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Abstract Hepatoma cells derived from liver carcinoma are a candidate cell source for bioartificial liver (BAL) systems due to their high proliferative capacity, although liver function of
hepatoma cells is considerably low compared with primary hepatocytes. In our previous study,
genetically engineered mouse hepatoma cells with inducible high liver function were established
by transducing liver-enriched transcription factor (LETF) genes. In this study, we aimed to
develop new gene-engineered human hepatoma cells, in which high liver functions are inducible
by heat treatment. For this purpose, we constructed a gene expression system for eight LETF
genes under control of tetracycline-dependent transactivator (tTA), and the system was
introduced into the genome of HepG2-HSP cells, in which a tTA expression system induced by a
heat-shock protein promoter with transcriptional amplification was introduced into HepG2 cells.
Thus, the heat-inducible tTA promotes LETF genes to induce liver function. Upon the heat
treatment of the cells (HepG2-HSP/8F) at 43°C for 30 min, liver functions such as albumin
secretion and cytochrome P450 were significantly enhanced. The cells with heat-inducible liver
function can be used as a new cell source for various hepatic studies including construction of
BAL systems.

1 Introduction
The liver is the largest organ in the human body and has
many functions that are essential to the maintenance of
our lives. Although liver transplantation is the only
effective treatment for acute and chronic liver failure
(Neuberger, 2000), the shortage of donor organs is a
serious problem. Cell transplantation and bioartificial
liver (BAL) devices have been studied as treatments to
complement and replace liver transplantation
(Chamuleau et al., 2005). A BAL device is an
extracorporeal support system in which functional
hepatic cells are filled into a bioreactor. The hepatic cells
metabolize xenobiotics and secret bioactive substances
into the blood, and hence supporting liver function and
promoting liver regeneration. Although several BAL
systems have been proposed to use for clinical
application (Lee et al., 2016), development for practical
use has not progressed mainly due to the lack of suitable
cells to be loaded.
Although human primary hepatocytes are an ideal
cell source for the BAL systems, it is difficult to culture
them for long period with maintaining high liver
function in vitro. In recent years, it has been reported
that some small molecules can convert rodent mature
hepatocytes into liver progenitor cells (Katsuda et al.,
*

2017). Induction of three-dimensional miniaturized liver
buds consisting of three progenitor (hepatic, vascular and
mesenchymal cells) populations differentiated from
human induced pluripotent stem (iPS) cells has also been
reported (Takebe et al., 2017). However, culture and
differentiation of stem/progenitor cells are timeconsuming and costly processes.
Hepatoma cells derived from liver carcinoma can be
alternative cell sources for BAL systems. Hepatoma cells
have high proliferation ability and can be cultured easily
and inexpensively. However, the expression level of
liver function in hepatoma cells is significantly low
compared with primary hepatocytes. We have previously
established a gene-engineered mouse hepatoma cell line
that exhibits inducible liver function, by overexpression
of eight liver-enriched transcription factors (LETFs),
hepatocyte nuclear factor (HNF)-1α, HNF-1β, HNF-3β
(FOXA2), HNF-4α, HNF-6, CCAAT/enhancer binding
protein (C/EBP)-α, C/EBP-β and C/EBP-γ (Yamamoto
et al., 2012; Yamamoto et al., 2018). In this study,
human hepatoma HepG2 cells were genetically
engineered to express high liver function by heat
treatment. For this, genes encoding the human-derived
eight LETFs were introduced into HepG2-HSP cells (Ito
et al., 2019) as tTA-based transactivator-inducible
expression cassettes.
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2 Materials and Methods

EcoRⅠ-digested
PB513B-1/pHSP-hHNF6-EF1α-Bla,
resulting in PB513B-1/pHSP-hHNF4α-hHNF6-EF1αBla. Thereafter, PB513B-1/pHSP-hHNF1β-hHNF4αhHNF6-EF1α-Bla was generated by ligation of XbaⅠand BamHⅠ-digested pMA-T/hHNF1β into XbaⅠ- and
BglⅡ-digested PB513B-1/pHSP-hHNF4α-hHNF6-EF1αBla. PB513B-1/TRE-hHNF1β-hHNF4α-hHNF6-EF1αBla was constructed by insertion of the TRE sequence
from pUC57-Kan/TRE-hHNF1α into SpeⅠ- and XbaⅠdigested PB513B-1/pHSP-hHNF1β-hHNF4α-hHNF6EF1α-Bla.

2.1 Cell culture
Hepatoma (HepG2, HepG2-HSP and HepG2-HSP/8F)
cells were cultured in 10 mL high-glucose Dulbecco’s
modified
medium
(DMEM)
(Sigma-Aldrich)
supplemented with 10% fetal bovine serum (FBS), 0.1
mg/mL streptomycin sulfate and 100 U/mL penicillin G
potassium (Wako Pure Chemical Industries) in 100 mm
collagen type Ⅰ coated dishes (Iwaki). Cells were
incubated at 37°C in a 5% (v/v) CO2 incubator.

2.4 Transfection and drug screening

2.2 Heat-shock condition examination

HepG2-HSP cells were seeded into wells of 6-well
collagen type Ⅰ coated plates (Iwaki) at a density of 4.0 ×
105 cells/well in medium. Next day, two transposon
vectors and transposase vector were transfected using
Lipofectamine3000 reagent (Invitrogen) according to the
manufacturer’s instructions. The following amounts of
reagent were used: 3.22 µg PB513B-1/TRE-hHNF1αhHNF3β-hCEBPα-hCEBPβ-hCEBPγ-EF1α-Puro, 2.78
µg
PB513B-1/TRE-hHNF1β-hHNF4α-hHNF6-EF1αBla, 1.5 µg transposase vector, 250 µL Opti-MEM
(Gibco), 3.75 µL Lipofectamine3000, and 15 µL P3000
reagent. The cells were incubated at 37°C for 4 h, and
then the medium was changed to fresh medium. The
cells were treated with 10 µg/mL puromycin (Gibco) and
5 µg/mL blasticidin (Gibco) from day 6 to day 12 after
transfection to screen transgenic cells (HepG2-HSP-8F)

HepG2-HSP cells were seeded into wells of 24-well
collagen type Ⅰ coated plates (Iwaki) at a density of 4.0 ×
104 cells/well in medium. Next day (day 0), cells were
heated at 41, 42 or 43°C for 0.5 or 1.0 h using a water
bath. On day 4, viable cell number and EGFP-positive
cell rate were measured. Viable cell number was counted
by the trypan blue dye staining. EGFP-positive cell
analysis was performed using a cell sorter SH800 (Sony).
2.3 Construction of transposon vector plasmids
To introduce a tTA transactivator-mediated eight LETF
genes expression system, two transposon vectors were
constructed. The plasmids pUC57/pHSP-tTA-TRE-tTA
and pUC57/TRE-hHNF1α were also synthesized by
Genewiz Inc. Five plasmids pMA-T/hCEBPα-hCEBPβhCEBPγ-EF1α-Puro,
pMA-T/hHNF3β,
pMK-RQBb/hHNF6-EF1α-Bla, pMK-RQ-Bb/hHNF4α and pMAT/hHNF1β were all synthesized by Invitrogen Inc. First,
PB513B-1/pHSP-tTA-TRE-tTA was generated by
ligation of SpeⅠ- and EcoRⅤ-digested pUC57/pHSPtTA-TRE-tTA into SpeⅠ-digested PB513B-1 (SBI). To
construct PB513B-1/TRE-hHNF1α-hHNF3β-hCEBPαhCEBPβ-hCEBPγ-EF1α-Puro, SpeⅠ- and NheⅠ-digested
pMA-T/hCEBPα-hCEBPβ-hCEBPγ was ligated into
SpeⅠ- and NheⅠ-digested PB513B-1/pHSP-tTA-TRE-tTA
to generate PB513B-1/hCEBPα-hCEBPβ-hCEBPγEF1α-Puro. The PB513B-1/hHNF3β-hCEBPα-hCEBPβhCEBPγ-EF1α-Puro was then generated by ligation of
BglⅡ- and EcoRⅠ-digested pMA-T/hHNF3β. PB513B1/TRE-hHNF1α-hHNF3β-hCEBPα-hCEBPβ-hCEBPγEF1α-Puro was constructed by insertion of SpeⅠ- and
BamHⅠ-digested pUC57-Kan/TRE-hHNF1α into SpeⅠand BamHⅠ-digested PB513B-1/hHNF3β-hCEBPαhCEBPβ-hCEBPγ-EF1α-Puro. For the construction of
PB513B-1/TRE-hHNF1β-hHNF4α-hHNF6-EF1α-Bla,
XbaⅠ- and HpaⅠ-digested pMK-RQ-Bb/hHNF6-EF1αBla was ligated into XbaⅠ- and HpaⅠ-digested PB513B1/pHSP-tTA-TRE-tTA to generate to generate PB513B1/pHSP-hHNF6-EF1α-Bla. Next, BglⅡ- and EcoRⅠdigested pMK-RQ-Bb/hHNF4α inserted into BglⅡ- and

2.5 Liver function analyses
Hepatoma cells were cultured in 1 mL/well medium with
or without 1.0 µg/mL Doxycycline hyclate (Dox, SigmaAldrich) at 4.0 × 104 cells/well in 24-well collagen type Ⅰ
coated plates (Iwaki). Next day (day 0), cells were
heated at 43°C for 30 min using a water bath for heat
treatment. The medium was changed every other day. On
day 5, the culture medium was harvested and stored at 80°C for albumin secretion assay. For cytochrome P450
assay, the medium was changed to fresh medium
containing 3.0 µM Luciferin-IPA (Promega) and the
cells were incubated for further 1 h. Then, the culture
medium was harvested and stored at -80°C. The cells
were passaged and viable cell number was counted by
the trypan blue dye staining method using a
hemocytometer. The secreted albumin for 24 h was
measured by ELISA using a commercially available kit
(Mouse Albumin ELISA Quantitation set; Bethyl)
according to the manufacturer’s protocol. Cytochrom
P450 activity (CYP3A4) was measured using a
luminescence-based assay kit (P450-Glo, CYP3A4 assay
with luciferin-IPA; Promega) according to the
manufacture’s protocol. These functions were
normalized to the number of cells.
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3 Results

A

To generate human hepatoma cells with heat-inducible
high liver functions, two transposon vectors were
constructed (Figure 1A). These vectors encode LETF
genes that are expressed under control of an inducible
promoter containing tTA binding site (TRE). After two
transposon vectors were introduced into HepG2-HSP
cells, transgenic cells (HepG2-HSP/8F) were screened
by puromycin and blasticidin selection. In HepG2-HSP
cells, the activation of a heat shock protein promoter by
heat treatment triggers bicistronic expression of EGFP
and tTA genes. Then the tTA protein binds and activates
TRE/pCMVmin promoter, which in turn induces further
expression of EGFP and tTA genes, providing a
transcriptional positive feedback loop (Figure 1B). By
introducing
LETF
genes
under
control
of
TRE/pCMVmin promoter, tTA protein produced by heat
treatment promotes LETF gene expression to induce
high liver functions.

B

A

B

Figure 2. Heat-shock condition examination: (A) EGFPpositive cell rate, (B) Viable cell number
Figure 1. Heat-inducible gene expression system: (A)
Construction of transposon vectors, (B) Gene
expression system of HepG2-HSP cells

Next, the heat-shock response of HepG2-HSP/8F
cells was evaluated. Cell number, albumin secretion rate,
and cytochrome P450 activity were measured on day 5
of culture with or without heat treatment (Figure 3). The
growth of parental HepG2-HSP cells remained
unchanged with or without heat treatment, while the
growth of HepG2-HSP/8F cells were significantly
arrested upon overexpression of LETF by heat treatment
(Figure 3A). Nevertheless, no obvious apoptotic cells
were observed for HepG2-HSP/8F cells after heat
treatment. As shown in Figure 3B and 3C, in HepG2HSP/8F cells with heat treatment, albumin secretion rate
and CYP3A4 activity enhanced 2.6- and 5.3-fold
compared with those of HepG2-HSP cells, respectively.

To determine heat treatment conditions to trigger
the tTA positive feedback loop, HepG2-HSP cells were
heated at 41, 42 or 43°C for 0.5 or 1.0 h. For each
condition, proportion of EGFP-positive cells (Figure 2A)
and viable cell number (Figure 2B) were measured. The
percentage of EGFP-positive cells were 56.4% and
78.4% after heat treatment at 43°C for 1 h and 30 min,
respectively. Heat treatment at 43°C for 30 min did not
affect cell proliferation, whereas cell proliferation
decreased when cells were heated at 43°C for 1 h.
Therefore, the heat treatment for inducing
overexpression of LETF genes was performed at 43°C
for 30 min.

*
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However, it is difficult to control high liver function and
proliferation in hepatic cells. Thus, the generation of
cells capable of switching between proliferation and
differentiation under normal culture conditions is of
great importance for the development of BAL systems.
In this study, we succeeded in creating a genetically
engineered human hepatoma cell line, HepG2-HSP/8F,
in which enhanced liver functions are induced by
overexpression of eight LETF genes upon heat treatment.
HepG2-HSP/8F cells readily proliferated in normal
culture conditions. After induction by heat treatment,
cells ceased proliferation and exhibited high albumin
secretion and cytochrome P450 activity. Transposon
vectors are heterogeneously introduced into cells and
randomly insert genes into the cell genome. Thus,
transduced cells without cloning are a mixture of cells
with various expression levels of transgenes, and to
exhibit the average level of expression. The genetically
engineered mouse hepatoma Hepa/8F5 cells with
inducible overexpression of eight LETF genes exhibited
13-fold higher albumin secretion compared with that of
transgenic cell pool. Therefore, it may be possible to
establish cell lines expressing high liver function by
cloning of HepG2-HSP/8F cells.
In the liver, LETFs are highly expressed and a
complex regulatory mechanism is involved in the
expression of liver functions (Nagaki et al., 2008).
LETFs regulate not only their various target genes
related to liver functions but also themselves and mutual
genes, forming a transcriptional network to express and
maintain the hepatic phenotype (Hayashi et al., 1999). In
our previous study, cells in which all eight LETFs were
introduced the highest expression of liver function. Thus,
induction of synergistic effects by overexpression of all
transduced LETF genes is essential for differentiating
hepatoma cells into mature hepatocytes. In this study,
transposon vectors encoding drug resistance genes were
used for screening cells transduced eight LETF genes, so
that all LETFs are surely integrated into the genome of
HepG2-HSP cells. Therefore, clonal cells isolated from
HepG2-HSP/8F cells can be expected to express other
liver functions and mature hepatocyte markers.
The functionality of hepatoma cells was
significantly enhanced in three-dimensional culture such
as spheroids, and the high liver function was maintained
for long period (Landry et al., 1985; Hamamoto et al.,
1998; Chang et al., 2009). In fact, Hepa/8F5 cells we
established were able to improve liver functions by
three-dimensional culture using macroporous gelatin
beads (Tonello et al., 2107). However, as the culture
period was extended and the beads became overconfluent with the cells, the level of liver function per
cell gradually decreased due to the proliferation of cells.
In this study, HepG2-HSP/8F cells were functionalized
by heat treatment, allowing to induce liver function even
after three-dimensional culture with high density and
after filling into bioreactor devices.
In conclusion, we generated human hepatoma cells
with inducible liver functions by heat treatment. The
genetically engineered hepatoma cells would be a new
resource for hepatic cell studies and for constructing
BAL systems.

A

B

C

Figure 3. Liver function analyses: (A) Number of cells, (B)
Albumin secretion rate, (C) CYP3A4 activity

4 Discussion
The clinical application of BAL systems has stagnated
for a long time due to the unavailability of suitable cells.
Human-derived hepatic cells with high liver function and
proliferative capacity may be an ideal cell source.
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