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Abstract

The scientific progress required for biotechnological advances is associated with the need for more predictive alternative
methods that can replace or reduce the number of animals used in biomedical research. In preclinical studies on hepatocarci-
noma, cell cultures are used as a tool in research on cellular and molecular mechanisms, cytotoxicity assays, drug screening
and new therapies. Cell cultures are mostly performed with commercially available immortalized cell lines. Cultures can be
performed in two-dimensional monolayers (2D) or in spheroid cell cultures (3D), in which cells grow in a three-dimension-
al system with zones of cellular heterogeneity, microenvironment formation and differential exposure to gradients and nutri-
ents. In scientific research, prior knowledge about the culture model and the cell lines to be used is relevant, since the find-

ings must be analyzed in light of the biological profile of the method and cells being used.
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Introduction

Hepatocellular carcinoma (HCC) is an epithelial
neoplasm derived from hepatocytes. The development of
HCC can be due to different risk factors, such as infection
by viruses B, C or D, excessive alcohol consumption [1],
metabolic syndrome [2], obesity [3], non-alcoholic steatohe-
patitis and autoimmune liver diseases [4,5]. Factors such as
aflatoxin intake [4], smoking [6] and air pollution [7] also
influence the biological behavior of liver tumors. In general,
liver diseases result from persistent aggressive stimuli that
incite an inflammatory response, generating liver damage
that leads to the formation of fibrous scar tissue with possi-
ble evolution to cirrhosis, which may have an established as-
sociation with HCC [8, 9]. There are different treatments
for HCC, and they are associated with the stage of the pa-
tient’s disease; they can be curative (tumor resection) or pal-
liative (chemotherapy, target therapy and radiation) [6].
Chemotherapy is used when surgical resection of tumors is
not possible. It can be administered by using a single drug
or a combination of them [10]. Among the commercial che-
motherapeutics, 5-fluorouracil (5-FU) [11], and kinase in-
hibitors such as sorafenib tosylate, lenvatinib, Ramu-
cirumab are currently used [6,12]. This kind of therapy can
inhibit the growth and proliferation of tumor cells [13];
however, the high cost, the side effects, the low response
rate of patients with combined hepatocarcinoma, and a new
perspective of individualized therapy led the community re-
search to seek new therapeutic alternatives for liver tumor

treatment [14].

A fundamental part in the search for new anti-
cancer compounds (natural or synthetic) is to predict the
toxic effects prior to the study of the therapeutic action. In
this scenario, cell culture is an important technique in carry-
ing out toxicological and drug mode of action assays, which
can be conducted in a controlled manner and provide infor-
mation on protein expression and transportation, enzyme
regulation, hepatotoxicity, cytotoxicity, genotoxicity, cellu-

lar mechanisms, oxidative stress and drug action [15,16].

For a long time, primary cultures of human or
murine hepatocytes were used for in vitro studies; however,
advances in this technique have brought alternatives, e.g.,

obtaining immortalized cell lines from liver carcinomas
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and/or hepatoblastomas [17]. In this context, the use of cell
lines as biological models has become an alternative method
to the use of animals in scientific research [18]. In the field
of tissue engineering, one can carry out genetic manipula-
tion of cells, use stem cells from different sources, as well as

use induced pluripotent stem cells [16].

Different cell culture protocols are used to provide
a better understanding of molecular and biochemical mech-
anisms and analysis of pharmacological targets and produc-
tion of biological products [19]. Most of the research in-
volved in the study of cancer is carried out using two-dimen-
sional (2D) cultures. However, 2D cultures have important
limitations, e.g., not mimicking the contact signal that oc-
curs in vivo between cells and cells/extracellular matrix.
This way, the three-dimensional (3D) cultures arose as an al-
ternative to overcome those limitations [20]. New strategies
such as cell co-cultures and three-dimensional (3D) cell cul-

ture systems are described below.
Cell types used in hepatocarcinoma studies

Hepatocellular carcinoma is a tumor with hetero-
geneous characteristics, and resistance to treatments makes
curative therapy a great challenge [21]. Cell lines have been
used as an important tool in studies seeking to broaden the
knowledge of changes in cells and/or the identification of
biomarkers for the diagnosis of hepatocarcinomas. It has
been described that hepatocarcinoma cell lines retain the
same genomic and transcriptomic background as primary
human cancers [22]. However, it should be emphasized that
cells from primary tumors have mutations, creating differ-

ent scenarios for each cell of an established lineage [22,23].

Currently, studies using cell lines have become an
important tool in biotechnology, and different researchers
have been describing a growing number of cell lines used in

research involving hepatocarcinoma (Table 1. Suppl).

HepG2 is a line of epithelial cells isolated in 1975
from a liver biopsy of a 15-year-old Caucasian male with a
well-differentiated hepatocellular carcinoma. As one of the
most used cells in metabolism and hepatotoxicity studies,
they are capable of synthesizing many plasma proteins, in-
cluding albumin, alpha-fetoprotein and beta-lipoprotein

[24]. Another cell line, Hep 3B, from a black African individ-
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ual, with similar characteristics, was described in the same
work. The Hep 3B strain contains an integrated genome of
the hepatitis B virus; however, there is no evidence of pro-
duction of infective viral particles. Regarding morphology,
the Hep G2 and Hep 3B cell lines are similar to hepatocytes
and distinguished only by their smaller size and architectu-
ral organization as irregular trabecular or pseudoglandular

patterns.

HuH-6 is a line of Hepatoblastoma cells isolated
from a one-year-old Japanese boy, and these cells can be
used in genotoxicity studies; they have a karyotype that al-

lows reproducibility of experiments [25,26].

The HuH-1 cell line was isolated in 1981 from a
57-year-old Asian male with hepatocarcinoma carrying
HBs antigen, and which maintains some liver-specific prop-
erties, such as inducible tyrosine aminotransferase activity.
HuH-1 cells produce tumors in nude mice, with similar
morphology to that of the original tumor. HuH-1 maintains
the ability to metabolize benzo(a)pyrene (B(a)P), a potent
carcinogenic polycyclic aromatic hydrocarbon [27]. Similar-
ly, the HuH-7 cell line was established in 1982, also derived
from a hepatocellular carcinoma of a 75-year-old Japanese
male patient with no viral status. HuH-7 cells are highly sus-
ceptible to the hepatitis virus C and have a great potential to
produce recombinant proteins such as erythropoietin (E-
PO); thus, the use of this cell line is suggested for the pro-
duction of glycoproteins of therapeutic importance. Huh-7
and HepG2 cells support hepatitis B virus (HBV) replica-
tion when transfected with DNA from HBV. These two
strains have been useful for studies of therapeutics and regu-
latory mechanisms of gene expression. Another strain that
has been described to support HBV infection is HepaRG;
this cell line is a human bipotent progenitor cell line capable
of differentiating two different cell phenotypes (i.e., biliary--
like and hepatocyte-like cells) [28]. They were isolated from
a liver tumor of a female patient suffering from hepatocarci-
noma and hepatitis C in France. It is noteworthy that differ-
entiation and infectability are maintained only when these
cells are cultured in the presence of corticoids and dimethyl
sulfoxide [29].

PLC/PRF5, also known as Alexander Cell, was

established in 1976 from a primary liver tumor of an individ-
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ual of African origin [30]. Although it presents integrated
HBV DNA, the ultrastructural examinations of the cells did
not show any viral particles. It has been used in several
studies to investigate mechanisms of drug resistance in hepa-

tocellular carcinoma [31,32].

In order to perform detailed analyses of cell inter-
actions in tumor development, new epithelial and mes-
enchymal cell lines were established from human hepatocel-
lular carcinoma by spontaneous growth in culture. Epithe-
lial cell lines (HCC-1.1; HCC-1.2 and HCC-3) from Euro-
pean adult male patients were characterized by cell kinetics,
genotype, tumorigenicity, expression of cell type-specific
markers, and proteome patterns. The authors found many

functions of preserved source cells [33].

Cell lines (SNU-182, SNU-354, SNU-368,
SNU-387, SNU-398, SNU-423, SNU-449, SNU-475;
SNU-739, SNU-761, SNU-878, SNU-886) of hepatocellular
carcinoma established from primary tumors of Korean pa-
tients have been described. Hepatitis B virus (HBV) DNA
has been integrated into the genomes of all strains. Two of
the cell lines (SNU-354, SNU-368) showed expression of
HBV transcripts. Most cultured cells retained many mor-
phological features of the original tumors. SNU-354 strong-
ly expressed albumin and SNU-368 transferrin and insulin--
like growth factor II. None of these strains produced al-
pha-fetoprotein at the RNA and protein level [34,35]. TGF-
B treatment significantly enhances the viability of SNU-354,
SNU-475, and SNU449 cell lines [35].

HLE and HLF are two strains established from hep-
atocellular carcinoma of a 68-year-old Japanese patient.
HLE cells are of the epithelial type, demonstrate glycogen
granules in the cytoplasm, and are capable of producing a-
fetoprotein. HLF resembles fibroblasts in terms of morphol-
ogy, but it does not produce a-fetoprotein [36]. HLE, HLF
and SNU-449 cells are late-stage cell models poorly differen-
tiated in relation to HUH7, HEPG2 and HEP3B cells (well
differentiated), and they have properties of mesenchymal
cells [37].

The cell lines JHH-1, 2, 4, 5, 6 and 7 were estab-
lished from hepatocellular carcinoma derived from Asian
adult patients seronegative for the hepatitis B surface anti-

gen, which was not detected by radioimmunoassay; howev-
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er, DNA integration of the hepatitis B virus was confirmed
at two locations on the chromosomes of this strain by South-

ern blot hybridization [38].

MHCC97-H cells were established from the ortho-
topic inoculation of an intact tumor tissue of an intrahepat-
ic disseminated lesion from a 39-year-old Chinese male pa-
tient with hepatocellular carcinoma; spontaneous pulmo-
nary metastasis occurred in 100% of recipient nude mice af-
ter inoculation [39]. HCCLM3 cell lines were established
from nude mouse lung metastasis, consisting of polygonal

epithelial cells with hypotriploid karyotype [40,41].

Cell lines BEL-7402, BEL-7404 and BEL-7405 de-
rived from liver carcinoma specimens from two males and
one female from China, respectively. They present morpho-
logical aspects similar to those of epithelial cells, presence of
fast growing and poorly differentiated alpha-fetoprotein
[42]. A caution note on the hepatocellular origin of
BEL7402 has been published [43].

The HA22T/VGH cell line is derived from a pri-
mary hepatocellular carcinoma from a 56-year-old Chinese
male. This line presents different responses to the presence
of epidermal growth factor (EGF), insulin and human
growth hormone (hGH) in a serum-free culture medium.
These cells contain the following liver associated enzymes:
alanine amino transferase, tyrosine aminotransferase and
gamma-glutamyl transferase. Alpha-fetoprotein was not de-
tectable [44].

In addition to the cell types described in this topic,
there are a variety of cell lines derived from human primary
liver tumors in the literature. When proposing a new study,
the importance of these cells as tools in pre-clinical studies
must be taken into account, while paying attention to the
specificities of each cell and, whenever possible, the use of

more than one cell lineage.
Cell culture models for liver oncology studies

Cell culture techniques are an important tool for
studying and understanding the behavior of in vivo or-
ganisms [45]. For many years, 2D cell culture was the main
technique used for cell studies dedicated to oncogenic re-

search, testing of new drugs, vaccine studies, and cell and
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gene therapies; in addition, it provided important informa-
tion about biological processes and diseases [46,47]. In this
technique, cells usually grow as monolayers on a plastic ad-
herent surface, allowing homogeneous growth, and there
are significant advantages that justify the use of 2D cell cul-
ture in biomedical research. Major advantages are low cost
of cultivation and reliability, as well as simple maintenance/-

manipulation for performing the experiments [48-50].

Despite the advances in cell culture technology,
there are some disadvantages of the 2D technique, especial-
ly in studies focused on tumor models, e.g., drug trials,
when compared to those performed with the 3D technique
[50]. The cells grown in monolayers do not reliably repre-
sent the natural structures related to tumors and tumor tis-
sues. In general, this kind of culture does not provide inter-
actions such as those that occur between cells and the cells
with the extracellular matrix of the tumor environment, as
observed in vivo. These cellular communications are impor-
tant because they enable the process of cell proliferation, sur-
vival and differentiation, response to microenvironment sti-
muli, expression of specific genes and proteins, and allow
the observation of cell response to experimental drugs and
metabolism, among other important functions in the study

of tumor biology [20,51-53].

Tumor-derived cells, when subjected to 2D cultiva-
tion conditions, present changes in cellular morphology,
thus resulting in an important loss of phenotypic aspects
and impairment of cell division. Morphological modifica-
tion of these cells can lead to a change in their function and
compromise their process of internal structural organiza-
tion, signaling and secretion of bioactive molecules
[20,54-57]. In the 2D model, cells whose interactions are
modified, whether cell-cell or matrix-cell ones, have their
polarity changed owing to adherent growth on culture sur-
faces, which leads to changes in processes such as apoptosis
[58-60].

Another disadvantage of the 2D method refers to
the access of cells to nutrients in the medium, metabolites,
oxygen and molecules for cell signaling pathways. In living
organisms, this access is favored by the architectural ar-
rangement of the cells that naturally form a tumor mass.

Moreover, 2D cultivation also promotes changes in the pro-
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cess of gene expression and processing of RNA structures,
during splicing, in addition to aspects related to cell bio-
chemistry [20,51,61-63]. The study of the tumor microenvi-
ronment is also limited in 2D culture, since usually only one
cell strain is used for growth in monolayers, which is a dif-
ferent condition from what occurs in vivo, when different
cell types such as cancer initiator cells and other cell types
are present altogether [64,65]. Owing to these disadvan-
tages, the development of other methods has become in-
creasingly necessary, for example, models that would be
able to mimic the tumor microenvironment as well as the in-
teractions that occur among tumor cells, as is the case with

three-dimensional or 3D systems [20].

Three-dimensional (3D) culture models provide
important tools to fill gaps between studies conducted in
2D models and foster the understanding of what happens in
living systems [66]. The 3D model can reveal characteristics
of the microenvironment in vivo and enable the understand-
ing of several aspects about cell behavior and the processes
involved in tumor development, as well as tissues and or-
gans, providing a more reliable behavioral similarity with
cells found in in vivo models [66, 67]. Also this model pro-
vides some advantages even over in vivo models related to
the cross talk of the human tumor recapitulation, excluding
the presence of incompatibilities of cross species patien-

t-derived tumor xenografts (PDTX). Furthermore the in vi-
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vo machinery, in fact present some mechanism that config-
ure some biologic limitation, once may impair mechanism
leading to reduce their efficacy, and therefore its predictive

value [66-68].

Thus, 3D models provide advantageous benefits
that make them a good choice over 2D models. One of the
significant advantages is the production of an extracellular
matrix that enables both cell-cell and cell-matrix interplay,
promoting a niche for this interaction [67]. In addition, it
provides similar cell growth to the one found in vivo, and it
has spherical morphology composed of cell aggregates
[69,49]. Another important feature of this model is the simi-
larity of gene and protein expression compared to in vivo
models. In studies involving response to drugs, this is effi-
cient because it represents the patterns of similar responses
in clinical practice, e.g., the occurrence of resistance to a giv-
en agent [50,70,71]. The cellular conformation found in the
3D models provides a flow of essential components to cell
viability in a more feasible way, eg., oxygen, metabolites,
and nutrients, as well as the signaling molecules of specific
processes resembling the living system [51, 72]. Further-
more, inside the spheroid, there are three different zones: a
necrotic zone resulting from lower levels of nutrients access-
ing this area; a quiescent zone; and a proliferating zone,
which is in contact with higher levels of nutrients and oxy-

gen [67], as shown in Figure 1.
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ULA plate

Figure 1: 2D and 3D cellular culture systems. In the 2D system, cells adhere to the plastic, and are visualized usually as monolayers attached

to the cell culture plate surface (1A). In the 3D system, cells are structured as a sphere, which commonly grows in suspension in the medium.

There are three different regions in these spheroids: necrotic (1), quiescent (2) and proliferating (3) zones (1B). Ultra-Low Attachment plates

or Matrigel-coated plates are usually used for 3D cell culture

Thus, this model may provide relevant characteris-
tics, thus contributing to the acceleration of research and de-
velopment in the fields of tissue engineering and biological
materials, and to a better understanding of cancer biology
[66]. Advances have also occurred in studies of mechanisms
of drug resistance, progression, metastases and tumor cell
differentiation. Some perspectives for this model are based
on ensuring the control and adjustment of substrates
through more advanced technologies and materials. Howev-
er, type of tumor and studies to be performed have to be tak-

en into account [69].

Despite the multiple advantages, the use of 3D

technology has shown some limitations, e.g., higher costs
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and a need for longer culture time when compared to 2D
cultures [73]. In addition, in some cases, the ability of 3D
cultures to mimic in vivo conditions may vary: for example,
the immunological response to a given host under certain
conditions and the lack of transport of small molecules
within the microenvironment can be a limiting factor. The
physiological conditions of in vivo systems are usually pro-
gressive, while in 3D culture systems, they are commonly
mimic static and short-term conditions, which is a disadvan-
tage for some studies because it is not exactly like a living
machinery [66]. The choice for this technology is usually
based on final purpose and applications [69]. This model al-

so aims to validate results found in preclinical studies; thus,
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it is an alternative to the use of animals in research laborato-
ries [67]. Another system such as three-dimensional print-
ing provides a significant method for producing biosensors
using eletrodes as gold, silver, platinum and others. These
semiconductor elements together with the 3D printing pro-
vide a maximization of tumor cell adhesion, providing the
control of the biosensor surface and their sensitivity and se-

lective properties [74].

Cell cultures, oxidative stress and hepatocellular car-

cinoma
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The liver is the most widely used organ in drug
toxicity research [75], and the organ most affected by Reac-
tive Oxygen Species (ROS) [76]. ROS production may be an
early event of hepatotoxicity in liver damage and an indica-
tive of hepatotoxic potential [73, 77]. Most of the activities
related to the development of systems for hepatotoxicity
evaluation in vitro are focused in the parenchymal cell, the
hepatocyte [15], which is the major cell type sensitive to in-

jury induced by oxidative stress in the liver. However, this

liver microenvironment also presents circulating lympho-
cytes such as T (CD4'/CD8"), B and natural killer (NK) cells
[78] (Figure 2).

* Lipid peroxidation
Collagen proliferation/
synthesis

e P

Kupﬂer Cells (KC)

B Lymphocyte \_ /. Cytokmes /

+ $Apoptosis

2

Hepatocytes

Figure 2: Oxidative stress in the liver microenvironment. Cell types such as sinusoidal hepatic cells, HSC and KC are sensitive to oxidative

stress. In the space of Disse, this triggers HSC activation, stimulating peroxidation of lipids with consequent collagen synthesis and prolifera-

tion. In the sinusoidal space, oxidative stress results in release of cytokines which induce inflammation and apoptosis. In addition, some im-

mune cells which are part of the liver microenvironment, such as B and T lymphocytes, NK cells and macrophages, are also damaged by

oxidative stress

The mitochondria, the microsomes and the peroxi-
somes in the parenchymal liver cells can produce ROS, regu-
lating the peroxisome proliferator-activated receptor a (P-
PARa), a receptor that is related to gene expression which is
associated with lipid metabolism in the liver [79]. In addi-
tion, Kupffer cells (KC), hepatic stellate cells (HSC) and en-
dothelial cells are potentially more exposed or even more
sensitive to oxidative stress, which induces the production
of cytokines such as TNF-a by Kupffer cells, and may en-
hance inflammation and apoptosis (figure 2). In stellate
cells, oxidative stress causes lipid peroxidation, promoting

collagen proliferation and synthesis [75,77,79].
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Oxidative stress is widely recognized as a response
to initial stress related to liver injury progression and cancer
[80]. Many factors such as alcohol, drugs, environmental
pollutants and ionizing radiation can generate ROS and in-
duce oxidative stress in the liver, resulting in severe liver dis-
eases [75,77]; thus, it plays an important role in several
chronic, inflammatory and metabolic liver diseases, such as
liver cirrhosis, hepatitis and nonalcoholic fatty liver disease
(NAFLD); all of which are associated with oxidative imbal-
ance, with higher production of ROS and reduction of an-
tioxidant bioavailability [75,76,81-83]. In addition, in liver
surgeries and transplantation, ROS are usually produced ow-

ing to the ischemia/reperfusion process [84].
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ROS generation promotes the expression and se-
cretion of pro-inflammatory cytokines, inducing inflamma-
tion and sustained oxidative stress, which, in turn, are cru-
cial in the initiation and development of liver diseases, re-
gardless of their etiology [75,77,80,85]. Other studies have
reported that ROS contribute to neoplastic transformation
by various mechanisms, including interference in DNA re-
pair systems responsible for removal of oxidized bases, i.e.,
triggering metabolic changes, glycolytic adaptation and in-
creased lipidic biosynthesis, which promotes steatosis,

which, in turn, leads to hepatocarcinogenesis [75,82].

Hepatic carcinogenesis is characterized by deregu-
lation of several enzymes involved in producing and elimi-
nating ROS [82], and it is orchestrated by several ROS-medi-
ated processes. The increase in the number of ROS, particu-
larly in the nucleus, leads to DNA damage, mutations and
genetic instability [86]. In many liver diseases that can
progress to liver cancer, such as viral hepatitis, oxidative
stress is one of the factors that drives the neoplastic transfor-
mation process, contributing to hepatocellular carcinoma

(HCC) development [82].

Nanba et al. (2016) [87] demonstrated that levels
of oxidative stress markers in patients with HCC are posi-
tively correlated with the likelihood of HCC development.
On the other hand, recent findings indicate that, although
oxidative stress is an initiation response to cancer, it can al-
so be an antitumor cell response necessary to kill cancer
cells [81]. Despite these advances, many aspects of the mech-
anisms involved in ROS participation in liver carcinogene-
sis, and the complex role of oxidative stress in the physiolog-
ical and pathological processes of the disease, still need to
be elucidated, requiring the establishment of an adequate
study model - something that has been a barrier for a long
time. In this respect, 3D cultures are an attempt to diminish
these limitations, allowing significant advances in in vitro re-
search, and providing a better understanding of the roles of

ROS and oxidative stress in liver diseases [75,77].

Kermanizadeh, et al., (2014) [88] demonstrated
that 3D human liver microtissues are an efficient model for
the mechanistic assessment of the toxicity of drugs or nano-
materials associated with inflammation. Corroborating this

finding, Bhise et al. (2016) [89] used 3D bioprinting technol-
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ogy to produce liver spheroids that proved suitable for toxic-
ity studies as they responded similarly to animal models (B-
hise et al., [89,90]. The authors of these studies argue that
the 3D model is an excellent candidate to replace some tradi-
tional in vitro liver models [88-90]. Hendriks et al. (2016)
[91] evaluated two models of 3D hepatic spheroids: one
composed of primary human hepatocytes (PHH) and
another one of HepaRG cells, and they demonstrated that
both of them can be used to detect and study compounds at
risk of causing cholestatic hepatotoxicity, including those as-
sociated with increased oxidative stress and modulation of
cell death receptor signaling. Thus, 3D cell cultures are
promising systems, suitable for various purposes in scientif-
ic research, and an important tool for discovery of new
medicines, identification of therapeutic targets, and investi-

gation of compounds with antitumor activity [68, 89-91].
MSCs and liver cancer - in vitro models

Mesenchymal stem cells (MSCs), also called mes-
enchymal stromal cells, are known for their capacity of in
vitro differentiation in osteoblasts, adipocytes, chondro-
cytes, and other cell types. Additionally, they can perform a
number of biological activities, including immunomodulato-
ry and anti-inflammatory ones [92]. MSCs have been
studied as an alternative for the treatment of liver cancer. In
vitro models with different liver tumor cell lines are impor-
tant to better understand the mechanisms involved; howev-
er, the role of MSCs in the occurrence, development and
treatment of hepatocellular carcinoma (HCC) is still contro-

versial [9].

It is known that MSCs can migrate to the tumor,
as demonstrated by Garcia et al., (2011) [93] in an in vitro
study. They observed increased migration of human bone
marrow derived MSC (hBMSC) towards the conditioned
medium of different HCC cell lines and hepatic stellate
cells, showing that factors produced by the tumor stroma

may also be able to promote migration of these cells.

In addition to being able to act in the tumor mi-
croenvironment through cell-cell interactions and by the se-
cretion of factors at the site, MSCs can act at a distance by
secreting paracrine factors (figure 3). For this reason, many
of the in vitro studies with hepatic tumor strains have fo-

cused on the use of conditioned medium, in which only se-
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creted factors are present.
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Figure 3: Mesenchymal stem cell role in liver cancer. BMMSC can migrate to the tumor site and interact with other MSC or producing fac-

tors into the site. This tumor microenvironment is characterized by the presence of carcinogenic stem cells, cytokines and Kupftfer cells,

which are essential to promote tumor development and growth

Zhao et al., (2012) [94] observed a reduction in
cell viability of different lines of hepatocellular carcinoma
(HepG2, HuH7, 1, Bel7402 and) when cultured with condi-
tioned medium of human adipose tissue mesenchymal stem
cells (CM-ADMSC) for 3 days. In addition, they also report-
ed inhibition of SMM7721 proliferation and increased apop-
tosis 48 h after incubation with CM-ADMSC. Since culture
conditions interfere in MSC properties, Xie, et al., (2018)
[95] evaluated the effect of rat CM-ADMSC obtained
through 3 different culture protocols (2D, spheres or 3D).
They found that the conditioned medium obtained in the
3D cultivation conditions inhibited the proliferation of HC-
CLM3clm3 cells (human hepatocellular carcinoma), but on-
ly the conditioned medium obtained from 3D culture was
able to inhibit the proliferation of HepG2 cells (human hep-
atoblastoma). The treatment with 3D CM-ADMSC also out-
performed other conditions regarding apoptosis induction
in HepG2 cells, although all CM-ADMSC conditions signifi-
cantly increased apoptosis in comparison to the untreated
control for both tumor cell lines. Additionally, inhibition of

liver cancer cell migration, adhesion, and invasion occurred
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when tumor cells were treated with all types of CM-ADM-
SGC; the 3D culture method was the one producing the most
pronounced effect. The processes of migration and invasion
of tumor cells have important involvement of epithelial mes-
enchymal transition (EMT), and there was also downregula-
tion of EMT signaling in this study. Since 3D culture meth-
ods more closely reproduce the environment in vivo com-
pared to the 2D culture method, this may have been the
cause for the better result of 3D CM-ADMSC for the differ-

ent parameters analyzed.

In another study, Serhal et al. (2019) [96] evaluat-
ed the effects of human ADMSC on liver tumor cells, test-
ing not only the conditioned medium, but also the direct
and indirect coculture with HCC cells (HepG2 and PLC-PR-
F-5). They found that both cocultures and the conditioned
medium were able to reduce the number of HCC cells and
increase the apoptosis rate, as well as induce the expression
of p53 and RB tumor suppressor genes. They also evaluated
the biochemical markers alpha fetoprotein (AFP) and des-
gamma-carboxy-prothrombin (DCP) in the supernatant of
the HCC cells co-cultured directly with ADMSC or treated
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with CM-ADMSC, and they found a reduction in these two
serum markers, which are used to detect tumor progression

and malignant proliferation in patients with HCC.

The processes of migration and invasion are relat-
ed to the ability of tumor cells to promote metastases, and
they are controlled by the imbalance between metalloprotei-
nases (MMPs) and their inhibitors (TIMPs). An increase in
MMPs has been correlated with the promotion of HCC me-
tastases, while the increase in TIMPs was shown to inhibit
this process [96]. Li et al. (2010) [ 48] reported a reduction
in gene expression and protein levels of MMP-2 in MHC-
C97-H cells treated with conditioned medium of hBMSC, al-
though an increase in tumor cell proliferation was also
found. In a study with ADMSC, Serhal et al. (2019) [96]
found an increase in gene expression of TIMP1 and TIMP3
in HepG2 and PLC-PREF-5 cell lines, both after co-cultiva-
tion and treatment with a conditioned medium of ADMSC.
Regarding the migration and invasion, the results varied ac-
cording to the type of tumor cell and the form of interaction
with the ADMSC; there was a reduction in both parameters
in HepG2 and PLC-PREF-5 cells with coculture, as well as in-
cubation in the presence of a conditioned medium in the ex-

periments with HepG2.

Thus, the results may vary not only according to
the conditions of stem cells, but also in the way they interact
with tumor cells (direct, indirect or medium-conditioned
contact). Additionally, different tumor cell lines respond in
different ways, as demonstrated by Garcia et al. (2011) [93]
while using a conditioning medium of hBMSC; they report-
ed a heterogeneous effect on tumor cell proliferation: no al-
terations in HuH?7 cells, inhibition in Hep3B cells, and in-
crease in PLC-PRF-5 cells.

Although the above-mentioned studies suggest
beneficial effects of MSCs on liver tumor cells, this is still a
controversial field. Some studies have shown that MSCs can
increase the proliferation and invasive capacity of HCC
cells. Liu et al. (2016) [97], using 3D culture of HCCLM3
cells, found that co-cultivation with umbilical cord (UC)M-
SC promoted an increase in gene expression of MMPs 2, 7
and 14 and higher expression of MMP2 secreted in the ac-
tive form. This finding suggests an increase in the metastat-

ic properties of HCCLM3 cells. In addition, the authors re-
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ported an increased migration capacity and expression of
genes related to EMT (N-cadherin and vimentin). EMT
plays an important role in the progression of HCC owing to
its role in the increase of cancer stem-like cells (CSCs),

which promote metastasis and drug resistance [98].

Although the co-cultivation with UCMSC did not
interfere in the proliferation of HCCLM3 cells, treatment
with a conditioned medium under normal conditions or hy-
poxia of different tumor lines (Bel-7402 and Hep3B) result-
ed in a significant increase in proliferation in both strains
[99]. In addition to the participation of MMPs and TIMPs
in migration and invasion processes, Mi and Gong (2017)
[100] demonstrated that secretion of IL-6 by hBMSC also
plays an important role in this process. Treatment of
Bel-7402 and Bel-7404 cells with hBMSC conditioning in-
creased the invasion rate of this cells, which was reduced
when a neutralizing antibody against IL-6 was added. The
same effect was not observed in HepG2 cells, probably ow-
ing to the higher level of endogenous IL-6 produced by this
cell line. Additionally, hB-MSCs can also increase the migra-
tion and invasion of SNU-398 cells through different mech-
anisms, including CXCL12/CXCR4 (Fontanella et al., 2016)
[101] and aquaporin (AQP1), a protein related to tumor
progression that regulates water and solute transport
through the membrane (Pelagalli et al., 2016) [102]. The ef-
fect through both pathways was reversed in the presence of
their respective inhibitors (AMD3100 and Peptide R for CX-
CR4, and tetraethylammonium chloride for AQP1).

These controversial results may also be due to the
different tumor cell lines used, as well as to the different ori-
gins of MSCs (bone marrow, adipose tissue and umbilical
cord) and culture conditions (2D and 3D). According to Ser-
hal et al. (2019) [96], tumor microenvironment directs the
type of response that will be promoted by MSCs, which can
be pro or antitumor, and it is also influenced by the source
of each MSC. Therefore, in vitro studies are important tools
to better understand the best source of MSCs and their ther-
apeutic potential, for each type and stage of HCC.

As previously mentioned, tissue engineering has
been seeking to develop and provide viable biological tools
for the study of liver diseases for a few years. The difficulties

in these systems, when using cells obtained from liver tis-
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sue, are associated with the induced microenvironment,
which is often not able to mimic the biological conditions of
the liver, thus compromising the maintenance of these cul-
tures [103]. In this context, several studies have invested in
the use of cell populations with greater plasticity, which can

provide favorable conditions for in vitro studies [104].

A promising alternative for the study of hepatic
oncogenesis is the use of induced pluripotent stem cell tech-
nology (iPSCs) to establish in vitro models [105]. This cellu-
lar population has gained prominence in the academic
scene in recent years. This is due to the fact that they are
cells that, when compared to other cell types, such as liver
cells and embryonic stem cells, are easy to obtain: they are
acquired from adult biological tissues through a pheno-
menon known as somatic reprogramming. In hepatology
studies, iPSCs have been used, in the vast majority, to ob-

tain hepatocytes and cholangiocytes [106].

The use of iPSCs to obtain cells to study hepatic
oncogenesis can be highly advantageous, since this modality
of cell culture allows an almost unlimited expansion of cells
before the process of cell differentiation. Additionally, the
cell line will maintain the genetic profile of the donor, ensur-
ing a personalized study. In studies of liver diseases, either
for understanding the cellular and molecular mechanisms
associated with the pathogenesis of liver diseases, or for in-
vestigation of therapeutic alternatives, cell culture assays us-
ing iPSCs are very promising to obtain liver tumor cells
when using specific inducing factors, although there is a
need for techniques to validate the efficiency of the cell

phenotype obtained [107].

The establishment of 3D co-cultures for produc-
tion of hepatic organoids using iPSCs was initially described
by Takebe et al., (2014) [108], and it has been used in proto-
cols as an alternative for studies of liver diseases [109]. Cul-
tures of 3D iPSCs, maintained in extracellular matrix sup-
port, are induced to hepatic differentiation through specific
modulating factors, which results in hepatic organoids

formed by a single or several cell lines [110].

In recent years, iPSCs have been used in preclini-
cal trials for different pathological liver disorders, such as
cystic fibrosis [110]; Alagille syndrome, [111]; HBV infec-

tion [113]; citrullinemia type I [112]; steatosis, steatohepati-
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tis and Wolman's disease [114]. These studies used iPSCs de-
rived from human skin fibroblasts and human peripheral
blood cells [110]. Some findings in the literature investigate

the use of iPSCs in studies in hepatic oncogenesis.

A recent study investigated iPSCs as a promising
tool in the study of liver cancer. Experiments conducted by
Afify et al,, (2020) [115] developed a new model of liver can-
cer stem cells (CSCs) from iPSCs obtained from mouse fi-
broblasts (miPSCs), induced by a conditioned medium ob-
tained from a hepatocarcinoma cell lineage culture (Huh?
cells). MiPSCs exhibited significant expression of molecular
markers of liver cancer, such as glypican 3, alpha-fetopro-
tein (AFP) and arginase-1. In the study, it was found that
the conditioned medium, enriched with pro-inflammatory
cytokines and chemokines, was able to activate tumorigenic
receptors coupled to g protein and phosphoinositide 3-ki-
nase, resulting in the conversion of miPSCs into CSCs
[115].

It is noteworthy that the use of organoid platforms
produced from iPSCs technology allows investigations re-
garding the heterogeneity of liver tumors, in addition to pro-
viding safe results regarding the mechanisms involved in
mutations in genes associated with hepatic oncogenesis
[116]. A study conducted by Artegiani et al. (2019) [117]
used normal iPSC-derived tissue organoids, with mutations
induced by the CRISPR/Cas9 system, in specific genes asso-
ciated with the development of cholangiocarcinoma (TP53,
PTEN, SMAD4 and NF1) and in the BAP1 gene, which re-
sulted in changes in cell junctions and consequent impair-
ment of epithelial tissue arrangement. Such phenomena are
directly associated with the emergence of malignant charac-

teristics.

Biomaterial scaffolds for cell cultures and tissue en-

gineering

Scaffold-based systems are biocompatible artificial
structures that can be used to maintain 3D cell cultures
since they mimic some of the most important characteris-
tics of the extracellular matrix, e.g., permeability, porosity,
mechanical stability and surface properties [118,119]. There-
by, it promotes a favorable biochemical and biophysical mi-
croenvironment for cell growth, proliferation and differenti-

ation [120,121].
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Several natural polymers such as cellulose, chitin/-
chitosan, collagen, alginate, silk and hyaluronic acid, have
been tested as scaffolds for 3D culture because of their high
biocompatibility and low cost [122,123]. Similarly, synthet-
ic/manufactured polymers (PCL, PVA, PEG, PLGA, Ma-
trigel® etc.) are other interesting alternatives because their
designed properties may enhance cell culture attributes
[124]. Lee et al., (2021)[125] successfully stablished 3D mod-
els of hepatocellular carcinoma (HCC) using Matrigel® (solu-
bilized basement membrane matrix secreted by Engel-
breth-Holm-Swarm (EHS) mouse sarcoma cells) and report-
ed high cell proliferation, angiogenesis and increase of cell--

to-cell interactions compared to 2D culture.

Hydrogels are polymeric networks with high
permeability and swelling capacity that allow the flow of
oxygen, water, nutrients and cell metabolites [126]. More-
over, hydrogels exhibit similar mechanical characteristics to
that of different soft and wet tissues, allowing modeling of
physiological and pathological states [127]. Ozkan et al,,
(2021)[128] used hydrogel-based scaffolds to investigate the
response of HCC cell lines to chemotherapy, demonstrating
that the microenvironment produced by 3D cell culture had

arole in the differential therapeutic response of HCC cells.

Final considerations

The use of cell cultures has been considered as an
important tool in replacing or reducing the use of animals
in biomedical research on HCC. Biotechnological advances
in this area have broadened the knowledge of cellular patho-
physiology and molecular and cellular changes in liver can-
cer. Scientific advances in cell culture studies have resulted
in new therapeutic, diagnostic and treatment approaches,
for example, testing of new drugs and the use of stem cells

and iPSC. Although highly relevant, 2D culture models
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have limitations in the interpretation of results, mostly be-
cause not all the signals that occur between cells in the in vi-
vo model are found in 2D model. In an attempt to mimic
the complex structural and functional interactions of cells,
the 3D model has been currently used and has contributed
significantly to cancer studies. This model allows cell-to-cell
interactions as well as interactions between them and the ex-
tracellular matrix (of natural or synthetic sources); however,
its main disadvantages are the high cost and the need for de-
velopment of specific protocols for each study. We con-
clude, therefore, that 2D and 3D cell culture models can be
used as alternative methods on animals use in scientific re-
search of HCC; however, the choice of study model must be
based on the proposed scientific question with attention to
the cell types and appropriate methodologies that enable the
effective development of the approaches considered in the

particular study.
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