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Hepatitis C virus (HCV) infection is a leading cause of
liver-related morbidity and mortality throughout the
world. There is no vaccine available and current
therapy is only partially effective. Since HCV infects
only a minority of hepatocytes, we hypothesized that
induction of apoptosis might be a promising approach
for the treatment of hepatitis C. In the present study,
recombinant caspase-3 gene (re-caspase-3) was used
because it has the ability to induce apoptosis that is
independent of the initiator caspases. An HCV-specific
promoter is required to regulate the cytotoxic caspase-3
expression in HCV-infected cells. It has been reported
that HCV core protein can specifically activate the
2/,5'-oligoadenylate synthetase (OAS) gene promoter in
human hepatocytes. Therefore, we constructed an
expression vector consisting of the re-caspase-3 under
the OAS gene promoter (pGL3-OAS-re-caspase-3) and
then investigated its effect on HCV core-positive liver
cells. It was found that the pGL3-OAS-re-caspase-3
construct induced apoptosis in HCV core-positive liver
cells, but not in normal liver cells. These results
strongly suggested that the transfer of the re-caspase-3
gene under the OAS promoter was a novel targeting
approach for the treatment of HCV infection.
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Introduction
Hepatitis C virus (HCV) infection is a major cause of
chronic hepatitis, liver cirrhosis, and hepatocellular carci-

noma worldwide. The current standard therapy for
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chronic hepatitis C consists of a combination of pegy-
lated IFN alpha (peglFNa) and ribavirin. It achieves a
sustained viral clearance in only 50—60% of patients [1].
Moreover, this treatment is associated with substantial
side effects, precluding its use by many individuals [2].
Thus, current therapies are inadequate for the majority of
patients, and there is an urgent need for the novel hepa-
titis C therapeutic strategies.

Accumulating evidence indicated that HCV-specific
immune responses play an important role in spontaneous
viral clearance [3,4]. Cytotoxic T lymphocytes use two
major mechanisms to eliminate the infected cells: the
Fas-mediated cytotoxicity and the perforin-mediated
cytolysis [5]. Both pathways ultimately converge to
trigger apoptotic death through caspases activation.
Apoptosis is the process of programmed cell death that is
believed to permit removal of cells from the organ
without provoking inflammation. However, HCV utilizes
multifaceted arms to subvert various immune effectors,
contributing to the development of HCV persistency [6].
It is generally believed that HCV infects only a small
fraction of hepatocytes, ~1-20% as judged by the detec-
tion of HCV proteins or HCV RNAs in liver biopsy
samples [7,8]. Therefore, induction of hepatic apoptosis is
a potential approach for treatment of chronic hepatitis C.

Activation of effector caspases is a central and ultimate
step in many apoptosis pathways. Caspase-3 is the key
executioner caspase, and it exists as an inactive zymogen
that is activated by upstream signals [9]. Several research
groups have tried to use the human caspase-3 gene as a
novel anticancer gene [10—13]. However, overexpression
of the wild-type caspase-3 gene in mammalian cells does
not induce apoptosis, which is due to their inability to
undergo autocatalytic processing without upstream
caspase for activation [14]. Constitutively, an active
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recombinant caspase-3 (re-caspase-3) has been generated
by making its small subunit preceding its large subunit
[14]. Unlike its wild-type counterpart, in which the large
subunit precedes the small subunit, the re-caspase-3 is
capable of autocatalytic processing and inducing apopto-
sis independent of the upstream initiator caspase mol-
ecules. In addition, it could resist the effect of some
apoptosis restraining genes. As caspase-3 is the most
effective downstream executioner of apoptosis, the
re-caspase-3 could be used at a very low concentration to
induce apoptosis in targeted cells.

However, if caspases-3 is transferred to normal tissues, it
could also induce apoptosis, resulting in undesirable
damage. To restrict induction of apoptosis to HCV-infected
cells and to increase the safety of this approach, it is needed
to establish an HCV-specific caspase expression system.
The HCV core protein is currently considered to be a multi-
functional protein that plays an important role in persistent
infection and hepatocellular carcinogenesis. Naganuma
et al. [15] found that HCV core protein specifically acti-
vated the interferon (IFN)-inducible 2’,5'-oligoadenylate
synthetase (OAS) gene promoter in human hepatocyte
cells, whereas the E1, E2, and NS5A proteins did not acti-
vate the OAS gene promoter. Moreover, the activation by
the core protein is a general phenomenon, regardless of
HCV genotype and strain. Therefore, using the OAS gene
promoter that is predominantly active in HCV core-positive
hepatocytes would be an ideal strategy to restrict the cyto-
toxic caspase expression.

In the present study, we constructed the re-caspase-3
expression  vector under the OAS  promoter
(pGL3-OAS-caspase-3) and investigated its antiviral
effect on HCV core-positive liver cells in vitro.

Materials and Methods

Cell lines and culture conditions

QSG7701, a normal human immortal liver cell line, was
obtained from Institute of Biochemistry and Cell Biology,
Shanghai Institutes for Biological Sciences (Shanghai,
China). QSG7701/core, a stable cell line expressing the
HCV core protein, was prepared as previously described
[16]. These cells were routinely grown in DMEM
medium supplemented with 10% fetal bovine serum,
100 U/ml penicillin, and 100 pg/ml streptomycin. In all
the experiments, 70—80% confluent cells were used.

Promoter cloning and luciferase assay
Template genomic DNA was extracted from QSG7701
cells using DNAzol reagent (Invitrogen, Carlsbad, CA,

USA). Human OAS promoter sequence (—157 to +82)
was amplified by PCR from the genomic DNA. The
primers incorporating Sacl and HindlIll restriction sites
(underlined), respectively, were: 5'-CCGAGCTCGGGA
TCAGGGGAGTGT-3' (forward) and 5-CCCAAGCTT
GCATGCGGAAACACG-3' (reverse). The PCR frag-
ment was digested and cloned into the Sacl/HindlIII sites
of promoter-less pGL3-Basic vector (Promega, Madison,
WI, USA) to generate pGL3-OAS-Luci. Negative and
positive control constructs were pGL3-Basic, without
any promoter sequences, and pGL3-control, containing
the SV40 promoter and enhancer sequences,
respectively.

Transient transfection of luciferase reporter plasmids
was performed by using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions.
To evaluate the effects of IFN on the transcriptional
activity of OAS promoter, some cells were treated with
human recombinant IFN-a2b (Anhui Anke Biotech,
Hefei, China; final concentration: 5—500 U/ml) at 36 h
post-transfection. The cells were harvested 48 h post-
transfection. Luciferase assays were performed according
to the manufacturer’s protocols (Promega). Briefly, cells
were lysed with reporter lysis buffer, and the luciferase
activity was determined using a luminometer. The
B-galactosidase expression plasmid (pSV-B-galactosi-
dase; Promega) was co-transfected to normalize transfec-
tion efficiency.

Construction of the OAS promoter plasmid carrying
re-caspase-3 gene

Total RNA from QSG7701 cells was extracted by using
Trizol reagent (Invitrogen), and the entire coding region
of human caspase-3 was amplified by RT—-PCR using
specific primers containing BamHI and Xbal restriction
sites (underlined), respectively, as follows: 5'-CG
GGATCCATGGAGAACACTGAAAACTC-3' (forward)
and 5-GCTCTAGACAACCAACCATTTCTTTAGTG-3
(reverse). The PCR product was digested and cloned into
the BamHI/Xbal sites of the pcDNA3.1 to generate
pcDNA3.1-caspase-3.

The large and small subunits of caspase-3 were ampli-
fied by PCR using the pcDNA3.1-caspase-3 construct as
a template. The primers of large subunit were:
5'-GGAATTCATGGAGAACACTGAAAACTCAG-3’
(forward) and 5'-GCTCTAGATTAGTCTGTCTCAATG
CCACAGT-3' (reverse), containing EcoRI and Xbal
sites (underlined), respectively; the primers of small
subunit were: 5'-CGGGATCCATGATTGAGACAGA
CAGT-3' (forward) and 5'-GGAATTCGTGATAAAA
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ATAGAGTTC-3' (reverse), containing BamHI and
EcoRI sites (underlined), respectively. The PCR products
of large and small subunits of caspase-3 were digested
with EcoRl, purified and ligated with T4 DNA ligase
(Promega), which placed the small subunit preceding the
large subunit. The ligation product was double digested
with BamHI/Xbal and then subcloned to the pcDNA3.1
to generate pcDNA3.1-re-caspase-3.

To construct the re-caspase-3 expression vector with
the OAS promoter, the 830 bp fragment of re-caspase-3
was generated by PCR using pcDNA3.1-re-caspase-3 as
a template. The primers were: 5'-CATGCCATGGA
TGATTGAGACAGACAGT-3' (forward) and 5'-GC
TCTAGA TTAGTCTGTCTCAATGCCACAGT-3’
(reverse), containing Ncol and Xbal sites, respectively
(underlined). The PCR product was then inserted into
pGL3-OAS-Luci plasmid instead of luciferase digested
with Ncol/Xbal. This is the construct that has the
re-caspase3 with the OAS promoter (pGL3-OAS-
re-caspase-3).

Caspase-3 activity assay

Caspase-3 activity was measured using CaspACE assay
system (Promega) according to the manufacture’s
instructions.  Briefly, pGL3-OAS-re-caspase-3  and
pcDNA3.1-re-caspase-3 were transiently transfected into
cells and incubated for 48 h, then cells were harvested
and resuspended in cell lysis buffer at a concentration of
10® cells/ml. The cells were lysed by freeze-thaw, then
lysates were centrifuged, and the supernatant fractions
were collected. Assays were performed in 96-well plates
by incubating cell extract in reaction buffer containing
the caspase-3 colorimetric substrate, acetyl-DEVD-p-
nitroaniline (Ac-DEVD-pNA). Upon cleavage by
caspase-3, pNA produces a yellow color that can be
monitored by a spectrophotometer at 405 nm. The
pGL3-OAS-Luci plasmid was used as a negative control.
The efficiency of transfection was measured by
co-transfection of B-galactosidase reporter plasmid.

Apoptosis analysis by Annexin V/propidium iodide
staining

Cells were grown on glass coverslips in 6-well plates.
The pcDNA3.1-re-caspase-3 and pGL3-OAS-re-caspase-
3 constructs were transiently transfected into cells and
incubated for 48 h, then cells were washed with
phosphate-buffered saline (PBS), stained with Annexin
V-FITC and propidium iodide (PI) (BD, Franklin Lakes,
NJ, USA). After 15 min in the dark at room temperature,
cells were examined under a fluorescence microscope.
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The pGL3-OAS-Luci was used as a negative control.
The pEBFP (Clontech, Mountain View, CA, USA)
expressing the enhanced blue fluorescent protein served
as a transfection marker. Cell populations that potentially
detected are as follows: living cells, which were not
stained by Annexin V FITC or PI; early apoptotic cells,
stained with Annexin V-FITC (green cells), but not with
PI; cells in a late stage of apoptosis, stained with both
Annexin V-FITC and PI (green and red cells); and
primary necrotic cells, stained with PI only (red cells).

Apoptosis analysis by flow cytometry

The percentage of apoptotic cells was determined by flow
cytometry using Annexin V-FITC/PI staining. Briefly,
transfected cells were trypsinized, washed twice with PBS
and resuspended in 100 pl of 1 x binding buffer (10 mM
Hepes/NaOH, pH 7.4, 0.14 M NacCl, 2.5 mM CaCl,) per
10° cells. Cell suspensions were mixed with 5 ul
Annexin V-FITC and 10 pl PI, incubated for 10 min in
the dark at room temperature. After staining, 400 pl of
binding buffer was added and the stained cells were ana-
lyzed on a flow cytometer (BD) with CellQuest software.
For maximum sensitivity, cells were analyzed within
30 min after the staining. Results were shown as the per-
centage of live cells (Annexin V /PI), early apoptotic
cells (Annexin V'/PI"), late apoptotic cells (Annexin
V*/PI"), and dead cells (Annexin V /PI").

Statistical analysis

Results are expressed as mean + SD. Statistical compari-
sons were made by using an unpaired two-tailed
Student’s #-test. P << 0.05 was considered as statistically
significant.

Results

Transcriptional activity of OAS promoter is
increased in the HCV core-positive hepatocytes

To examine the transcriptional activity of the OAS gene
promoter, 240 bp fragment (—157 to +82) was placed
in the upstream of the firefly Iuciferase gene in the
pGL3-Basic  vector. The  resultant  plasmid
pGL3-OAS-Luci was transiently transfected into the
QSG7701/core and QSG7701 cells, and the firefly luci-
ferase activity obtained was compared with those from
the pGL3-Basic vector alone and the pGL3-control
plasmid. As shown in Fig. 1(A), the pGL3-OAS-Luci
transfection resulted in no or little luciferase activity in
the normal liver cell line QSG7701. In marked contrast,
this OAS promoter construct exhibited significant
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Figure 1 Transcriptional activity of the OAS promoter in QSG7701/core and QSG7701 cells The HCV core-positive cell line QSG7701/core
and normal liver cell line QSG7701 were transiently transfected with pGL3-OAS-Luci (bearing the OAS promoter). Luciferase assay was carried
out 48 h after transfection. The transfection efficiency was normalized to B-galactosidase plasmid. The data were shown as mean + SD from three
independent experiments. (A) The transcriptional activity of OAS promoter was significantly increased in the presence of HCV core protein. The
pGL3-Basic (without any promoter sequences) and pGL3-control (bearing the SV40 promoter) were used as controls. *P < 0.01 compared with
same group; "P < 0.01 compared with other group. (B) IFN-« affected the transcriptional activity of the OAS promoter in a dose-dependent
manner. The transfected cells were treated with various concentrations of IFN-« for 12 h. The untreated cells were used as the control. *P < 0.05,

**P < 0.01 versus control.

transcriptional activity in the QSG7701/core cells that
express the HCV core protein (P < 0.01). The relative
luciferase activity in the QSG7701/core cells was 6 folds
greater than that in QSG7701 cells (P << 0.01). These
results suggested that HCV core protein transcriptionally
activated the OAS gene promoter.

To determine the transcriptional activity of OAS pro-
moter response to IFN, the transfected cells were treated
with various concentrations of IFN-« for 12 h. As shown
in Fig. 1(B), in the QSG7701 cells transfected with
pGL3-OAS-Luci, activation of OAS promoter was
observed at a concentration of 25 U/ml and increased in
a dose-dependent manner (P < 0.05). In the QSG7701/
core cells, the activation of OAS promoter by core
protein was enhanced by treatment with IFN-« at con-
centrations higher than 100 U/ml (P < 0.01). Altogether,
these results indicated that the endogenous IFN level
must be carefully considered to avoid undesired side
effects, when the OAS promoter-driven gene expression
system was applied in vivo.

Expression of re-caspase-3 driven by OAS promoter
is catalytically active in the HCV core-positive
hepatocytes

To examine the enzymatic activity of the re-caspase-3, a
colorimetric peptide substrate (Ac-DEVD-pNA) was
used. As shown in Fig. 2, both QSG7701/core and
QSG7701 cells transfected with the pcDNA3.1-re-

caspase3 construct displayed significant higher caspase-3
activity compared with controls (P < 0.01), indicating
that the recombinant re-caspase-3 is catalytically active
independent of the upstream caspases. A marked
increase of caspase-3 enzyme activity was observed in
QSG7701/core cells which had been transfected with the
pGL3-OAS-re-caspase-3 (P <<0.01), whereas the
QSG7701 cells transfected with the same construct did
not show higher activity than the control. The incidence
of caspase-3 expression with the OAS promoter was
similar to that with the CMV-promoter, but the pGL3-
OAS-re-caspase-3 system can specifically induce the
expression of active caspase-3 in the HCV core-positive
cells.

Expression of re-caspase-3 driven by OAS promoter
induces morphological changes in the HCV
core-positive hepatocytes

Apoptosis is known to induce several morphological and
biochemical changes in the cell. One of these changes is
the exposure of phosphatidylserine (PS) on the surface
of the cell membrane during the early stage of apoptosis.
Annexin V is known to bind specifically to PS; there-
fore, fluorescein isothiocyanate (FITC)-conjugated
Annexin V was used to detect early apoptosis. PI stains
DNA after the disruption of plasma membrane at the late
stage of apoptosis. Cells stained with Annexin V (green
cells) indicated early apoptotic cells and Pl-stained cells
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Figure 2 Caspase-3 activity in QSG7701 and QSG7701/core cells
after transfection with re-caspase-3 expression vector under the
OAS promoter (pGL3-OAS-re-caspase-3) and the CMV promoter
(pcDNA3.1-re-caspase-3) The pGL3-OAS-Luci plasmid was used as
a negative control. Transfection efficiency was normalized by
co-transfection of [-galactosidase reporter plasmid. The results
illustrated that the re-caspase-3 has the enzymatic activity and the OAS
promoter-driven re-caspase-3 induces the expression of active
caspase-3 only in the HCV core-positive cells. *P < 0.01 compared
with same group; "P < 0.01 compared with other group. The results
are expressed as absorbance at 405 nm (A4495) and the data were shown
as mean + SD from three independent experiments.

QSG7701

(red cells) indicated late apoptotic/necrotic cells. Cells
were considered to be apoptotic, if they were either
Annexin V'/PI™ (early apoptotic) or Annexin V*/PI*
(late apoptotic).

To determine whether the pGL3-OAS-re-caspase-3
construct induced apoptosis only in HCV core-positive
liver cells, QSG7701/core and QSG7701 cells were tran-
siently transfected with pGL3-OAS-Luci, pGL3-OAS-re-
caspase-3, and pcDNA3.I-re-caspase-3. As shown in
Fig. 3, both QSG7701/core and QSG7701 cells under-
went apoptosis after transfection with the pcDNA3.1-re-
caspase-3 construct, whereas cells transfected with
pGL3-0OAS-Luci did not show any signs of apoptosis.
QSG7701/core cells that had been transfected with the
pGL3-OAS-re-caspase-3 displayed an increased number
of early or late apoptotic cells. In contrast, the QSG7701
cells transfected with pGL3-OAS-re-caspase-3 did not
undergo apoptosis. Morphologically, the apoptotic cells
became shrinking and deformation, and cells showed
condensation of cytoplasm and nuclear, nuclei were frag-
mented and filled with compacted chromatin. These
results indicated that pGL3-OAS-re-caspase-3 construct
induced apoptosis in HCV core-positive liver cells.
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Figure 3 Apoptosis was visualized by fluorescent microscopy using
an Annexin V/PI double staining QSG7701/core and QSG7701 cells
were transiently transfected with pGL3-OAS-re-caspase-3 or
pcDNA3.1-re-caspase-3 and incubated for 48 h. Then cells were
stained with 5 pl Annexin V-FITC and 10 pl PI and examined under a
fluorescence microscope. The pGL3-OAS-Luci was used as a negative
control. Cells stained with Annexin V (green cells) indicated early
apoptotic cells and Pl-stained cells (red cells) indicated late apoptotic/
necrotic cells. Cells were considered to be apoptotic if they were either
Annexin V¥/PI™ (early apoptotic) or Annexin V¥/PI™ (late apoptotic).
The images are representative of three separate experiments.
Magnification, x200.

Expression of re-caspase-3 driven by OAS promoter
selectively induces apoptosis in the HCV
core-positive hepatocytes

On the basis of the morphological changes induced by
re-caspase3 system in HCV core-positive cells, the per-
centage of apoptotic cells was quantitated by flow cyto-
metry analysis using Annexin V/PI double staining. As
shown in Fig. 4, an increased apoptotic percentage was
observed in QSG7701/core cells after transfection with
pGL3-OAS-re-caspase-3 (~19% Annexin V'/PI", 27%
Annexin V/PI") compared with the control (P < 0.01).
In contrast, very small apoptotic percentage was detected
in QSG7701 cells transfected with the same construct,
without significant difference compared with the control.
Both QSG7701/core and QSG7701 cells underwent
apoptosis  after  the  transfection  with  the
pcDNA3.1-re-caspase-3 construct (P < 0.01). These
results indicated that the re-caspase-3 system driven by
OAS promoter (pGL3-OAS-re-caspase-3) induced apop-
tosis in  QSG7701/core cells significantly and
specifically.

Discussion

Since the discovery of HCV in 1989 [17], many signifi-
cant progresses have been made in the development of
HCV therapy. Major research efforts have focused on
the identification of agents that inhibit specific steps in
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Figure 4 Quantitative analysis of apoptosis induced by re-caspase-3 system QSG7701/core and QSG7701 cells were transiently transfected
with pGL3-OAS-re-caspase-3 or pcDNA3.1-re-caspase-3 and incubated for 48 h. Then cells were stained with 5 .l Annexin V-FITC and 10 .l PI
and analyzed by flow cytometry. The numbers at the bottom right quadrant of each dot plot represent the percentage of cells in early apoptosis
(Annexin V*/PI"). Numbers at the top right quadrant represent the percentage of cells in late apoptosis and/or secondary necrosis (Annexin V*/
PI"). The re-caspase-3 system driven by OAS promoter (pGL3-OAS-re-caspase-3) induced apoptosis in QSG7701/core cells significantly and
specifically. The experiments were performed three times with similar results and the data are representative of three separate experiments.

the life cycle of the virus. These ‘HCV-targeted drugs’
include small-molecule inhibitors of the HCV enzymes
and nucleic acid-based agents that attack the viral RNA
[18—20]. Nevertheless, there are considerable barriers to
the development of anti-HCV therapeutics, which
include the persistence of the virus, the genetic diversity
during replication in the host, the development of
drug-resistant virus mutants, and the lack of reproducible
infectious culture systems and small-animal models for
HCYV replication and pathogenesis [21,22].

The present study demonstrates that treatment with the
OAS promoter-driven re-caspase-3 expression system
(pGL3-OAS-re-caspase-3) is an effective and promising
gene therapy for HCV core-positive hepatocytes.
Caspase-3 is a member of the executioner caspases, and
overexpression of caspase-3 alone does not induce apop-
tosis because it must be activated by upstream initiator
caspases. Re-caspase-3 is constitutively active, and it
does not depend on any upstream components. Although
re-caspase-3 has been used in targeted cells in cancer
therapy, our study is the first demonstration that such a
constitutively active caspase can be used in HCV
treatment.

Strict HCV-specific expression of re-caspase-3 gene is
mandatory because inappropriate transgene expression
can result in non-specific toxicity. One attractive
approach to this problem is to use promoter elements to
control gene expression tightly at the transcriptional
level. Previous reports found that HCV core protein

could specifically activate the OAS gene promoter in
human hepatocyte cells. These findings suggested that
the OAS promoter could be a powerful novel candidate
for targeted gene therapy of HCV. We therefore cloned
the OAS promoter and introduced it to the upstream of
re-caspase-3 gene. Our results showed that the
pGL3-OAS-re-caspase-3 vector induced apoptosis only
in HCV core-positive cells, whereas normal liver cells
did not undergo apoptosis.

The major challenge of this strategy is that other
potential factors may influence the transcriptional
activity of OAS promoter, among which the most impor-
tant is [IFN. We demonstrated that the activation of OAS
promoter response to IFN-a stimuli was in a dose-
dependent manner, and the low dose (in the present
study <10 U/ml) did not affect OAS promoter-driven
gene expression. Multiple studies have provided molecu-
lar evidence that there is a clear absence or only a low
level of IFN gene expression in hepatocytes of patients
with chronic HCV infection [23]. Therefore, the OAS
promoter-driven re-caspase-3 system may become an
attractive strategy for chronic hepatitis C therapy,
especially for those who are IFN resistant or lack of
endogenous IFN.

Another challenge is that the expression level of HCV
core protein may affect the activity of OAS promoter.
Naganuma et al. [15] have demonstrated that the core
protein activated OAS promoter in a dose-dependent
manner. This result was achieved by transient
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transfection with different doses of core-expressing
vector (ranging from 0.5 to 4 pg). However, the OAS
promoter-driven expression vector must enter the cells
first and then interact with intracellular HCV core
protein. So it is rather difficult to assess the core expres-
sing level in a single cell. Since HCV core protein can
be detected by immunohistochemistry in liver biopsy
samples, we speculate that it is sufficient to activate
OAS promoter in the patients infected with HCV.

As the present study is based on the in vitro cell cul-
tures stably expressing HCV core protein, further exper-
iments using animal models with HCV infection are
necessary to determine whether this approach could be
applied for the treatment of patients with hepatitis
C. Currently, experimental animals for the study of HCV
are limited only to chimpanzees and mice transplanted
with human hepatocytes [24,25]. It is difficult to employ
chimpanzees as an experimental model for both ethical
and economic reasons. Therefore, we are going to estab-
lish a mouse model transplanted with human liver frag-
ments to evaluate the efficacy of antiviral effect of
re-caspase-3 system in vivo.
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