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Combination of IFN-A and 5-Fluorouracil Induces Apoptosis
through IFN-A/B Receptor in Human Hepatocellular
Carcinoma Cells

Department of Surgery and Clinical Oncology, Graduate School of
Medicine, Osaka University, Osaka, Japan

ABSTRACT
Purpose: Several studies showed the effectiveness of
combination therapy with IFN-A and 5-fluorouracil (5-FU)
for advanced hepatocellular carcinoma. However, only little
is known about the underlying mechanism of combination
therapy. In the present study, we examined whether apoptosis
through IFN-A/B receptor (IFN-A/BR) was associated with
the effects of combination therapy.
Experimental Design: HuH7, PLC/PRF/5, HLE,
and HLF were treated with IFN- (500 units/mL), 5-FU (0.5
Mg/mL), or their combination for 10 days. In addition, IFNA/BR gene transfer with combination therapy was done.
Results: Ten-day treatment by combination therapy
resulted in >80% cell growth inhibition. Terminal deoxynucleotidyl transferase – mediated dUTP nick end labeling
analysis showed synergistic effects for combination therapy
on PLC/PRF/5, HLE, and HLF. Concordant results were
obtained with DNA fragmentation. Moreover, there was an
evidence showing that changes in the expression of Bcl-2
family lead to apoptosis. On the other hand, the expression
of IFN-A/BR and up-regulation of A-phospho – signal
transducer and activator of transcription 1, IFN regulatory
factor-1 by combination therapy were observed in all cell
lines. Furthermore, IFN-A/type 2 IFN receptor long form –
transfected HuH7 cells treated with combination therapy
showed strong DNA fragmentation compared with non-
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transfected or transfected with IFN-A- and 5-FU-treated
HuH7.
Conclusions: Our results showed that combination of
IFN-A plus 5-FU strongly induced cell growth inhibition of
human hepatocellular carcinoma cells and indicated that
one of the direct mechanisms of combination therapy may in
part be attributable to alterations in induction of apoptosis
through IFN-A/BR.

INTRODUCTION
Hepatocellular carcinoma (HCC) is one of the most
frequent malignancies in Southeast Asia and Africa. The
prognosis of HCC is generally poor, and the 5-year survival
rate is limited to 25% to 49% after surgery (1 – 3). In
particular, growth of HCC with macroscopic tumor thrombi in
the major branches of portal vein is extremely aggressive and
almost terminal feature. In addition, conventional therapies,
such as transcatheter arterial embolization, percutaneous
ethanol injection therapy, and microwave coagulation therapy,
are not generally indicated for such advanced HCC due to low
efficacy and potential complications (4, 5). Most HCC patients
with these thrombi often develop tumor recurrence, and over
half of them die within 1 year after surgery even if curative
resection is done (6). The prognosis of patients with
unresectable HCC with portal tumor thrombi is much
worse, and most patients die within several months after the
diagnosis (6). Therefore, effective therapeutic strategy for
advanced HCC is desirable.
We have already reported a patient with recurrent HCC
and multiple lung and bone metastases whose malignant
condition was uncontrollable by conventional therapies but
showed almost complete regression of the tumors following
treatment with tegafur/uracil and IFN- (7). The patient died
6 years after the initiation of this treatment. This surprise
outcome let us systematically investigate the beneficial effects
of the combination therapy of an anticancer drug and IFNfor advanced HCCs.
The combination therapy of IFN- and 5-fluorouracil
(5-FU) was initially proposed in 1988 based on in vitro
experiments on colon cancer cells (8). Subsequently, this
combination therapy was applied to various types of human
carcinomas. In patients with colorectal carcinoma, esophageal
carcinoma, or gastric carcinoma, satisfactory results were
obtained (9 – 13). In our clinical studies, we observed outstanding effects with IFN- and 5-FU therapy in patients with
advanced HCC (14). Several in vitro studies have provided some
explanations about the synergistic effects of the combination of
IFN- and 5-FU (15 – 18). However, there are a few studies that
have examined the effects of combination therapy on fundamental cell biology in human HCC cells (19 – 21). Recently, our
study showed that up-regulation of p27Kip1 and the expression of
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IFN- /h receptor (IFN- /hR) were the direct mechanisms of
combination therapy – mediated antitumor effects (19). These
findings were further investigated in the present study.
In the present study, we examined the effects of
combination therapy on apoptosis in four HCC cell lines.
Moreover, we also examined the expression of IFN- /hR and
signal transduction because of IFN- exerts its effect through the
specific cell surface receptor.

MATERIALS AND METHODS
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Reagents and Cell Lines. Purified human IFN- was
obtained from Otsuka Pharmaceutical Co. (Tokushima, Japan)
and 5-FU was purchased from Kyowa Hakko Co. (Tokyo,
Japan). Four human HCC cell lines, PLC/PRF/5, HuH7, HLE,
and HLF, were purchased from the Japanese Cancer Research
Resources Bank (Tokyo, Japan). They were maintained in
DMEM supplemented with 10% fetal bovine serum at 37jC in a
humidified incubator with 5% CO2 in air. The following primary
antibodies were used at appropriate concentrations as recommended by the manufacturer or used in previous studies: antihuman polyclonal IFN- /hR antibody (Otsuka Pharmaceutical),
anti-human monoclonal Bcl-xL antibody (Transduction Laboratories, Lexington, KY), anti-human polyclonal Bax antibody
(Lake Placid, NY), anti-human monoclonal Bcl-2 antibody
(DAKO, Glostrup, Denmark), anti-human polyclonal -phospho – signal transducer and activator of transcription 1 (STAT1)
antibody (New England Biolabs, Inc., Beverly, MA), anti-human
polyclonal IFN regulatory factor-1 (IRF-1) antibody (Santa Cruz
Biotechnology, Santa Cruz, CA), and anti-human polyclonal
actin antibody (Sigma, St. Louis, MO).
Use of IFN-A and/or 5-Fluorouracil at Various Concentrations for Growth Inhibition Assay and Induction of
Apoptosis. These studies were done to examine whether IFNor 5-FU reduces the cell growth and induces apoptosis in a
dose-dependent manner. Cells were added in 24-well dishes (4 
103 per well for PLC/PRF/5 and 2  103 per well for HuH7,
HLE, and HLF). The medium was replaced 24 hours later by 1
mL fresh medium containing various concentrations of IFN- or
5-FU. The concentrations of IFN- in growth inhibition assays
for IFN- alone were 50, 500, 5,000, and 25,000 units/mL and
those of 5- FU were 0.05, 0.5, 5, and 10 Ag/mL. HCC cells
suspended in complete medium were used as a control for cell
viability. The medium and drugs were changed every 48 hours.
Ten days later, the number of viable cells was assessed using a
hemocytometer by trypan blue dye exclusion.
To detect in situ apoptosis under same conditions of the
growth inhibition assay, we applied terminal deoxynucleotidyl
transferase – mediated dUTP nick end labeling (TUNEL) method
using ApopTag kit (S7100, Oncor, Gaithersburg, MD) as
described previously (22). This method can detect fragmented
DNA ends of apoptotic cells. In this assay, free cells in the
medium were harvested every 48 hours because some apoptotic
cells did not attach to the dish during cell culture, whereas those
attached to the dish were harvested 10 days later and then fixed
with 10% buffered formaldehyde for detection of apoptotic cells.
Terminal deoxynucleotidyl transferase was omitted from the
nucleotide mixture for the negative control. As a positive
control, we used paraffin-embedded sections of 10% buffered

formalin-fixed rodent mammary glands (19). For quantification
of apoptotic cells, 20 microscopic fields were randomly selected
at 200 magnification, >500 total cells were counted in each
sample, and the percentage of apoptotic cells was calculated.
To investigate whether IFN- and 5-FU have cooperative
effects on cell growth inhibition and induction of apoptosis,
growth inhibitory and TUNEL assays were done. Cells were
exposed to IFN- (50, 500, 5,000, and 25,000 units/mL) and 5-FU
(0.05, 0.5, 5, and 10 Ag/mL) for 10 days at various concentrations.
Dose Selection and Treatment Design in Mechanistic
Study. In our clinical trial, the patients were treated with s.c.
administration of IFN- and intra-arterial infusion of 5-FU (14).
IFN- was administered on days 1, 3, and 5 of every week.
Continuous infusion chemotherapy (5-FU) through the proper
hepatic artery was done for 2 weeks via a catheter connected to
a s.c. implanted drug delivery system (14). According to the
clinical study, the concentration of 5-FU (0.5 Ag/mL) was decided
the same as that in plasma of patients treated by continuous
infusion (23). In addition, the concentration of IFN- was
decided 500 units/mL because this concentration enhances the
biochemical modulation of 5-FU in our earlier reports (19, 21).
To prepare a model similar to human therapy, the medium
and drugs were changed every 48 hours and the effects were
examined 10 days later because in human a clear effect of
anticancer agents is not observed after a few days.
Growth Curves in Mechanistic Study. To examine
whether IFN- or 5-FU or their combination reduces the cell
growth in a time-dependent manner, cells were uniformly seeded
(4  103 per well for PLC/PRF/5 and 2  103 per well for
HuH7, HLE, and HLF) in triplicates into 24-well dishes.
Twenty-four hours later (day 0), the culture medium was
removed and replaced with 1 mL fresh medium with or without
IFN- (500 units/mL) and 5-FU (0.5 Ag/mL) as reported
previously (19). The medium and drugs were changed every 48
hours. On days 2, 4, 6, 8, and 10, viable cells were counted using
a hemocytometer by trypan blue dye exclusion.
Detection of Apoptosis in Mechanistic Study. To
examine whether IFN- or 5-FU or their combination induces
the apoptosis in a time-dependent manner, we did TUNEL
method using ApopTag kit to detect in situ apoptosis. Cells were
uniformly seeded (4  104 per well for PLC/PRF/5 and 2  104
per well for HuH7, HLE, and HLF) into 10 cm diameter dishes
and cultured for 10 days. The culture medium was replaced
every 48 hours with 10 mL fresh medium with or without IFN(500 units/mL) and 5-FU (0.5 Ag/mL). Cells free in the medium
were harvested every 48 hours because some apoptotic cells did
not attach to the dish during cell culture, whereas those attached
to the dish were harvested 10 days later and then fixed with
10% buffered formaldehyde for detection of apoptotic cells. The
apoptotic cell counts at days 4, 6, and 8 represented cumulative
apoptotic cells detected during that particular 48-hour time
period. Terminal deoxynucleotidyl transferase was omitted from
the nucleotide mixture for the negative control. As a positive
control, we used paraffin-embedded sections of 10% buffered
formalin-fixed rodent mammary glands (19). For quantification
of apoptotic cells, 20 microscopic fields were randomly selected
at 200 magnification, >500 total cells were counted in each
sample, and the percentage of apoptotic cells was calculated.
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electrophoresis, protein transfer was done onto a polyvinylidene
difluoride membrane (Boehringer Mannheim) using a transblot
apparatus in a buffer containing 0.02 mol/L Tris-HCl (pH 8.3),
0.2 mol/L glycine, and 20% methanol. After blocking in 10%
skim milk, the membrane was incubated with the primary
antibody, anti-Bax (dilution, 1:400), anti-Bcl-2 (1:300),
antiBcl-xL (1:1,000), or anti-actin (1:1,000), for 1 hour at room
temperature. After three washes each for 5 minutes with TBS
[0.02 mol/L Tris-HCl (pH 7.5), 0.1 mol/L NaCl] containing
0.2% Tween 20, the filter was incubated with the secondary
antibody at a dilution of 1:2,000. The protein bands were
detected using the enhanced chemiluminescence detection
system (Amersham, Arlington Heights, IL) according to the
instructions provided by the manufacturer.
For detection of -phospho-STAT1 (1:400) and IRF-1
(1:200), the cells were incubated with medium alone or medium
containing IFN- (500 units/mL) and 5-FU (0.5 Ag/mL) for
30 minutes and lysed in lysis buffer [50 mmol/L Tris (pH 7.5),
100 mmol/L NaCl, 50 mmol/L NaF, 3 mmol/L sodium
orthovanadate, 1% Tween, proteinase inhibitors]. Concentrations
were determined by the Bradford assay. For this assay, we used
12% SDS-PAGE and electroblotting onto a polyvinylidene
difluoride membrane.
For detection of IFN- /hR protein on the cell surface,
subconfluent cells in 10 cm diameter dishes were used. HCC
cells were minced and washed thrice with PBS (pH 7.5).
Samples were soaked in 500 AL hypotonic buffer (1 mmol/L
NaHCO3) containing 2 mmol/L phenylmethylsulfonylfluoride
and 1 Ag/mL aprotinin for 30 minutes and centrifuged at 15,000
 g for 30 minutes. The pellet was mixed with 750 AL loading
buffer [10% glycerol, 2% SDS, 62.5 mmol/L Tris-HCl (pH 6.8)]
and centrifuged at 15,000  g for 15 minutes to obtain the cell
membrane fraction. An aliquot (50 Ag of protein) of the cell
membrane was subjected to immunoblotting as described
previously (30) using IFN- /hR antibody (1:60).
Transfection of IFN-A/ BR. Full-length IFN- /type 2
IFN receptor long form (IFNAR2c) plasmid was kindly obtained
from Otsuka Pharmaceutical. Confluent HuH7 cells into six-well
dish were used in this study. The cells were cultured with 1 mL
fresh medium with 4 Ag IFNAR2c plasmid, 250 AL Opti-MEM
(Life Technologies, Gaithersburg, MD), 10 AL LipofectAMINE
2000 (Invitrogen Corp., San Diego, CA), and 250 AL Opti-MEM
using the instructions provided by the manufacturer. The culture
medium was removed 24 hours later and replaced with 1 mL
fresh medium. For detection of IFNAR2c, adherent HCC cells
were harvested 24 hours later. For detection of DNA
fragmentation, the culture medium was removed 24 hours later
and replaced with 1 mL fresh medium containing IFN- , 5-FU,
or IFN- (500 units/mL) and 5-FU (0.5 Ag/mL). Twenty-four
hours later, DNA was isolated and analyzed as described above
under DNA fragmentation.
Analysis of Cooperative Effects. Synergistic effect was
examined by isobolographic analysis as described previously by
our laboratory (19, 22). We used the equation: D = [(Ac / Ae) + (Bc
/ Be)], where A and B are two drugs, c is the concentration of the
agent used in the combination therapy, and e is the concentration of
the agent used in monotherapy to exert the same effect of the
combination therapy. When D was <0.8, the effect of the drugs
used in the combination therapy was considered synergistic.
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DNA Fragmentation. Both floating and adherent HCC
cells were harvested using the protocol described for the TUNEL
method and washed with calcium- and magnesium-free PBS.
DNA fragmentation was done according to the directions
provided with the TACS ethidium bromide kit (Trevigen, Inc.,
Gaithersburg, MD). DNA (15 Ag) samples were loaded onto a
1.5% agarose gel that was run at 130 V and then stained with 0.5
Ag/mL ethidium bromide for 20 minutes. The stained gel was
immersed in 5 Ag/mL RNase A in H2O overnight. DNA
fragmentation was visualized under UV light.
Quantitative Real-time PCR by LightCycler for Detection of Cytochrome c. For detection of cytochrome c, the cells
were incubatedwith medium alone or medium containing 500
units/mL IFN- and/or 0.5 Ag/mL 5-FU for 48 hours, and both
floating and adherent cells were harvested. We examined the upregulation of cytochrome c by restimulation with combination
therapy using HuH7. In this protocol, on days 2, 4, 6, or 8, the
cells were stimulated with 500 units/mL IFN- and 0.5 Ag/mL
5-FU, and both floating and adherent cells were harvested on
days 4, 6, 8, and 10. Quantitative PCR was done using
LightCycler (Idaho Technology, Idaho Falls, ID) as described
previously by our laboratory (24 – 26). The PCR primers used for
detection of cytochrome c cDNA were synthesized as reported
previously (27). Briefly, 20 AL PCR reaction contained 0.25
Amol/L of each primer, LC-DNA Master SYBR Green I
(Boehringer Mannheim, Mannheim, Germany), 2 mmol/L
MgCl2, and 2 AL cDNA as a template. PCR conditions for
LightCycler were set up as follows: 1 cycle of denaturing at
95jC for 10 minutes followed by 40 cycles of 95jC for 15 seconds,
56jC for 10 seconds, and 72jC for 25 seconds. Fluorescence was
acquired at the end of every 72jC extension phase.
Quantification data from each sample were analyzed
using LightCycler analysis software. In this analysis, the
background fluorescence was removed by setting a noise
band. The transcription value of the target was obtained by
plotting on a standard curve. The amount of each transcript
was normalized according to that of glyceraldehyde-3phosphate dehydrogenase quantified with the same sample.
To distinguish the specific product from nonspecific products
and primer dimers, melting curves of final PCR products were
analyzed (28). Because different DNA products melt at
different temperatures, it was possible to distinguish genuine
products from primer dimers or nonspecific products (28).
Western Blot Analysis. For detection of apoptosisrelated proteins, both floating and adherent cells were harvested
as described for the TUNEL method and homogenized in 0.5
mL radioimmunoprecipitation assay buffer [25 mmol/L Tris (pH
7.4), 50 mmol/L NaCl, 0.5% sodium deoxycholate, 2% NP40,
0.2% SDS] containing protease inhibitors (1 mmol/L phenylmethylsulfonyl fluoride, 10 Ag/mL aprotinin, and 10 Ag/mL
leupeptin). The homogenate was centrifuged at 14,000 rpm for
20 minutes at 4jC. The resulting supernatant was collected and
total protein concentration was determined using the Bradford
protein assay (Bio-Rad, Hercules, CA). Western blot analysis
was done as described in our previous studies (29). Briefly, 100
Ag of the total protein were premixed with loading buffer [0.05
mol/L Tris-HCl (pH 6.8), 2% SDS, 0.2 mol/L h-mercaptoethanol, 10% glycerol, 0.001% bromophenol blue], boiled for
5minutes, and subjected to SDS-PAGE on 10% gel. After
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Statistical Analysis. Statistical analysis was done using
the StatView J-5.0 program (Abacus Concepts, Inc., Berkeley,
CA). Data are expressed as mean F SE. Differences between
groups were examined for statistical significance using Dunnett
method and Student’s t test. P < 0.05 denoted the presence of a
statistically significant difference.

RESULTS

Fig. 1 Growth inhibitory
effects and incidence of apoptosis with various concentrations
of IFN- (A and C) or 5-FU (B
and D) on HCC cell lines. Cells
were incubated for 10 days, and
cell growth and apoptosis were
determined as described in
Materials and Methods. When
IFN- or 5-FU administered
simultaneously, the antiproliferative effects and induction of
apoptosis were dose dependent.
Mean (points) F SE (bars). *,
P < 0.05, compared with each
group; **, P < 0.05, compared
with PLC/PRF/5 and HuH7.
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Growth Inhibition Assay and Induction of Apoptosis by
Various Concentrations of IFN-A and/or 5-Fluorouracil. We tested the dose-dependent cell growth suppression of
IFN- or 5-FU treatment on four HCC cell lines. The growth of
all cell lines were suppressed by IFN- or 5-FU in a dosedependent manner (Fig. 1A and B). IFN- resulted in strong cell
growth inhibition of PLC/PRF/5 but only relatively weak or
moderate changes in HuH7, HLE, and HLF cells. 5-FU produced
strong cell growth inhibition in HuH7 and relatively weak or
moderate changes in PLC/PRF/5, HLE, and HLF. Furthermore,
IFN- -induced marked apoptosis of PLC/PRF/5 but relatively
weak or moderate changes in HuH7, HLE, and HLF cells
(Fig. 1C). 5-FU induced apoptosis in a dose-dependent manner
in all cells (Fig. 1D).
To examine whether combination therapy have cooperative effects on cell growth inhibition and induction of
apoptosis, cells were exposed to IFN- and 5-FU for 10
days at various concentrations. Exposure of cells to a
combination of IFN- and 5-FU suppressed cell growth and
increased apoptosis in all cell lines in a dose-dependent
manner (Fig. 2). The experiments were repeated 10 times and
the results were reproducible.

Combination Therapy Reduces Cell Growth of Hepatocellular Carcinoma Cells in a Time-Dependent Manner. The
effects of each drug and combination therapy were examined
over a 10-day period (Fig. 3). The cell growth of each cell line
under combination therapy on day 10 was significantly lower
than that under IFN- or 5-FU alone (P < 0.05). In addition, the
cell growth of each cell line treated with 5-FU on day 10 was
significantly lower than the control and IFN- (P < 0.05). The
suppression rates of cell growth under combination therapy on
day 10 for HuH7, PLC/PRF/5, HLE, and HLF were 89.7%,
90.9%, 90.2%, and 90.5%, respectively. Isobolographic analysis
indicated that these cooperative effects in PLC/PRF/5, HLE, and
HLF, but not in HuH7, cells were synergistic. The experiments were
repeated 10 times for analysis and the results were reproducible.
Combination Therapy Induces Apoptosis of Hepatocellular Carcinoma Cells in a Time-Dependent Manner. To
examine the combined effect of IFN- and 5-FU on apoptosis,
TUNEL assays were done 10 days after treatment (Fig. 4). The
percentages of apoptotic cells of HuH7, PLC/PRF/5, HLE, and
HLF at day 10 of combination treatment were 6.01 F 0.21%,
9.91 F 0.41%, 7.12 F 0.25%, and 7.61 F 0.11%, respectively.
The numbers of apoptotic cells of each cell line on day 10 of
combination therapy were significantly higher than IFN- - and
5-FU-treated cells (P < 0.05), although no difference was
observed between the latter groups. Isobolographic analysis
indicated that the cooperative effects of combination therapy on
apoptosis of PLC/PRF/5, HLE, and HLF were synergistic,
excluding HuH7. The experiments were repeated 10 times for
analysis and the results were reproducible.
Combination Therapy Induces DNA Fragmentation.
All four HCC cells treated with IFN- (500 units/mL) and 5-FU
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Fig. 2 Growth inhibitory effects (A-D) and incidence of apoptosis (E-H) of IFN- in combination of various doses of 5-FU. Cells were
incubated with IFN- in the presence of various concentrations of 5-FU, and cell growth and apoptosis were determined on day 10 as described in
Materials and Methods. When IFN- and 5-FU were administered simultaneously, the antiproliferative effects and induction of apoptosis were
higher than those of each drug alone in all cell lines (compared with Fig. 1). Mean (columns) F SE (bars). *, P < 0.05, significant synergistic
effect as examined by isobologram analysis.
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(0.5 Ag/mL) alone showed significant DNA fragmentation on
day 10 (Fig. 5), although this was relatively weak in HuH7 cells.
In comparison, DNA fragmentation was strong in PLC/PRF/5
and moderate in HLE and HLF. The experiments were repeated
five times for evaluation and the results were reproducible.
Combination Therapy Increases Cytochrome c
Expression. Expression of cytochrome c was confirmed in
all cell lines. Combination therapy enhanced the expression of
cytochrome c. This was relatively strong in PLC/PRF/5 but weak
in HuH7 and moderate in HLE and HLF (Fig. 6A). Expression of
cytochrome c in HuH7, PLC/PRF/5, HLE, and HLF treated with
combination therapy were higher than IFN- - and 5-FU-treated
cells and these changes were not statistically significant (Fig. 6A).
Restimulation every 48 hours by combination therapy induced
up-regulation of cytochrome c in HuH7 (Fig. 6B). Enhanced
expression of cytochrome c was not statistically significant on
each day. The experiments were repeated five times for analysis
and the results were reproducible.
IFN-A, 5-Fluorouracil, and Combination Therapy
Enhance Expression of Apoptosis-Related Proteins. Cells
were stimulated for 10 days with 500 units/mL IFN- and/or 0.5
Ag/mL 5-FU. Free cells in the medium were harvested every 48
hours and those attached to the dish were harvested 10 days later.
The experiments were repeated five times for analysis. The
results were summarized in Table 1.
Expression of Bax was confirmed in all cell lines. Combination therapy enhanced the expression by 3.47 times in HuH7, 3.72
times in PLC/PRF/5, 2.09 times in HLE, and 1.38 times in HLF.
Expression levels of Bax in IFN- plus 5-FU – treated HuH7, PLC/
PRF/5, and HLE, but not HLF, cells on day 10 were significantly
higher than those of IFN- and 5-FU groups (P < 0.05).
In similar studies, the cells were stimulated and the value of
Bcl-2 band relative to actin band was calculated. The intensities
of the bands were analyzed densitometrically. Expression of
Bcl-2 was confirmed in all cell lines. Combination of IFN- and

5-FU enhanced the expression by 1.01 times in HuH7, decreased
by 5.21 times in PLC/PRF/5, decreased by 7.64 times in HLE,
and decreased by 1.60 times in HLF. Expression levels of Bcl-2
on PLC/PRF/5, HLE, and HLF treated with combination therapy
on day 10 were lower than IFN- - and 5-FU-treated cells,
although these changes were not statistically significant.
In another analysis, expression of Bcl-xL was confirmed in all
cell lines. Combination therapy decreased the expression by 1.39
times in HuH7, 5.77 times in PLC/PRF/5, 3.13 times in HLE, and
4.86 times in HLF. The effects of IFN- , 5-FU, and combination
therapy on day 10 on the expression of Bcl-xL on PLC/PRF/5, HLE,
and HLF varied significantly (P < 0.05), but the effect of such
treatments on Bcl-xL expression in HuH7 was not different.
Expression of IFN-A/BR on Hepatocellular Carcinoma
Cell Lines. The IFN- /hR (long form plus short form) band
relative to actin band was calculated. The relative ratio of IFN- /
hR in HuH7, PLC/PRF/5, HLE, and HLF were 0.34, 0.61, 0.49,
and 0.54, respectively (Table 1). Expression of IFN- /hR
protein on the cell surface was observed in all cell lines,
although it was relatively weak in HuH7 cells. The IFN- /hR
level was strong in PLC/PRF/5 and moderate in HLE and HLF.
The expression level of IFN- /hR protein on the cell surface in
PLC/PRF/5 was statistically higher than that of HuH7 but not
HLE and HLF. The experiments were repeated five times for
analysis and the results were reproducible.
Combination Therapy Increases IFN-A/BR Signaling
Protein Expression. Cells were stimulated for 30 minutes with
500 units/mL IFN- or 0.5 Ag/mL 5-FU or their combination
and the relative value of -phospho-STAT1 or IRF-1 band to
actin band was calculated. The relative expression data for each
treatment group are shown in Table 1. Combination therapy
enhanced the expression of -phospho-STAT1 by 1.04 times in
HuH7, 2.82 times in PLC/PRF/5, 2.00 times in HLE, and 1.79
times in HLF. In comparison, 500 units/mL IFN- enhanced the
expression by 1.03 times in HuH7, 2.79 times in PLC/PRF/5,
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Fig. 3 Growth curves were
drawn up to day 10 for the four
HCC cell lines untreated or
treated with 500 units/mL
IFNand/or 0.5 Ag/mL
5-FU. There was a significant
difference in the number of
PLC/PRF/5, HuH7, HLE, and
HLF at day 10 among control,
IFN- , 5-FU, and their combination groups. Mean (points)
F SE (bars). *, P < 0.05.
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1.98 times in HLE, and 1.77 times in HLF. However, 0.5 Ag/mL
5-FU did not enhance the expression.
Combination therapy enhanced the expression of IRF-1 by
2.01 times in HuH7, 3.52 times in PLC/PRF/5, 2.81 times in
HLE, and 3.01 times in HLF. In comparison, 500 units/mL IFNenhanced the expression by 1.51 times in HuH7, 3.12 times
in PLC/PRF/5, 2.32 times in HLE, and 2.69 times in HLF.
However, 0.5 Ag/mL 5-FU did not enhance the expression.
Expression of -phospho-STAT1 and IRF-1 in HuH7, PLC/
PRF/5, HLE, and HLF treated with combination therapy were
higher than IFN- -treated cells and these changes were not
statistically significant. Expression of -phospho-STAT1 and
IRF-1 by combination therapy in PLC/PRF/5 was statistically
higher than that of HuH7 but not HLE and HLF.

Increased Apoptosis of IFNAR2c-Transfected HuH7
Cells. The expression of IFNAR2c protein was weak on
HuH7 cells but strong on IFNAR2c transfected HuH7 (Fig. 7A).
Nontransfected HuH7 treated with IFN- (500 units/mL) and
5-FU (0.5 Ag/mL) showed weak DNA fragmentation, whereas
transfected HuH7 showed strong DNA fragmentation (Fig. 7B).
Furthermore, DNA fragmentation of transfected HuH7 treated
with combination therapy was stronger than IFN- - and 5-FUtreated cells (Fig. 7B). Control experiments indicated that
transfection reagents did not induce apoptosis (data not shown).
The experiments were repeated thrice for evaluation and the
results were reproducible.
Correlation of Several Factors. Relatively strong expression of IFN- /hR, strong up-regulation of -phosphoSTAT1 and IRF-1, strong induction of apoptosis, and strong
cell growth inhibition were observed in PLC/PRF/5 treated with
combination therapy. On the other hand, the same treatment
produced relatively weak or moderate changes in HuH7, HLE,
and HLF cells. Moreover, almost all Bcl-2 protein family in all
cell lines changed to induce apoptosis. Down-regulation of BclxL by combination therapy was correlated with the extent of
apoptosis in all cell lines.

DISCUSSION

Fig. 5 DNA fragmentation. Cells were treated with or without the
combination of 500 units/mL IFN- and 0.5 Ag/mL 5-FU for 10 days.
DNA was isolated and analyzed as described in Materials and Methods.

Previous studies suggested that combination chemotherapy
of IFN- , 5-FU, and other agents was to some extent useful to
suppress advanced HCC (14, 20, 31 – 36). Based on these results,
the present in vitro study was done in an effort to explore the
underlying mechanisms of combination therapy. The major
findings of the present study were as follows: (a) combination
therapy inhibited cell growth and induced apoptosis of HCC
cells in a dose- and time-dependent manner; (b) Bcl-2 family
plays a key role in combination therapy – related apoptosis; (c)
inhibition of cell growth and induction of apoptosis were
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Fig. 4 TUNEL assays were
done 10 days after the addition
of IFN- (500 units/mL), 5-FU
(0.5 Ag/mL), or their combination to detect apoptotic cells.
TUNEL analysis showed a
significant difference in cell
numbers at day 10 between
the combination therapy group
and other treatment groups.
Mean (points) F SE (bars).
*, P < 0.05.
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Table 1 Relative expression data of the each proteins
PLC/PRF/5

HLE

HLF

0.34
1.03
1.51
1.03
0.96
0.81

0.61
2.79
3.12
1.25
0.28
0.54

0.49
1.98
2.32
1.13
0.27
0.84

0.54
1.77
2.69
1.20
0.78
0.56

1.00
1.01
2.21
1.05
0.76
1.04

1.01
1.00
2.24
0.26
0.38
2.82

1.00
1.01
1.23
0.25
0.56
2.00

1.01
1.00
1.24
0.68
0.41
1.79

2.01
3.47
1.01
0.72

3.52
3.72
0.19
0.17

2.81
2.09
0.13
0.32

3.01
1.38
0.62
0.21

response and that responders survived longer than we had
expected (14). These effects are similar to the present in vitro
results. Recently, we reported that up-regulation of p27Kip1 was
one of the direct mechanisms of combination therapy – mediated
antitumor effects (19). In this regard, previous studies showed
that IFN- reduced 5-FU clearance and altered 5-FU metabolism
(i.e., increased the amount of 5-fluoro-dUMP that can bind to
thymidylate synthetase), resulting in inhibition of conversion of
dUMP to dTMP during normal DNA synthesis (15, 16). It seems
that IFN- reduces the uptake of thymidine and the activity of
thymidine kinase in conjunction with the action of 5-FU.
Changes in the 5-FU metabolic pathway could be one of the
underlying mechanism of IFN- synergism. In this context,
Kaneko et al. (20) recently reported that the thymidylate
Fig. 6 Detection of cytochrome c by LightCycler. A, cells were treated
with 500 units/mL IFN- or 0.5 Ag/mL 5-FU or their combination for 48
hours. Cytochrome c was up-regulated by combination therapy in all cell
lines. B, time course results of restimulation by combination therapy in
HuH7 cells. Cytochrome c was up-regulated after each restimulation.
Mean (columns) F SE (bars).

synergistic or additive but not antagonistic; (d) IFN- /hR
expression was frequently observed on HCC cells, although its
signaling protein, -phospho-STAT1 and IRF-1, were upregulated by combination therapy; and (e) IFNAR2c gene transfer
with combination therapy induced strong DNA fragmentation.
In the present study, the cell growth of HuH7, PLC/PRF/5,
HLE, and HLF treated with 500 units/mL IFN- and 0.5 Ag/mL
5-FU for 10 days was significantly suppressed compared with
cells treated with IFN- alone or 5-FU alone (Fig. 3).
Furthermore, the reduction rate of cell growth in each cell line
was >80%. In our department, prospective clinical trials using
IFN- and 5-FU have been in progress since 1997 for patients
with inoperable and extremely advanced HCC who were
predicted to die within 3 to 6 months. Although these studies
should continue for several more years, we have thus far
obtained satisfactory results with this protocol (data not shown).
Preliminary data indicated that >70% of patients who received
the combination therapy developed a partial or complete

Fig. 7 A, transfection of IFNAR2c in HuH7 increased expression of
IFNAR2c on the cell surface. In comparison, a weak IFNAR2c was
noted in nontransfected HuH7 cells. B, strong DNA fragmentation was
observed by combination therapy in IFNAR2c-transfected but not in
nontransfected HuH7 cells.
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pathway. In fact, the expression levels of IFN- /hR mRNA
and protein have been studied in liver tissues of viral hepatitis
and their expression can predict the efficacy of IFN therapy
in chronic hepatitis (45 – 47). Furthermore, we reported that IFN/hR is expressed not only in chronic hepatitis and liver
cirrhosis but also in HCC (48). IFN- has a variety of antitumor
effects, including immunomodulation, inhibition of angiogenesis, and antiproliferative activity through the binding to its highaffinity membrane receptor, IFN- /hR, which results in
activation of STATs, leading to antiproliferative or apoptotic
effects in concert with IRFs (49). Our results showed that IFN- /
hR is expressed in HCC cells and that combination therapy upregulated IFN- /hR signaling protein, -phospho-STAT1, and
IRF-1. These results suggest that up-regulation of -phosphoSTAT1 and IRF-1 are directly related to the inhibition of HCC
cell growth. Interestingly, our preliminary study indicated that
the effects of combination therapy correlated with the level of
expression of IFN- /hR (data not shown).
To address whether increased expression of IFN- /hR
in vitro is associated with a higher biological response to
combination therapy, we conducted the IFNAR2c-transfected
study. In this study, we used HuH7 cells, which have low
expression level of IFNAR2c. Our results showed that after
temporary transfection of IFNAR2c, combination therapy
induced strong DNA fragmentation compared with nontransfected HuH7 (Fig. 7B). Moreover, increased expression
of -phospho-STAT1 was observed (data not shown). To our
knowledge, this is the first report of IFNAR2c gene transfer
being effective in augmenting the biological activity of
combination therapy in human HCC. Our results strongly
suggest that IFN- /bR gene transfer with combination
therapy could be potentially useful clinically in patients
with HCC.
In conclusion, we have shown in the present study that
combination of IFN- plus 5-FU induced strong inhibition of
cell growth with Bcl-2 family-associated apoptosis. The results
suggested that expression of IFN- /hR and signal transduction
might be important mechanisms of action of this therapy.
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