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Simple Summary: Hepatocellular carcinoma (HCC) is characterized by a broad molecular and
genetic heterogeneity, which makes it a challenging subject in terms of the underlying mechanisms,
response and resistance to treatment, and finding novel therapeutic options. Nowadays, new ex-
perimental models (3D in vitro models, in vivo mouse and non-mouse models, and computational
studies) allow more detailed studies of hepatocellular carcinoma pathogenesis and treatment. Here,
we provide insights into the current preclinical models frequently applied for the study of hepatocel-
lular carcinoma.

Abstract: Hepatocellular carcinoma (HCC), the most frequent form of primary liver carcinoma, is a
heterogenous and complex tumor type with increased incidence, poor prognosis, and high mortality.
The actual therapeutic arsenal is narrow and poorly effective, rendering this disease a global health
concern. Although considerable progress has been made in terms of understanding the pathogenesis,
molecular mechanisms, genetics, and therapeutical approaches, several facets of human HCC remain
undiscovered. A valuable and prompt approach to acquire further knowledge about the unrevealed
aspects of HCC and novel therapeutic candidates is represented by the application of experimental
models. Experimental models (in vivo and in vitro 2D and 3D models) are considered reliable
tools to gather data for clinical usability. This review offers an overview of the currently available
preclinical models frequently applied for the study of hepatocellular carcinoma in terms of initiation,
development, and progression, as well as for the discovery of efficient treatments, highlighting
the advantages and the limitations of each model. Furthermore, we also focus on the role played
by computational studies (in silico models and artificial intelligence-based prediction models) as
promising novel tools in liver cancer research.

Keywords: hepatocellular carcinoma; 2D cell lines; 3D tumor spheroids; organoids; organ-on-a-chip;
mouse models; in silico; machine learning; artificial intelligence algorithms

1. Introduction

Hepatocellular carcinoma (HCC), the most common form of hepatic malignancy
arising due to the accumulation of genomic and epigenomic alterations in hepatocytes [1,2],
is ranked among the deadliest types of cancer worldwide [3]. Its features include massive
molecular heterogeneity [1], poor prognosis, strong metastatic capacity, high frequency
of recurrence [3], and lack of effective therapeutic strategies [4]. Its incidence is expected
to increase in the future. HCC generally develops within the setting of a pre-existing
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liver condition (e.g., chronic inflammation, fibrosis, cirrhosis, fatty liver disease), being
almost exclusively caused by infectious factors, including HBV (Hepatitis B virus) and HCV
(Hepatitis C virus) infection, by environmental factors such as exposure to carcinogens
(e.g., aflatoxin B), and chronic alcohol consumption. The broad spectrum of etiologies is
reflected in the molecular heterogeneity of HCC [1,5–7].

The treatment strategies for HCC vary among patients and are highly dependent
on the disease stage [8]. Early HCC stages are currently curable by complete surgical
resection or liver transplantation. In intermediate stages, HCC patients may benefit from
locoregional therapies, including transarterial chemoembolization, ablation, and selective
internal radiotherapy [9]. However, the treatment options for patients with advanced HCC
are systemic therapies such as chemo- and immunotherapy [8,10], which are limited and
poorly efficient [3] due to several factors such as late diagnosis (approximately 85% of
HCC patients), underlying liver damage [8], and tumor resistance to chemotherapy [11].
Therefore, the development of novel curative strategies is crucial. To achieve this goal,
gathering a mechanistic understanding of HCC pathogenesis is essential. Over the last
few decades, substantial progress has been made in the establishment of highly accurate
cancer systems [12], a wide range of HCC models being available. In particular, preclinical
(in vitro and in vivo) platforms simulating the major characteristics of human HCC have
emerged as essential tools for understanding the tumor biology and establishing proper
therapeutic candidates [3,13].

Driven by the recent progress recorded in cancer research, in this review, we offer a
thorough discussion regarding the currently available preclinical models frequently applied
in the pathological and therapeutic investigations of HCC, highlighting the advantages
and the limitations of each model. In addition, the role played by computational studies
(in silico models and artificial intelligence-based prediction models) as promising novel
tools in liver cancer research is also discussed.

2. General Aspects of HCC

HCC is the most habitual malignancy that arises due to the malignant transformation
of hepatocytes, accounting for 90% of all primary liver cancer diagnostics [14]. HCC
remains a major health concern worldwide [14], with an incidence that is expected to
rise in the future [1]. Plenty of etiological risk factors have been strongly associated with
HCC development. Above all, hepatotropic viruses such as HBV and HCV are leading
causes in the occurrence of liver cancer, the global distribution of HCC reflecting the rate
of these viral infections [15]. Thus, the greatest HCC prevalence is in the Asian regions
and sub-Saharan Africa due to the endemic HBV infection. In contrast, HCV infection
and nonalcoholic fatty liver disease (NAFLD) are major risk factors associated with HCC
in western countries [1,16]. Another infectious factor considered to augment the risk of
developing HCC is represented by the Hepatitis D–delta virus (HDV), a hybrid virus that
acts as a satellite of HBV by incorporating the HBV surface antigen (HBsAg) and infecting
only the persons that present an infection with HBV [17]. In addition, exposure to the
Aspergillus-derived aflatoxin, obesity, smoking, oral contraception use, and alcohol intake
are primary risk factors contributing to liver carcinogenesis [15,18]. Generally, HCC is
preceded by a chronic liver illness, such as cirrhosis, fibrosis, or fatty liver disease [7,14].
The unremitting cirrhosis is considered a precancerous environment due to the immune
responses’ imbalance that lead to this disorder (as chronic inflammation and destruction
of hepatocytes), while the inflammatory background, the reactive oxygen species (ROS)
generation, and the genomic DNA mutations represent dominant factors in augmenting the
malignant transformation of hepatocytes [19]. The dysregulation of immune mechanisms
observed in HCC highlights the immunogenic features of this type of cancer, a subject that
is still underexplored [19,20].

HCC is considered a multistep process (Figure 1) arising from the malignant trans-
formation of hepatocytes that acquire different genomic and epigenomic changes [21]
and is characterized by high heterogeneity, both from a clinical and molecular perspec-
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tive [22]. Despite the fact that the precise molecular mechanisms that trigger HCC initiation
and progression are far from being completely elucidated, recent research has revealed
the landscape of mutated genes and dysregulated signaling pathways associated with
HCC [23]. For instance, abundant evidence has indicated the importance of telomere
maintenance in hepatocarcinogenesis [24], the TERT (telomerase reverse transcriptase)
promoter mutations being the main somatic alteration observed in HCC samples [22]. In
addition, the oncogenes and tumor suppressor genes TP53, CTNNB1 (catenin beta-1), and
ARID1A (AT-rich interactive domain-containing protein 1A) are recurrently mutated genes
in progressed HCC [23,24]. Another frequent abnormality found in HCC is the mutation
of the tumor protein 53 (p. 53) [25]. Several signaling pathways (e.g., Wnt/β-catenin,
phosphatidylinositol-3-kinase and protein kinase B, Hedgehog pathway, Yes-Associated
Protein-Hippo Pathway (YAP-HIPPO), NF-κB pathway, regulation of lipid metabolism
by peroxisome proliferator-activated receptor gamma (PPARγ), and fibroblast growth
factor (FGF) pathway and its receptors (FGFRs)) have been identified as vital to HCC
occurrence [26–28]. In particular, the overactivation of the Wnt/β-catenin pathway, which
regulates cancer cell proliferation, invasion, survival, and apoptosis, is frequently found in
HCC [26]. Another mechanism considered to be involved in the development of hepato-
carcinogenesis is represented by epigenetic alterations, such as modifications of histone
deacetylation (histone deacetylases 3 and 6, and histone 3 lysine 9 acetylation (H3K9)),
DNA methylation changes (overexpression of DNA methyltransferase 1 (DNMT1), hy-
permethylation of p16, p15, and E-cadherin genes), and dysregulation of microRNAs
(miR-122—low expression and miR-221—overexpression) [27]. Besides the genetic and
epigenetic abnormalities specific for HCC, there were also noticed alterations of several
metabolic processes such as glucose metabolism, generation of ATP (adenosine triphos-
phate) energy, and amino acid and fatty acid metabolism, changes that increase the capacity
of tumor cells to expand, proliferate, and metastasize [29].
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Figure 1. The multistep process involved in HCC development. This image contains Servier Medical Art elements, which are
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The following abbreviations are used in the figure: HBV—hepatitis B virus; HCV—hepatitis C virus; NK—natural killer cells;
TNK—natural killer T cells; KC—Kupffer cells; ROS—reactive oxygen species; TERT—telomerase reverse transcriptase;
TP53—tumor protein 53; YAP-HIPPO—Yes-Associated Protein-Hippo Pathway, PPARγ—peroxisome proliferator-activated
receptor gamma; FGF—fibroblast growth factor.

The aggressiveness of HCC cells has been correlated to their ability to interact with
stromal cells and the extracellular environment [30], which has been shown to play a vital
role in HCC initiation, progression, metastasis, and response to treatment. Additionally,
the tumor heterogeneity is highly dependent on the microenvironment composition, which
generally includes a cellular component (HCC cells, hepatic stellate cells, tumor-associated
fibroblasts, immune system cells, etc.) and a non-cellular component (e.g., extracellular
matrix, bioactive molecules) [31].

https://smart.servier.com
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Serologic testing, computed tomography (CT) or magnetic resonance imaging (MRI),
and histology exams are common tools in diagnosing HCC [14]. However, when diagnosed,
the majority of HCC cases cannot benefit from curative interventions [32]. In early stages,
the main HCC treatment strategies include surgical resection and liver transplantation [14],
while in advanced forms, chemotherapy remains the mainstay of HCC treatment. To
date, tyrosine kinase inhibitors (TKIs) represent the first-line systemic treatment for HCC
management [10]. Notably, sorafenib was the first drug able to improve the overall survival
rate in advanced forms of HCC [9], thus being the only TKI recommended in the treatment
of this malignancy for over a decade [33]. Since then, other TKIs have been discovered,
of which only lenvatinib has been proven as non-inferior to sorafenib during clinical
trials [9]. Advanced HCC is recognized as refractory to systemic anticancer medication,
which explains the lack of chemotherapeutic options [14].

3. Preclinical Experimental Models for HCC

Considerable progress was recorded in the field of HCC as regards its biology, patho-
genesis, molecular, genetic, and epigenetic underlying mechanisms, and therapeutic in-
novations; the understanding of this complex process was obtained with the assistance of
preclinical experimental models. The preclinical models offer relevant insights regarding
the main features of human HCC, but they have several limitations since there is no model
able to mimic and reproduce the integral heterogeneity and complexity of this type of can-
cer [3]. In light of these data, the selection of an appropriate model for research directions
in the field of HCC represents a crucial step and involves a thorough documentation. This
review describes the main in vitro, in vivo, and computational methods for modeling HCC
(Figure 2).
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3.1. In Vitro HCC Models

In vitro studies are generally based on the growth of isolated cells in specific culture
media [34]. In vitro cancer models (Figure 3) vary in complexity from simplistic two-
dimensional (2D) monolayers to advanced three-dimensional (3D) models resembling
the tumor microenvironment [35]. Cancer cell lines are valuable preclinical models rou-
tinely used in cancer research and drug discovery [36], providing insights into cellular
signaling pathways, metabolism, invasion, proliferation [34], and response to chemother-
apy or radiotherapy, drug resistance [37], as well as the molecular mechanisms of tumor

https://smart.servier.com
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growth and metastasis [35]. However, 2D cell lines display several shortcomings, such as
cross-contamination with other lines and proneness to genetic drift after long-term cul-
turing [38], deviating considerably the in vivo response [39]. Moreover, 2D cultured cells
are constrained to adhere to a rigid surface, adopting a flat morphology, which affects the
normal cellular functions such as signaling, proliferation, migration, and apoptosis [37,40].
In addition, under 2D conditions, the extracellular matrix (ECM) constituents and cell–
cell and cell–ECM interactions are negatively impacted [37]. Despite their inability to
replicate the complicated tumor environment, 2D cell cultures remain the foundation of
today’s cancer drug discovery, current preclinical research relying heavily on cells grown
in monolayers [38].
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Three-dimensional (3D) models are innovative instruments for in vitro cancer research,
developed from either commercialized cell lines or patient-derived biopsies [34], which
have become widely popular in modern drug screening and tissue engineering [41]. As
compared to conventional cell cultures, 3D systems provide a much more realistic preser-
vation of the in vivo conditions, processes [42,43], and microenvironment where the tumor
resides and develops [44]. The 3D platforms fill the gap between 2D cultures and animal
testing, improving the success rate of novel anticancer drug discovery [41]. In addition, they
permit the evaluation of several cellular aspects such as proliferation, morphology, motility,
adhesion, and signaling, as well as the analysis of cell–cell and cell–microenvironment
interplay [45]. Nonetheless, several limitations have been described, such as laborious
processing, reduced application in high-throughput screening, a limited survival period in
culture, and the paucity of reliable experimental protocols [46].

3.1.1. 2D HCC Models

Cell lines, both of human and animal origin, have been extensively applied in the
modeling of HCC since they carry the majority of genetic and epigenetic alterations present
in the tumor of origin [3,13]. However, it is a matter of debate how well these cell lines
preserve the biological features of primary HCC and its response to treatment [13]. Major
applications of HCC cell lines include the study of cell proliferation and metastatic progres-
sion. Furthermore, HCC cell lines are broadly used as tools for molecular target discovery,

https://smart.servier.com
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drug screening, and in vivo xenograft development [3], allowing rapid and cost-efficient
evaluation of potential therapeutics [40]. Thus far, HCC 2D systems are limited to around
30 publicly available cell lines [47]. A very recent study investigated the gene expression
profile of 28 liver carcinoma cell lines, as a relevant criterion for selecting a suitable cell line
for HCC studies [48].

The most commonly employed experimental model for in vitro liver cancer research is
the HepG2 (Figure 4) cell line due to its availability and complex characterization [49], being
applied in toxicological and pharmacological investigations since the 1970s [50]. Deriving
from the liver biopsy of a Caucasian adolescent, HepG2 is recognized as a cell line negative
for hepatitis virus that exhibits intact features of human neoplastic lesions (e.g., increased
expression of α-fetoprotein, α2-macroglobulin, and transferrin) [3]. In addition, the cells
express many differentiated hepatic functions (e.g., synthesis of plasma proteins, bile acids,
and glycogen, metabolization of cholesterol and triglycerides) [51]. Nevertheless, the use
of the HepG2 cell line remains rather controversial, with several studies suggesting its
non-tumorigenicity and descendance from an epithelial hepatoblastoma-like tumor [3,49].
C3A (Figure 4) is a subclone of the HCC HepG2 cell line [52], presenting a more hepatocyte-
like morphology as compared to the ancestral line [53]. HepaRG cells (Figure 4) originate
from a hepatic progenitor cell line of a female hepatocarcinoma associated with chronic
hepatitis C and cirrhosis [50,54]. The cells exhibit a typical epithelial aspect, being able to
differentiate in two phenotypically distinct cell populations: (i) large polygonal biliary-like
cells with clear cytosol and refringent edges, and (ii) small hepatocyte-like cells with dark
cytosol and prominent nuclei. The HepaRG cell line is a valuable tool in drug screening,
drug metabolism studies, carcinogenesis, and HBV infection [54]. In stark comparison to
the human cells presented so far, Hepa1-6 (Figure 4) is a murine hepatic cancer cell line
originating from the spontaneous BW7756 tumor that developed in C57BL/J mice [55].
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Other cell lines frequently used in liver cancer research and the differences established
so far in the literature between them are summarized in Table 1. To verify the relevance
of the selected cell lines in the preclinical evaluation of HCC, we performed a PubMed
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database search. According to the results, HepG2 is by far the most employed cell line in
HCC research, followed by Hep3B, HuH-7, and C3A. The response to the HCC chemother-
apeutic agent sorafenib varies among cell lines, Hep3B being the most sensitive, with a
calculated IC50 value of 3.31 µM.

Table 1. Presentation of the cell lines currently described in the literature as established in vitro experimental models for HCC.

Cell Line Origin Disease
Sensitivity to HCC

Chemotherapy
(Sorafenib)

Frequency
(No. of PubMed

Studies)
Applications

HepG2 Homo sapiens,
15-year-old male [56] HCC IC50 = 6 µM [57];

IC50 = 7.42 µM [58] 32,929
3D modeling; cancer research;

toxicology studies;
high-throughput screening [56]

Hep3B
Homo sapiens,

8-year-old juvenile
male [56]

HCC IC50 = 3.31 µM [58] 2908

3D cell culture;
high-throughput screening;

cancer research; infectious and
sexually transmitted disease

research; toxicology
evaluations [56]

HuH-7 Homo sapiens,
57-year-old male [48]

Well-differentiated
HCC IC50 = 5.97 µM [58] 2545

3D modeling [11]; drug testing
[59,60] and repurposing [61];
drug metabolism studies [62]

C3A Homo sapiens,
15-year-old male [48] Differentiated HCC - 2070 3D cultures and cancer

research [56]

SKHep1 Homo sapiens,
52-year-old male [48] Adenocarcinoma IC50 = 5.3 ± 0.5 µM

[63] 976

3D modeling; cancer research;
toxicology studies;

high-throughput screening;
cardiovascular

disease research [56]

HepaRG Homo sapiens,
female patient [52]

Tumor from the liver
of a female

diagnosed with
chronic hepatitis C
and macronodular

cirrhosis [54]

- 835

Bioartificial liver application
[64]; in vitro drug metabolism

and toxicology evaluations [65];
3D model design [66]

Hepa1-6
Mus musculus,
C57L mouse

strain [56]
Hepatoma

Effective
concentrations =

10–50 µM [67]
386 3D cultures and

cancer research [56]

LMH Gallus gallus, Leghorn
strain chicken [56]

chemically
induced HCC - 321 3D cultures and

cancer research [56]

SNU-475 Homo sapiens,
43-year-old male [56] grade II–IV/V HCC

Effective
concentrations =

20–50 µM [68]
20

3D modeling; infectious disease
research; sexually transmitted

disease research; cancer
research [56]

SNU-387
Homo sapiens,
41-year-old
female [56]

grade IV/V
pleomorphic HCC

Effective
concentrations =

10–50 µM [68]
17

3D modeling; infectious disease
research; sexually transmitted

disease research; cancer
research [56]

3.1.2. 3D HCC Models

HCC Co-Cultures

The co-culture technique enables the cultivation of a variety of cell types together
in one culture dish, allowing the examination of cell–cell interactions, which have been
reported as key players in cancer invasion [69,70]. Iwahashi and colleagues remarked
that co-culturing HCC cells (HepG2 and HuH-7) with hepatic stellate cells (LX2 and Li90)
promotes cancer progression via the IL-6/STAT3 pathway, increases the migratory potential
of the cancer cells, and elevates the expression of the epithelial–mesenchymal transition
marker E-cadherin and stem cell markers EpCAM and CD44 [71]. Additionally, co-cultures
offer a better perspective on the response of HCC cells to therapy by mimicking the tumor
microenvironment. In a study conducted by Chen et al., it was revealed that co-culturing
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LX2 hepatic stellate cells with HuH-7 HCC cells reversed the sorafenib-induced effects in
the HuH-7 cell line, such as suppressed cell viability, increased PARP, and decreased levels
of antiapoptotic proteins Mcl-1 and Bcl-2, enabling drug resistance via the HGF/c-Met/Akt
and Jak2/Stat3 pathways [72] (Table 2).

Table 2. Examples of in vitro 3D models of HCC.

In Vitro 3D Model Cell Line(s) Observations Reference

Co-culture on
polycaprolactone

electrospun scaffolds

HepG2 and patient-derived
human healthy

hepatocytes (HHH)

antiproliferative and antioxidant
activities of the scaffold in the case of

HepG2 cells and their
co-culture with HHH

[73]

Co-culture on double-layered
fibrous scaffolds incorporated
with hydrogel micropatterns

HepG2 spheroids
and fibroblasts ↑ albumin secretion [74]

Co-culture HuH-7 and LX2
induced drug (sorafenib) resistance in

HCC cells by HGF/c-Met/Akt and
Jak2/Stat3 signaling pathways

[72]

Co-culture HepaRG and LX2

increased expression of proinflammatory
cytokines; ↑ VEGFA and matrix

metalloproteinase-9 expression in hepatic
stellate cells; permissive

proangiogenic microenvironment

[75]

Co-culture
HuH-7 spheroids and human

umbilical vein endothelial
cells (HUVEC)

↑ proliferation and gene expression of
HCC-related genes; activation of the

epithelial–mesenchymal transition (EMT)
and angiogenic pathways; ↑ angiogenesis

and vessel maturation

[76]

Spheroids HuH-7 activation of apoptotic and proliferative
HIF-1α and ERK signals [76]

Spheroids HepG2 experimental model for
genotoxicity assessment [77]

Organoid-like spheroids in
porous alginate scaffolds

HuH-1, HuH-7, HepG2,
Hep3B, SK-Hep-1

↑ sensitivity to TGF/β-induced EMT;
↑ in vivo tumorigenic and metastatic

potential; ↑ resistance to
chemotherapeutic drugs as compared to

2D cultures

[78]

Tumor Organoid System
HCCLM3, Hep3B,

HUVEC, and human
primary fibroblasts

similar features to human HCC observed
in vivo; ↑ neo-angiogenesis-related
markers (VEGFR2, VEGF, HIF-a),

tumor-related inflammatory factors
(CXCR4, CXCL12, TNF-a

epithelial–mesenchymal transition
markers (TGFb, Vimentin, MMP9)

[79]

Bioprinted Model HepG2, NIH 3T3 ↑ adhesion, viability,
proliferation, function [80]

Bioprinted Model HepG2
↑ expression of tumor-related genes,

differences in drug resistance genes as
compared to 2D model

[81]

Cirrhotic decellularized ECM
Scaffold Based Bioprinted

Model
HepG2

↓ cell growth; ↑ invasion markers (matrix
metalloproteinases MMP2 and MMP9,

Twist-related protein 1)
[82]

↑ increase, ↓ decrease.
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HCC Spheroids

Tumor spheroids can be defined as sphere-shaped 3D cell aggregates [83,84], consisting
of a necrotic core covered by layers of active and proliferating cells [34]. Spheroid cultures
compensate for the deficiencies of 2D cultures [85] by retaining the in vivo characteristics
in terms of morphology, phenotype, microenvironment, and cell–cell and cell–extracellular
matrix communication [83], which makes them suitable for HCC studies [11]. Co-culturing
normal and malignant cells within a spheroid can extend the knowledge about angiogenesis
and tumor metastasis [84]. Among the widely employed applications of 3D spheroids are
included the screening of anticancer therapy efficacy [86] and the study of responses to
existing treatment interventions such as radiation, chemotherapy, and immunotherapy, or
combined therapies [84].

Several spheroid-type cultures for the study of HCC have been described so far. For
instance, Song and colleagues developed patient-derived multicellular tumor spheroids
(MCTS) as a screening tool for personalized cancer therapy in HCC. In addition, the
chemosensitivity of the system to sorafenib, 5-fluorouracil, and cisplatin has been assessed
in comparison to monolayer cell cultures and classic tumor spheroids. MCTS exhibited a
selective response to anticancer drugs as compared to homogeneous HCC spheroids [87].
Khawar et al. designed a stroma-rich mixed-cell spheroid model by co-culturing HuH-7
cells and LX2 stellate cells sharing several similarities with the in vivo tumor phenotype,
such as a profibrotic microenvironment, chemotherapy resistance, and invasive cell move-
ment [11]. However, taking into account the benefits that spheroids bring to the study of
cancer, it is important to mention that they are not ideal platforms, mainly due to several
inconsistencies in their formation, their challenging manipulation, and the absence of
specific extracellular matrix constituents [88]. A summary characterization of all types of
3D in vitro models described in the present manuscript is presented in Table 3.

Table 3. A summary characterization of 3D in vitro models.

Type of 3D In Vitro Model Specific Features Biomedical Applications Reference(s)

Co-cultures

• direct—different cells
are cultured together

• indirect—the cells are separated by a
physical barrier

• cells of different phenotypes do not
grow together even when they are in
direct contact

• Cell–cell communication
• Cell–microenvironment

interactions
• Cancer invasion

[89]

Spheroids

• non-scaffold-based 3D model
• round-shaped

micro-sized cellular aggregates
• can be generated either from 2D cell

cultures (primary or immortalized
cells) or tissue fragments

• multilayer structure: (i) external
layer—proliferative cells, (ii) middle
layer—senescent cells, and (iii)
core—necrotic cells

• two types of tumor spheroids:
homodymic, containing ex-clusively
cancer cells, and heterodymic,
containing tumor cells cul-tivated
with other cell types

• ECM consists of proteins produced by
the cells during sphe-roid formation

• Drug discovery
• Disease modelling
• Toxicity screening
• High-throughput screening

[90–92]
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Table 3. Cont.

Type of 3D In Vitro Model Specific Features Biomedical Applications Reference(s)

Organoids

• also known as “organ buds”
• complex scaffold-free 3D models
• stem cell organoids (derived from

embryonic stem cells/induced
pluripotent cells/primary stem cells)

• tissue organoids
(stromal cell-free culture)

• ‘organ-in-a-dish’
• in vivo-like

complexity and architecture

• Carcinogenesis studies
• Anticancer drug

screen-ing and discovery
• Development of person-alized

anticancer therapies

[12,37,90,92–95]

Scaffold-based models

• 3D constructs providing a physical
support (matrix) on which cells can
proliferate, divide, and migrate

• specifically designed to recapitulate
the in vivo ECM

• composed of natural (i.e., Matrigel,
chitosan, hyaluronic acid, alginate) or
synthetic (i.e., polyethylene glycol,
polyvinyl alcohol) scaffolds

• Drug screening and dis-covery [92,96,97]

Bioprinted and 3D printed models

• layer-by-layer deposed bioinks (i.e.,
cell pellets; decellularized ECM
constituents) with 3D architecture

• scaffold-free design—bioprinting on
sacrificial materials (agarose; alginate),
which are eventually discarded, or

• scaffold-based design—bioprinting of
hydrogel-encapsulated bioinks

• Tissue engineering
• Cancer pathology re-search
• Anticancer drug discov-ery

[97,98]

Organ-on-a-chip

• miniature microfluidic devices made
of optically clear mate-rials (i.e.,
plastic, glass, polymers)
containing microchannels
popu-lated by living cells

• extended viability of the cultured cells
(weeks, months)

• faithful simulation of the in vivo organ
structure and func-tions

• mimicking both the physiological and
pathological features of the organ

• Modeling of specific tumoral
processes: growth,
neovascularization and
angiogenesis, progression from
early to late stages, invasion,
and metastasis

[92,99]

HCC Organoids

Organoids are 3D systems able to preserve the identity of the modeled organ, main-
taining some of its physiological aspects and properties, including self-organization, self-
renewal, multilineage differentiation, and histological features. Organoids provide several
advantages. They enable long-term culturing, cryopreservation, and genetical manipu-
lation similarly to conventional 2D platforms, combining the tractability of in vitro cell
cultures with the architecture and differentiation of in vivo models [100]. Cancer organoid
models permit the study of carcinogenesis, cancer metastasis, and drug screening for the
discovery of personalized anticancer treatments [12].

Liver organoids are particularly interesting due to the numerous functions exerted by
the human liver and their capacity to shape several liver diseases [101]. HCC organoids re-
capitulate the morphological aspects, as well as the expression of specific HCC tumor mark-
ers, preserving the genetic heterogeneity of the tumor from which they originated [102].
However, at present, these 3D systems exhibit several weaknesses, such as high costs,
time-consuming and difficult preparation, and the lack of blood vessels or the immune
components that play crucial roles in in vivo systems [3].

Nuciforo et al. developed tumor organoids from biopsies obtained from HCC patients
that retained the histological and genomic characteristics of the parental tumors, presented
variable sensitivity to chemotherapy (sorafenib), and generated tumors that also recapitu-
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lated the features of the original biopsy in immunodeficient mice [102]. Other examples of
liver tumor organoids are presented in Table 2.

Scaffold-Based HCC Models

Another valuable 3D culture method is represented by scaffold-based platforms [37].
Scaffold-based models differ from the other 3D culture methods by providing a physical
matrix on which cells are able to aggregate, divide, and migrate [96].

Scaffolds represent pre-fabricated 3D structures [96] that are made of a series of
materials with different porosities, permeability, surface nature, and mechanical stability
and are modulated in order to reconstruct the microenvironment or the extracellular matrix
of specific tissues and tumors. In stark contrast to scaffold-free models, in scaffold-based 3D
cultures, cells are embedded into the matrix, the physicochemical properties of the scaffold
material strongly influencing cell characteristics [96]. In addition, this architecture enhances
the interactions between the adhered cells, providing a support for them to proliferate and
auto-organize [37]. Scaffolds can be natural or synthetic, specifically engineered to imitate
the properties of the extracellular matrix. Several bioactive molecules such as growth
factors and hormones can be added in synthetic scaffolds to increase cell proliferation or to
induce a characteristic cell phenotype [96]. Beyond the positive features of these 3D systems,
when selecting scaffold-based 3D culture platforms, several factors should be taken into
consideration, factors that could be considered drawbacks of the model, including the
composition heterogeneity of the materials between batches, thorough verification of
materials’ properties (e.g., mechanical properties, swelling capacity, degradation) for each
experiment, degradation products that could determine immunogenic reactions, reduced
reproducibility of the results due to the variability in properties, and low mimicry of the
human tumor environment [103].

Leung et al. developed a chitosan–alginate scaffold 3D system of HCC which closely
imitates the in vivo tumor behavior and might serve as a proper model for the study of
HCC therapeutic options. Their study revealed that, when grown on a chitosan–alginate
scaffold, HepG2 cells display several differences as compared to 2D cultures or HCC cells
grown on Matrigel, such as elevated angiogenic factors IL-8, bFGF, and VEGF, increased
GPC-3 expression, low proliferation rate, and pronounced resistance to chemotherapy [40].

Bioprinted and 3D-Printed HCC Models

Bioprinted cell models are innovative platforms that enable the deposition of bioinks
containing multiple types of living cells, signaling molecules, decellularized extracellular
matrix constituents, nutrients, growth factors, and cell-laden biomaterials using a computer-
aided design (CAD) in order to engineer 3D constructs with tissue-like architecture [98,104].
According to their origin, bioprinting materials vary from natural polymers such as alginate,
gelatin, collagen, fibrin, and hyaluronic acid-based to synthetic materials [104].

Bioprinting technology is able to create constructs that effectively replicate the extra-
cellular matrix, which enhances the attachment and proliferation of different cell types,
including normal tissue-specific, connective tissues, and cancer cells [104]. When cultured
in 3D bioprinted systems, tumor cells display an elevated proliferation rate and a better
response to chemotherapy drugs as compared to conventional 2D models [105].

Xinwei Zhou’s group developed a 3D hepatic tumor platform consisting of HepG2
cells and a sodium alginate/gelatin/fibrinogen hydrogel as a model for effective drug
screening. Their results revealed high cell viability and significant differences in their be-
havior after the treatment with anticancer drugs (5-fluorouracil, mitomycin) in comparison
to 2D culture conditions [106].

HCC-on-a-Chip

Organ-on-a-chip modeling, which is the result of combining cell biology with engi-
neering and biomaterial technology, stands among the most emerging technologies and
has attracted enormous interest and attention lately. In brief, this method involves the con-
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struction of an organ biomimetic platform on a multi-channel microfluidic chip, recreating
the structural and functional features of human physiology in terms of vascular and ep-
ithelial organ interfaces, as well as interactions between multiple organs [50,107]. The chip
provides a microenvironment similar to that of the recreated organ [107]. Organ-on-a-chip
models have four main components: (i) microfluidics; (ii) living cells (in 2D or 3D systems);
(iii) stimulation; and (iv) sensing [107]. In particular, tumor-on-a-chip models add a new
dimension to the mimicry of the human cancer microenvironment, offering great promise
for the cost-effective and high-throughput evaluation of antineoplastic drugs [108].

Thus far, due to the central role of the liver in the metabolism of xenobiotics and
its proneness to drug-induced toxicity [109], liver-on-a-chip platforms recapitulating the
complex hepatic microenvironment have emerged as sophisticated microdevices in drug
development [50].

Despite the challenges encountered when reconstructing the complex hepatic tissue,
progress has been made so far. To mention a few recent studies, Lu and collaborators
designed biomimetic liver tumors-on-a-chip by integrating decellularized liver matrixes
with gelatin methacryloyl for a closer reflection of the 3D tumor microenvironment. Their
platform exhibited a dose-dependent drug response to acetaminophen and sorafenib and
represents an improved model for a range of future pharmacological and toxicological
studies of anticancer drugs [107,110]. Sharif et al. developed an HCC–bone metastasis-on-a-
chip system which models key aspects in the process of liver cancer invasion. This platform
was used for studying the inhibitory effect of nanoparticle-encapsulated thymoquinone on
the migration of HCC cells into the bone [111].

3.2. In Vivo Experimental Models for HCC

Animal models are well-established research tools used to study human diseases,
building an important bridge between in vitro evaluations and clinical trials [112]. In the
area of cancer research, accurate in vivo models offer substantial insights into the tumor
biology in complex systems (living organisms) [113], disease etiology and pathology [114],
and genetic mutations leading to the occurrence and development of tumors [113], facil-
itating the discovery of neoplastic drugs [112] by testing novel therapy approaches that
cannot be safely used in patients [114], and predicting their response to therapy [115].

The development of accurate experimental animal models of liver tumors that are
semblable to human hepatocarcinogenesis remains a challenge due to the complex etiology
and tumor heterogeneity of HCC [116,117]. An ideal model should simulate the human
HCC in terms of history, pathology, and biochemistry, allowing the analysis of potential
drugs in preclinical studies and contributing to the progress of targeted therapy [116]. De-
spite the fact that no existing animal model completely captures the human disease [114],
several valuable animal models have been designed so far for HCC. By offering several
advantages, such as anatomical, physiological, and genetic resemblance to human beings,
small size, large number of offspring, and low cost as compared to larger animals, rodent
models represent the most preferred animal models for the research of HCC. In particular,
mice have proven to be beneficial tools for the comprehension of the biological processes
that occur during tumor growth, for preclinical evaluation of anticancer therapies [118],
and for uncovering the molecular fundamentals of hepatocarcinogenesis [13]. A key factor
in the selection of an animal model for studying HCC is represented by the strain of mice,
since several strains have proven to be susceptible to developing this type of cancer sponta-
neously or chemically induced, such as C3H, CBA, and DBA/2 mice, whereas others are
described as rather resistant—C57BL/6, BALB/c, and A/J. A detailed description of mouse
strains’ susceptibility to HCC development can be found in two excellent articles [119,120].

Other relevant animal models for HCC research include the rat, woodchuck, and
zebrafish. Further, several in vivo mouse and non-mouse models have been discussed.
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3.2.1. Mouse HCC Models

Chemically Induced HCC Mouse Models

Chemically induced models (CIM) are able to reveal underlying mechanisms of car-
cinogenesis by emphasizing the genetic, environmental, and immunological factors leading
to cancer occurrence in the human population. The main disadvantages of CIM include
the long time necessary for cancer induction and the unknown genetic background of the
developed tumor, diminishing the use of these models lately. Nonetheless, the prolonged
time is rather convenient because it facilitates the development of the inflammatory and
fibrotic environmental features of human HCC [121].

Due to the inevitable daily life exposure to countless compounds exerting toxicity
and to its fundamental role in xenobiotic detoxification, the liver is predisposed to severe
damage [116]. Several chemicals able to induce liver injury are known so far and therefore
applied in generating HCC models (Figure 5). They are primarily divided into (i) geno-
toxic compounds which alter the DNA structure and (ii) promoters able to enhance the
formation of tumors [117,122]. Depending on the carcinogen type, chemically induced
liver cancer is categorized as diethylnitrosamine (DEN)-, aflatoxin-, carbon tetrachloride-,
dimethylnitrosamine-, and thioacetamide-induced hepatocarcinogenesis. Among these,
DEN-induced liver carcinoma remains the most widely used model in preclinical re-
search [123]. DEN targets the liver, where it is converted by cytochrome P450 enzymes
present in centrilobular hepatocytes into alkylating metabolites that further induce DNA
damage [7]. In addition, the contribution of DEN to hepatocarcinogenesis lies in its ability
to cause oxidative stress [122]. The carcinogenic effect of DEN is dose-dependent, a single
low dose being insufficient to form neoplasms due to the intervention of several DNA
repair mechanisms, while the administration of a high dose induces HCC, but only after a
period of latency. The time needed for the development of DEN-induced HCC is highly
dependent on several factors such as the administered dose, sex, age, strain of mice [122],
tumor microenvironment, and immune status [121]. HCC occurs faster in juvenile animals
as a consequence of the high proliferation rate of hepatocytes [122]. An effective protocol
involved the administration of a single DEN injection (1.25–25 mg/kg body weight) in
two-week-old mice, resulting in the occurrence of liver cancer at around 8–12 months [124].
A conventional mouse model of DEN-induced liver carcinoma presumes the administra-
tion of a single injection of a low dose of DEN as an initiator. However, such a model does
not develop the features of liver fibrosis, which is crucial to mimic tumor microenviron-
ment of HCC in humans. The single injection of DEN can be accompanied by repeated
dosing of CCl4 acting as a pro-fibrogenic agent in order to mimic the tumor microenvi-
ronment of HCC in humans. When injected chronically, DEN promotes inflammation
and fibrosis, which accurately simulates the scenario of human HCC [121]. In a previous
study conducted by Da Costa et al., a timeline of the evolution of DEN-induced HCC in
mice has been sketched. According to the authors’ results, HCC developed in male ICR
mice only 40 weeks after the first DEN intraperitoneal administration, showing specific
histological features of malignancy. However, prior to HCC occurrence, several hepatic
lesions were reported, such as hydropic degeneration, necrosis, apoptosis, hyperplastic
foci, hepatocellular adenoma, and peliosis hepatis [125].

The DEN model is a reliable representation of HCC [122], due to the genetic resem-
blance, poor prognosis, high proliferation, low levels of β-catenin mutation, and apopto-
sis [124]. It can be applied in the study of the implication of immune responses and tumor
microenvironment in the process of liver carcinogenesis [121]. Additionally, DEN-induced
HCC in mice is a reliable model for drug and gene screening. Mohammed and colleagues
used a DEN-induced HCC mouse model for evaluating the effect of nanoparticulate cur-
cumin on HCC prophylaxis. They observed a significant elevation in hepatic enzymes,
vascular endothelial growth factor (VEGF), tumor necrosis factor-α (TNF-α), α-fetoprotein,
and nuclear factor-Kb (NF-Kb), as well as a reduced albumin concentration and tissular
antioxidant activity following the treatment with DEN [126]. Luo et al. established a
two-stage HCC model in BALB/c mice initiated with DEN and promoted with CCl4 and
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ethanol for simulating the molecular pathogenesis of human liver cancer by assessing the
expression of proto-oncogenes and tumor suppressor gene p53 [127]. According to a recent
study conducted by Connor et al., a single dose of DEN administered intraperitoneally to
C3H/HeOuJ juvenile male mice (14–16 days old) determined several genetic aberrations,
such as active mutations in Hras, Braf, Egfr, which act as oncogenic drivers, mutations
that are seldom noticed in human HCC. In addition, there were observed Apc-truncated
mutations that were correlated to an aberrant nuclear expression of β-catenin and an
impairment of Wnt-β-catenin pathway, a specific feature of human HCC [7]. These data
represent a reliable background for the selection of the most appropriate animal model
when studying liver carcinogenesis.
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Xenograft HCC Models

The most common approach to establish HCC tumor xenograft models (Figure 5) is by
the transplantation of biopsy material or cancer cell lines in the subcutaneous compartment
or in the liver of immunodeficient mice [122,128]. Patient-derived tumors remain the
first choice for generating realistic xenograft models because they retain the histological,
molecular, and genetic heterogeneity of human cancers, while tumor cell lines hold a
multitude of initial mutations and acquire several additional aberrations during in vitro
culturing, distancing them from the features of cancers observed in patients, and poorly
predicting the clinical outcome [129].

According to the implant site, xenografts can be divided into ectopic and ortho-
topic models. Ectopic xenografts, where the transplanted location differs from the origin
of the cultured cells, represent the standard model used in oncology studies, allowing
the easy monitoring of tumor growth, as well as the evaluation of cancer treatment effi-
cacy [130]. In stark contrast to ectopic grafts, the orthotopic cancer models are advanced
tools based on the implantation of human cancer cells in the same location as the origin
tumor [130]. The orthotopic xenografts are superior due to their ability to replicate the
tumor microenvironment, showing faster early-stage tumor growth, angiogenesis, and
hyperpermeability of blood vessels [123,130]. Their major defect is the difficulty in monitor-
ing the tumor growth and progression and measuring the tumor volume without animal

https://smart.servier.com
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sacrifice. However, to address this inconvenience, advanced imaging methods such as
magnetic resonance imaging (MRI) or positron emission tomography (PET) are frequently
applied to assess the evolution of tumors in orthotopic systems [123]. Xenograft platforms
allow the preclinical investigation of pharmacokinetics, therapeutic efficacy, and toxicity of
a compound [122,123].

Implantation HCC models that resemble the pre-existing liver conditions have been
also described. Qi et al. successfully designed a novel HCC in vivo model that reflects
the human liver cancer initiation and progression processes in the context of an existent
hepatic injury (fibrosis, inflammation) through the inoculation of histologically normal
oncogenic hepatocytes in C57BL/6J mice pre-treated with CCl4 as a fibrosis inducer [131].

Of particular interest are the implantable syngeneic mouse cancer models, which
occupy a major position in tumor immunology and immunotherapy studies [132]. As
compared to conventional xenografts, which require animal immunodeficiency, these
models carry out the engraftment by subcutaneous or intravenous injection of mouse
HCC cell lines or murine tumoral tissue in immunocompetent mice of the same genetic
strain, while preserving the host immune system [132,133]. Reiberger and colleagues report
the development of a syngeneic orthotopic HCC mouse model with CCl4-induced liver
cirrhosis that mimics the features of human HCC [134].

Genetically Engineered HCC Mouse Models

Genetically engineered mouse models have made a substantial contribution to the field
of oncology [129], playing a pivotal part in elucidating the mechanisms of tumor genesis,
progression, therapeutic response, and innate drug resistance [135,136]. This method relies
on the development in a natural non-immunodeficient environment of de novo tumors
which closely reproduce the histological, pathological, and molecular heterogeneity of
their human counterparts [129]. The most common methods for generating genetically
tailored mouse cancer models are the activation/overexpression of oncogenes using tissue-
specific promoters (e.g., KRAS), or the inactivation/removal of tumor suppressor genes
via recombinase enzymes (e.g., CRISPR-Cas9 technology) [121,132].

Genetically modified models have become powerful research tools that provide in-
sights into the involvement of specific proteins and signaling pathways in HCC develop-
ment. Therefore, the primary advantage offered by these platforms is the knowledge of the
initiating mutation, which plays a crucial role in the evaluation of molecularly targeted
anti-HCC therapy options. Moreover, in these conditions, HCC arises spontaneously in a
specific liver microenvironment, with an intact immune system. However, a disadvantage
of these models is the absence of fibrosis and cirrhosis and reduced mutation burden, which
is in contradiction to the human HCC, characterized by a landscape of altered genes and
pathways, as well as a pre-existing liver disease [121].

In order to better understand the implication of cancer-related genes in HCC develop-
ment [137], there is a large number of representative genetically engineered mice for liver
cancer, from models overexpressing oncogenes (e.g., Myc, β-catenin) [122] and growth
factors (e.g., EGF, TGF-α, FGF19) [122] to rodents presenting inactivated/removed tumor
suppressor genes (e.g., p53) [138]. However, experimental research has shown that alter-
ations within a single gene are generally insufficient for inducing hepatocarcinogenesis,
which is, in essence, a multistep process requiring multiple mutations [137]. For instance,
transgenic mice overexpressing c-Myc or β-catenin alone inefficiently develop HCC within
a long latent period, while additional oncogenes or growth factors generate early liver
cancer. Similarly, HCC induced via p53 inactivation is accelerated when supplementary
oncogenes are expressed [137].

Sook In Chung’s research group developed a transgenic HCC in vivo model by apply-
ing the hydrodynamic transfection method and the Sleeping Beauty transposon system,
which induced concomitant c-Myc expression and p53 suppression in 5-to-6-week-old
C57BL/6 male mice. Additionally, they combined this technique with CCl4 treatment, cre-
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ating a liver fibrosis background which significantly accelerated the hepatocarcinogenesis
induced by c-Myc up- and p53 downregulation [139].

Humanized HCC Mouse Models

Humanized models (HMs) are generated by engrafting human tumor cells or patient-
derived xenografts into an immunodeficient rodent host harboring constituents of the
human immune system. These novel platforms emerged as a step forward in the pre-
clinical cancer research by reproducing the realistic interactions occurring between the
tumor and the immune system [140,141], which make a significant contribution to cancer
progression [132]. Regarding the importance of inducing immunodeficiency in mice prior
to inoculation, its main role is to facilitate the engraftment and to overcome the rejection of
human cancer cells mediated by the murine immune system [140].

The in vivo reconstitution of the human immune system can be acquired by (i) the
intravenous transplantation of human peripheral blood mononuclear cells (PBMCs), which
generates the so-called PBL (peripheral blood lymphocyte)-HMs, (ii) the inoculation of
CD34+ hematopoietic stem cells (HSCs) leading to the HSC/SRC/SCID-HMs [142], which
provides a more complete immune restoration, or (iii) the sub-renal administration of
human fetal thymus or fetal liver tissue, followed by the injection of autologous CD34+
HSCs, resulting in the BLT (bone marrow–liver–thymus)-HMs [140,143].

Humanized mouse models are mainly applied in the investigation of oncologic im-
munotherapy [144]. Unfortunately, despite being one of the most attractive preclinical
models for immunotherapy screening, humanized rodents are currently not well estab-
lished in the area of HCC study. However, advances have been made in this regard.
For instance, Zhao and colleagues designed a new patient-derived xenograft humanized
mouse model to study the interactions between HCC and the human immune system, and
to evaluate and predict the efficacy of immunotherapy and combination therapies [145].
Similarly, Bi et al. established a novel patient-derived xenograft model of human HCC in
immunocompetent mouse [146].

3.2.2. Non-Mouse HCC Models

Rat HCC Model

The laboratory rat (Rattus norvegicus) is a rodent model that has been faithfully used
in several biomedical domains, including oncology [147]. In particular, experimental
rat hepatocarcinogenesis served for a long time as a relevant model in delineating the
pathogenesis of liver neoplasia, evaluating the human cancer development risk following
exposure to carcinogens [148], facilitating HCC prevention strategies [149], identifying
the metabolic pathways leading to liver tumorigenesis [150], and evaluating the tumor
response to chemotherapy [151].

Woodchuck HCC Model

The eastern woodchuck (Marmota monax) is acknowledged as a clinically relevant in vivo
experimental model in the investigation of HBV-associated diseases such as HCC [152]. This
model spontaneously develops chronic hepatitis advancing to HCC during adulthood
after neonatal exposure to woodchuck hepatitis virus (WHV) [153,154]. Several similarities
have been established between WHV and human HBV with respect to the viral life cycles,
mechanisms of infection and replication, nucleotide sequence, genome organization, and
virion morphology [154,155]. Following the inoculation, liver cancer development occurs
within an approximate period of 24–32 months [153].

Not only does woodchuck HCC resemble the human HCC in regard to imaging
appearance and biological features [156], but it also is recognized as a unique system that
effectively models several events of HBV-associated liver cancer, such as viral infection,
leading to the subsequent HCC development and generation of immune reactions against
the virus and the tumor [154]. Thus far, woodchucks with established HCC tumors have
been used in various applications. As compared to mice or rats, which are limited by
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their small size, this particular model is ideal in the evaluation of HCC intra-arterial
therapies [153]. Additionally, HCC-bearing woodchucks have been effectively used in the
evaluation of novel therapeutic strategies, improvement of current imaging and ablation
techniques, and prevention of HCC initiation and progression [155].

Zebrafish HCC Model

Over the last few decades, zebrafish (Danio rerio)—a vertebrate model organism [157,158]—
have arisen as a faithful platform in the field of drug discovery and toxicity evaluation due to
their organ similarities to mammals. Zebrafish models possess a plethora of unique advantages,
including the generation of a large number of progeny, fast development, small size, confidence
in statistical analysis, feasible drug administration, low-cost testing as compared to other animals,
high molecular and genetic homology to human beings, generation of cancer models that share
similarities to their human counterparts, as regards the molecular and pathological aspects,
and optical transparency during the first days of life, which permits the real-time non-invasive
observation of tumor metastasis, efficacy, and toxicity of the antitumoral drugs [157,159–161].
In addition, larval zebrafish are considered a useful replacement for some animal toxicity
studies, allowing an early identification of toxic molecules, the evaluation of safer compounds
in mammals, and the reduction of the number of animals used in the study [161].

Due to the high resemblance in genes, molecular pathways, and response to drug treat-
ment, zebrafish became popular among the models used to study human cancer biology,
offering a complex view on carcinogenesis and cancer metastasis, the tumor microenvi-
ronment, and angiogenesis, as well as drug screening, toxicity, and resistance [157,162].
Cancer can be induced in zebrafish by three methods: (i) exposure to chemical carcinogens
(e.g., ethylnitrosourea and N-methyl-nitrosoguanidine able to initiate the development
of various malignancies), (ii) generation of mutations in oncogenes or tumor suppressor
genes (e.g., TP53, which is the most commonly altered tumor suppressor gene in human
cancers), and (iii) xenotransplantation, resulting in a wide array of tumors in different
organs [158,162].

In particular, zebrafish represent a useful system for assessing the mechanisms of
hepatic diseases, including hepatocellular carcinoma, due to the wide similarities shared be-
tween their liver and the human liver at both physiological and pathological levels [13,163].
Several transgenic zebrafish models have been developed to mimic HCC, including β-
Catenin-, Xmrk (EGFR)-, KRAS-, and Myc-driven models [164]. Nguyen et al. generated
a transgenic zebrafish model expressing EGFP-krasV12 by administrating mifepristone
for the high-throughput screening of new cancer targets or inhibitors of Ras-mediated
hepatocarcinogenesis [165].

3.3. Computational Modeling of HCC

3.3.1. In Silico Models

In silico experimentation refers to the coupling of current computer-based technolo-
gies with conventional biology, providing a guided and targeted approach in the study
of cancer. Unlike traditional laboratory-based research, which involves expensive and
time-consuming experimentation on biological materials (e.g., cell cultures) or animals to in-
vestigate hypotheses or even make predictions about the treatment effectiveness, by means
of specifically designed computer programs, in silico modeling offers the possibility to simu-
late the real experimental environments by conducting computational experiments [147]. In
other words, in silico experimentation plays a complementary role to conventional in vitro
and in vivo modeling, their interplay being vital for the progress of research [166,167]. In
fact, the in silico method is an extrapolation of in vitro and in vivo studies [168], being
based on the use of data obtained from past preclinical experiments [169]. The main
benefit provided by in silico models is the meeting of the 3R (i.e., replacement, reduction,
refinement) principles, by which not only the number of animals used in in vivo studies is
reduced but also the costs of laboratory experimentation [166].
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A particular domain for in silico modeling is represented by drug design and devel-
opment, which is essential in the case of HCC, a domain that lacks curable chemotherapy
options. Generally, this computational approach is applied in virtual ligand screening
and affinity profiling, improving the discovery of active compounds presenting an affinity
for a specific molecular target by prioritizing molecules and targets for further in vitro
and in vivo validation [167]. For instance, by performing an in silico study via the Con-
nectivity Map (CMap) database, Liu et al. predicted the potential of sorafenib to inhibit
the activity of histone deacetylase (HDAC), which has been further confirmed in vitro in
both sorafenib-sensitive and -resistant hepatocellular carcinoma cells [170]. Notably, the
repurposing of the currently FDA-approved compounds stands as a strategic approach in
oncologic drug discovery, in silico modeling playing a significant part in simplifying this
process. As an example, Shi and colleagues utilized the idock software to specifically iden-
tify nine compounds exerting a potential anti-HCC effect, among which the anti-psychotic
medicine fluspirilene demonstrated the strongest antiproliferative activity against HepG2
and HuH-7 cells in vitro and a HCC tumor growth-inhibiting property in Balb/c mice
bearing HuH-7 xenografts [171].

Moreover, this technique has been reported to be useful in the identification of crucial
biomarkers and specific pathways in HCC. For instance, Sun et al. applied in silico
methods to identify a significant gene—DEP domain-containing protein 1B (DEPDC1B)—
which might be a novel biomarker for the diagnosis and prognosis of HCC [172]. In
another study, computational methods able to simulate drug–receptor interactions were
applied in order to explore the best therapeutic candidates in the treatment of HCC. Taking
into consideration the Bcl-XL and FGF proteins as molecular targets for apoptosis and
angiogenesis, respectively, the author identified two eligible candidates for FGF and one
candidate for Bcl-XL [173].

3.3.2. Prediction Models of HCC Using Artificial Intelligence and Machine Learning Methods

The concept of artificial intelligence (AI)—dating back to the late 1950s [174]—represents
a field of computer science [175] that aims to design machines able to accomplish complex
tasks typically associated with human intellect features such as reasoning and thinking
powers [174,176]. By definition, artificial intelligence refers to the use of computerized
mathematical algorithms to recreate human cognitive behavior and intelligence, which can
be utilized for solving difficult challenges, the AI-based techniques being lately employed
with great interest in healthcare research areas, including cellular biology, drug discovery
and formulation, clinical diagnosis, and disease treatment [177–179]. In particular, AI
algorithms hold tremendous potential within the field of oncology, paving the pathway
that leads to the identification of genetic mutations at an early stage, and they allow the
diagnosis and the efficient evaluation of cancer prognosis, progression, treatment, and
susceptibility to recurrence [174,177]. Furthermore, AI methods represent a rapid and
low-cost alternative to the current oncology drug discovery, which is, in essence, expensive
and time-consuming as a consequence of the multitude of candidates failing during the
late development stages [180].

Machine learning (ML) is a branch or subset of artificial intelligence [177,181] that has
made a prominent contribution to cancer research and practice by providing an in-depth
tumor understanding and, accordingly, the premise of personalized and efficient oncologic
care [176]. ML platforms consist of a set of data points that are trained via mathematical
and statistical methods to enable the prediction of novel data without explicit program-
ming [182]. In other words, the rules and logic are not predetermined, but learned by the
program via continuous exposure to data [183]. ML algorithms are typically classified
into supervised, unsupervised, and reinforcement learning [182]. Supervised learning
comprises self-improving models with data that are associated with a known result, and it
is divided in two categories—classification and regression—which permit the distinction
between cancer types and the assessment of the tumor response to a particular therapy
approach, respectively [176,183]. In contrast, unsupervised learning is applied in the situa-
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tion of an unknown outcome or when the discovery of new data patterns is desired [176],
whilst reinforcement learning shares common features with the two previously described
learning methods, being less employed in pathology studies [182]. ML algorithms provide
several advantages over traditional methods, such as the ability to process big and non-
linear data, high predictive performance by learning from existing data, and high-speed
data processing. However, shortcomings such as challenging algorithm selection, lack of
standards for ML model design, and perfect generalization capability should be taken into
account [184].

The AI approach stands as an ideal strategy for HCC modeling, performing a com-
bined evaluation of clinical, histological, and radiological data that predicts numerous
outcomes such as cancer diagnosis, pathological features, treatment response, and survival
rate, which, in real life, encounter difficulties due to the heterogeneous nature of the dis-
ease [179,185,186]. In a comprehensive review by Lai and colleagues, it has been brought
to the spotlight that the majority of AI studies (60%) focus on HCC diagnosis [179]. Sato
et al. designed a novel graphical user interface machine learning framework as a predictive
tool for accurate HCC diagnosis by using real-life data obtained from HCC patients during
clinical practice [187].

AI plays a significant role in HCC therapy by offering predictions regarding the tumor
response to treatment, thus allowing the accurate selection of the most suitable option [186].
By associating magnetic resonance imaging with clinical data, Abajian et al. developed
an ML-based framework for the pre-procedural prediction of HCC patients’ therapeutic
outcome after trans-arterial chemoembolization, showing 78% accuracy [188]. Similarly,
by using quantitative CT imaging, Morshid and collaborators designed a fully automated
ML model which recreates the HCC response to transcatheter arterial chemoembolization,
with a prediction accuracy rate of 74.2% [189].

Due to the inadequate anticipation of the survival and recurrence rates in HCC patients
following treatment, AI models have been employed in this area of liver cancer research as
well [179,190]. Huang et al. developed and validated an ML prognostic model to select
high-risk HCC patients after surgical resection at four time intervals ranging from 0 to
5 years following the procedure. Additionally, the authors constructed a risk heat map
which offers visual insight into the HCC recurrence risk in different years [190]. Saito
et al. designed a model for predicting the early recurrence of HCC based on images of
hematoxylin–eosin (HE)-stained specimens and ML using a support vector machine, which
offered a 89.9% accuracy rate [191].

4. Future Perspectives

A novel concept that could provide insightful data concerning tumor growth, metastatic
process, and response/resistance to treatment in HCC is represented by liver cancer stem
cells (CSC). These cells are a subset of cancer cells that retain the stem cells’ characteristics,
such as self-renewal capacity and irregular division, generating heterogenous cellular
populations capable of escaping cell apoptosis and developing resistance to treatment [192].
To date, there have been discovered two categories of liver CSC: (i) Ep-CAM positive,
which are highly tumorigenic and present epithelial-like features, and (ii) CD90-positive,
with high metastatic potential and mesenchymal phenotype [192]. The available evidence
regarding liver CSC explains the heterogeneous character of HCC concerning tumor patho-
genesis and treatment response, but further efforts are needed to comprehend the utility of
these cells in establishing clinical diagnostic and novel therapeutic approaches.

5. Conclusions

Despite the breakthroughs recorded in the field of HCC in terms of understanding
the pathogenesis, molecular mechanisms, genetics, and therapeutical approaches, this
pathology still represents a global concern and a burden for health systems worldwide.

In recent years, preclinical in vitro and in vivo models proved to be valuable and
reliable tools for gathering insights about HCC, but contrary to the achieved progress,
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several facets of human HCC remain undiscovered. However, a single model able to
recreate the integral landscape of genetic and cellular characteristics of HCC represents,
at present, an infeasible task. Nevertheless, by carefully combining the data provided by
the array of in vitro, in vivo, and computational techniques, we could obtain a tailored
experimental model that bridges the gap between the basic research and clinical application.
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