INTERNATIONAL JOURNAL OF ONCOLOGY 30: 201-208, 2007

Stronger growth-inhibitory effect of interferon (IFN)-8
compared to IFN-a is mediated by IFN signaling
pathway in hepatocellular carcinoma cells
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Abstract. Interferon (IFN) is a promising drug for prevention
and treatment of hepatocellular carcinoma (HCC) in combi-
nation with chemotherapeutic agents. We previously reported
that the spectra of antiproliferative activity and synergistic
effect of IFN-8 when combined with anticancer drugs are
more potent than those of IFN-a in HCC cells. However, the
mechanism of the diverse antitumor effects of the IFNs is not
understood yet. We studied the expression of IFN o receptor 2
(IFNAR2), STATs, and IFN-a, IFN-8's growth-inhibitory
effect, signal transduction and binding to IFNAR2 on three
HCC cell lines and a tumor xenografted mouse model (12
animals/group). From the results, IFN- showed a significantly
stronger growth-inhibitory effect than IFN-a on the HuH7 cell
line (expressing low IFNAR?2), however it was similarly high
on PLC/PRF/5 and weak on HLE. In the nude mouse tumor
xenograft model, IFN- injection significantly suppressed
tumor volume relative to vehicle injection, while IFN-a
showed weaker growth-inhibition. IFN signal transduction
(phosphorylated-STAT], 3) induced by IFN- was higher than
that by IFN-a in HuH7 and tumor xenografts. Pretreatment of
hepatoma cells with anti-IFNAR2 antibody blocked the IFN
signaling, more for IFN-a. IFN-a's antiproliferative effect was
reduced by the antibody in lower concentrations compared to
that of IFN-B. Taken together, the HCC cells that express low
IFNAR2 and are resistant to IFN-a were sensitive to the
growth-inhibitory effect of IFN-3, which might be mediated
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by stronger IFN signal transduction and distinct binding to
IFNAR compared to IFN-a.

Introduction

Hepatocellular carcinoma (HCC) is one of the most common
malignancies worldwide, with an estimated more than half a
million new cases each year; most of which occur in Asia
and Africa (1). The majority of patients are diagnosed at
inoperable advanced stages and/or have recurrence or metastasis
after therapy, and their prognoses remain extremely poor
(2). Recent clinical trials on advanced HCC suggest that
combination chemotherapies, especially S5-fluorouracil (5-FU)
with interferon (IFN)-a may be effective (3-7). The response
rate of these therapies ranged from 14 to 73% of selected
patients with advanced HCC, unfortunately the remaining
patients did not respond to the therapy and died within a few
months. Therefore, more effective therapeutic strategies as
well as alternative combination therapies are desirable in this
field.

The actions of type I IFNs, which include IFN-a and -8,
are mediated by their interaction with a multisubunit cell-
surface receptor, IFN a receptor (IFNAR)1 and IFNAR?2 (8).
From the IFNARs, IFNAR?2 long-form (IFNAR2c) is suggested
to be important for binding and signal transduction (9,10).
After IFN binds to the receptors, IFNAR-associated tyrosine
kinases (JAK) are activated, followed by phosphorylation of
signal transducer and activator of transcription factor (STAT)
1, 2, and 3. Phosphorylated STATs (pSTAT) form hetero- or
homo-dimers, and thus transfer into the nucleus leading to
transcription of numerous IFN responsive genes that mediate
antiviral, growth-inhibitory, apoptotic, anti-angiogenic and
immunomodulatory responses (8).

The mechanisms of the antitumor effect of IFN-a and
its combination with 5-FU against HCC have been studied
previously. In in vitro studies, we showed that combination
of IFN-a and 5-FU induces apoptosis through IFNAR2 and
delays the progression of G1 to S-phase in an HCC cell line
expressing IFNAR?2 (11,12). Moreover, the spectra of the
antiproliferative activity and synergistic effect of IFN-8 when
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combined with anticancer drugs are more potent than those
of IFN-a in HCC cells in vitro (13). However, the underlying
mechanism of the diverse antitumor effect of IFN-o and IFN-
is not understood yet. Therefore, the present study was
conducted to confirm and to clarify the dissimilar antitumor
effect of the IFNs in vitro and in vivo, concerning IFN signal
transduction.

Materials and methods

Interferons and antibodies. Human purified natural IFN-a
(OIF; Otsuka Pharmaceutical, Tokyo, Japan) and IFN-8 (IFN,
Mochida; Mochida Pharmaceutical, Tokyo, Japan) were used
in this study. The specific activities were 2.12x108 international
units (IU)/mg and 3.7x10® IU/mg, respectively, and were
used in the calculation of IFN concentrations in ng/ml for the
experiments. Specific rabbit anti-human IFNAR?2 (developed
by Otsuka Pharmaceutical using recombinant human IFNAR2
as described in ref. 14), STATI1, pSTATI (Tyr701) (Cell
Signaling Technology, Beverly, MA), STAT2, pSTAT2
(Tyr689) (Upstate Biotechnology, Lake Placid, NY), STATS3,
pSTATS3 (Tyr705) (Cell Signaling Technology), actin (Sigma,
St. Louis, MO), and donkey anti-rabbit coupled to horseradish
peroxidase (Amersham Biosciences, Buckinghamshire, UK)
antibodies were used.

Cell lines and culture. Human HCC cell lines, HuH7, PLC/
PRF/5 and HLE, were purchased from the Japanese Cancer
Research Resources Bank (Tokyo). The cells were maintained
in Dulbecco's modified Eagle's medium supplemented with
10% fetal bovine serum (FBS), 100 U/ml penicillin and
100 pg/ml streptomycin at 37°C in a humidified incubator
with 5% CO, in air.

For the study of phosphorylated STAT proteins, the cells
were cultured in a medium containing 0.5% FBS for 2 days
and then in FBS-free medium for 2 h. After that they were
incubated in medium with or without a desired concentration
of IFN-a or IFN-f for selected time periods and harvested for
Western blotting.

Growth inhibitory assay. Growth curves with [FNs were drawn
as described previously (15). Briefly, the cells (2x10* cells/well
for HuH7, 4x10* cells/well for PLC/PRF/5, 0.7x10* cells/well
for HLE) were uniformly seeded in 12-well dishes, and from
the next day they were treated with or without IFN-a or IFN-
(2.5 ng/ml). On alternate days, the medium with IFNs was
changed and the viable cells were counted using a Celltac
semi-automatic analyzer (Nihon Kohden, Tokyo, Japan). The
concentration of the IFNs applied here (equal to 500 IU/ml
of IFN-a) was based on that used in our previous studies
(11-13,16).

Nude mouse tumor xenograft model and IFN treatment. The
HuH7 cells were injected subcutaneously (5x10° cells/animal)
into the left flank of 4-week-old BALB/c nu/nu female mice
(Japan Clea, Tokyo, Japan). Tumor size was measured twice
a week using a caliper and tumor volume was calculated
using the formula [tumor volume (mm?®) = (a% x b)/2], where
a is the width and b is the length in mm. After attainment of
tumor volume of ~50 mm? (10 days after injection), the mice
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were randomly assigned to one of three groups of 12 animals
each, and IFN-a, IFN- (both 2x10* IU/animal) or PBS was
injected subcutaneously three times a week. On the 21st
treatment day the mice were sacrificed, and the tumors were
harvested and stored at -80°C for further examination. The
animal care was in accordance with the institutional guidelines,
and the experiments were approved by the animal research
committee of Osaka University.

Western blot analysis. The sub-confluent growing cells or
tumor samples were washed with PBS (Sigma) and lysed in
an ice-cold RIPA buffer with I mM sodium orthovanadate
(15). Total protein concentration was determined using the
Bradford protein assay (Bio-Rad, Hercules, CA) and Western
blot analysis was performed as described in our previous
studies (12,15). The antibodies were used at the following
dilutions: 1:100 for detection of IFNAR2; 1:1000 for total-,
phosphorylated-STAT1, 3 and actin; and 1:500 for STAT?2.
The expression of proteins was evaluated by measuring the
optical densities of protein bands, using the National Institute of
Health Image analysis software version 1.61 and the expression
value was calculated relative to that of actin.

Neutralizing assays. For neutralizing assay of the anti-
proliferative effect of IFNs, the cells were seeded to a 96-well
microplate and, on the following day, escalating dilutions of
anti-IFNAR2 antibody (1:500000-1:500, decided from
experiments of cytotoxicity) were applied and, soon after
(~30 min), either IFN-o or IFN-B (until final concentration
of 2.5 ng/ml) was added. The number of viable cells was
measured 72 h later by MTT assay as described previously
(13). The anti-IFNAR?2 antibody does not cross-react with
human IFN-a and IFN- by immunoblot (as described by the
manufacturer).

To study the IFN signaling with anti-IFNAR?2 antibody,
the cells were cultured in medium (0.5% FBS) with or without
the antibody (dilution 1:5000), and 24 h later they were
treated with either IFN-a or IFN-B (2.5 ng/ml) for 40 min,
and thereafter harvested and probed to Western blotting.

Statistical analysis. Statistical analysis was performed using
the Prism 4 program (GraphPad Software, San Diego, CA).
Data from in vitro assays are expressed as mean + SD from
at least three independent experiments, and results from
animal model experiments are shown as mean + SEM. The
Dunnett, and unpaired t-tests were used for analyses.

Results

IFN-f3 exhibits a stronger growth-inhibitory effect than IFN-a
on HuH?7 cells in vitro and on nude mice tumor xenograft
in vivo. To verify the growth-inhibitory effect of the IFNs in
HCC cells, we drew the 8-day growth curves with or without
2.5 ng/ml of IFN-a or IFN-B. As shown in Fig. 1, the IFNs
exhibited diverse growth-inhibitory effects on the liver cells,
i.e., strong growth-inhibition was observed on PLC/PRF/5
while IFNs did not show any effect on HLE (only with
significant effect on the 8th day with IFN-B). On the other
hand, in the HuH7 cell line, IFN-8 significantly inhibited the
cell growth while IFN-a did not; on the 8th day the growth
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Figure 1. Growth-inhibitory effect of IFNs in HCC cell lines in vitro.
Growth curves were drawn up to day 8 by counting viable cells treated or
untreated with 2.5 ng/ml of IFN-a or IFN-. Both IFNs exhibited strong cell
growth suppression on the PLC/PRF/5 cell line. IFN-B resulted in significant
growth inhibition of HuH7 cells compared to the control and IFN-a. HLE
cells were resistant to both IFNs. Arrows denote change of fresh medium
with the IFNs. 'p<0.05, IFN-a vs vehicle; ¥p<0.05, IFN-B vs control (both
by Dunnett's tests); $p<0.05, IFN-a vs IFN-B (by unpaired t-test).

was inhibited by 68.5% with IFN- (p<0.01 vs control, by
Dunnett's test) and 15.5% with IFN-a (p>0.05). Moreover,
the growth-inhibition was significantly stronger by IFN-f3
than by IFN-a from the 2nd day of treatment (p<0.05, by
unpaired t-test).

To examine the effect of IFNs in vivo, we studied the
growth of HuH7 tumor xenografts in nude mice with or
without the IFN treatments (2x10* IU/animal thrice a week).
As shown in Fig. 2, IFN-6 therapy significantly inhibited
tumor growth from the 10th day of treatment, compared with
the vehicle (p<0.05 by unpaired t-test), while IFN-a treatment
did not exhibit a significant growth-inhibitory effect (except
on the 10th day). On the 21st post-treatment day, IFN-f3
resulted in a 47% decline of the tumor volume compared to
that in the control animals (p=0.03), however IFN-a caused
only 19% tumor growth regression (p>0.05). There was no
difference in the body weights of animals in each group during
the treatments (data not shown).
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Figure 2. Effect of IFN-a and IFN-6 on tumor growth in vivo. IFN-§ therapy
significantly inhibited the tumor growth from the 10th treatment day compared
with the vehicle, while IFN-a exhibited less growth-inhibition (significant
only on the 10th day). Arrows denote administration of the IFNs. fp<0.05,
IFN-a vs vehicle; ¥p<0.05, IFN-B vs control (both by Dunnett's tests).
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Figure 3. Expression of IFNAR2c and STATSs in HCC cells. IFNAR2c was
abundant in PLC/PRF/5, low in HuH7 and was lacking in HLE. STAT1 and 3
were expressed higher and STAT2 was less in PLC/PRF/5 compared to the
other cells. Blots are representative of similar results of repeat experiments.

IFN-f3-induced signaling is stronger than that of IFN-a in
HuH7 in vitro and in vivo. At first, we examined the expression
of IFNAR2c and STAT proteins in the cell lines. As shown
in Fig. 3, the expression of IFNAR2c was abundant in IFN-
sensitive PLC/PRF/S cells, low in HuH7 and was lacking in
HLE. STATI and 3 were expressed higher in PLC/PRF/5
than in other cells, however STAT?2 was faint in PLC/PRF/5
while exhibiting clear bands in other cell lines.

To study IFN signal transduction, we treated the cells with
different concentrations of the IFNs (0, 0.5, 2.5, 5.0 ng/ml) for
20 min and assessed the expression and activation of STAT
proteins. The phosphorylations of STAT1 and 3 were activated
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Figure 4. Activation of STATSs by the IFNs in HCC cells. (A-C) Dose-dependency of induction of STATs. The cells were incubated with medium alone or
diverse doses of the IFNs for equal amounts of time. The phosphorylation of STAT1 and 3 was dose-dependent from IFN concentration, and greater by IFN-
induction than by IFN-a in HuH7 cells. However, pSTAT2 (A) and all total STATs were analogous. The signal transduction (pSTAT1, 3) induced by both
IFNs was similarly intensive in PLC/PRF/5 (B) or faint in HLE cells (C). (D-F) Dynamics of STAT activation. The cells were treated for different amounts of
time by either of the IFNs. In HuH7 cells, activation of STAT1 and 3 was noted for a longer time and at a higher level with IFN-§ than with IFN-a (D). p,
phosphorylated; and t, total STAT. Graphs exhibit densities of respective pSTAT bands to actin. Data are representative of similar results of repeat

experiments.

in a dose-dependent manner, while no such dose-dependent
induction was observed for pSTAT2 (Fig. 4A-C). In the
HuH?7 cell line, which is more responsive to the growth-
inhibitory effect of IFN- but not to that of IFN-a (Fig. 1),
the phosphorylation of STATI1 and 3 was greater by IFN-
than by IFN-a, respectively 5.8-, 2.3-, 1.9-fold and 10.6-,
2.2-, 1.6-fold higher in each IFN dose (Fig. 4A). The signal
transduction induced by the IFNs was similarly high in PLC/
PRF/5 (except expressing low pSTAT?2), whereas it was
equally faint in HLE cells (Fig. 4B and C).

When we examined the dynamics of STAT phosphoryl-
ation, the activation of STAT1 and 3 reached peaks within
20-40 min (Fig. 4D-F). In HuH7 cells, the higher pSTAT1
and 3 continued for a longer time with IFN- than with IFN-a
(Fig. 4D). The expression of total STATs was not changed
by the IFNs (corresponding lower blots).

Furthermore we examined the expression and activation
of STATs in tumor xenograft samples. The IFN-B-treated
tumors showed greater induction of pSTAT3 than IFN-a-
treated samples, while total STAT3 was analogous (Fig. 5).
The activation of STAT1 and 2 was similarly faint in samples
from both IFN-treated animals (data not shown).

Anti-IFNAR?2 antibody suppresses differently the signaling
and antiproliferative effects of IFN-a and IFN-f3. Because
the signal transductions induced by the IFNs were different,
and IFNAR2c is responsible for IFN signaling (9,10), we
examined the IFN binding to the receptor using neutralizing
antibody to the extracellular part of IFNAR2 on PLC/PRF/5
cells, which express abundant [IFNAR2c (Fig. 2). Pretreatment
of the cells with the antibody (dilution 1:5000) for 24 h
blocked IFN signal transduction (pSTAT1) of both IFNs
(Fig. 6A). The activation of STAT1 by IFN-a and -B was
decreased by 82.3 and 70.7% respectively. The expression of
basic STAT1 did not change with addition of the antibody
(data not shown).

When we examined the alteration of IFNs' anti-proliferative
effect by anti-IFNAR?2 antibody, it significantly reduced the
effects in PLC/PRF/5 cells (Fig. 6B, asterisks denote significant
differences compared to the IFN controls without the antibody
by Dunnett's test). Furthermore, higher concentrations of the
antibody were needed to suppress the effect of IFN-f than of
IFN-a (respectively dilutions 1:500 vs 1:5000). The effect of
IFN-a disappeared with 1:5000 and 1:500 dilutions of the
antibody (p>0.05 vs without IFN by Dunnett's test), while
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Figure 5. Expression and activation of STAT3 with the IFN treatments in
tumor xenografts. One vehicle sample and four representative samples from
each IFN-treated group are probed to Western blotting (A). IFN-B-treated
tumors showed greater induction of STAT3 phosphorylation than IFN-« treated
tumors, while total STAT3 was analogous (B). p, phosphorylated; and t, total
STAT.

IFN-B's effect was still observed with the same dilutions
(p<0.05 vs without IFN).

Discussion

Herein we examined the growth-inhibitory action of IFN-a
and IFN- on three HCC cell lines of different origin; PLC/
PRF/5 cells were very sensitive and HLE cells were resistant
to both IFNs. On the other hand, HuH7 cells, which showed
resistance to the growth-inhibitory effect of IFN-a, were
sensitive to IFN-B (Fig. 1). IFN-B also exhibited a stronger
antitumor effect in vivo on xenografted HuH7 tumor model
nude mice (Fig. 2). Consistently, the previous studies reported
that IFN-B has greater antitumor effects than IFN-a on mela-
noma, squamous carcinoma and breast cancer cells (17-19),
however the mechanism of such distinct effects has not been
studied.

We hypothesized that the investigation of IFN signal
transduction could explain the differences in the IFNs' action,
as well as the sensitivity of HCC cells to the IFNs. We found
that the IFN-sensitive cells express higher IFNAR2, and
subsequent phosphorylations of STAT1 and 3 by the IFNs
were higher in these cells. Conversely, the resistant cells lack
the receptor, and their IFN signaling was faint (Figs. 1, 3
and 4). The experiments on HuH7 cells, which express low
IFNAR2, revealed the occurrence of stronger and persistent
induction of pSTAT1 and 3 by IFN- compared to that induced
by IFN-a. Still in vivo induction of pSTAT3 was more
frequently observed in IFN-B-treated tumors than in IFN-a-
treated tumors. Therefore, the strong and continual signaling
by IFN-B in HuH7 cells may activate the transcription of
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Figure 6. Neutralizing assays with anti-human IFNAR2 antibody on PLC/
PRF/5 cells. (A) Blockade of IFN signaling by the antibody. The cells were
incubated with or without 1:5000 diluted anti-IFNAR?2 antibody for 24 h,
then they were induced with 2.5 ng/ml either of IFN-a or IFN-. Induction
of pSTAT1 was blocked for both IFNs, but less for IFN-, with the antibody.
The expression value of each protein band was calculated relative to that of
actin. Data are representative of similar results of repeat experiments. (B)
The antiproliferative effect of the IFNs (2.5 ng/ml) was examined in the
presence of serial dilutions of anti-IFNAR?2 antibody as described in Materials
and methods. The antibody significantly reduced the antiproliferative effect
of IFNs (“p<0.05 vs control without the antibody by Dunnett's test).
Suppression of the effects of IFN- required more antibody than that of
IFN-a.

various genes that result in a more potent antitumor effect.
Previous studies reported that the IFNs produce variable
induction of apoptosis and cell cycle inhibition in cancer
cells (20-22).

Because the IFNs' signaling was different, we tried to
investigate the binding of the IFNs to the receptors. For this
purpose, we performed neutralizing experiments using an
antibody binding to the extracellular part of IFNAR2. Our
results on an HCC cell line with abundant receptor showed
distinct suppression of the IFNs' effect and signal trans-
duction when IFNAR2 is blocked (Fig. 6). This suggested
that IFN-a and IFN-f interact with IFNAR?2 differently,
although they share a common receptor. We also performed
the neutralizing experiments on HuH7 cells, however the
results were insignificant, perhaps because of less IFNAR?2
expression in these cells and/or lower growth-inhibitory effect
of the IFNs (data not shown). Differences in binding the IFNs
to the IFN receptors were discussed previously; IFNAR2c
subunit was distinctive for IFN-o and IFN- (23,24), or binding
centers of the IFNs were different on the same IFNAR?2 (25).
Besides, the results may be related to the higher affinity
binding of IFN-f with the receptors than that of IFN-a (26).
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Our findings further support these observations and were in
agreement with suggestions that IFN-a's signaling might be
transferred mainly through IFNAR2 (9,10), or blocking of
IFNAR? alone appears to be less sufficient for suppression of
IFN-8 signal transduction.

From a clinical point of view, the usefulness of IFN-a
monotherapy for HCC has been denied by randomized
controlled trail study (27), and the promising combination
therapy with subcutaneous IFN-o and intra-arterial 5-FU is
less effective for patients with low IFNAR?2 expression in
tumor (6). Moreover, we found that 35% of the HCC patients
exhibit no or faint expression of IFNAR?2 (28). The correlation
between clinical response of cancer patients to IFN therapy
and in vitro susceptibility of malignant cells to IFN was
reported previously (29). Therefore the present and our previous
(13) in vitro and in vivo studies suggest that IFN- and/or its
combination with anticancer drugs are promising for the
treatment of human HCC with a possibility to improve the
response rate, especially for patients with less IFNAR2.

In conclusion, our results suggest that the HCC cells that
express low IFNAR?2 and are resistant to IFN-a, might be
sensitive to the growth-inhibitory effect of IFN-8, which is
mediated by stronger IFN signal transduction and has different
binding to IFNARs compared to IFN-a.
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