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Abstract: Liver cancer is the third leading cause of cancer death worldwide. Representing such
a dramatic impact on our lives, liver cancer is a significant public health concern. Sustainable
and reliable methods for preventing and treating liver cancer require fundamental research on its
molecular mechanisms. Cell lines are treated as in vitro equivalents of tumor tissues, making them a
must-have for basic research on the nature of cancer. According to recent discoveries, certified cell
lines retain most genetic properties of the original tumor and mimic its microenvironment. On the
other hand, modern technologies allowing the deepest level of detail in omics landscapes have shown
significant differences even between samples of the same cell line due to cross- and mycoplasma
infection. This and other observations suggest that, in some cases, cell cultures are not suitable as
cancer models, with limited predictive value for the effectiveness of new treatments. HepG2 is a
popular hepatic cell line. It is used in a wide range of studies, from the oncogenesis to the cytotoxicity
of substances on the liver. In this regard, we set out to collect up-to-date information on the HepG2
cell line to assess whether the level of heterogeneity of the cell line allows in vitro biomedical studies
as a model with guaranteed production and quality.
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1. Introduction

Cell lines have revolutionized scientific research because of their similarity to primary
tissues, low cost, and ease of use and culture. In addition, such cells provide an unlimited
supply of biomaterials, and their use in research avoids ethical problems associated with
the utilization of animal and human tissues [1]. The widespread use of cell lines has been
found in the production of vaccines [2], cytotoxicity testing [3,4] and the identification
of drug metabolic pathways [5,6], the study of gene function [7], the creation of artificial
tissues (for example, artificial skin [8]), and the synthesis of therapeutic proteins [9,10].

The liver is an organ with high regenerative capacity and complex functions [11]. It
maintains various physiological processes [12], predominantly replenishing and storing
rapidly mobilized energy reserves in glycogen, regulating carbohydrate metabolism, and
neutralizing and removing metabolic products from the body [13]. In addition, the liver
takes part in the metabolism of nutrients, receiving digestive products in the form of
glucose, amino acids, fatty acids, and glycerol. Moreover, there are many different types
of liver diseases. These can be inherited (Wilson disease, hemochromatosis, and alpha
1-antitrypsin deficiency) [14] or acquired (such as hepatitis and liver cancer) [15,16].

In many studies, immortalized hepatic cell lines are used instead of liver biopsies
due to their high cost, high invasiveness, and reduced activity of several key enzymes.
Moreover, there is no technique enabling the maintenance of liver biopsies in culture
for time-consuming studies [17]. At the same time, based on the descriptions in the
databases, the hepatic cell lines are described as “epithelial morphology”. Thus, the
human cell lines THLE-2 and THLE-3, considered models of normal hepatocytes, are
controversial. Epithelial cells include hepatocytes and cholangiocytes. These cells perform
different functions, with hepatocytes responsible for the formation of bile; the metabolism
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of glucose, amino acids and lipids; the detoxification of bilirubin and ammonia; and the
production of serum proteins [3,18]. Cholangiocytes, in turn, modulate the composition
of bile, secrete chloride and carbonate ions, and secrete and absorb water when bile
passes through the intrahepatic bile duct [19]; in the event of a malfunction of hepatocytes,
cholangiocytes replace them [20,21]. However, the article describing the characteristics of
the THLE-2 and THLE-3 cell lines mentioned their similarity with human hepatocytes [22].
Such inaccuracies in wording can affect the design of studies and the interpretation of
experiments designed and performed to answer the biomedical question.

It should also be noted that, in addition to epithelial cells, the liver includes Kupffer
cells (~15% of the total liver cell population), stellate cells (~8–10%), and liver sinusoidal
endothelial cells (~3%) (see Figure 1). This diversity presents researchers with the daunting
task of creating a liver model, both in vivo and in vitro, that would include all types of
cells [23].
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The use of immortalized hepatic tumor cell lines has become a widespread practice
not only for the cancer research, but also for the study of hepatitis B (HBV) and hepatitis
D (HDV) viral infections. Thus, the complete cell cycle of HDV replication and expres-
sion/replication of HBV were found in cell lines HepG2 and Huh7 [24,25]. Additionally,
mechanisms of HBV viral entry were discovered in HepaRG cell lines [26].

Currently, there are about 40 various hepatic tumor cell lines, but the most commonly
used are HepaRG, Huh7, SK-Hep-1, Hep3B, and HepG2, obtained from various tumors [20]
(Figure 1). Among the cell culture mentioned above, the HepG2 cell line has gained
popularity due to its wide range of applications in scientific research. Therefore, at the
time of writing, the database PubMed (https://pubmed.ncbi.nlm.nih.gov/, accessed on
23 November 2021) contained a total of 34,021 articles available after a search for “HepG2”;
6455 for the Huh7 cell line; 2994 articles for the Hep3B cell line; 876 about HepaRG; and
625 articles on SK-Hep-1 (Figure 2).
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A meta-analysis of the articles showed that each of the cell types comes from a specific
type of cancer. For example, the Huh7 cell line has the characteristics of HCC [27], MT-
CHC01 originates from ICCA cells [28], and HepG2—HB [29]. In Table 1, we summarize
the characteristics of the top five most studied hepatic tumor cell lines. Characteristics for
all hepatic cell lines are presented in Supplementary Material Table S1.

Table 1. Characteristics of the top five most studied tumor hepatic cell lines.

Cell Type Mutated Genes Number of
Chromosomes

Number of
Articles (PubMed) Reference

HepG2 HB CTNNB1 50–60 34,021 [12,30]

HepaRG HCC
PLIN2, ANXA1,
H2AFY, SNX1,
GCHFR, APO

46 880 [26,31–33]

Huh7 HCC KDR, POLD3,
TERT, TP53 55–63 6463 [34–37]

Hep3B HCC AXIN1, RB1 ≈60 2994 [34,38]

SK-Hep-1 Adenocarcinoma CDKN2A, BRAF 56–64 602 [39,40]

This review provides generalized information on the HepG2 cell line, examples of its
use, assessment of its characteristics, and its applicability as model objects.

2. Historical Background

Among hepatic cell lines, HepG2 cells were the first to exhibit the key characteristics
of hepatocytes. This line was isolated in 1975 and described as hepatocellular carcinoma
(or hepatoma, HCC) [41]. On the other hand, the earlier cell line SK-Hep1, created in
1971, although considered a model of HCC, does not possess critical markers of liver cells,
including the expression of albumin and alpha- and gamma-fibrinogen [42].

A patent for the HepG2 cell line, “a human hepatoma-derived cell line”, was filed
in 1980 by researchers at the Wistar Institute. Since then, HepG2 cells have been entered
into the ATCC (American Type Culture Collection, Rockville, MD, USA) repository as a
human cell line (HB 8065), “derived from the liver tissue of a 15-year-old white male with
a well-differentiated hepatocellular carcinoma” [29].

As in several cases, a classification error crept in, and the HepG2 cell line was mistak-
enly labeled as hepatocellular carcinoma (HCC) instead of hepatoblastoma (HB), which
caused considerable confusion for 30 years. This was discovered after an investigation by
Lopez-Terrada D. et al. [29] on the nature of HepG2. In addition to visual cytological signs
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of the original cell preparations, from the molecular side, losses in the chromosome 4q3
region were found, which are associated with t(1; 4) translocation—a common occurrence
with HB [43], as well as with other characteristic HB chromosomal abnormalities, including
trisomies 2 and 20 [29]. Other signs of an HB nature include the corresponding parameters
of the Wnt/β-catenin signaling pathway and dysregulation of cell growth and survival
pathways such as fetal and embryonal HB [44], a characteristic deletion of the third exon
of the CTNNB1 gene, which is identical to that described in epithelial type HB, as well as
similar gene expression profiles in HepG2 and tumor cells in hepatoblastoma [29].

Regarding the differences between the HepG2 cell line and normal hepatocytes, the
crucial point is the weak or absent expression of the cytochrome P450 (CYP) superfamily,
CYP3A4, CYP2C9, CYP2C19, CYP2A6, CYP2D6, etc. [45], which are involved in phase 1
xenobiotic oxidation in the liver. Nevertheless, it is believed that the HepG2 cell line has
retained most of the metabolic functions of normal hepatocytes; therefore, it is used to
study the toxic effects of heavy metals, nanoparticles, and drugs in vitro [46].

3. Comparison of Liver Cancer

One of the possible reasons for the popularity of the use of the HepG2 cell line is related
to the fact that most cases of primary liver cancer are hepatocellular carcinoma [47]. Liver
cancer is the third leading cause of cancer death worldwide [48]. There are several types
of primary liver cancer: HCC (80–90% of cases), intrahepatic cholangiocarcinoma (ICCA,
10–15% of cases), HB and angiosarcoma (AS) [49]. It should be noted that hepatoblastoma
is the most common malignant liver tumor in children; it accounts for about 70% of cases,
followed by HCC, accounting for 27% [50].

Each type of liver cancer and its subtype differs in cytological and molecular char-
acteristics (Figure 3). As mentioned above, one of the hallmarks of HB at the molecular
level is damage to the CTNNB1 gene encoding β-catenin in the third exon in the form of
deletions or insertions [51], but most often, the loss of serine/threonine residues (in codons
S33, S37, S45 and T41), as well as the substitution of tyrosine for alanine (T41A) [52]. The
frequency of mutations of this gene is observed in 50–90% of patients [51,53]. It should be
noted that in the case of HCC, mutations in CTNNB1 can also be observed, but they are
much less common (20–40% of patients [54]) and are represented by changes in codons
32, 33, 38, and 45 [55]. Mutations in β-catenin lead to its accumulation in tumor cells due
to the loss of original function, i.e., impairment of the Wnt/β-catenin signaling pathway,
which plays a vital role in the development, regeneration, and metabolic zoning process of
the liver [56].
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The key features of HCC [57,58] and several oncological diseases [59] are a mutation of
the TERT gene promoter, which triggers the activation of telomerase reverse transcriptase,
the process of tumor formation. Promoter mutations have been identified as the most
frequent genetic changes in HCC, with an overall incidence of about 30–60% [60]. The
second most frequent disorder in HCC is mutations in the tumor suppressor gene TP53 [61],
some mutations of which contribute to the emergence of the pro-oncogenic function of the
encoded protein p53—increased cell proliferation, drug resistance, and increased migration
and invasion of cells, as well as the stimulation of neoangiogenesis [62,63]. Such hot-spot
mutations (in particular, R249S and V157F) are associated with a poor prognosis for patients
with HCC [64].

Hepatic AS and ICCA also have a TP53 gene mutation associated with reduced
survival [65–67]. In ICCA, mutations are also often observed in the KRAS and ARID1A
genes [68,69], the proteins involved in the cell signaling pathways that control cell growth,
maturation, and death. Sometimes, mutations occur in genes involved in Wnt signaling,
i.e., CTNNB1, AXIN1, and APC [70,71].

One of the biomarkers of tumor processes in the liver is a change in the level of alpha-
fetoprotein (AFP)—plasma protein produced by the yolk sac and the fetal liver during fetal
development [72,73]. An increase in the AFP level promotes the proliferation of tumor cells
and the formation of blood vessels and enhances the antiapoptotic effect of cancer cells [74].
Changes in the AFP level also predict the course of disease, the therapeutic response, and
the occurrence of relapse [75].

Thus, existing differences and similarities in the molecular characteristics of liver
cancer types raise a logical question about the applicability of the HepG2 cell line as a
model of normal and pathological cellular processes in each case.

4. Comparison of HepG2, Normal Hepatocyte, HB, and HCC

According to their cytological characteristics, HepG2 cells are certainly the most similar
to tumor cells in hepatoblastoma, but at the same time, they retain features characteristic
of normal hepatocytes (see Table 2). Thus, the average diameter of a HepG2 cell is about
10–20 µm, of a hepatocyte, 15 µm, and tumor cells with HB, 10–20 µm. We did not find
exact data for HCC cells, but all tumor cells have a diameter >10 µm.

Table 2. Comparison of HepG2 cells with hepatocytes and cells with HCC and HB.

HepG2 Cells Hepatocyte Cells Cells with HB Cells with HCC

Cell size and shape 12–19 µm, polygonal 15 µm, cube 10–20 µm, round or
angulated

>10 µm,
spindle-shaped and

show bizarre anaplastic
figures

Subcellular
components

Large nuclei, 3–7
nucleoli, low

mitochondrial content,
and poorly developed

SER 1

Two or more nuclei
occupy 5–7% of the cell
volume; high SER1 and

mitochondria

Small, round,
inconspicuous nucleoli;
low mitochondrial and

RER 2 content

The numbers of
mitochondria and ER 3

is reduced, and have an
abnormal structure,

characteristic of
stressful conditions

Number of
chromosomes 50–60 Polyploidy Aneuploidy,

>46
Aneuploidy,

>46

Genome stability,
DNA content

7.5 pg genomic DNA,
genome unstable

~6 pg genomic DNA,
stable genome Genome unstable Genome unstable

1 SER, smooth endoplasmic reticulum; 2 RER, rough endoplasmic reticulum; 3 ER, endoplasmic reticulum.

About 20% of human hepatocytes are binucleated or polyploid [76,77]; often, their
nuclei are anisokaryotic. HepG2 cells contain three to seven nuclei [78], which account for
up to 25% of the total cellular protein, although their size is somewhat more prominent
than in normal hepatocytes, containing up to 10% of the total protein in the cell. In tumor
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cells, which are also characterized by an abnormal number of chromosomes, an increase in
the number of nuclei is observed—up to seven per cell.

Hepatocytes are rich in the smooth endoplasmic reticulum (SER) and mitochondria,
reflecting their intense protein synthesis and energy metabolism, respectively [79]. HepG2
SER cells are poorly developed, and the number of mitochondria is half that of hepatocytes.
Ultrastructural analysis of cells in HB revealed well-formed intercellular junctions, numer-
ous intermediate filaments, and rare cytoplasmic organelles: mitochondria and a rough
endoplasmic reticulum [80]. In tumor cells with HCC, the numbers of mitochondria and
endoplasmic reticulum are also significantly reduced, and they have an abnormal structure
characteristic of stressful conditions.

Thus, according to the cytological characteristics, it can be noted that HepG2 cells
occupy an intermediate state between normal hepatocytes and tumor cells, for which
significant changes in the epigenetic regulation of nuclear and mitochondrial genes are
observed [81,82].

4.1. Genome

Numerous studies have shown that this cell line contains fairly stable chromosomal
abnormalities [30,83–86]. HepG2 cells contain translocations between the short arms
of chromosomes 1 and 21 [86], trisomies of chromosomes 2, 16, and 17, and tetrasomy
of chromosome 20 [30,87]. The number of chromosomes varies from 50 to 60 [13,14],
corresponding to the hyperdiploid karyotype [88]. More than 100 of the chromosomes are
observed in some cases, characterized by tetraploid enlargement [86,89]. The HepG2 cell
contains about 7.5 pg of DNA, 15% more than in a normal somatic cell [12,90].

In addition to the marker mutations discussed above (see Figure 3) [30], in an article
by Zhou et al. in which the genome of the HepG2 cell line was studied, 377 SNVs and
255 indels, which are private protein-altering (PPA), were found using whole-genome
sequencing [30]. Some are accounted for among the characteristic mutations by well-
known oncogenes and tumor suppressors, such as NRAS, STK11/LKB1, and PREX2, and
several genes associated with tumor processes, CDK12 IKBKB and RP1L1.

In an article by Tianyou et al. that studied polymorphisms in the NRAS and KRAS
genes in Chinese children, no significant association was found between the risk of de-
veloping hepatoblastoma and these polymorphisms [91]. There are also no data on the
relationship of mutations in the PREX2 gene with hepatoblastoma; however, it has been
shown that in 23.5% of patients with HCC, there is a non-silent somatic mutation of
PREX2 [92]. A similar situation for the RP1L1 gene is defined as a driver in HCC [15,93–95],
but there are no data on the relationship with the development of HB.

The HepG2 cell line carries a mutation in the TERT promoter that is common in
HCC—C228T [96]. In HB, a somatic mutation is also observed in the promoter of this gene—
C250T [51,52,97]. It should be noted that a mutation in the TERT promoter contributes to
immortalization, protecting telomeres in cancer cells.

The TP53 gene can be found in liver cancer in two types: mutant and wild. Wild-type
TP53 [98] is observed in the HepG2 cell line, as in HCC and HB [99]. In HCC, mutant
TP53 tumors have higher malignant potentials than those with wild-type TP53 [100]. The
TP53 gene is critical in suppressing cancer in humans, as it plays a role in cell cycle arrest,
apoptosis, and ageing. Thus, this mutation in the gene can promote cell proliferation.

Thus, it is worth noting that parts of the driver mutations in the genes of the HepG2
cell line coincide with mutations in HCC and HB. Furthermore, a marker deletion in the
reading frame of the CTNNB1 gene for HB also occurs in HCC in 19% of patients [54].

4.2. Transcriptome

A transcript is the next stage after the genome in the transfer of biological information,
at which new characteristics appear, such as changes in the number of transcripts encoded
by one gene and their expression. In total, about 14,000 genes are expressed in HepG2
cells [101]. At the transcriptome level for the HepG2 cell line, it has been shown that
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50 genes are upregulated in comparison with normal hepatocytes [102]. Thus, genes
associated with cancer have an increased expression level in the HepG2 cell line, and genes
active in hepatocytes are associated with xenobiotic metabolism.

An analysis comparing results of the transcriptome profiling of hepatic cell lines and
tumor cells in HB and HCC showed significant differences in the level of DLK1 gene
expression in HepG2 cells [102–104], which may be necessary for driving chemoresis-
tance and potentiating malignancy in cancers. A change in the level of DLK1 expression
was also observed in tumor cells, and the gene was more actively expressed in HB cells
than in HCC [44,105]. A similar pattern was found in the case of insulin-like growth
factor 2 (IGF2) [106–109], which is associated with the development of various diseases in
children—for example, Beckwith–Wiedemann syndrome [110–113]. Moreover, increased
IGF2 expression is associated with a poor prognosis of the course of cancer because it
supports both the proliferation and migration of tumor cells [114–116].

In HepG2, there is increased expression of the Wnt signaling pathway antagonist
DKK1 [102], increasing the proliferation, colony-forming ability, and invasion. However, it
is believed that altered DKK1 expression has no effect on tumor development in HB due to
the accumulation of β-catenin [44]. In the case of HCC, overexpression of DKK1 leads to
an increase in cell invasiveness through the MMP-7 signaling pathway, which is associated
with poor prognosis [117].

Another example of a gene with altered expression is the GPC3 gene encoding
glypican-3, which is overexpressed in HepG2 cells and tumor cells in HCC [118,119].
GPC3 is considered a potential biomarker for the early diagnosis of HCC [119,120]. When
studying the functional response to the suppression of the GPC3 gene in HepG2 and Huh7
cells, a more pronounced response was revealed in the first case which, in both cases,
consisted of a decrease in cell profiling [121].

In a study by Tyakht et al. [102], increased expression of genes encoding the insulin-like
growth factor 2 mRNA-binding proteins, IGF2BP1 and IGF2BP3, was shown in HepG2 cells
compared with normal hepatocytes. These genes are also overexpressed in HB [122,123],
but in the case of HCC, a change in expression has only been shown for IGF2BP1, an
increased value of which is associated with a poor prognosis for the course of the dis-
ease [124–126].

Compared with normal hepatocytes, HepG2 cells exhibit a decreased expression level
of CYP genes [102,127,128], which play a decisive role in the metabolism of endogenous
and exogenous molecules [128–130]. Moreover, reduced expression levels of these genes
are also observed in tumor cells in HCC and HB, which, as expected, correlate with a low
survival estimates [131].

Based on the analysis of transcriptome profiling data, common gene expression pat-
terns are observed in HB, HCC, and HepG2 cells. The HepG2 has also been compared
with other commonly used hepatic cell lines at the transcriptomic level. Thus, a study
comparing HepG2 and HepaRG showed that the HB cell line has a greater affinity with
normal hepatocytes [132]. However, the article by Jennen et al. noticed that HepaRG is
more suited in an in vitro liver model for biological interpretations of the effects of expo-
sure to chemicals, whereas HepG2—for classification studies using the toxicogenomics
approach [133]. With a small proportion of genes differing in expression between HepG2
cells and normal hepatocytes, it is necessary to note significant functional differences in
several genes responsible for metabolism and proliferation.

4.3. Proteome

The HepG2 cell contains, on average, 170 pg of total protein, which is almost three
times less than in hepatocytes (600 pg) [12]. The liver is the main source of blood plasma
proteins—fibrinogen, albumin, and globulins. Comparative analysis of the proteomic
profile of hepatocytes and the HepG2 cell line showed that the titers of serum albumin
(ALB), transferrin (AAA), and serpin (SERPINA1) did not differ. At the same time, plasma
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proteins such as ceruloplasmin (CP) and hemopexin (HPX) were detected in trace amounts
or were not found at all in HepG2 cells [12,134].

According to the results of transcriptome profiling in HepG2 cells, the cytochrome
P450 superfamily genes are weakly expressed, as expected—at the proteomic level, the
corresponding proteins are either absent or found at very low concentrations [12]. Thus, it
has been shown that CYP3A4, which is one of the key enzymes of drug cleavage [135], is
100–400 times less in HepG2 cells than in hepatocytes [12,136]. Low expression of these
proteins was also observed in patients with HCC and HB [137,138].

A significant difference in the proteomic profiles of hepatocyte and HepG2 cells is also
observed in the expression of phase II drug-metabolizing enzymes. Thus, the expression
of enzymes of the UGT family—UGT1A1, UGT1A4, UGT1A6, UGT2B7, UGT2B15, and
GSTM1, which play a key role in the metabolism of a wide range of anticancer agents—
was observed either at very low levels in the HepG2 cell line or was not detected at all
in comparison with hepatocytes [12,139]. It has been shown that UGT proteins are also
weakly expressed in tumor cells during HCC [140].

For other phase II drug-metabolizing enzymes, SULT1A1 and SULT2A1, responsible
for transferring a sulfate group from 3’-phosphoadenylyl sulfate to the hydroxyl group
of an acceptor, no differences in titers were found between hepatocyte cells and HepG2.
At the same time, it should be noted that in 50% of HCC cases, there is a decrease in the
level of SULT2A1 [141,142]. Conjugates from phase II metabolism are excreted into the bile
and/or the blood by efflux transporters in the canalicular and basolateral membrane of the
hepatocytes, respectively [12]. This process is sometimes referred to as phase III metabolism.
Most of the tubular outflow transporters are present in HepG2 cells at levels close to those
found in hepatocytes. However, it has been shown that the titers of the BSEP protein,
which carry bile salts, are 100 times lower in HepG2 cells than in hepatocytes [12,143],
which is consistent with studies of the mRNA level [144]. In patients with HCC, the BSEP
level is also decreased, which is associated with a poor prognosis of the course of the
disease [145,146]. Of the basolateral efflux transporters MRP3, MRP4, and MRP6, MRP4
was not detected in HepG2 cells [12,147], and MRP3 and MRP6 titers were 4–20 times
lower in HepG2 cells than in hepatocytes.

Thus, at the proteomic level, HepG2 cells retain and multiply changes in systems
associated with the metabolism of endogenous and exogenous substances compared with
normal hepatocytes. At the same time, the observed changes are similar to processes in
hepatoblastoma and hepatocellular carcinoma cells, which justifies the use of the HepG2
cell line to study the metabolism of anticancer drugs and tumor processes.

4.4. Metabolome

Most of the metabolomic studies performed on the HepG2 cell line aim to investigate
the effect of drugs and chemicals on cells. In total, a small part of the work was carried
out on the comparison of HepG2 and other cell lines. In particular, Chen et al. (2018) [148]
compared the hepatocyte cell lines L-02 and HepG2. Their study showed that in the HepG2
cell line, acetate, creatine, isoleucine, leucine, and phenylalanine were increased, which
indicates a more enhanced lipid metabolism and active absorption of nutrients from the
media than in L-02 cells. However, it should be noted that, according to the STR analysis,
L-02 is a HeLa derivative and not a hepatic cell line [149], which casts doubt on the obtained
assessment of the similarity of the HepG2 cell line with hepatocytes.

When comparing HepG2 cells with other tumor cell lines—MCF7 (angiosarcoma of
the breast), PC3 (prostatic adenocarcinoma), 143B (osteosarcoma), and HEK293 (embryonic
kidney)—it was shown that HepG2 cells had a decreased content of amino acids such as
glutamine, proline, asparagine, aspartate, arginine, methionine, alanine, lysine, threonine,
and leucine [150]. Moreover, HepG2 cells also had a high content of glutamate, phenylala-
nine glycine, acetylcarnitine, and methionine and choline derivatives [151]. Changes in
amino acid levels affect protein synthesis, particularly the secretion of total hepatic protein,
which shows a positive relationship between the concentration of several amino acids
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and the amount of total protein [152]. A low level of taurine was also observed in HepG2
cells, of which the primary role in the liver is conjugation with bile acids for excretion
into bile [153]. The total amount of fatty acids was increased compared with the cell lines
MCF7, PC3, 143B, and HEK293, and the hydrolysis of phospholipids was low, as assessed
by glycerophosphoethanolamine, which may indicate the causes of degradation of the
nascent very-low-density lipoproteins [154]. Thus, the observed metabolomic profile of
HepG2 is generally characteristic of immortalized cells, but several differences are specific
for the biological processes of hepatocytes.

The meta-analysis of the literature revealed almost no metabolic studies, including
those comparing HCC and HB with hepatocytes and hepatic cell lines. Thus, due to the
lack of relevant studies, we cannot conclude the similarity of HepG2 with other cells for
use as models; however, the opportunity for further research is open.

4.5. Signalome

In the study of tumor processes, special attention is paid to signaling pathways that
are responsible for the aberrant cell growth, survival, genome maintenance, etc. [155].
Signalome study provides another level for deciphering pathological processes and uses it
to inform new treatments for precision medicine in cancer [156]. However, at the moment
many aspects are still unknown, and the current level of information is limited.

The case of liver cancer focuses on the following pathways: the transforming growth
factor β (TGF-β) [157], proto-oncogene Wnt/β-catenin [158], phosphoinositide 3-kinase
(PI3K)/protein kinase B (Akt) [159], c-Jun N-terminal kinase (JNK)/signal transducer
and activator of transcription (STAT) [160], Hedgehog and tumor protein 53 transduction
pathways [161].

As noted above, one of the key features of HB due to the exon 3 mutation CTNNB1
gene is a violation of the Wnt/β-catenin signaling pathway [162]. This pathway is crucial
in controlling hepatic homeostasis and in maintaining adherens junctions and metabolic
zonation and regeneration, suggesting its role in almost every aspect related to liver func-
tioning [162]. The same mutation is characteristic for the HepG2 cell line [29], with suppres-
sion of the Wnt/β-catenin signaling pathway expectedly leading to apoptosis [163]. Other
altered pathways in HB are signal transducer and activator of transcription 3 (STAT3) [164]
and signaling pathways PI3K/Akt, ERK, and p38 [165].

In the case of HCC, the major pathways involved in the oncogenic process, in ad-
dition, to Wnt/b-catenin [54], are Hedgehog, hepatocyte growth factor/c-MET, vascular
endothelial growth factor (VEGF), mitogen-activated protein kinase (MAPK)/ERK (or Ras-
Raf-MEK-ERK), and PI3K/AKT/Mtor [166]. Changes in the HepG2 cell line are observed
in the transforming growth factor-beta (TGF-β) signaling pathway, which accounts for
38% of gene mutations in HCC [167]. Dysregulation of signaling in the TGF-β pathway
plays a central role in inflammation, fibrogenesis, and immunomodulation in the HCC
microenvironment [168].

4.6. HepG2 for Biomedical Research

Based on the meta-analysis of articles, we have summarized the recommendations
for the use of the HepG2 cell line (Table 3). The table is based only on genomic and
transcriptomic data since nucleic acid sequencing is more sensitive than mass spectrometry
of proteins and metabolites [169]. Available experiments do not allow the whole picture of
the proteome and metabolome to be seen [170,171].
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Table 3. Suitability of the HepG2 cell line in various spheres of biomedical research.

Type of Research Advantages Disadvantages Recommendations Valid References 1

Toxicity tests

• Including albumin and AFP2;
• No hepatitis B viral genome.

• Low expression and activity levels of
the drug-metabolizing enzymes [45];

• There are exceptions such as
NQO13, GSTM34, and MRP15

[127,172,173];
• The minor phase I enzymes: CYP27B1,

CYP2W1 are expressed at significantly
higher elevated levels than in human
hepatocytes [172].

According to the article (Ren et al.), the HepG2 cell
line may not be a suitable model in investigating
metabolism-mediated toxicity without additional

modification due to it is lack of metabolic
capability [174,175]. For example, the cell line can

be used in studies of CYP inducers [176].

No valid
experiment.

Drug metabolism
No valid

experiment.

HB model

• CTNNB1 exon 3 mutation [177];
• Gene expression profiling

demonstrated cell growth and
survival pathways deregulation,
similar to that of fetal and
embryonal HB [44];

• Losses of the chromosome 4q3
region associated with the t(1;4)
translocation—translocation in
HB [43].

The correct use of HepG2 is an HB model, as it has
many of the characteristics of HB. According to the

article (Lopez-Terrada D et al.), “the correct
attribution of the tumor of origin of this cell line is

of crucial interest for investigators studying the
biology of hepatocellular neoplasms, particularly

those engaged in novel biology-based
classifications, clinical stratification, and

therapeutic interventions for pediatric and adult
patient” [29].

[178–183]

HCC model Partially similar genome and
transcriptome profiles.

At the genomic and transcriptomic levels
has been shown to be similar to

hepatoblastoma.

According to meta-analysis, the cell line has some
similar mutations to HCC. However, there are a

large number of cell lines derived from HCC cells,
such as Huh-7, HepaRG, etc. Additionally, their
use is relevant, as there are more overlaps in the

genetic and transcriptome profiles.

Questionable.

Hepatocyte model No advantages.

• A large number of tumor mutations
affect further levels of information
transfer;

• The basal gene expression level,
HepaRG cells are closer to primary
hepatocytes compared with HepG2
cells [133].

There are non-tumor cell lines such as THLE-2 and
THLE-3 that have characteristics similar to

hepatocytes [22].

No valid
experiment.

1“Valid experiment” —were chosen based on the recommendations that were found in the articles; 2AFP —α-fetoprotein; 3NQO1 —NAD(P)H quinone dehydrogenase 1; 4GSTM3—glutathione S-transferase
Mu 3; 5MRP1—multidrug resistance protein 1.
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5. Conclusions

Despite the illustrated differences between the HepG2 cell line and normal hepato-
cytes, the toxic effects of heavy metals, nanoparticles, and drugs are frequently studied
in vitro [46,184–187].

The validity of using HepG2 cells as a model of hepatocytes is controversial because
crucial proteins involved in the metabolism of substances—the liver’s primary function—
are poorly expressed. Furthermore, the shortage of uptake transporters and phase I
enzymes is observed in HepG2 cells, which indicates the need for careful use of this cell line
to predict the metabolism and elimination of xenobiotics in hepatocytes. At the same time,
the use of HepG2 cells to study the metabolism of anticancer drugs is acceptable because
there is a similarity in the expression of phase I, II, and III drug metabolism/transport
proteins in cells with HCC and HB. In addition, due to the low basal activity of CYP
proteins (CYP1A2, CYP2B6, and CYP3A4), the cell line can be used in studies of CYP
inducers [176].

Work is under way to modify the HepG2 cell line to increase the expression of cy-
tochromes for the correct use of HepG2 cells as a model of hepatocytes in the study of
drug metabolism [188]. Another approach is to derive three-dimensional spheroid cell cul-
tures [189–191]. The three-dimensional culture method transforms cells into spheroids and
creates a more physiologically relevant system. As a result, metabolic activity, including
cytochromes, is higher in 3D spheroidal HepG2 models than in 2D cells [142], bringing it
closer to normal hepatocytes.

According to molecular profiling data, the HepG2 cell line can serve as a model
for hepatoblastoma. However, the use of HepG2 cells as an HCC model is incorrect,
and as shown in the study by Choi et al. (2015), there is no expression of the marker of
HCC—hGSTP1 [130].

For 40 years, the HepG2 cell line has been widely used as a model for normal hepato-
cytes, hepatocellular carcinoma, and hepatoblastoma cells in various studies. Researchers
are studying its molecular composition at the genomic, transcriptomic, and proteomic
levels, each time confirming that the HepG2 is only partially similar to primary hepatocytes
and cancer cells. However, even after the publication of such articles, researchers continue
to call the genesis of the cell line differently. The “surprising case” of the HepG2 cell line
lies in its erroneous annotation. This is not critical for some work, such as studying the
amount of protein in a cell. However, if the metabolism of drugs or the processes that occur
in a particular type of cancer are being studied, this is important and may call into question
the relevance of the study.

In this manuscript, we wanted to combine the accumulated knowledge about the cell
line and compare it at different molecular levels with normal hepatocytes, HCC and HB.
Hopefully, our review will simplify the scientists’ question: “Should I use HepG2 in my
research?”
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90. Wiśniewski, J.R.; Hein, M.Y.; Cox, J.; Mann, M. A “Proteomic Ruler” for Protein Copy Number and Concentration Estimation

without Spike-in Standards. Mol. Cell. Proteom. 2014, 13, 3497–3506. [CrossRef]
91. Yang, T.; Wen, Y.; Li, J.; Tan, T.; Yang, J.; Pan, J.; Hu, C.; Yao, Y.; Zhang, J.; Xin, Y.; et al. NRAS and KRAS Polymorphisms Are Not

Associated with Hepatoblastoma Susceptibility in Chinese Children. Exp. Hematol. Oncol. 2019, 8, 1–7. [CrossRef]
92. Yang, M.H.; Yen, C.H.; Chen, Y.F.; Fang, C.C.; Li, C.H.; Lee, K.J.; Lin, Y.H.; Weng, C.H.; Liu, T.T.; Huang, S.F.; et al. Somatic

Mutations of PREX2 Gene in Patients with Hepatocellular Carcinoma. Sci. Rep. 2019, 9, 1–8. [CrossRef] [PubMed]
93. Bévant, K.; Coulouarn, C. Landscape of Genomic Alterations in Hepatocellular Carcinoma: Current Knowledge and Perspectives

for Targeted Therapies. Hepato. Biliary Surg. Nutr. 2017, 6, 404–407. [CrossRef] [PubMed]
94. Li, L.; Halpert, G.; Lerner, M.G.; Hu, H.; Dimitrion, P.; Weiss, M.J.; He, J.; Philosophe, B.; Burkhart, R.; Burns, W.R.; et al. Protein

Synthesis Inhibitor Omacetaxine Is Effective against Hepatocellular Carcinoma. JCI Insight 2021, 6, e138197. [CrossRef]
95. Ally, A.; Balasundaram, M.; Carlsen, R.; Chuah, E.; Clarke, A.; Dhalla, N.; Holt, R.A.; Jones, S.J.M.; Lee, D.; Ma, Y.; et al.

Comprehensive and Integrative Genomic Characterization of Hepatocellular Carcinoma. Cell 2017, 169, 1327–1341. [CrossRef]
[PubMed]

96. Cevik, D. Common Telomerase Reverse Transcriptase Promoter Mutations in Hepatocellular Carcinomas from Different Geo-
graphical Locations. World J. Gastroenterol. 2015, 21, 311. [CrossRef]

97. Sumazin, P.; Chen, Y.; Treviño, L.R.; Sarabia, S.F.; Hampton, O.A.; Patel, K.; Mistretta, T.-A.; Zorman, B.; Thompson, P.; Heczey, A.;
et al. Genomic Analysis of Hepatoblastoma Identifies Distinct Molecular and Prognostic Subgroups. Hepatology 2017, 65, 104–121.
[CrossRef]

98. Cagatay, T.; Ozturk, M. P53 Mutation as a Source of Aberrant Beta-Catenin Accumulation in Cancer Cells. Oncogene 2002, 21,
7971–7980. [CrossRef]

99. Woodfield, S.E.; Shi, Y.; Patel, R.H.; Chen, Z.; Shah, A.P.; Srivastava, R.K.; Whitlock, R.S.; Ibarra, A.M.; Larson, S.R.; Sarabia, S.F.;
et al. MDM4 Inhibition: A Novel Therapeutic Strategy to Reactivate P53 in Hepatoblastoma. Sci. Rep. 2021, 11, 2967. [CrossRef]

100. Hussain, S.P.; Schwank, J.; Staib, F.; Wang, X.W.; Harris, C.C. TP53 Mutations and Hepatocellular Carcinoma: Insights into the
Etiology and Pathogenesis of Liver Cancer. Oncogene 2007, 26, 2166–2176. [CrossRef] [PubMed]

101. Pyatnitskiy, M.A.; Arzumanian, V.A.; Radko, S.P.; Ptitsyn, K.G.; Vakhrushev, I.V.; Poverennaya, E.V.; Ponomarenko, E.A. Oxford
Nanopore MinION Direct RNA-Seq for Systems Biology. Biology 2021, 10, 1131. [CrossRef]

102. Tyakht, A.V.; Ilina, E.N.; Alexeev, D.G.; Ischenko, D.S.; Gorbachev, A.Y.; Semashko, T.A.; Larin, A.K.; Selezneva, O.V.; Kostryukova,
E.S.; Karalkin, P.A.; et al. RNA-Seq Gene Expression Profiling of HepG2 Cells: The Influence of Experimental Factors and
Comparison with Liver Tissue. BMC Genom. 2014, 15, 1–9. [CrossRef]

103. Nasution, A.A.; Adnindya, M.R.; Indriyani; Liem, I.K. Roles of DLK1 in Liver Development and Oncogenesis. OnLine J. Biol. Sci.
2017, 17, 309–315. [CrossRef]

104. Xu, X.; Liu, R.F.; Zhang, X.; Huang, L.Y.; Chen, F.; Fei, Q.L.; Han, Z.G. DLK1 as a Potential Target against Cancer Stem/Progenitor
Cells of Hepatocellular Carcinoma. Mol. Cancer Ther. 2012, 11, 629–638. [CrossRef]

http://doi.org/10.3892/or.2014.3264
http://www.ncbi.nlm.nih.gov/pubmed/24926698
http://doi.org/10.1093/jmcb/mjaa013
http://doi.org/10.1002/cncr.10724
http://www.ncbi.nlm.nih.gov/pubmed/12378593
http://doi.org/10.5772/intechopen.79923
http://doi.org/10.3390/ijms22041799
http://doi.org/10.1016/0165-4608(93)90227-D
http://doi.org/10.1002/jat.3779
http://doi.org/10.1002/ijc.2910300106
http://doi.org/10.1053/jhep.2000.19349
http://www.ncbi.nlm.nih.gov/pubmed/11050057
http://doi.org/10.1038/sj.leu.2404974
http://doi.org/10.1016/0165-4608(87)90039-2
http://doi.org/10.1074/mcp.M113.037309
http://doi.org/10.1186/s40164-019-0135-z
http://doi.org/10.1038/s41598-018-36810-5
http://www.ncbi.nlm.nih.gov/pubmed/30796242
http://doi.org/10.21037/hbsn.2017.10.02
http://www.ncbi.nlm.nih.gov/pubmed/29312976
http://doi.org/10.1172/jci.insight.138197
http://doi.org/10.1016/j.cell.2017.05.046
http://www.ncbi.nlm.nih.gov/pubmed/28622513
http://doi.org/10.3748/wjg.v21.i1.311
http://doi.org/10.1002/hep.28888
http://doi.org/10.1038/sj.onc.1205919
http://doi.org/10.1038/s41598-021-82542-4
http://doi.org/10.1038/sj.onc.1210279
http://www.ncbi.nlm.nih.gov/pubmed/17401425
http://doi.org/10.3390/biology10111131
http://doi.org/10.1186/1471-2164-15-1108
http://doi.org/10.3844/ojbsci.2017.309.315
http://doi.org/10.1158/1535-7163.MCT-11-0531


Int. J. Mol. Sci. 2021, 22, 13135 16 of 19

105. Luo, J.; Ren, B.; Keryanov, S.; Tseng, G.C.; Rao, U.N.M.; Monga, S.P.; Strom, S.; Demetris, A.J.; Nalesnik, M.; Yan, P.; et al.
Transcriptomic and Genomic Analysis of Human Hepatocellular Carcinomas and Hepatoblastomas. Hepatology 2007, 44, 1012–
1024. [CrossRef]

106. Pivonello, C.; Negri, M.; De Martino, M.C.; Napolitano, M.; de Angelis, C.; Provvisiero, D.P.; Cuomo, G.; Auriemma, R.S.; Simeoli,
C.; Izzo, F.; et al. The Dual Targeting of Insulin and Insulin-like Growth Factor 1 Receptor Enhances the MTOR Inhibitor-Mediated
Antitumor Efficacy in Hepatocellular Carcinoma. Oncotarget 2016, 7, 9718–9731. [CrossRef] [PubMed]

107. Zhao, H.; Desai, V.; Wang, J.; Epstein, D.M.; Miglarese, M.; Buck, E. Epithelial—Mesenchymal Transition Predicts Sensitivity to
the Dual IGF-1R / IR Inhibitor OSI-906 in Hepatocellular Carcinoma Cell Lines. Mol. Cancer Ther. 2012, 11, 503–514. [CrossRef]
[PubMed]

108. Martinez-Quetglas, I.; Pinyol, R.; Dauch, D.; Torrecilla, S.; Tovar, V.; Moeini, A.; Alsinet, C.; Portela, A.; Rodriguez-Carunchio, L.;
Solé, M.; et al. IGF2 Is Up-Regulated by Epigenetic Mechanisms in Hepatocellular Carcinomas and Is an Actionable Oncogene
Product in Experimental Models. Gastroenterology 2016, 151, 1192–1205. [CrossRef] [PubMed]

109. Thomas, H. Liver Cancer: IGF2—An Epigenetic Oncodriver in HCC. Nat. Rev. Gastroenterol. Hepatol. 2016, 13, 625. [CrossRef]
110. Honda, S.; Arai, Y.; Haruta, M.; Sasaki, F.; Ohira, M.; Yamaoka, H.; Horie, H.; Nakagawara, A.; Hiyama, E.; Todo, S.; et al. Loss of

Imprinting of IGF2 Correlates with Hypermethylation of the H19 Differentially Methylated Region in Hepatoblastoma. Br. J.
Cancer 2008, 99, 1891–1899. [CrossRef]

111. Ekström, T.J. Altered Expression of Members of the IGF-Axis in Hepatoblastoma. Br. J. Cancer 2000, 82, 1561–1567.
112. Weiss, J.B.W.; Wagner, A.E.; Eberherr, C.; Haberle, B.; Vokuhl, C.; Von Schweinitz, D.; Kappler, R. High Expression of IGF2-Derived

Intronic MiR-483 Predicts Outcome in Hepatoblastoma. Cancer Biomark. 2020, 28, 321–328. [CrossRef]
113. Shen, G.; Shen, H.; Zhang, J.; Yan, Q.; Liu, H. DNA Methylation in Hepatoblastoma-a Literature Review. Ital. J. Pediatr. 2020, 46,

1–9. [CrossRef]
114. Nussbaum, T.; Samarin, J.; Ehemann, V.; Bissinger, M.; Ryschich, E.; Khamidjanov, A.; Yu, X.; Gretz, N.; Schirmacher, P.;

Breuhahn, K. Autocrine Insulin-like Growth Factor-II Stimulation of Tumor Cell Migration Is a Progression Step in Human
Hepatocarcinogenesis. Hepatology 2008, 48, 146–156. [CrossRef]

115. Waly, A.A.; El-Ekiaby, N.; Assal, R.A.; Abdelrahman, M.M.; Hosny, K.A.; El Tayebi, H.M.; Esmat, G.; Breuhahn, K.; Abdelaziz,
A.I. Methylation in MIRLET7A3 Gene Induces the Expression of IGF-II and Its MRNA Binding Proteins IGF2BP-2 and 3 in
Hepatocellular Carcinoma. Front. Physiol. 2019, 10, 1–10. [CrossRef]

116. Breuhahn, K.; Longerich, T.; Schirmacher, P. Dysregulation of Growth Factor Signaling in Human Hepatocellular Carcinoma.
Oncogene 2006, 25, 3787–3800. [CrossRef]

117. Chen, L.; Li, M.; Li, Q.; Wang, C.; Xie, S. DKK1 Promotes Hepatocellular Carcinoma Cell Migration and Invasion through
β-Catenin/MMP7 Signaling Pathway. Mol. Cancer 2013, 12, 1–14. [CrossRef] [PubMed]

118. Wang, S.; Chen, N.; Chen, Y.; Sun, L.; Li, L.; Liu, H. Elevated GPC3 Level Promotes Cell Proliferation in Liver Cancer. Oncol. Lett.
2018, 16, 970–976. [CrossRef]

119. Jia, H.L.; Ye, Q.H.; Qin, L.X.; Budhu, A.; Forgues, M.; Chen, Y.; Liu, Y.K.; Sun, H.C.; Wang, L.; Lu, H.Z.; et al. Gene Expression
Profiling Reveals Potential Biomarkers of Human Hepatocellular Carcinoma. Clin. Cancer Res. 2007, 13, 1133–1139. [CrossRef]

120. Maass, T.; Sfakianakis, I.; Staib, F.; Krupp, M.; Galle, R.P.; Teufel, A. Microarray-Based Gene Expression Analysis of Hepatocellular
Carcinoma. Curr. Genom. 2010, 11, 261–268. [CrossRef]

121. Sun, C.K.; Chua, M.S.; He, J.; So, S.K. Suppression of Glypican 3 Inhibits Growth of Hepatocellular Carcinoma Cells through
Up-Regulation of TGF-B2. Neoplasia 2011, 13, 735–747. [CrossRef] [PubMed]

122. Sekiguchi, M.; Seki, M.; Kawai, T.; Yoshida, K.; Yoshida, M.; Isobe, T.; Hoshino, N. Integrated Multiomics Analysis of Hepa-
toblastoma Unravels Its Heterogeneity and Provides Novel Druggable Targets. NPJ Precis. Oncol. 2020, 4, 1–12. [CrossRef]
[PubMed]

123. Vastrad, B.; Vastrad, C.; Kotturshetti, I. Identification of Potential Core Genes in Hepatoblastoma via Bioinformatics Analysis.
Genet. Genom. Med. 2020, 120, 10069–10081. [CrossRef]

124. Xu, Y.; Zheng, Y.; Li, T. Modulation of IGF2BP1 by Long Non-Coding RNA HCG11 Suppresses Apoptosis of Hepatocellular
Carcinoma Cells via MAPK Signaling Transduction. Int. J. Oncol. 2017, 51, 791–800. [CrossRef] [PubMed]

125. Huang, X.; Zhang, H.; Guo, X.; Zhu, Z.; Cai, H.; Kong, X. Insulin-like Growth Factor 2 MRNA-Binding Protein 1 ( IGF2BP1 ) in
Cancer. J. Hematol. Oncol. 2018, 11, 1–15. [CrossRef] [PubMed]

126. Cao, J.; Mu, Q.; Huang, H. Review Article The Roles of Insulin-Like Growth Factor 2 MRNA-Binding Protein 2 in Cancer and
Cancer Stem Cells. Stem Cells Int. 2018, 2018, 4217259. [CrossRef] [PubMed]

127. Gerets, H.H.J.; Tilmant, K.; Gerin, B.; Chanteux, H.; Depelchin, B.O.; Dhalluin, S.; Atienzar, F.A. Characterization of Primary
Human Hepatocytes, HepG2 Cells, and HepaRG Cells at the MRNA Level and CYP Activity in Response to Inducers and Their
Predictivity for the Detection of Human Hepatotoxins. Cell Biol. Toxicol. 2012, 28, 69–87. [CrossRef]

128. Berger, B.; Donzelli, M.; Maseneni, S.; Boess, F. Comparison of Liver Cell Models Using the Basel Phenotyping Cocktail. Front.
Pharmacol. 2016, 7, 1–12. [CrossRef]

129. Shankar, K.; Sciences, M.; Rock, L. Cytochrome P450; Elsevier: Amsterdam, The Netherlands, 2014; Volume 1, pp. 1125–1127.
[CrossRef]

http://doi.org/10.1002/hep.21328
http://doi.org/10.18632/oncotarget.6836
http://www.ncbi.nlm.nih.gov/pubmed/26756219
http://doi.org/10.1158/1535-7163.MCT-11-0327
http://www.ncbi.nlm.nih.gov/pubmed/22161861
http://doi.org/10.1053/j.gastro.2016.09.001
http://www.ncbi.nlm.nih.gov/pubmed/27614046
http://doi.org/10.1038/nrgastro.2016.162
http://doi.org/10.1038/sj.bjc.6604754
http://doi.org/10.3233/CBM-191390
http://doi.org/10.1186/s13052-020-00877-6
http://doi.org/10.1002/hep.22297
http://doi.org/10.3389/fphys.2018.01918
http://doi.org/10.1038/sj.onc.1209556
http://doi.org/10.1186/1476-4598-12-157
http://www.ncbi.nlm.nih.gov/pubmed/24325363
http://doi.org/10.3892/ol.2018.8754
http://doi.org/10.1158/1078-0432.CCR-06-1025
http://doi.org/10.2174/138920210791233063
http://doi.org/10.1593/neo.11664
http://www.ncbi.nlm.nih.gov/pubmed/21847365
http://doi.org/10.1038/s41698-020-0125-y
http://www.ncbi.nlm.nih.gov/pubmed/32656360
http://doi.org/10.1002/jcb.28290
http://doi.org/10.3892/ijo.2017.4066
http://www.ncbi.nlm.nih.gov/pubmed/28677801
http://doi.org/10.1186/s13045-018-0628-y
http://www.ncbi.nlm.nih.gov/pubmed/29954406
http://doi.org/10.1155/2018/4217259
http://www.ncbi.nlm.nih.gov/pubmed/29736175
http://doi.org/10.1007/s10565-011-9208-4
http://doi.org/10.3389/fphar.2016.00443
http://doi.org/10.1016/B978-0-12-386454-3.00299-2


Int. J. Mol. Sci. 2021, 22, 13135 17 of 19

130. Choi, J.M.; Oh, S.J.; Lee, S.Y.; Im, J.H.; Oh, J.M.; Ryu, C.S.; Kwak, H.C.; Lee, J.Y.; Kang, K.W.; Kim, S.K. HepG2 Cells as an in
Vitro Model for Evaluation of Cytochrome P450 Induction by Xenobiotics. Arch. Pharmacal. Res. 2015, 38, 691–704. [CrossRef]
[PubMed]

131. Ji, Y.; Jiang, X.; Qi, X. Downregulation of CYP2A6 and CYP2C8 in Tumor Tissues Is Linked to Worse Overall Survival and
Recurrence-Free Survival from Hepatocellular Carcinoma. BioMed Res. Int. 2018, 2018, 5859415. [CrossRef]

132. Gupta, R.; Schrooders, Y.; Hauser, D.; van Herwijnen, M.; Albrecht, W.; ter Braak, B.; Brecklinghaus, T.; Castell, J.V.; Elenschneider,
L.; Escher, S.; et al. Comparing in Vitro Human Liver Models to in Vivo Human Liver Using RNA-Seq. Arch. Toxicol. 2021, 95,
573–589. [CrossRef]

133. Jennen, D.G.J.; Magkoufopoulou, C.; Ketelslegers, H.B.; van Herwijnen, M.H.M.; Kleinjans, J.C.S.; van Delft, J.H.M. Comparison
of HepG2 and HepaRG by Whole-Genome Gene Expression Analysis for the Purpose of Chemical Hazard Identification. Toxicol.
Sci. 2010, 115, 66–79. [CrossRef] [PubMed]
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