
Annals of Gastroenterology and Digestive Disorders

Review Article

Review: Modeling in Situ Liver Cancer
Shyama Sasikumar2#, Matthew Brovold1#, Rohan Shirwaiker3, Falguni Pati2, and Shay Soker1*

1Wake Forest Institute for Regenerative Medicine, Wake Forest Baptist Medical Center, Medical Center Boulevard, Winston-Salem, North 

Carolina 27157, USA

2Department of Biomedical Engineering, Indian Institute of Technology, Hyderabad, Sangareddy, 502285, Telangana, India

3Department of Industrial and Systems Engineering, North Carolina State University, Raleigh, NC 27695, USA

#Equal Contribution

*Address for Correspondence: Shay Soker, Wake Forest Institute for Regenerative Medicine, Wake Forest Baptist Medical Center, Medical 

Center Boulevard, Winston-Salem, North Carolina 27157, USA, Tel: 336-713-7295; E-Mail: ssoker@wakehealth.edu

Received: 28 July 2020; Accepted: 23 October 2020; Published: 24 October 2020

Citation of this article: Sasikumar, S., Brovold, M., Shirwaikar, R., Pati, F., Soker, S. (2020) Review: Modeling in Situ Liver Cancer. Ann Gas-

troenterol Dig Dis, 3(1): 27-46.

Copyright: © 2020 Shay Soker, et al. This is an open access article distributed under the Creative Commons Attribution License, which 

permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract

Annals of Gastroenterology and Digestive Disorders
© 2020 Somato Publications. All rights reserved. Volume 3 Issue 1 - 101227

Somato Publications ISSN: 2643-2609

Hepatocellular carcinoma (HCC) is the most common form of liver malignancy and the one of the leading causes of deathworld-
wide and within the United States. The poor prognosis associated with HCC is due to resistance to chemotherapy and high 
recurrence rates accompanying other treatment strategies. Traditional models fail to replicate the tumor microenvironment 
(TME) as well as the complex interactions between the malignant cells and their stroma. In vitro hepatic models are essential 
instruments for understanding the molecular mechanisms of hepatocellular carcinoma while additionally benefiting drug dis-
covery and development. By mimicking tumor stroma interactions present in the native tumor microenvironment,along with 
the incorporation of relevant cell types and underlying pathologies, has opened new avenues of research for pharmaceutical 
and clinical applications. These models also enable the development of personalized treatment strategies that addresses the 
heterogeneity observed in hepatocellular carcinomas. This review focuses on the in vitro models that are currently available 
and their prospects for elucidating the interactions occurring in the tumor microenvironment and chemotherapy.
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Introduction

Hepatocellular carcinoma (HCC) is a major cause of death world-
wideand is responsible for approximately 780,000 deaths per year 
[1,2]. In the United States alone approximately 30,000 deaths are 
estimated to occur in 2020, which hasbeen on the rise forthe last 
several decades. Chronic liver diseases and cirrhosis are the ma-
jor risk factors for the development of HCC, with excessive alco-
hol intake and viral hepatitis being the lead factors[3,4]. Chronic 
medical conditions such as obesity and diabetes mellitus can also 
increase the risk of HCC [5,6]. Gender is a factor, males are more 
susceptible than females by a ratio of 2:1 – 4:1 [7]. Additionally, 
persons exposed to aflatoxin [8] or those who suffer from met-
abolic disorders such as hemochromatosis [9], Wilson’s disease 
[10], tyrosinemia [11], α-1 antitrypsin disease [12], glycogen-stor-
age disease types I and II, and porphyrias [13] are also at increased 
risk. 

HCC develops and progresses by several means one of which is 
the dysregulation of critical cellular pathways such as cell cycle 
and apoptosis where mutations arise in proteins involved in the 
regulation of cell cycle [14]. Hence, most of the advances in sys-
temic treatment of HCC involve targeting the proteins such as 
cyclin dependent kinases (CDKs) and growth factors [15] such 
as tyrosine kinase inhibitors (sorafenib [16], regorafenib [17], 
cabozantinib [18]) and angiogenesis inhibitors (lenvatinib[19]). 
Apart from chemotherapy, orthotopic liver transplantation (OLT) 
is the common treatment for HCC [20]. Liver resection (LR) is 
another treatment strategy considered for HCC, which eases the 
pressure on the demand for donor organs. However, the develop-
ment of HCC is tightly linked to underlying chronic liver condi-
tions, such as cirrhosis, where the option of resection can cause a 
higher occurrence risk [21]. Interventional therapies are generally 
palliative, and, in combination with repetitive treatments, are used 
to facilitate the resection or OLT. However, the treatment of HCC 
is complex as the numerous underlying conditions associated with 
the disease limits therapeutic possibilities. Therefore, individual 
factors must be accounted for, including the tumor biologyitself,-
to make an appropriate patient evaluation leading to an effective 
treatment strategy [22].

Liver fibrosis is a risk factor for the development of HCC, which 
is an underlying condition in approximately 90% of patients di-
agnosed with HCC. When hepatocytes, the parenchymal cell of 
the liver, are repeatedly injured produce reactive oxygen species 
(ROS) and other growth factors that mediate fibrosis and induc-
es hepatic stellate cell activation (HSCs) [23]. Activation is a key 
cellular event that occurs within HSCs that induces a large pheno-
typic shift. This leads to the formation of myofibroblasts that are 
capable of producing large amounts of extracellular matrix (ECM) 
molecules and pro-inflammatory molecules, both being central to 
fibrosis [24]. As HCC progresses, the tumor becomes immersed in 
a complex web of interactions consisting of signaling factors, cells, 
and structural components collectively referred to as the tumor 
microenvironment (TME) (Figure 1). The dynamic interactions 
within the TME highly influence the progression and outcomes 
of HCC. This review outlines some pertinent HCC background 
and briefly describes several models developed for HCC from 
traditional modeling systems (animal and standard tissue culture 
plate) to advanced modeling techniques (3D cell culture, bioprint-
ing, microfluidics) and an assessment for future development of 
HCC modeling in vitro.

The cellular components of HCC tumor microenviron-
ment

Several different cells comprise the cellular stromal compartment 
of the TME. Constituent cell types include the tumor infiltrating 
lymphocytes (TILs), primary immune cells, mainly composed 
of CD4+ TH cells, also known as Tregs, that normally account for 
the host’s primary anti-tumor response [25]. However, within the 
TME, they can induce immune tolerance to the neoplastic cells. 
Myeloid-derived suppressor cells (MDSC) play a role in T-cell reg-
ulation and are also involved in immune suppression within the 
TME [26]. Tumor associated macrophages (TAM), mainly derived 
from Kupffer cells within the liver, produce an immuno-inhibito-
ry environment effectively reducing antigen presentation and di-
minishing the hosts ability for immuno-reduction of the tumor 
via T-cells. TAMs also produce a pro-inflammatory environment 
by the secretion of IL-6, which is found in abundance in patients 
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Figure 1: HCC models

Traditional models consist of in vivo rodent models and in vitro cell culture models. New bioengineering technologies support the development of 
advanced models including 3D cell aggregates, spheroids and organoids enabled by microfluidics and bioprinting.

with poor prognoses [27]. Angiogenic endothelial cells, derived 
from sinusoid endothelial cells (LSEC), are induced into prolifera-
tion and sprouting by HCC that produces platelet derived growth 
factor (PDGF) in response to hypoxia within the core of the rap-
idly growing tumor. Cancer associated fibroblasts (CAF), mainly 
derived from HSCs, play a major role in the physical makeup of 
the TME. Upon transformation to their activated/myofibroblastic 
state, HSCs are also the primary cellular agent of liver fibrosis.

Paracrine signaling by Kupffer cells and hepatocytes also play an 
important role in the process of liver fibrosis. Kupffer cells pro-
duce PDGF which is involved in the activation of HSCs [28]. 
Transforming growth factor beta (TGF-β) is a potent stimulator of 
fibrosis and isproduced by multiple cell types within the liver, such 
as hepatocytes, Kupffer cells and endothelial cells. TGF- β directly 
activatesHSCs, which become highly fibrogenic, also effectively 

inhibits further degradation of the ECM [29]. Chronic inflamma-
tion,as well as the presence of underlying disease conditions,can 
lead to the production of ROS, causing oxidative stress that can 
generate mutations within the DNA, contributing to carcinogen-
esis [30]. Mutations have been found within the telomerase, Wnt 
signaling pathway, mTOR signaling, p53 and Ras signaling [31]. 
Chronic inflammation also alters the blood flow as the hypoxic 
hepatocytes produce reactive nitrogen species (RNS) [32]. Hypox-
ia induces the production of growth factors like vascular endo-
thelial growth factor (VEGF) leading to angiogenesis and sprout-
ing of new blood vessels further facilitating tumor growth [33]. 
Moreover, the capability of hepatocytes to regenerate predisposes 
them to malignant transformation [34]. Collectively, the aberrant 
signaling of these molecules initiates cellular transformation of 
liver cells into HCC. As HCC progresses, these same cellular and 
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environmental components makeup the TME. 

A large majority of patients with HCC have fibrotic/cirrhotic liv-
ers, as such further elucidation of such crosstalk is greatly needed. 
HSCs induce and influence HCC, that reciprocally induce HSC’s 
into a more pro-fibrotic state further physically altering the TME-
via ECM remodeling. ECM modifications such as increased col-
lagen crosslinking, unchecked collagen synthesis, and excess stiff-
ness promote tumorigenesis by activating integrin signaling [35], 
enabling enhanced survival and proliferation of tumor cells [36]. 
Similarly, CAF’s transformed from HSCs also produce a litany of 
growth factors, cytokines, and chemokines. Growth factors such 
as hepatocyte growth factor (HGF) secreted by CAF’s can increase 
tumor cell proliferation, or TGF-β, which when synthesized and 
secreted at high levels, promotes cancer progression in later stag-
es. SDF-1 and multiple species of CCL/CXCL secreted by CAFs 
promotes immune cell infiltration as well as promoting tumor 
progression and angiogenesis [37]. CAFs secrete various growth 
factors such asVEGF, matrix metalloproteases (MMPs), interferon 
γ (IFN-γ), interleukin 6 (IL-6) and tumor necrosis factor (TNF) 
and are known to suppress anti-tumor immunity in HCC [38-40]. 
Overall, a better understanding of the interplay of all the cell types 
within the TME will help in the identification of new therapeu-
tic targets for HCC. Ultimately, the incorporation of multiple cell 
types, along with the ECM component present in the diseased liv-
er, will allow tumor models to mimic the in vivo tumor microen-
vironment more effectively.

HCC Modeling

To study the molecular mechanism of the pathogenesis several 
HCC models have been developed with various degrees of com-
plexity in order to mimic different aspects of the tumor such as cell 
migration, intravasation, invasion [41], matrix remodeling [42] 
and angiogenesis [43]. The ideal in vitro model of HCC would in-
corporate all the different aspects the underlying disease condition 
including the liver microenvironment, all cell types involved, and 
fibrosis. This review briefly describes several recently developed 
models for HCC from traditional modeling systems (animal and 
standard tissue culture plate) to advanced modeling techniques 
(3D cell culture, bioprinting, microfluidics) and an assessment for 
future development of HCC modeling in vitro.

Multiple in vivo and in vitro models are currently available to study 
the molecular mechanisms and markersfound within HCC, some 
of which are also useful as drug screening and discovery platforms. 
In vitro systems have helped make advances in understanding the 
mechanisms of cancer. Most insights into tumor cells, the TME, 
and drug screening to date have come from in vitro models. How-
ever, the use of traditional modeling techniques, such as standard 
2D tissue plate culture, has often led to confounding results when 
compared to that of in situ HCC found within the highly dynamic 
native microenvironment. Animal models overcome some aspects 
of modeling that cannot be achieved in traditional in vitro models 
of HCC. In vivo models mainly rely on small rodents as a platform. 
Such model systems include all of the relevant cell types (save the 
xenotransplant models) as found in humans, and contain the sim-
ilar hepatic microenvironmental structures; however, these ani-
mal models have downsides in terms of species specific genetic 
differences, cost, low throughput and clinical translatability that 
make in vivo models a challenge to successfully use as platforms 
for further discovery.

In vivo models

Small rodent models, used for studying the pathogenesis of HCC, 
have expanded the current understanding of HCC. Rodent mod-
els are known for their ease of breeding, short life span, which is 
why traditionally rodents have been commonly used as models 
for studying HCC. HCC has been induced chemically in several 
different species of rodents, but mainly in rats. Mouse models can 
be induced chemically,but also have been used for gene targeting 
and xenograft implantation. Multiple compounds have been used 
successfully to induce HCC and are listed in Table 1 [44]. Chemi-
cally induced models show the injury-fibrosis-malignancy cycle as 
seen in humans. Diethylnitrosamine (DEN) induced HCC models 
show similar gene expression patterns seen in human HCC pa-
tients with poor prognosis. Although chemically induced carcino-
genesis has simulated the cellular alterations and histopathological 
patterns, there are genetic and physiologic differences between ro-
dents and humans which may have led to erroneous conclusions.

Genetically engineered mouse (GEM) models [45] allow the study 
of HCC initiation and progression, within the context of onco-
genes, in the presence or absence of carcinogenic agents [46]. There 
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Compound Mechanism of toxicity Mode of ad-
ministration

Time for tumor 
development Metastasis Characteristics References

DEN Genotoxic, alkylates DNA
Oral, intra 
peritoneal

45–104 weeks
-

Gender based differences in 
tumor induction with more 
tumor formation in males, 
human HCC features like 

fibrosis and cirrhosis are not 
observed

[89-91]

Peroxisome 
proliferators

Activates the peroxisome

proliferator activated 
receptor a (PPARα), which 

regulates the expression 
of various genes that are 
involved in cell prolifera-

tion and apoptosis, induces 
mutations in the DNA, due 

to increased intracellular

concentration of H2O2

Through diet 50–100 weeks Yes

Well-defined HCC with a 
trabecular

pattern, inter species differ-
ences in PPARa biology

[92-97]

Aflatoxin B1

Genotoxic, metabolized 
by liver microsomes 

into exo-8,9-epoxide, an 
intermediate that binds 

specifically

to guanine residues in the 
DNA

Bolus injection

Early HCC in 52 
weeks,

high grade

HCC 92–110 
weeks

Yes
Genetic alterations in mice 
differed from the genetic 

alterations found in humans
[98, 99]

Carbon 
tetrachloride 
(CCl4)

Carcinogenic, metabolized 
to trichloromethyl radicals 

by cytochrome P450, it 
causes lipid peroxidation 
and membrane damage

Gavage, intra 
peritoneal

104 weeks Yes
Maintain inflammatory and 
fibrogenic characters similar 

to human HCC
[100, 101]

Choline 
deficient diet 
(CDD)

Leads to oxidative damage 
to DNA and chromosomal 
instability as a result of the 

reduction in the hepatic 
antioxidant mechanisms

50–52 weeks - Associated with steatohep-
atitis [101, 102]

Thioacet-
amide (TAA)

Carcinogenic, leads to 
hepatic oxidative stress and 

damage to the liver

With drinking 
water, intra 
peritoneal

50–80 weeks -

Causes fat deposition, 
necrosis, and inflammatory 
cell aggregates in centrilob-

ular area [103, 104]

Table 1: Induction agents of in vitro HCC models
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are different categories of models such as those which express vi-
ral genes, or overexpress oncogenes, growth factors, and ones that 
create a TME, or those that mimic the injury-fibrosis-HCC cycle 
(Table 2). The overexpression of oncogenes or knock out of tumor 
suppressor genes does not mimic the initiation and progression 
of HCC, especially in patients with chronic infection of hepatitis 
virus.

To overcome some of the limitations of drug and genetically in-
duced models, tumor xenograft models were developed by inject-
ing human cancer cells or biopsy materials into immune deficient 
mice (athymic nude) mice or severe combined immune deficient 
(SCID) mice. There are two different xenograft models: ectopic 
models where the tumor cells are injected subcutaneously and the 
orthotopic model where the tumor cells are injected intrahepati-
cally. Orthotopic implantation can also be done in a fibrotic liver, 
induced by thioacetamide (TAA) or carbon tetrachloride (CCl4). 
The tumors in such models have been shown to form a significant-
ly larger mass and are more prone to metastasize and form satellite 
nodules [47]. This provides a more realistic model to study drug 
efficiency in fibrotic livers. However, the impaired immune system 
does not allow for the study of immune evasion seen in HCC and 
the human cells might not respond to the factors produced by the 
animal stroma or vice versa.

Even though animal models have various advantages in terms of 
mimicking and developing the HCC in humans, the heterogeneity 
of each tumor determines the susceptibility to anti-tumor drugs 
and no single model can be representative of the human condi-
tion. Animal models are also not always good predictors of hu-
man-relevant drug induced liver injury (DILI) due to significant 
species-specific differences in drug metabolism pathways.

In vitro models

In vitro models include 2D and 3D culture of either cell linesor 
patient-derived cells. Additionally, other systems such as cancer-
on-chip microfluidic models, and 3D printing/bioprinting ap-
proaches have been developed very recently. Standard 2D models 
have been used for decades, they can utilize human cells grown 
on tissue culture plates from either cell lines or from primary de-
rived cells. More advanced 3D models employ a large number of 

approaches where multiple cell types can be incorporated, as well 
as multiple components of the microenvironment, including all 
the relevant proteins from the liver ECM, which can be further 
manipulated. Additionally, microfluidic models also incorporate 
the effects of fluid dynamics and drug metabolism, found natively 
within the liver, on cancer cell physiology. Each model represents 
aspects of the tumor cells and/or the external influences acting 
upon them. Each model has their own restrictions and limitations 
due to a number of reasons such as overall throughput, flexibility 
of design, or complexity of interactions highlighted in Table 3.

Cell lines and 2D culture models of HCC

In vitro models of the human liver are important to understand 
human drug metabolism and toxicity prior to clinical trials. Such 
models can also aid in phenotypic drug discovery against liver dis-
eases. Primary human hepatocytes are an important tool in study-
ing HCC. However, because of their limited proliferation and loss 
of function in culture, their use for research purposes is limited. 
Alternate sources include hepatic cell lines and hepatocytes de-
rived from stem cells. Most hepatic cell lines are derived from liver 
tumor tissues or by immortalization of primary hepatocytes (Ta-
ble 4). Cell lines are well-characterized, robust systems that can be 
genetically modified and are known for reproducible results. They 
are low maintenance, cost-effective, high-throughput platforms 
used for mechanistic analysis because of their unlimited prolif-
erative potential [48]. The liver-derived immortalized cell lines 
commonly used in use are HepG2, Hep3B, PLc/PRFs, Huh7, and 
HepaRG. The HepG2 line expresses various liver-specific genes; 
however, gene expression involved in phase I and phase II metab-
olism has been shown to differ between passages and the resulting 
data can be challenging to interpret. The more recent human hep-
atoma cell line, HepaRG, maintains the expression of various liv-
er-specific functions as along with many cytochrome P450s, phase 
II enzymes, nuclear receptors, and membrane transporters. They 
have a stable karyotype and can differentiate into both hepatocytes 
or cholangiocytes, witha high proliferative capacity, and produces 
data that is both reproducible and consistent among experiments. 
Still, the expression of liver-specific functions in HepaRG cells is 
still much lower on average than that of primary hepatocytes and 
also they represent a phenotype from a single donor, reducing 
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Gene Mechanism Time for tumor 
development Characteristics References 

HBV HBx genealters the regulation of cellgrowth 
and sensitize the hepatocytes to carcinogens 52–104 weeks

Hepatocellular carcinoma 
in the background of

hepatitis B
[105-107]

HCV
Core protein altersthe lipid metabolism by the 
activation of PPARα, which causes lipid accu-

mulation in the hepatocytes
90–100 weeks Causes progressive hepatic steatosis [108, 109]

Myc Expression of several genes by recruiting his-
tone acetyltransferases 65–90 weeks Genetically close to human HCC 

with good prognosis [110-112]

β-catenin Downstream
Effector of the Wnt signaling pathway

8 weeks (early HCC)
26 weeks (high grade 

HCC)

Leads to hepatomegaly, however 
additional mutations are required to 

induce hepatocarcinogenesis 
[113, 114]

Transforming 
growth factor-a. 
(TGF-α)

Hepatotrophic mitogen that is expressed in the 
hepatocytes during regeneration

40–70 weeks when 
supplemented with 

zinc

Tumors genetically comparable to 
human HCC which are associated 

with poor prognosis
[110]

Epidermal growth 
factor (EGF)

Regulates cell growth, proliferation and differ-
entiation 24–36 weeks Multiple highly malignant hepatic 

tumors [115]

Fibroblast growth 
factor 19 (FGF19)

Higher metabolic rate which leads to a higher 
ROS production 52 weeks HCC has a higher incidence in female 

mice compares to male [116]

SV40 T antigen Suppresses the expression of the
p53 4–12 weeks

Metastasis to the lungs can happen, 
rapid tumor progression which 
differs from humans where they 

progress gradually 

[117]

PTEN
Tumor suppressor gene that regulates PKB ⁄ 
Akt pathway leading to hyperproliferation, 

anti-apoptosis and oncogenesis
40–44 weeks

PTEN-deficient mice develop he-
paticsteatosis leading to fibrosis and 
tumors which are similar to human 

non-alcoholic steatohepatitis (NASH)

[118, 119]

Table 2: Induction pathways of GEM models

Experimental design Complexity Gradients Repro-
ducibility 

Through-
put Challenges References 

2D culture Great flexibility and 
control Cell-cell interactions No High High

Loss of cell-ECM 
interactions, 

polarity
[53]

3D aggregates Great flexibility and 
control

Cell-cell interactions
and cell-ECM interactions Diffusion High High 

No control over 
spatial positioning 

of cells
[52, 120, 121]

Microfluidics Tailored for a partic-
ular application

Cell-cell and cell-ECM 
interactions Perfusion High Medium

Non-standard cul-
turing methods,
Complex design-

ing of the chip

[122]

3D printing/
bioprinting

Tailored for a partic-
ular application

Cell-cell and cell-ECM 
interactions Perfusion High Low

Non-standard cul-
turing methods, 

complex designing 
and printing

[123]

Animal 
models

Complex involving 
multiple parameters

Cell-cell interactions
Cell-ECM interactions
Interactions with the 
surrounding tissue

Vascular 
supply Low Low Genetic differenc-

es, labor-intensive [124, 125]

Table 3: Comparison of available HCC models
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their predictive value for the human population.

A panel of 25 HCC cell lines have been used to understand the 
molecular mechanisms of the disease and also for drug screening 
purposes [49]. There is ongoing research with cell lines to establish 
unique characteristics that are not expressed by currently available 
cell lines such as gemcitabine resistance [50]. However, 2D cul-
ture systems have many disadvantages such as the lack of cell-cell 
and cell-ECM interactions and the lack of gradients (nutrients, 
oxygen, hormones) that are present in the native liver [51, 52].
HCC modeling done in 2D culture may not accurately recapitulate 
function and response to external agents as they do in vivo is also 
in part due to the unnatural and rigid substrate on which they are 

cultured. 3D culture systems were developed as an alternative to 
overcome the limitations of 2D systems which have led to numer-
ous failures in the translation of results into clinical relevance. 

Bioengineered 3D models of HCC

3D culture systems have a wide range of compositions, but mainly 
fall within those which use cell aggregates without the use of scaf-
folding for cell growth and those which encapsulate cells within 
a large variety of scaffolding composed of synthetic or naturally 
derived proteins. Collectively, these constructs are referred to as 
spheroids or organoids depending on cellular composition. 3D 
models without scaffolding have come into the forefront in liver 
disease research. Such models incorporate single or multiple cell 

Cell line Species Chromosome number Characteristics Population doubling time 
(PDT) (Hours)

Hep3B Human 60
Epithelial human hepatocellular carcinoma 
– Hepatitis B virus integrated into genome, 

tumorigenic
24

HepG2 Human 50-56 Well differentiated epithelial-like hepatocellu-
lar carcinoma, non-tumorigenic 48

SK-HEP1 Human aneuploid
Epithelial-like human hepatic adenocarcino-
ma derived from ascitic fluid – Endothelial 

origin
46

HepaRG
Human 
hepatic 
cell line

Trisomic chromosome 7 and a 
translocated chromosome from 22 

to 12
Forms bile canaliculi, high plasticity and 

transdifferentiation capacity 30

SNU398 Human Aneuploid, 62 Human epithelial liver carcinoma, grade IV, 
anaplastic, tumorigenic 39

Huh7 Human 55-63
Well differentiated epithelial-like hepatocel-

lular carcinoma taken from a primary tumor, 
Point mutation in p53

24

PLC/
PRF/5 Human Hepatoma, epithelial, expression of HbsAg 

antigen 35-40

HepG2/
C3A Human 55 Hepatocellular carcinoma, epithelial, non-tu-

morigenic 72

Table 4: Common cell lines used in HCC models
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Figure 2: Cellular interactions within the tumor microenvironment

The tumor microenvironment (TME) is composed of a multitude of cell types, signaling factors, extracellular matrix (ECM) components and vas-
culature. Illustrated are examples of important cell-cell and cell-ECM interactions that drive tumor progression through a dynamic, multivariant 
process.

types, that include cancer cells lines and patient derived tumor 
cells [53]. Recently, different studies of Huh7/LX2 and Huh7/
HUVECs spheroids were developed to demonstrate the impor-
tance of incorporating multiple cell lines in establishing an in 
vivo microenvironment and epithelial-to-mesenchymal (EMT) 
phenotype. The spheroids showed higher production of collagen I 
and growth factors such as TGF-β1 and connective tissue growth 
factor (CTGF) [54] and activation of angiogenic and EMT path-
ways respectively [55]. Both multicellular spheroids had differ-
ential response and a higher resistance to drugs when compared 
to 2D monolayers. Patient-derived multicellular tumor spheroids 
(MCTS) generated using patient-derived HCC cells along with 

WI38, LX2 and HUVECs showed different responses when treat-
ed with drugs such as sorafenib, cisplatin and 5-fluorouracil when 
compared to monolayer cultures [56]. While the aforementioned 
systems can consider some complex cell-cell interactions, they do 
not account for the cell-ECM interactions that can influence met-
abolic functionality. Such systems do not form the more complex 
structures found in most organs. Aggregate systems generally only 
contain a small number of cells due to constraints of nutrient dif-
fusion, but can be rapidly manufactured and are well suited for 
high throughput systems. Several recent studies of HCC utilizing 
cell aggregates have yielded some promising results [57]. On the 
other hand, in situ cells exist in a highly complex environment 
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where dynamic and continual interactions with other cells and 
the ECM exist. Researchers have increasingly turned to cell cul-
tures of single and multicellular 3D constructs constituted of cells 
that are encapsulated within various hydrogels comprised of such 
ECM related proteins such as collagen, fibrin, and hyaluronic acid 
[58]. In some cases, whole organs can be decellularized, and then 
the remnant ECM lyophilized, which can then be reconstituted 
to form a hydrogel composed of largely the same proteins found 
natively [59]. 3D liver organoids replicating hepatobiliary organ-
ogenesis and further forming more differentiated hepatocytes and 
bile duct structures was demonstrated by using fetal-liver progen-
itor cells on liver decellularized scaffolds [60]. 

Tumors themselves are comprised of a tortuous organization of 
cellular and noncellular components both healthy and cancerous.
The ECM is composed mainly of collagens, laminins, proteogly-
cans and fibronectin creates a complex network of chemical and 
mechanical signaling essential for appropriate tissue function 
and cellular behavior [61,62]. The unregulated ECM remodeling, 
found in fibrosis and cancer, can have deleterious effects on tis-
sue functionality [63]. The use of hydrogels to encapsulate HCC 
can facilitate various aspects of the TME including the physical 
cues found within the ECM and the inclusion of stromal cells [64]. 
Stromal cells, when encapsulated within a hydrogel, can recon-
figure certain features of the ECM found within the TME, which 
would be useful to study individual ECM components involved in 
cancer progression. Currently, this is a challenge within the field 
as there are complex relationships between many of the proteins 
which makeup the ECM.

Encapsulated models more closely mimic these aspects of in 
vivo environmental conditions. Such models can account for 
mechanical features of the cellular microenvironment. Micro-
environmental mechanical features such as stiffness, which can 
be tuned chemically or induced on a cellular level. In one such 
study, a two-step crosslinking mechanism was developed using 
thioacrylate and thioalkyne polymerization to tailor hydrogels of 
gelatin and hyaluronic acid to desired stiffness [65]. Additionally, 
encapsulated models can also easily incorporate such beneficial 
proteins as growth factors to increase cell function, proliferation, 
or differentiation. Bioprinting of encapsulated cells takes the mi-

croenvironmental replication one step further in that the protein 
substrate and cells can be arranged in such a way that more closely 
replicates the in situ spatial distribution of these components such 
as in the reproduction of the liver lobule [66]. Benefits aside, or-
ganoid models are overall lower throughput than spheroid models 
and with increasing complexity can confound results. However, in 
efforts to create more truly organotypic, model systems incorpo-
ration of an appropriate substrate, and appropriate spatial distri-
bution is pushing the field forward. 

Patient Derived Organoid (PDO) technology has ensured an al-
ternative to pre-clinical drug testing as well as for personalized 
medicine to modulate the treatment as they are uniquely identical 
to each patient’s genetic makeup. Different types of patient de-
rived models have been produced, which have demonstrated their 
efficient application in various fields such as disease modeling, 
pathogenesis, drug screening and regenerative medicine [67]. Ini-
tially, long-term cultures of HCC organoids were generated from 
needle biopsies of patients. These models were able to maintain 
the tumor specific markers and the heterogeneity of the tumor. 
They were then treated with sorafenib to test the sensitivities of 
the tumors towards the drug, providing a tool for tailored thera-
pies [68]. Patient-derived 3D models were used to explore the role 
of cotreatment with sorafenib and Hedgehog inhibitors. The cells 
within the 3D construct maintained the tumor morphology and 
responded to the drug treatments. CD44 positive cells were resis-
tant to sorafenib, however they responded to hedgehog inhibitors 
[69]. To study initiation of liver cancer, reprogrammed human he-
patocytes (hiHeps) organoids along with inactivation of p53 and 
Rb were established which have the architecture of the liver. HCC 
were developed by over expression of c-Myc. It also showed that 
RAS activation induces intra-hepatic cholangiocarcinoma. This 
model is capable of mimicking of cancer initiation and can be 
used to characterize cellular and molecular changes as well as to 
develop to preventive measures [70]. Additionally, 3D HCC mod-
els were developed from hepatitis B virus (HBV) infected patients 
as a platform for modeling HBV and the associated tumorigene-
sis. The models derived from HBV infected patients showed ab-
errant early cancer gene signature.Whereas models derived from 
healthy human donors showed the development of HBV when 
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treated with HBV infected patient serum or recombinant virus. 
Moreover, treatment with tenofovir was found to block HBV rep-
lication, highlighting the potential of the model as platform for 
HBV drug screening [71]. Broutier et al., developed a primary liv-
er cancer (PLC) organoids from HCC, cholangiocarcinoma (CC) 
and a mixed population of HCC and CC. The organoids retained 
the histological architecture and the gene expression profile of the 
original tumors. Xenografts studies showed that the tumorigen-
ic potential and metastatic properties of the cancer was retained. 
This study demonstrates the potential of organoid systems for the 
understanding of liver cancer biology and for their use in the de-
velopment of personalized medicine [72].

Although PDOs are regarded as a promising approach for person-
alized medicine, there are still many limitations associated with 
them. This includes the replication of the inter and intra tumoral 
heterogeneity observed between the tumors. They cannot replicate 
the complex tumor stroma interactions as they lack blood vessels, 
CAFs, immune cells and other relevant cell types [72]. Moreover, 
the microenvironment also contributes to an important part of 
the response of cells to the drugs. Currently used hydrogels such 
as Matrigel is problematicdue to lack of controlled modifications 
and undefined growth factors present. Ideally, a hydrogel best re-
flecting the microenvironment into which an HCC PDO could 
be cultured would be an acellular liver ECM derived from patient 
with fibrosis or cirrhosis of the liver which would more closely 
replicate the relevant protein composition found within the dis-
eased tissue. Combining organoid technology with more relevant 
matrices, thus more accurately replicating the tumor microenvi-
ronment can lead to better understanding of the role of ECM in 
the process of carcinogenesis [73]. 

Microfluidics

Microphysiological systems are changing the way we study human 
physiology [74]. Microfluidic devices allow for culturing of living 
cells in continuously perfused chambers to model physiological 
functions of tissues and organs. The goal is to develop minimal 
functional units that recapitulate tissue- and organ-level 
functions. The simplest system is a single, perfused microfluidic 
chamber containing a single cell type that exhibits functions of 
one tissue. In more complex designs, two or more microchannels 

are connected by porous membranes, lined on opposite sides 
by different cell types, to recreate interfaces between different 
tissues. These systems can incorporate physical forces, including 
physiologically relevant levels of fluid shear stress, cyclic strain, 
and mechanical compression.These systems also permit analysis 
of organ-specific responses, including recruitment of circulating 
immune cells, in reaction to drugs, toxins or other environmental 
perturbations [75]. A metastasis-on-a-chip platform was 
developed to model an HCC to bone metastasis of HepG2 cells 
and to analyze the inhibitory effect of thymoquinone (TQ) on 
the migration of HepG2 cells. A microporous membrane was 
used in place of the vascular barrier. The HepG2 cells were seen 
to migrate from the HCC chamber to the hydroxyapatite (HAp) 
containing bone chamber, which Hap acting as a chemoattractant. 
The presence of TQ was shown to have an inhibitory effect on the 
migration of HepG2 cells [76]. Incorporation of patient-derived 
HCC cells into the device allows for personalized testing of anti-
cancer drugs. Moreover, the incorporation of the tumor sample as 
such will retain the heterogeneity of the tumor, leading to a better 
assessment of the response of a tumor to the anticancer drug 
[77,78]. 
A vascularized, multi tissue-on-a-chip microenvironment was 
developed containing both breast tumor and healthy/cancerous 
liver tissue which allowed for the study of dynamic and spatial 
distribution of particles. This device allows the determination of 
vessel permeability, the measurement of drug and nanoparticle 
transport, and the assessment of the associated efficacy and tox-
icity to the liver. The study showed that larger particles tend to 
accumulate in the tumor site when compared to smaller particles 
because of the leaky vasculature, showing that porosity of the tu-
mor vasculature has to be taken into consideration when selecting 
drugs and delivery vehicles [79]. A biomimetic tumor-on-a-chip 
was developed to recreate the TME of the liver using a mix of 
decellularized liver matrix and GelMA. The inclusion of decellu-
larized matrix increased the viability and function of hepatocytes 
under perfusion. The chip demonstrated dose-dependent toxicity 
to sorafenib and acetaminophen [80]. 

Bioprinting

3D bioprinting techniques allows for the precise control over bio-
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material deposition and of cell distribution within the 3D con-
struct. There are a multitude of printing methods inkjet, extru-
sion-based, immersion-based, digital light processing amongst 
others and many printable biomaterials (bioinks) of various 
compositions [81]. The patterning of cells and biomaterials us-
ing a bioprinting strategy allows for the reproduction of the tis-
sue microarchitecture present in vivo, enabling the simulation of 
TME on multiple levels. In the context of HCC, bioprinting can 
assist the development of a more accurate replication of the TME 
and its influence on tumor cells. The selection of an appropriate 
bioinks to encapsulate cells is of primary concern. They vary, in 
terms of complexity, from single proteins to decellularized ECM, 
each of which elicits different responses in terms of cell prolifer-
ation, migration, or adhesion amongst others. Recently, research-
ers used a combinations gelatin/alginate/fibrin gels were used to 
encapsulate HepG@ cells [82]. Utilizing this composition inves-
tigators were able to test tumor cell sensitivity for drugs such as 
mitomycin C (MMC), 5-fluorouracil (5-FU) and a combination of 
both. HepG2 cells showed higher resistance to MMC in 3D while 
2D cells showed higher resistance to 5-FU [82]. In another study, 
HepG2 cells encapsulated in sodium alginate gels were 3D printed 
by extrusion bioprinting to generate a 3D model for HCC. The 3D 
construct showed higher expression of tumor related genes such 
as ALB, AFP, CD133, IL-8, EpCAM, CD24, and TGF-β. Transcrip-
tome analysis revealed a huge difference in gene expression be-
tween the 3D and 2D groups. The model also showed a differential 
drug response to different concentrations of cisplatin, sorafenib 
and regorafenib [83]. A 3D bioprinted HCC model was developed 
by Xie et al., using primary HCC cells from patients with gela-
tin and sodium alginate as bioink. The 3D models maintained a 
genetic profile similar to the original tumor when compared to 
their 2D counterparts. With this study they have achieved a sim-
ple procedure for establishing tumor models with high speed, an 
adjustable and rewritable printing process and a model capable of 
long-term culture [84]. 

Stiffness is a key physico-mechanical micro environmental pa-
rameter that influences cellular physiology. In the context of liver 
fibrosis and cirrhosis, diseased liver has higher overall stiffness 
than that of a healthy liver. Utilizing a digital light processing 

printing technique, Ma et al used photo-crosslinkable bioink con-
taining porcine derived decellularized ECM, which had tunable 
mechanical properties to enable stiffness manipulation within the 
constructs [85]. These constructs showed mechanical properties 
similar to normal and cirrhotic tissue. Interestingly, HepG2 cells 
encapsulated within higher stiffness constructs showed reduced 
growth and an upregulation of invasion markers, which is at odds 
with previous research in a tunable 2D substrate [85]. Further 
studies on optimization and validation of 3D printing strategies 
will help in the generation of high-efficiency 3D tumor models 
to study the molecular mechanisms of HCC pathogenesis and to 
accurately screen anticancer drugs [86]. 

The challenges faced by the field of bioprinting largely revolve 
around the benefits and drawbacks of the printable bioink. One 
such aspect is the survivability of certain cell types found within 
the TME within bioinks. Some bioinks have superior printability 
but lack realistic liver ECM mechanical and biomolecular features. 
The loss of such cues from the perspective of the physico-mechan-
ical environment greatly dissuades from the clinical applicability 
of such research. An ideal bioink would have excellent multi-plat-
form printability, contain much of the native ECM proteins as well 
as an appropriate substrate stiffness, which could be modified by 
the resident hepatic stellate cells to reorganize the environment 
to one that more closely resembles fibrosis. Additionally, such a 
gel would allow for highly localized modifications similar to those 
found within the aberrant makeup of the tumor stroma. 

Future perspectives

The treatment of HCC poses a significant challenge as the current 
treatment strategies used havea very low survival rate. The poor 
prognosis associated with HCC can be attributed to chemothera-
py resistance and the high recurrence rates associated with resec-
tion and other locoregional therapies. Another factor that contrib-
utes to the complexity of disease development and progression is 
the underlying chronic diseases such as fibrosis or cirrhosis that 
are known to promote cancer initiation and progression. Current 
liver cancer models that aid in the understanding of the molecular 
mechanisms of disease progression and the development of treat-
ment strategies have fallen short in several respects. 
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Traditional modeling techniques have only focused on the cancer-
ous cells themselves; they fail to recreate the TME and replicate 
the intricacies of the human stroma and signaling. When devel-
oping an HCC model, research should consider several important 
aspects while focusing mainly on the tumor stroma interactions 
present in the native tumor microenvironment, the different cell 
types that need to be incorporated, and the ECM components or 
the altered ECM components in the diseased liver. It would also 
be ideal if the models could incorporate or mimic the fibrotic/
cirrhotic conditions. Such conditions that are present in the liv-
er that can initiate cancer progression and also pose a significant 
challenge to the current treatment modalities that are available for 
the treatment of HCC. The addition of patient derived cells, in 
the form of PDOs, in vitro are becoming increasingly useful in 
terms of personalized anti-cancer therapies. Their predictive pow-
er of treatment sensitivity is especially noteworthy and of high 
utility in the clinical world. As an example, a recent study using 
PDOs demonstrated 100% sensitivity, 93% specificity, 88% pos-
itive predictive value, and 100% negative predictive values when 
comparing with patient response to chemotherapeutics or target-
ed therapeutics [87]. Studies such as this have paved the way to 
further clinical trials and according to clinicatrials.gov, there are 
currently 31 ongoing clinical trials employing cancer organoids. 
These models can be used not only for personalized medicine, but 
also for the identification of cancer sub-populations that are or 
can become resistant to care. Efforts have been made to gather 
large collections of such PDOs and to deposit them into living bio-
banks for further study especially those of rare cancer subtypes 
with poorly understood biomolecular mechanisms. 

The integration of multiple model types may yield the greatest ad-
vances yet such as the integration of patient derived tumor cells 
into bioprinted constructs [88]. If additional research were to be 
conducted utilizing patient derived cancer cellsand other key cell 
types within the TME, a liver ECM capable of being remodeled, 
and also effectively incorporating the influence of fluid dynam-
ics,one could effectively achieve a model recapitulating most as-
pects of the TME and its dynamics.

Conclusion 

HCC still lacks adequate treatment strategies as a result of che-

moresistance, recurrence, and an unavailability of models that can 
be specifically used to study the initiation and progression of can-
cer. Current HCC models are not able to mimic the heterogeneity 
of the TME in terms of the cell types, cell-ECM interactions,and 
theoften-present underlying liver diseases. To make further prog-
ress, there is a critical need to generate clinically relevant models 
that can replicate the native liver environment with all its inter-
acting components within the TME. Apart from incorporating 
the majority of microenvironmental components, the addition of 
patient-derived cells would be a step forward in the development 
of HCC models, allowing for personalized anti-cancer therapies. 
Incorporation of fluid dynamics into the systems using microflu-
idic or 3D printing approaches will also help in mimicking the 
dynamic nature of the in vivo microenvironment. Development of 
a fully functional hepatic model that can mimic the TME of HCC 
including an underlying fibrotic background would pave the way 
for the advancement and establishment of new treatment modal-
ities for HCC.
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