-KO & Pten-KO (CRISPR-Cas9), c-Myc (SB Day 44 (c-Myc, Pten-KO), Lee et al. [53]
transposase) Day 28 (c-Myc, p53-KO)
c-Met, Pten-KO FVB/N Pten-KO (CRISPR-Cas9), c-Myc (SB transposase) ~ 9 weeks Xu et al. [54]
c-Met, AN90-B-catenin, pT3-Cre TBX3flox/flox Cre-loxP ~ 6 weeks Liang et al. [38]
myr-AKT, pT3-Cre FASNf/fi Cre-loxP 22-28 weeks (only control) Li et al. [55]
c-Met, myr-AKT, pT3-Cre FASNf/f Cre-loxP ~ 8 weeks (only control) (lethal) Hu et al. [42]
c-Met, B-catenin, pT3-Cre FASNf/fi Cre-loxP ~ 8 weeks (lethal) Che et al. [56]

HTVI: Hydrodynamic tail vein injection; SB transposase: Sleeping beauty transposase; YAP: Yes-associated protein; RBMY: RNA-binding motif gene on Y chromosome; TAZ:
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Transcriptional coactivator with PDZ-binding motif; shp53: p53 short hairpin RNA; Trp53-KO: p53-knockout.
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Chemically induced mouse models generated using genotoxic and/or non-genotoxic carcinogens

Chemicals Mouse strain (gender) Age Dose of chemicals Administration route and Time of HCC development Reference
frequency

DEN Trem-27" mice on the 15 days 30 mg/kg Single i.p. injection < 30-40 weeks after DEN Esparza-Baquer
C57BL/6 background injection et al. [84]
(male)
GAPDH transgenic mice 2 weeks 25 mg/kg < 36 weeks Liu et al. [85]
on the C57BL/6)J
background (male)
C3H/HeOul mice (male) 14-16 days 20 mg/kg < 40 weeks after DEN injection Connor et al.

(64]
c-foshertetOFF mice onthe 5 weeks 100 mg/kg < 7 months after DEN injection Bakiri et al. [86]
C57BL/6 background
c-fos? mice on a mixed 15 days 25 mg/kg < 8 months after DEN injection
C57BL/6 x 129sv
background
Hepatocyte-specific FTO- 15 days 25 mg/kg < 8 months after DEN injection Mittenbuhler
knockout (FTO“*°) mice etal. [87]
on the C57/BL6N
background (male)
Hepatocyte-specific 15 days 25 mg/kg < 11 months Wen et al. [88]
Ptpn6-knockout
(Ptpn6M*°) mice (male)
C57BL/6 mice (male) Once the mice 165 mg/kg in sesame oil DEN: oral administration, once a < 30 weeks Tang et al. [63]
are obtained week for 10 weeks
DEN+CClg4 NOD27" mice (male) 6 weeks 100 mg/kg DEN; 0.5 ml/kg DEN: single i.p. injection; CCls: 12 < 24 weeks after DEN injection Ma et al. [89]
CCly i.p. injections

Gstz1”" mice 2 weeks (75 mg/kg DEN), 3 weeks (2 ml/kg CCls); DEN: two doses of i.p. injections; < 32 weeks Li et al. [90]
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Hepatocyte-specific
Nod2-knockout (Nod2A
hep) mice (male)

C3H/He) mice (male &

20 weeks (50 mg/kg DEN)

14-16 days

2 weeks (DEN);

25 mg/kg DEN; 1.2 ml/kg CCl4
(1:4 diluted with olive oil)

10 or 50 mg/kg DEN; 0.25-

CCly: twice a week for 12 weeks

DEN: single i.p. injection; CCla: 8

biweekly i.p. injections for 4 weeks

after the DEN injection

DEN: single i.p. injection; CCls: 8

< 8 months after DEN injection

< 17 weeks

Zhou et al. [91]

Romualdo et al.

female) week 8-16 1.50 mL/kg CCls (10% solution  weekly i.p. injections [92]
(CCla) in corn oil)
DEN + TAA C57BL/6 mice 2 weeks (DEN 20 mg/kg), 3 weeks (DEN 30 DEN: eight weekly i.p. injections; < 24 weeks after first DEN Memon et al.
mg/kg), 4-9 weeks (DEN 50 mg/kg); 10-18 weeks TAA: biweekly i.p. injections injection [93]
(TAA 300 mg/kg)
DEN + PB TRIM21*/*, TRIM21*/, 14 days (DEN); 5 mg/kg DEN; 0.05% PB in DEN: single i.p. injection; PB: oral <10 months Wang et al.
TRIM217 mice on 21 days (PB) drinking water administration 7 days after the DEN [94]
the C57BL/6J background injection
(male)
BALB/c mice (male) 15 days (DEN); 50 mg/kg DEN; 500 mg/L PBin DEN: single i.p. injection; PB: oral < 28 days after DEN/PB Gani et al. [95]
28 days (PB) drinking water administration for 12 weeks treatment
C57BL/6 mice (female) 8-10 weeks 20 mg/kg DEN; 0.05% PB in DEN: single i.p. injection; PB: oral < 52 weeks after DEN/PB Zhang et al.
diet administration treatment [96]
DEN+2-AAF Albino rats (male) 15 days 200 mg/kg DEN; 0.03% 2-AAF  DEN: single i.p. injection; 2-AAF: < 21 weeks Aly et al. [97]
dissolved in corn oil in diet oral administration for 18 weeks
DEN+2-AAF+  Sprague-Dawley rats 6 weeks 200 mg/kg DEN, 0.015% 2-AAF  DEN: single i.p. injection; 2-AAF: < 7 weeks after hepatectomy Shi et al. [98]

a partial (2/3)

hepatectomy

(male)

daily intragastric administration for

3 days at 2 weeks after the DEN

injection and for 1 week at 3 days

after hepatectomy.

DEN: Diethylnitrosamine; CCls: Carbon tetrachloride; TAA: Thioacetamide; PB: Phenobarbital; 2-AAF: 2-acetylaminofluorene; i.p.: intraperitoneal; GAPDH: Glyceraldehyde 3-

phosphate dehydrogenase; FTO: Fat mass and obesity-associated; PTPN6: Protein tyrosine phosphatase non-receptor type 6; NOD2: Nucleotide-binding oligomerization domain-

containing protein 2; GSTZ1: Glutathione S-Transferase Zeta 1; TRIM21: Tripartite motif containing-21.
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Model Strain (gender) Diet administration Hepatotoxin administration Time of HCC  Reference
development
DEN + HFD C57BL/6 mice (male and HFD (60% kcal fat), female mice: 1-3 months; male 25 mg/kg DEN i.p. injection at 15 days old < 40 weeks Sun et al. [132]
female) mice: after weaning (male mice)
C3H mice (male) HFD (5% shortening, 5% lard, and 1% cholesterol) 30 mg/mL DEN in drinking water < 22 weeks Fu et al. [133]
C57BL/6 mice (male) HFD (60% fat, 20% carbohydrate, and 20% protein) 25 mg/kg DEN i.p. injection at 2 weeks old < 8 months Gao et al. [134]
from six weeks old
C57BL/6 mice (male) HFD (40% high fat) beginning at 5 weeks old for 41 75 mg/kg DEN i.p. injection at 21 weeks old < 46 weeks Arboatti et al.
weeks [135]
E2f1 KO (E2f17), E2f2 KO one month after weaning, HFD for 32 weeks 25 mg/kg DEN i.p. injection at 14 days old < 9 months Gonzalez-
(E2f27), WT mice on a mixed Romero et al.
C57BL/6J and 129/Sv [136]
background (male)
C57L/) mice (male) HFD (60% kcal% fat) beginning at 4 weeks old 40 mg/kg DEN i.p. injection at 15 days old < 6 months Cuietal. [137]
BALB/c mice (male) HFD (20% protein, 42% fat, and 38% carbohydrates)  0.95 g/mL DEN in sterile water (17-32 weeks < 36 weeks Wang et al.
from 1 week old to 36 weeks old old); 45 mg/kg DEN i.p. injections once a week [138]
(33-36 weeks old)
DEN+ TAA+HFD C57BL/6J mice (male) HFD (45% fat, 20% protein, and 35% carbohydrates) 25 mg/kg DEN i.p. injection at 14 days old; < 24 weeks Henderson et
beginning at 4 weeks old 300 mg/L TAA in drinking water from week 4 (83%) al. [139]
DEN + WD liver-specific Tfeb-KO 2 weeks after the DEN injection, WD (42% fat 10 mg/kg DEN i.p. injection at 2 weeks old < 26 weeks Chao et al.
(Tfebflox/flox Albumin-Cre+, L-  calories and 0.2% cholesterol) from 4 weeks old for or <38 [140]
Tfeb KO) miceon a 22 weeks or 34 weeks weeks
C57BL/6N, C57BL/6J mixed
background (male)
DEN + ethanol  hepatocyte-specific PSD4 OE  Liquid ethanol (5%) diet from 6.5 months old for 2.5  Ten 40 mg/kg DEN i.p. injections at 4-day < 9 months Shietal. [141]

(TGAIPPSD4) and WT mice

months

intervals beginning at 2 months old
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(male and female)

DEN + HRCD BCO17/-/BCO27~ DKO and HRCD (66.5% carbohydrates containing sucrose and 25 mg/kg DEN i.p. injection at 2 weeks old < 30 weeks Lim et al. [142]
WT mice on a C57BL/6) maltodextrin) alone or HRCD + BCX (10 mg/kg diet)
background (male) for 24 weeks
HFHCD C57BL/6J (male) HFHC (60% calories from fat with added 0.5% / <10 months  Ribas et al.
cholesterol) beginning at 6 weeks old for 10 months [143]
HFD or HFHCD  MUP-uPA transgenic mice HFD (60% calories from fat), or HFHC (identical to / < 6 months Ribas et al.
HFD with added 0.5% cholesterol) for 6 months [143]
WD + SW DIAMOND mice: A stable WD (42% kcal from fat with added 0.1% cholesterol) / 32-52 weeks  Asgharpour et
isogenic cross between + high fructose-glucose solution (SW, 23.1 g/L d- (89% mice) al. [126]
C57BL/6J and 129S1/Svim) fructose + 18.9 g/L d-glucose) beginning at 8-12
mice (male) weeks old for 52 weeks
CD + AHFD male C57BL/6) mice CD + AHF diet supplemented with 0.1% methionine  / ~ 36 weeks Ikawa-Yoshida

from 6 weeks old for 60 weeks

et al. [144]

NASH: Nonalcoholic steatohepatitis; ALD: Alcoholic liver disease; HCC: Hepatocellular carcinoma; DEN: Diethylnitrosamine; TAA: Thioacetamide; HFD: High-fat diet; E2F1: E2F

Transcription Factor 1; Tfeb: Transcription factor EB; PSD4: Pleckstrin and Sec7 Domain Containing 4; BCO1: Beta-Carotene Oxygenase 1; BCO2: Beta-Carotene Oxygenase 2; HRCD:

Highly refined carbohydrate diet; CD: Choline-deficient diet; AHF: L-amino-acid-defined, high-fat diet; HFHCD: High-fat high-cholesterol diet; OE: Overexpression; BCX: Beta-

cryptoxanthin; KO: Knockout; DKO: Double knockout; DIAMOND: Diet-induced animal model of nonalcoholic fatty liver disease; WD: Western diet; SW: Sugary water; MUP-uPA: Major

urinary protein-urokinase plasminogen activator.
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Advantages

Transplantation model

Disadvantages

Ectopic 1. Simple to perform 1. Lack tumor-liver microenvironment

2. Rapid development of visible tumors interactions
3. Easy to monitor tumor growth 2. Unable to develop metastasis
4. Inexpensive
5. Low intra-procedure mortality

Orthotopic 1. Recapitulate the native tumor microenvironment, 1. Require technically demanding surgery
including immune cells and stroma tissue, which is 2. Difficult to measure the tumor size and
relevant to liver pathology monitor tumor progression
2. Rapidly establish early-stage tumor growth
3. Model tumor metastasis and organ tropism

Xenograft 1. Well represent tumor heterogeneity and genetic Immunocompromised mice lack major
mutations of human HCC components of the immune system; cannot
2. Can study in vitro pre-treated cells mimic the full anti-tumor immune response

Syngeneic Immunocompetent mice with a fully functional immune 1. Difficult to interpret and predict how a mouse

system enable studies of tumor immunology and tests of

immunotherapy for HCC

immune response translates back to humans
2. Might contain the bias of irrelevant mutations

that only occur in murine HCC tumors

Humanized mice

Humanized mice with the ability to generate anti-cancer
immune responses enable oncologic immunotherapy

screening

1. Technically intensive; involve engrafting
human immune system
2. Difficult to establish

3. Expensive

HCC: Hepatocellular carcinoma.
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Summary of five main preclinical mouse models of HCC

Mouse model Timepoint Advantages Limitations
Genetically modified models 5 -9 weeks Allow studies of investigating the role of specific genes 1. Single gene mutation may not be efficient in inducing HCC;
(using HTVI technique) involved in HCC development simultaneous activation of oncogene and inactivation of tumor
suppressor gene could accelerate the process
2. Lack the development of fibrosis or cirrhosis in
hepatocarcinogenesis
Chemically induced models 6 —10 months 1. Can model underlying liver diseases such as chronic 1. Time of HCC development depends on the age, gender, strain,
inflammation, fibrosis, and cirrhosis and administration dosage
2. Cost effective 2. Unpredictable genetic alterations of HCC tumor
3. Time consuming
Diet-induced models 6 —9 months Well recapitulate NASH- and ALD-driven HCC development 1. Only special diet administration may not be sufficient to induce
HCC; carcinogen combined with special diet might be necessary
2. Time consuming
Virus-induced models 4—-10months 1. Can model HBV- or HCV- associated HCC tumorigenesis 1. Expensive and time-consuming
2. Defined genetic alterations in an established line using 2. Technically challenging and resource-demanding
transgenic mice 3. Issue of embryonic lethality
Transplantation models 2 —7 months Allow studies using human HCC cell lines or patient- The involvement of chronic liver injury in the process of

derived HCC tumor samples that carry unique genetic
characteristics of original biopsies

hepatocarcinogenesis is omitted

HCC: Hepatocellular carcinoma; HTVI: Hydrodynamic tail vein injection; NASH: Nonalcoholic steatohepatitis; ALD: Alcoholic liver disease; HBV: Hepatitis B virus; HCV: Hepatitis C virus.
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