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Role of hypoxia-inducible-1a in hepatocellular carcinoma cells
using a Tet-on inducible system to regulate its expression in vitro
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Abstract. Hypoxia-inducible-la (HIF-1a) expression was
intimately correlated with apoptosis and proliferation of cancer
cells. However, conclusions of different studies on the effects
of HIF-1a expression on cell apoptosis and cell proliferation
of hepatoma cells remain controversial. In view of the current
status, we reassess its roles and possible mechanism in hepatoma
cells. In order to acquire more convincing and reliable results,
we used a Tet-on system to stably and effectively regulate HIF-1a
expression in the HepGz2 cells in vitro. In our study we not only
confirmed some common conclusions of previous studies, but
also acquired some different and significant results that HIF-1a
facilitates cell proliferation and cell cycle through influencing
the expression of cyclin A and cyclin D, and suppresses cell
apoptosis through inducing the expression of survivin and
Bcl-2. These results further enrich our knowledge on the role
of HIF-1a expression on cell apoptosis and cell proliferation of
hepatoma cells.

Introduction

Primary hepatocellular carcinoma is one of the most frequent
tumors in the world with the characteristics of high malig-
nancy, easily recurring within the liver and distant metastasis.
The malignant biological behavior of hepatocellular cells
are believed to be closely correlated with overexpression of
hypoxia-inducible-1a (HIF-1a).

Hypoxia-inducible factor-1 (HIF-1) is a kind of DNA
combining activating transcription factor, which can regulate
gene expression under hypoxia conditions. HIF-1 consists
of oxygen regulating subunit HIF-1a and a structure subunit
HIF-1p. Both HIF-la and HIF-1f are the members of
helix-loop-helix transcription factor family, and have the
PerARNTSim (PAS) structural domain (1-4). HIF-1§ is
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constitutively found in the nucleus, whereas stabilization of
HIF-1a and nuclear accumulation are induced by hypoxia.
HIF-1a is constitutively synthesized but sent to destruction
by the ubiquitin proteasome pathway in normoxia (5-7). The
downstream genes of HIF-1a include cell proliferation and
apoptosis gene, vascular endothelial growth factor (VEGF),
erythropoietin gene, glucose transporter-1 and carbonic
anhydrase (8-14). The activity of HIF-1 is mainly controlled
by HIF-1a. Under hypoxic conditions, HIF-1a accumulates
quickly, translocates into the nucleus, and combines with
hypoxia response element (HRE) of downstream target gene,
forms a transcription initiation complex, switching on the
downstream gene transcription.

Extensive experiments on the effects of HIF-1a expression
on tumor cell proliferation and apoptosis have been carried
out. Unfortunately, they do not reach a consensus. On the issue
of relationship between HIF-1la and tumor cell proliferation,
some researchers believed that high expression of HIF-1a
would impede tumor cell cycle and inhibit cell proliferation
(15,16), but others reached exactly the opposite results (17,18).
Whether HIF-1a expression induce tumor cell apoptosis or not,
different studies have varying conclusions. Ravi et al thought
that HIF-1a expression can promote tumor cell apoptosis (19),
other studies demonstrated that HIF-1a expression suppressed
tumor cell apoptosis (20,21), and some scholars showed that
HIF-1a expression did not influence tumor cell apoptosis at all
(22,23). Therefore, in order to investigate the role of HIF-1a
in hepatoma cells, we used a Tet-on inducible system (24,25)
to establish the HepG2 cell line in which HIF-1a expression
could be stably expressed and regulated by adding doxycycline.
Through reliably controlling and regulating the HIF-1a
expression, we could further indentify the effects of HIF-1a
expression on cell apoptosis and cell proliferation of hepatoma
cells in vitro, and further explore the possible mechanism of its
effect on cell apoptosis and cell proliferation. Our results will
enrich our knowledge on the role and possible mechanism of
HIF-1a expression on hepatoma cell proliferation and apop-
tosis, and provide theory and experimental basis for molecular
targeting therapy to HIF-1a.

Materials and methods
Chemicals and reagents. DMEM, fetal calf serum, pTet-On

vector, PTRE2hyg vector, PTRE-luc vector were all
obtained from BD Biosciences Clontech. Hygromycin,
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G418, and Lipofectamine 2000 were purchased from
Invitrogen (Karlsruhe, Germany). RevertAid™ First Strand
cDNA Synthesis kit, PfuUltra II fusion HS DNA polymerase
were acquired from Fermentas (Shenzhen, China). Plasmid
Maxi Preparation kit, TRIzol reagents, Restrict enzyme
BamHI, EcoRV, T4 ligation enzyme and random primer
were all purchased from Gibco BRL, USA. Reagents for
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
molecular weight markers were obtained from Bio-Rad
Laboratories (Hercules, CA, USA). Cell Apoptosis Assay
kit and Casepase-3 Assay kit was from Keygentec (Nanjing,
China). Antibodies against HIF-1a, cyclin A, cyclin D, cyclin
E were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). HepG2 and DH5a were prepared from the experi-
mental center of Hepatic Surgery Affiliated Tongji Hospital,
Tongji Medical College of HuaZhong University of Science and
Technology.

Establishment of the HepG2/HIF-1a cell line in which HIF-1a
expression level is regulated by Tet-on gene expression. After
RNA extraction from hypoxic HepG2 cells, cDNA was
synthesized with reverse transcriptase as described in the
introduction of cDNA Synthesis kit. For amplification of
human HIF-1a, the following primers were used: HIF-1a sense
primer: 5'-ACCCTCTTCGTCGCTTCGGCCAGTGTG-3',
HIF-1a antisense primer: 5'-GTAATGAGCCACCAGTG
TCAAAAAAAAGGAATGAA-3"; nested HIF-1o sense
primer: 5-GTTTGGATCCAGCTTGCTCATGAGTTGC
CACTTCCACATAATG-3', nested HIF-1a antisense primer:
5'-CTGGATATCGTAATGAGCCACCAGTGTCCAAAAAA
AGGAATGAA-3'". The nested HIF-1a product was digested
with BamHI and EcoRV and ligated into the BamHI and
EcoRV linearized target vector pfRE2hyg so that we acquired
pTRE-HIF-1la containing the full length human HIF-la.
Positive clones were confirmed by restriction analysis as well
as sequencing of the insert.

The expression plasmid pTet-on was transfected into HepG2
cells by lipofectamine 2000. The stably transfected positive
clones were screened with G 418 and subcultured. Through
one by one by transient transfection of plasmid pTRE-luc into
the stably transfected cells, we detected the expression level of
luciferase induced by doxycycline at a concentration of 1 ug/
ml to screened efficiently and stably transfected cells (HepG2/
Tet-on cells). After successfully acquiring a pTet-on transfected
human hepatoma HepG2 cell line (HepG2/Tet-on) regulated
by doxycycline, the pTRE-HIF-1a vector was transfected
into HepG2/Tet-on cells by lipofectamine 2000. After 24 h
of transfection, cells were selected for a double expression of
the Tet regulator element as well as the expression of plasmid
containing human HIF-1a with G418 and hygromycin B. By
adding doxycycline at a concentration of 1 xg/ml, the Tet-On
system was activated, and HIF-lo was overexpressed in the
cells under nomoxic conditions. The expression of HIF-1a
RNA and protein was detected to indentify the HepG2/ HIF-1a
cells in which HIF-1a was stably expressed and regulated by
Tet-on inducible system.

Cell culture of the HepG2/HIF-1a cells. The HepG2/ HIF-1a
cells were maintained as monolayers in standard medium
comprising Dulbecco's modified Eagle's medium (DMEM:
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4.5 g/1 of glucose) containing 10% heat-inactivated fetal calf
serum and supplemented with 20 mM HEPES, 100 ug/ml
penicillin and 100 pg/ml streptomycin (Merck, Germany). The
cells were incubated in 37°C, 5% CO,, and saturated humidity,
and at the same time cells were respectively exposed at a
concentration of doxycycline of 0, 0.02,0.2, 1, 2 and 5 ug/ml
for 48 h.

Cell proliferation assay. Cell viability was determined by
measuring cellular metabolism using the 3-(4, 5-dimethyl-
thiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay.
In brief, cells were plated at 5,000 cells/well in 96-well tissue
culture plates. After treatment at the different concentration of
doxycycline, MTT was added to each well at a final concentra-
tion of 5 mg/ml, and the cells were incubated for 4 h at 37°C.
The medium was then removed, and the cells were dissolved
with dimethyl sulfoxide (DMSO) (Sigma, USA). Absorbance
was measured at 570 nm (referenced to 650 nm) in a Microplate
Reader (Bio-Tech Instruments, USA).

Cell cycle assay. After the HepG2/ HIF-1a. cells were treated at
the different concentration of doxycycline for 48 h, each group
of cells was washed with PBS, trypsinized and fixed with 70%
ethanol at -20°C for 30 min. Fixed cells were incubated with
Propidium Todide (PI) solution for 15 min and 10° cells of
each culture bottle was harvested and analyzed with FACScan
Becton Dickenson flow cytometer, USA.

Western blotting. The HepG2/ HIF-1a cells were treated
at the different concentration of doxycycline for 48 h. Both
adherent and floating cells were collected and frozen at -80°C.
To detect the levels of cyclin D1, cyclin E and cyclin A, TCM
from those cells was concentrated 50-fold; the protein content
was measured using the BCA protein assay reagent and 10 ug
was electrophoresed on a 12.5% SDS-PAGE gel under non-
reducing conditions. Prior to loading the sample on the gel, the
protein loads were equalized, and the electrophoresed proteins
were transferred to nitrocellulose membranes. An equivalent
protein loading for each lane was reconfirmed by staining
the nitrocellulose membrane with Ponceau using the 36-kDa
GAPDH band present in the ITS supplement as a reference
marker. Membranes were then probed with primary polyclonal
antibody against cyclin D1, E and A, followed by peroxidase-
labeled secondary antibodies. Western blots were visualized
using the enhanced chemiluminescence detection system
according to the manufacturer's instructions.

Detection of apoptosis by Annexin V/propidium iodide flow
cytometric analysis. The HepG2/HIF-a cells were treated at
the different concentration of doxycycline for 48 h, where at
the same time each group of cells was incubated at a concen-
tration of ADM (0.1 mg/ml). Then each group of cells was
detached by 0.25% trypsin and washed twice with cold
phosphate-buffered saline. Cells were stained with Annexin
V-FITC according to the manufacturer's protocol. Cells
were analyzed on a FACS Calibur flow cytometer, and data
analysis was performed with CellQuest software (Becton
Dickinson). Since necrotic cells also exhibited phosphatidyl
serine due to the loss of membrane integrity, DNA staining
with propidium iodide, added to the Annexin V-FITC solu-
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Figure 1. Expression of HIF-1a. RNA and protein in the HepG2/HIF-1a cells.
Lane A, doxycycline: 1 pg/ml; lane B, doxycycline: O ug/ml; lane C, HepG2;
lane M, Marker.

tion, was used to distinguish necrotic cells from the Annexin
V positive stained cell clusters.

Assay of caspase activity. Each group of cultured cells were
lysed with a lysis buffer containing 50 mM Tris (pH 7.4), 1 mM
EDTA, 10 mM EGTA, and 10 M digitonin. The soluble frac-
tion of the cell lysate was then assayed for caspase-3 activity
using Ac-DEVD-pNA, a colorimetric substrate for caspase-3,
according to the manufacturer's instructions.

Semi-quantitative reverse transcription-PCR analysis. After
the HepG2/ HIF-1a cells were treated at the different concen-
tration of doxycycline for 48 h, we converted 1 ug of total RNA
extracted from each group of cultured cells to cDNA. The PCR
regimen for survivin, Bcl-2 and B-actin involved an initial
denaturation step of 94°C for 30 sec, followed by 30 cycles
at 94°C for 30 sec, 54°C for 30 sec, and 72°C for 60 sec on
a GeneAmp PCR system 9700 (Perkin-Elmer). The synthe-
sized cDNAs were amplified using specific sets of primers
for survivin (sense: 5'-GGACCACCGCATCTCTACAT-3',
antisense: 5'-GCACTTTCTTCGCAGTTTCC-3"), Bcl-2
(sense: 5'-CTGTACGGCCCCAGCATGCG-3', antisense:
5'-GCTTTGTTTCATGGTACATC-3') and p-actin (sense:
5'-CTGTTCCAGCCTTCCTTC-3, antisense: 5'-TCCTGC
TTGCTAATCCAC-3").

Statistical analysis. Data are presented as the mean + SD.
Statistical analysis was carried out using one-way ANOVA.
Significance was set at P<0.05.
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Figure 2. Effects of HIF-1a on the HepG2 cell proliferation under different
concentrations of doxycycline.

Results

Successful acquiring of the HepG2/HIF-1a cells where HIF-1a
is stably expressed and regulated by Tet-on system. We success-
fully used a Tet-On system to regulate HIF-1o expression in
the HepG2 cells. After establishing a single positive Tet-On
cell line by transfecting a vector (pIet-on) containing a reverse
Tet repressor (rtTA), these cells were subjected to a second
transfection introducing HIF-la within a response plasmid
(pTRE-HIF-1a) containing a promoter being activated after
binding of rtTA in the presence of doxycycline. The double-
positive cells were selected for expression of both plasmids. To
confirm the activity of our inducible system, we detected the
expression of HIF-1loo RNA and protein in the HepG2/HIF-1a
cells (Fig. 1). The outcome of detection showed that HIF-1a can
be stably expressed and regulated in the HepG2 cells by Tet-On
system.

Increased effects of HIF-1o. on HepG2 cell proliferation by
doxycycline treatment. The MTT assay showed that, with
the increasing of the concentration of doxycycline (0, 0.02,
0.2, 1, 2 and 5 pg/ml), up-regulation of HIF-1a expression
could promote the HepG2 cell proliferation activities, and the
number of viable cells increased in a dose-dependent manner
(Fig. 2).

Cell cycle assay by flow cytometry. After being incubated
under the different concentrations of doxycycline for 48 h, The
cell index of S and G,/M phase was significantly higher and
that of G,/G, phase reduced with the increasing concentrations
of doxycycline. This outcome demonstrated that HIF-1a
expression facilitated the HepG2 cell cycle (Table I).

Protein expression of cyclin DI, E and A. After being incubated
under the different concentrations of doxycycline for 48 h, the
protein expression of cyclin D1 and A was increased with the
increasing concentrations of doxycycline (P<0.01), cyclin E had
no change (P>0.05) (Fig. 3). Western Blot detection showed
HIF-1a expression up-regulated the expression of cyclin D1
and A.

Apoptosis examined by flow cytometry. After being incubated
under the different concentrations of doxycycline for 48 h,
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Table I. Effect of HIF-1a on HepG2 cell cycle.
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Distribution of cell cycle (%)

Group (doxycycline pg/ml) n G,/G, S G,/M

0 10 68.63+1.31 21.56+1.34 9.27+0.03
0.02 10 60.03+0.93 25.25+1.62 13.11+0.03
02 10 50.87+0.68 31.07+1.34 17.56+0.47
1 10 44.77+0.84 35.55+0.71 20.21+0.05
2 10 37.44+0.64 38.63+0.91 23.12+0.08
5 10 31.58+0.94 41.68+1.55 27.26+0.32

F G/G,=108.535 P<0.001, Fs=73.044 P<0.001, FG,/M=59.353 P<0.001.
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Figure 3. Effect of the different HIF-1a expression level on the protein
expression of cyclin D1, E and A. The concentration of a-f group is respectively
0,0.02,0.2,1,2 and 5 pg/ml.

HIF-1a gene inhibited HepG2 cell apoptosis. The apoptosis
rates were 59.6, 50.9, 38.1, 30.5, 23.9, 18.3% respectively when
the concentrations of doxycycline were 0, 0.02, 0.2, 1, 2 and
5 pg/ml (p<0.01) (Fig. 4).

Reduced caspase-3 activity. After being incubated under the
different concentrations of doxycycline for 48 h, the caspase-3
activity was significantly reduced with the increasing concen-
tration of doxycycline. The relative activity of caspase-3 of
different groups of cells (0.02, 0.2, 1, 2 and 5 ug/ml) to the
control groups (0 ug/ml) was, respectively, 2.3, 5.5, 8.7, 12.6,
18.8 times (Fig. 5). Assay of caspase activity suggested that
HIF-1a inhibited casepase-3 activity.

RNA expression of survivin and Bcl-2. After being incubated
under the different concentrations of doxycycline for 48 h, the
intensity of survivin expression for each group of cultured
cells was, respectively, 0.46+0.02, 0.63+0.02, 0.82+0.01,
1.09+0.04,1.50+0.07, 1.90+0.05 and that of Bcl-2 expression
was, respectively, 0.20+0.02, 0.30+0.02, 0.49+0.03, 0.61+0.02,
1.03+0.03, 1.24+0.07 (Fig. 6). The semi-quantitative RT-PCR
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Figure 4. Apoptotic rate of HepG2 cells under the different HIF-1a
expression level, the concentration of groups, respectively, from left to right:
0,0.02,0.2,1,2,and 5 pg/ml.
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Figure 5. Effect of the different HIF-1a expression level on caspase-3
activity.

assay shows that the mRNA expression intensity of survivin
and Bcl-2 increased with HIF-1a expression increase.

Discussion

HIF-1a plays an important role in regulating hepatoma cell
proliferation and apoptosis. Unfortunately, there have been
controversies about the results of HIF-1a in hepatoma cells.
Therefore, it is very important to validate the role and mech-
anism that HIF-1a plays in hepatoma cells. The aim of the
current study was to reappraise the role and feasible mecha-
nism of HIF-1a in hepatoma cells under normoxia condition.
We believe this investigation can add further knowledge to
clarify the role of HIF-1a.
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Our study results were consistent with some other experi-
mental conclusions (17,18,20,21). Our study has proven that
HIF-1a participated in cell proliferation and cell apoptosis
in Hepatocellular carcinoma, and it inhibited cell apoptosis,
promoted cell proliferation and accelerated the cell cycle
in vitro. We believe that HIF-1a facilitates cell proliferation
and accelerates the cell cycle influencing the expression of
cyclin A and cyclin D, and suppresses cell apoptosis through
inducing the expression of survivin and Bcl-2 and inhibits
caspase-3 activity.

Our experimental results are contradictory with some
other investigations (15,16,22,23), one possible reason is that
we deployed a new experimental platform in which HIF-1a
can be stably expressed. In the current study, we used a Tet-on
inducible system to regulate HIF-1a expression in vitro. This
experiment is easy to manipulate, and HIF-1a expression
under normoxia condition is stable and dose-dependent on
doxycycline, so the experimental results were more reli-
able.

Cyclin DI is an important regulatory factor controlling
the restriction point of cell cycle G,. The augmentation of
cyclin DI expression can shorten the process of cell cycle
or speed up the cell cycle G,. In contrast, the depressed
expression of cyclin D1 can induce the cell cycle arrest.
Cyclin A is a positive regulatory factor during the process
of cell proliferation, and participates in the DNA synthesis
and replication, so it is an essential factor for cell cycle S
and G,/M. The increased expression of cyclin A can induce
the activity of cell proliferation. Studies demonstrated that
cyclin D1 was a hypoxia response gene, and the combination
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of cyclin D1 with hypoxia reponse element can promote the
expression of cyclin D1 under hypoxia condition (26). It has
been shown that high expression of HIF-1a advanced tumor
cell proliferation and correlated with cyclin A and Ki-67
(27,28). These experimental results were consistent with our
conclusions. Therefore, controlling and regulating cyclin A and
cyclin D expression may be an important pathway of HIF-1a
influencing cell proliferation and cell cycle.

Survivin is a member of the inhibitor of apoptosis protein
(IAP) family, and expressed in almost all the human tumors.
Bcl-2 can inhibit cell apoptosis resulting from various reasons.
Bcl-2 blocks the activation of caspase upstream through inter-
fering with the release of cytochrome-c from mitochondrion, but
survivin blocks cell apoptosis mainly via inhibiting the activity
of caspase-3, the downstream effector molecule of the apoptosis
signal transduction pathway (29). Although the mechanism of
Bcl-2 and survivin was different, they both acted as resistance to
cell apoptosis. Possible reason is that Bcl-2 and surviving gene
are regulated by promoter molecule including non-tumor-asso-
ciated antigen and affluent guanine and cytosine, and obviously
expressed in the athletic cells. This phenomenon indicated that
both may be controlled and regulated by a common transcrip-
tional activation mechanism and facilitate cell proliferation
and the development of tumor cells. In our experiment the
assay of caspase activity found that HIF-1a inhibited caspase-3
activity, so we detected Bcl-2 and survivin expression in order
to explore possible factors influencing casepase-3 activity. Our
studies found that the mRNA expression of survivin and Bcl-2
increased according to HIF-1a expression increase. In our study
HIF-1a suppressed hepatocellular cell apoptosis by regulating
survivin and Bcl-2 expression.

Taken together, we deployed a Tet inducible system to
stably and reliably regulate HIF-1a expression in the HepG2
cell lines in vitro. Through this system, we clarified the effect
of HIF-1a on hepatoma cells and further explore the possible
mechanism. Our experimental conclusions further enriched
our knowledge on the mechanism of action of HIF-1a expres-
sion on cell apoptosis and cell proliferation of hepatoma cells.
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