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A high glucose condition sensitizes human hepatocytes
to hydrogen peroxide-induced cell death
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Abstract. Oxidative stress is known to play a key role in
the progression of liver disease, including non-alcoholic
steatohepatitis (NASH), which is often accompanied by
hyperglycemia. This study examined the influence of high
glucose on oxidative stress-induced hepatic cell death. He
cells, a normal human hepatocyte-derived cell line, were
cultured in normal-to-high glucose (5.5-22 mM)-containing
medium with varying concentrations (0.01-1 mM) of hydro-
gen peroxide. In certain experiments, cyclosporine A (CyA),
which inhibits the mitochondrial permeability transition
(MPT) pore, or Z-VAD-FMK (2-VAD), a pan-caspase inhi-
bitor, were added to the medium. Cell viability was evaluated
using a colorimetric assay. The mode of cell death was
determined by nuclear staining methods using Hoechst
33258 and Sytox green. Neither high glucose (22 mM) nor
0.05-0.5 mM of hydrogen peroxide alone killed Hc cells.
However, a combination of the two induced cell death,
causing the nuclei of He cells to become expanded rather
than condensed, and the nuclear membrane to become weak.
CyA, but not z-VAD, blocked cell death. These results
suggest that a high glucose condition may cause human
hepatocytes to undergo hydrogen peroxide-induced necrotic
cell death.
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Introduction

Recently, oxidative stress has been recognized as the major
cause of liver disease, including non-alcoholic steatohepatitis
(NASH), alcoholic liver disease (ALD) and hepatitis C virus
(HCV)-related liver disease (1). The pathogenesis of oxidative
stress is currently under investigation. Reactive oxygen species
such as (ROS), superoxide and hydrogen peroxide, which are
induced in the normal liver, are among the causes of oxidative
stress, During inflammation due to infection, activated macro-
phages and neutrophils undergo respiratory bursts and release
ROS to destroy invading organisms (2,3), This function is an
important normal immune reaction to infection in the liver.
Alcohol also causes increased ROS production in the liver
through several metabolic pathways, and the induced ROS
accelerate hepatocyte cell death (4,5). In addition, metabolic
syndrome, closely associated with NASH, generates ROS in
the liver and other tissues (6). ROS generation resulting in
abnormal mitochondrial function has been observed in NASH,
and oxidative stress plays a role not only in hepatic steatosis
but also in hepatic fibrosis (7). HCV also causes mitochondrial
damage in hepatocytes and increases ROS (8.9), followed by
ROS-induced hepatic steatosis (10,11). Hepatic cancer in HCV
transgenic mice is moreover associated with the generation of
ROS (12). In short, ROS are generated with various liver dis-
eases and influence hepatocyte and hepatic stromal cells (13).
Oxidative stress has potentially important implications for the
progression of liver disease.

Oxidative stress induces insulin resistance in the liver
(14) and muscle (15). It is known that insulin resistance in
the liver is brought on by deficiencies in insulin signaling in
hepatocytes (16) and causes hyperinsulinemnia, hyperglycemia
and other metabolic syndrome factors. Both hyperinsulinemia
and hyperglycemia were recently noted as being a cause of
liver damage (17). A previous study revealed that maintaining
normoglycemia by the use of insulin reduces morbidity and
mortality in critically ill patients. This phenomenon is assumed
10 be related to the protection of hepatocyte mitochondria ultra-
stracture and function by normoglycemia (18). On the other
hand, hyperglycemia-related cell death is observed in various
cell types. For instance, high glucose has been reported to
induce endothelial cell death (19), cardiac myoblast cell death
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(20). neuron death (21), muscle cell death (22) and podocyte
cell death in virro (23). In addition, high glucose stimulated
connective tissue growth factor expression, a key factor of
hepatic fibrosis, in hepatic stellate cells (24). This indicates
that it might play an important role in hepatic fibrosis (25).
However, the influence of high glucose on hepatocytes has
not been thoroughly investigated.

Advanced liver disease by alcohol, NASH or HCV infec-
tion does not result from a single factor. The two-hit theory
for the progression of NASH is a well-known hypothesis
(26). Specifically, hepatic steatosis, which is correlated with
oxidative stress caused by various etiologies (28), is known

to be a co-factor in other liver diseases (27). A previous report
demonstrated that ROS determines susceptibility to TGF-8-
induced apoptosis in cirrhotic hepatocytes (29) and to TNF-a-
induced apoptosis in primary hepatocytes (30). Components
of metabolic syndrome, such as hyperglycemia and hyper-
insulinemia, may also be negative factors for liver disease
(31,32). However, the influence of the combination of meta-
bolic syndrome and ROS on hepatocyte cell death has yet to be
examined.

This study attempted to examine the influence of high
glucose on ROS-induced hepatocyte cell death using hydrogen
peroxide as a representative ROS.
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Materials and methods

Reagents and cell culture. Insulin, cyclosporine A (CyA) and
tacrolimus (Tac) were generous gifts from Novartis Pharma
Co. (Basel, Switzerland) and Astellas Co. (Tokyo, Japan),
respectively, Z-VAD-FMK (z-VAD), a pan-caspase inhibitor,
was purchased from Sigma (St. Louis, MO, USA), and hydro-
gen peroxide, fructose, saccharose and xylitol from Wako
Pure Chemical Industries, Ltd. (Osaka, Japan).

He cells, a normal human hepatocyte-derived cell line,
(Applied Cell Biology Research Institute, Kirkland, WA, USA)
were maintained in Dulbecco's modified Eagle's medium
(DMEM; Sigma) containing 5.5 mM glucose supplemented
with 10% fetal bovine serum. Cells (3x10*) were placed into
96-well multiplates, After 8 h, the medium was replaced with
fresh serum-free DMEM containing 5.5 mM of glucose, and
the cells were incubated for 24 h. This was followed by
treatment with varying concentrations of hydrogen peroxide
in serum-free DMEM containing 5.5 mM (normal) or 22 mM
(high) glucose for 15-120 min. Next, cell viability was
determined. In certain experiments, 100 nM of insulin was
added to the culture medium together with hydrogen peroxide.
Varying concentrations of CyA, Tac or z-VAD were added
to the culture medium 30 min before hydrogen peroxide
treatment.

Cell viability assay. Cell viability was determined by the
colonmetric method using a Cell Counting Kit (Wako Life
Science, Osaka, Japan). The absorbance of each well was
measured at 405 nm with a microtiter plate reader (Multiskan
IX, Thermo BioAnalysis Co., Japan). Data were expressed as
the mean + SD. Statistical significance was assessed using
the Student's t-test. Statistically significant difference was
defined as p<0.05. All numerical results are the mean of four
independent experiments.

Fluorescent nuclear staining. The He cells were seeded onto
11-mm glass cover-slips in 24-well plates at 2x10* cells/well.
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The next day, the medium was replaced with serum-free high
or normal glucose DMEM, and the cells were treated with
hydrogen peroxide. To determine the mode of cell death, He
cells were incubated for 15 min with Sytox green nucleic acid
stain (Molecular Probes, Eugene, OR, USA), which penetrates
cells with compromised plasma membranes but does not cross
the membranes of viable cells or apoptotic bodies. He cells
were also stained with 1 mM of Hoechst 33258 (Invitrogen
Japan K K., Tokyo, Japan) for 30 min, and morphological
changes in the nuclei were examined. Fluorescent nuclei were
visualized using an Olympus BX50 microscope (Olympus,
Tokyo, Japan) at 450-490 nm, and images captured using &
Nikon DXM 1200 digital camera (Nikon, Tokyo, Japan).

Results

High glucose enhances sensitivity in hydrogen peroxide-
induced Hc cell death. We examined the effects of a high
glucose (22 mM) culture condition on the susceptibility of
He cells to hydrogen peroxide (Fig. 1A). In normal glucose
(5.5 mM) culture conditions, 0.05-0.5 mM hydrogen peroxide
did not affect the viability of He cells. However, in high
glucose (22 mM) culture conditions, He cells became
susceptible to 0.05-0.5 mM hydrogen peroxide. Hydrogen
peroxide (1 mM) killed He cells regardless of glucose concen-
trations. Since insulin stimulates the uptake and metabolism
of glucose in cells, we added 100 nM insulin to the culture
medium together with hydrogen peroxide (Fig. 1B). Although
insulin seemed to increase cell viability in the absence of
hydrogen peroxide, it could not restore the cell death induced
by 0.05-0.5 mM hydrogen peroxide in a high glucose culture
condition.

Effect of glucose on He cell death is dose dependent; other
saccharides do not have a glucose-like effect ar comparable
concenirations. The relationship between hydrogen peroxide-
induced He cell death and glucose concentrations in the culture
medium was examined (Fig. 2A). With 0.1 mM of hydrogen
peroxide, He cell viability decreased in higher glucose condi-
tions compared to a normal glucose (5.5 mM) condition, and
considerable cell death was detected in the highest glucose
conditions (22 mM). There was a statistically significant
difference between 22 mM glucose and the other glucose con-
centrations (p<0.01). To ascertain whether this phenomenon
was due to a specific effect of glucose or to non-specific
effects of high concentrations of saccharides, cell viability
with exposure to 0.1 mM hydrogen peroxide was compared
among similar concentrations of four different saccharides:
fructose, saccharose, xylitol and glucose, where 16.5 mM of
each saccharide was added to DMEM containing 5.5 mM of
glucose to adjust the concentration (Fig. 2B). Hydrogen per-
oxide (0.1 mM) induced Hc cell death at a high concentration
of glucose only, and not at thh concentrations of the other
saccharides.

He cell viability is rapidly decreased by hydrogen peroxide in
a high glucose condition. The decline of He cell viability was
detected after 15 min exposure to hydrogen peroxide (0.1 mM)
in a high glucose culture condition (Fig. 3). Thereafter, cell
viability rapidly decreased. Viable cells were rarely observed
after 120 min exposure to hydrogen peroxide.
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Figure 6. Effect nnyvlwporm: A (CyA), taclorimus (Tac) or 2-VAD on cell
death induced by hy peroxide under high glucose conditions. He cells
were treated for 110 mln with 0.05 mM hydmgen peroxide in medivm
containing 5.5 or 22 mM gl The indi ions of CyA, Tac
or 2-VAD were added to the medium 3-0 min before treatment. Cell wah:lu:
in each culture fition is e d as & l to the
viability of the control {5.1 oM glucose medium with 005 mM hydrogen
peroxide). Data represent the mean + SD values of four independent experi-
ments. "p<0.01.

Hydrogen peroxide-treated He cells have enlarged and Sytox
green-stained nuclei. To determine the mode of cell death,
the nuclei of He cells were stained with Hoechst 33258
(Fig. 4) and Sytox green (Fig. 5) 2 h after hydrogen peroxide
treatment. Hoechst 33258 staining indicated no structural
changes in the nuclei of He cells in normal glucose, high
glucose or normal glucose with hydrogen peroxide (0.1 mM)
culture conditions (Fig. 4A, B and C). However, in high
glucose culture conditions, He cells exposed to hydrogen
peroxide (0.1 mM) showed expanded rather than condensed
nuclei, indicating apoptosis (Fig. 4D). He cells were also
stained with Sytox green, which penetrates cells with compro-
mised plasma membranes but does not cross the membranes
of apoptotic bodies. Sytox green-stained nuclei were detected
in cells treated with | mM hydrogen peroxide in a normal
glucose condition (Fig. 5B) or with 0.1 mM hydrogen
peroxide in a high glucose condition (Fig. 5D), but not in the
cells incubated in a normal glucose condition with or without
0.1 mM of hydrogen peroxide (Fig. SA and C).

Cyclosporine A, but not z-VAD or tacrolimus, rescues He
cells from hydrogen peroxide-induced cell death. We finally
examined whether CyA or z-VAD restores Hc cell death
induced by 0.05 mM of hydrogen peroxide in a high glucose
condition. CyA, an inhibitor of calcineurin, has a property
which inhibits mitochondrial permeability transition (MPT)
pores, resulting in the inhibition of necrotic cell death (33).
z-VAD, a pan-caspase inhibitor, blocks caspase-dependent
cell death such as apoptosis. Pre-incubation with 0.2 and
1.0 uM of CyA 30 min before exposure to 0.05 mM hydrogen
peroxide in a high glucose condition recovered cell viability
to the level observed in 0.05 mM hydrogen peroxide in a

as3

normal glucose concentration, but z-VAD did not (Fig. 6).
Tac, another calcineurin inhibitor that does not affect MPT
activity, showed no effect on cell viability.

Discussion

Several mechanisms of cell death in response to hydrogen
oxide have been proposed (34-38), Of these, Peiro et al
reported that a high concentration of hydrogen oxide induces
necrosis and a low one apoptosis in human aortic smooth
muscle cells (38). Han er al showed that sub-lethal levels
of hydrogen oxide sensitized cultured hepatocytes to TNF-
induced apoptasis. High levels of hydrogen oxide triggered
necrosis in hepatocytes regardless of whether TNF was
present (34), In the present study, 0.05-0.1 mM of hydrogen
peroxide did not have the ability to kill He cells under normal
glucose culture conditions. However, in a high glucose culture
condition, they effectively induced He cell death. This cell
death was characterized by rapid induction, the expansion of
nuclei (39), weakness of the nuclear membrane (40), no
condensation of nuclei and no restoration of cell death by a
pan-caspase inhibitor. These results suggest that the mode of
cell death observed in this study could be necrosis rather than
apoptosis (41). In addition to the above findings, the synergic
effect of high glucose and hydrogen peroxide on cell death
was blocked by CyA. Since CyA inhibits MPT pores, it is
possible that the mechanism of cell death was MPT dependent.
CyA also inhibited Hc cell death induced by a high concen-
tration of hydrogen peroxide (1 mM) (data not shown). A
similar observation was reported regarding high glucose-
induced endothelial cell death through a MPT-dependent
process, which was prevented in the presence of CyA (42).
These findings suggest a synergistic mechanism where high
glucose induces the inhibition of MPT activity, while the
addition of low-dose hydrogen peroxide leads to MPT-related
cell death. A high glucose condition might elevate the sensi-
tivity of hepatocytes to ROS, including hydrogen peroxide.
This is consistent with the observation reported by Bouvard
et al that HeLa-tat cells, which are stably transfected with the
tat gene from human immunodeficiency virus type 1 and have
a decreased antioxidant potential, exhibit necrosis or apoptosis
under high glucose (20 mM) culture conditions, while
parental HeLa cells do not (42).

The relationship between CyA and cell death was recenily
clarified. Necrosis involves the opening of pores in the inner
mitochondrial membrane, known as MPT pores (44). This
process is triggered by the accumulation of calcium inside
the mitochondria and an increase in oxygen-free radicals that
accompanies reperfusion (45). MPT pores have three com-
ponents, adenine nucleotide translocase, voltage-dependent
anion transporter and cyclophilin D (CypD). CyA binds to
CypD, preventing it from binding to the adenine nucleotide
translocase and strongly inhibiting MPT activity (46),which
leads to ATP depletion and necrotic cell death (47). MPT is a
key in necrotic cell death caused by oxidative stress, but is
rarely involved in apoptosis. The mechanism by which CyA
inhibits MPT has been attributed to its inhibitory effect on
the peptidyl-prolyl isomerse activity of CypD, believed to be
required for the formation of the MPT complex and MPT
activation (46).
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The coexistence of high glucose and hydrogen peroxide is
a situation of clinical importance. A previous report (24)
revealed that the association of elevated liver enzymes and
postprandial hyperglycemia is adequate for the early diagnosis
of NASH (48). Additionally, it was reported that acarbose
(49), an o-glucosidase inhibitor, improves postprandial hyper-
glycemia by delaying the absorption of glucose. In addition,
a B-cell stimulator improves postprandial hyperglycemia by
early stimulation of insulin and attenuates NASH. It is possible
that hepatocytes escape cell death due to the improvement
of postprandial hyperglycemia provided by these drugs.
However, the influence of glucose concentrations on liver
disease has not been thoroughly investigated. CyA, a useful
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immunosuppressant, might be suitable for immunosupp
following liver wransplantation. This is because transplanted
patients are susceptible to diabetes (50), and liver grafts are
exposed 1o oxidative stress such as ischemic-reperfusion stress
(51), suggesting that the damaged grafted liver, along with
hyperglycemia, increases the risk of hepatocyte death.

This study demonstrated that the combination of high
glucose and hydrogen peroxide causes necrotic hepatocyte
death. This necrotic cell death is thought to be a MPT-related
cell death because it is blocked by CyA. Clinically, hyper-
glycemia, a factor of metabolic syndrome, is often associated
with ROS in the liver. Therefore, it is necessary to examine
the influence of glucose concentrations on patients with HCV
infection, NASH and ALD and who are undergoing liver
transplantation.
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Tum-1, a tumstatin fragment, gene delivery into
hepatocellular carcinoma suppresses tumor
growth through inhibiting angiogenesis

TAKASHI GOTO!, HIROKI ISHIKAWA!, KOJIRO MATSUMOTO', DAISUKE NISHIMURA!,
MARIKO KUSABA', NAOTA TAURA!, HIDETAKA SHIBATA!, HISAMITSU MIYAAKI!
TATSUKI ICHIKAWA', KEISUKE HAMASAKI', KAZUHIKO NAKAO!,

YOHEI MAESHIMA? and KATSUMI EGUCHI'

'First Department of Internal Medicine, Nagasaki University School of Medicine, 1-7-1 Sakamoto, Nagasaki 852-8501;
’Department of Medicine and Clinical Science, Okayama University Graduate School of Medicine,
Dentistry and Pharmaceutical Sciences, Okayama, Japan

Received December 27, 2007; Accepted February 5, 2008

Abstract. Since hepatocellular carcinoma (HCC) is a hyper-
vascular cancer, anti-angiogenic therapy is a promising
approach to treat HCC. In the present study, we investigated
the antiangiogenic and antitumor effects of tum-1, a fragment
of tumstatin, gene transduction into HCC in vitro and in vive,
Tum-1 gene was cloned into a pSecTag2B mammalian
expression vehicle to construct pSecTag2B-tum-1.
pSecTag2B-tum-1 or vehicle were transfected into human
HCC cells, PLC/PRF/5 cells stably and Huh-7 cells tran-
siently, pSecTag2B-tum-1 transfection slightly repressed the
proliferation of both PLC/PRF/5 and Huh-7 cells in vitro.
Addition of conditioned media (CM) from tum-1 expressing
PLC/PRF/5 cells significantly inhibited the spontaneous
and vascular endothelial growth factor (VEGF)-induced
proliferation and migration of human umbilical vein endothelial
cells (HUVEC) in vitro with diminishing the VEGF-induced
phosphorylation of both Akt and extracellular signal-regulated
kinase (ERK) that are known to mediate VEGF-induced
proliferation and migration of endothelial cells. In in vivo
experiments, intratumoral injection of pSecTag2B-tum-1
significantly repressed the growth of pre-established Huh-7
tumors in athymic mouse models accompanying the decreased
density of CD34 positive vessels in tumors. In conclusion,
our results suggest that antiangiogenic gene therapy using
tum-1 gene may be an efficient strategy for the treatment of
HCC
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Introduction

Hepatocellular carcinoma (HCC) is one of the most common
fatal malignancies worldwide, and is especially common in
several parts of Asia and Africa (1). Although advances in
medical technology have permitted the early recognition and
treatment of HCC (1,2), the annual death rate from HCC
exceeds 30,000 in Japan (3). Therefore, there is a need to
develop new strategies to treat HCC.

Recently, it has been reported that antiangiogenic agents
sufficiently inhibit tumor growth in vive (4). Since HCC is
a hypervascular cancer, antiangiogenic therapy might be
particularly effective in the treatment of patients with HCC,
However, systemic administration of antiangiogenic agents,
such as thalidomide (5) or TNP-470 (6), might not be the most
efficient method for locally aggressive tumors, Therefore, it
is conceivable that antiangiogenic gene delivery to cancer
cells could be suitable for the treatment of HCC, where it can
increase the local concentration of therapeutic endogenous
agents. In fact, we have reported that the introduction of
antiangiogenic genes such as angiostatin and pigment
epithelium-derived factor (PEDF) genes into HCC cells
exhibited significant antitumor effect in xenograft models
(7.8).

The noncollagenous domain of a3 chain of type IV
collagen, namely tumstatin, has the antiangiogenic property
by inhibiting endothelial cell proliferation and inducing
their apoptosis via an interaction with avB3 integrin (9-15).
Antiangiogenic effect of tumstatin has been studied in
xenograft models, where tumstatin repressed the growth of
several cancer types including renal cell carcinoma, prostate
cancer, melanoma and lung carcinoma (9-11,13). In the
present study, we constructed a mammalian expression vector
expressing tum-1 which consists of 54-244 amino acids of
tumstatin and has antiangiogenic activity (9). Following
stable transfection of this vector into HCC cells, we examined
the antiangiogenic activity of tum-1 using cultured human
umbilical vein endothelial cells (HUVEC) in the presence or
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absence of vascular endothelial growth factor (VEGF). In
addition, we investigated the antiangiogenic and antitumor
effects of tum-1 in vive by intratumoral injection of tum-1
expression vector into HCC tumor implanted subcutaneously
in athymic nude mice.

Materials and methods

Cell culture. Human HCC cell lines, PLC/PRF/5 and Huh-7
cells, were maintained in RPMI supplemented with 10%
bovine calf serum. Human umbilical vascular endothelial
cells (HUVEC) were purchased from Sankyo Junyaku (Tokyo,
Japan) and were grown in endothelial cell growth medium 2.
HUVEC were grown to <6 passages for all experiments.

Plasmid construction and transfection. The human tum-1
¢DNA was kindly provided by Dr Y. Maeshima (Department
of Medicine and Clinical Science, Okayama University, Japan)
and cloned into pSecTag2B mammalian expression vector
containing hexahistidine tag (Invitrogen, Carlsbad, CA) to
construct pSecTag2B-tum-1. To establish the PLC/PRF/5
cells stably expressing tum-1/hexahistidine chimera protein,
10 ug of pSecTag2B-tum-1 was transfected into the cells by
the lipofection method (Life Technologies, Inc., Gaithersburg,
MD). After transfection, the cells were cultured in fresh
medium containing Zeocin (100 pg/ml) for 2 weeks. Zeocin-
resistant pooled populations were subjected to further studies.
As a control, pSecTag2B vehicle was also stably transfected
into PLC/PRF/5 cells. In addition, pSecTag2B vehicle or
pSecTag2B-tum-1 was transiently transfected into Huh-7 cells.

Preparation of conditioned media. PLC/PRF/5 cells stably
transfected with pSecTag2B-tum-1 or vehicle were plated on
100-mm dishes. After 24 h, the medium was replaced with 5 ml
serum-free RPMI and incubated for 48 h. Then, conditioned
media (CM) from pSecTag2B-tum-1-transfected PLC/PRF/5
cells (CM-tum-1), vehicle-transfected PLC/PRF/5 cells
(CM-Mock) and non-transfected PLC/PRE/S cells (CM-N)
were collected and used in the assay. In some experiments,
CM-tum-1 was passed through the His trap kit (Amersham
Life Science, Buckinghamshire, UK) and the flow-through
fraction (CM-tum-1 AHis) was collected and used in the assay.
Similarly, CM from Huh-7 cells transiently transfected with
SecTag2B-tum-1 (CM-tum-1) and vehicle (CM-Mock) or
CM from non-transfected Huh-7 cells (CM-N) were collected
and used in the assay.

Proliferation of hepatoma cells. PLC/PRF/S cells stably
transfected with vehicle (Mock) or pSecTag2B-tum-1 (tum-1)
were seeded onto 96-well culture plates at ~5x10° cells/well
and were incubated for 72 h. Cell proliferation was evaluated
using the CellTiter 96 Aqueous One Solution Cell Proliferation
Assay kit (Promega, Madison, WI). Similarly, non-transfected
PLC/PRF/5 cells were seeded onto 96-well culture plates.
After 24 h, the medium was replaced with 100 uI of CM-N,
CM-Mock, CM-tum-1 and CM-tum-1AHis. After 48 h, cell
proliferation was determined. Whereas, Huh-7 cells seeded
onto 96-well culture plates were transiently transfected with
vehicle (Mock) or pSecTag2B-tum-1 (tum-1) and cultured
for 48 h, and cell proliferation was determined.

Proliferation and migration of HUVEC. HUVECs were plated
onto 96-well culture plates at approximately 5x10° cells/well
and incubated for 24 h. Medium was replaced with 100 pl
of CM-Mock or CM-tum-1 with or without 10 ng/ml of
recombinant human vascular endothelial growth factor (VEGF,
R&D systems, Minneapolis, MN, USA). After 48 h, cell
proliferation was determined by the CellTiter 96 Aquecous
One Solution Cell Proliferation Assay kit. Migration of
HUVEC was analyzed using 8.0-um 24-well Transwells
(Corning, Acton, MA) as described previously (7,8). Briefly,
600 ul of CM-Mock or CM-tum-1 with or without 10 ng/ml
of VEGF was placed in the lower chamber. HUVEC
(~2x10%) suspended in 200 ul of serum-free RPMI were
added to the upper chamber. After 24-h incubation, non-
migrating cells were removed from the upper surface of the
membrane with a cotton swab. Cells migrating to the lower
surface were fixed with methanol and stained with Giemsa.
Cell number was counted with a light microscope under a
high power field (magnification x200).

Western bloting. HUVEC were incubated with CM-Mock or
CM-tum-1 in the presence or absence of 10 ng/ml of VEGF
for 30 min. Then, the cells were washed twice with phosphate-
buffered saline (PBS), lysed by addition of lysis buffer [30 mM
Tris (pH 8.0), 150 mM NaCl, 0.02% sodium azide, 0.1%
SDS, 100 pg/ml PMSF, 1 ug/mi of aprotinin, 1% NP40,
0.5% sodium deoxycholate and 1 mM sodium o-vanadate]
for 10 min at 4°C, and insoluble materials were removed by
centrifugation at 14,000 rpm for 30 min at 4'C. The supernatant
was collected, and the protein concentration was determined
using a Bio-Rad protein assay kit (Melville, NY, USA), The
same amount of protein from each lysate or conditioned
medium (10 pg/well) was analyzed by electrophoresis on
8-12% SDS polyacrylamide gel and transblotted onto nitro-
cellulose membrane. Blots were blocked with a solution of
5% non-fat dry milk/Tris-buffered saline containing 0.1%
Tween-20 (TBS-T) for 1 h and then incubated overnight at
4°C in the presence of rabbit anti-hexahistidine (ICN, Costa
Mesa, CA), rabbit anti-human phosphor-Akt, rabbit anti-
human Akt, rabbit anti-human phosphor-ERK1/2 and rabbit
anti-human ERK1/2 (Cell Signaling, Beverly, MA, USA).
The membranes were washed with TBS-T and were incubated
with horseradish peroxidase-conjugated anti-rabbit immuno-
globulin G. After washing with TBS-T, immunoreactive
bands were visualized using the ECL chemiluminescence
system (Amersham).

In vivo study. Four-week-old male BALB/c nu/nu athymic
mice were purchased from Charles River (Yokohama, Japan).
Animal experiments were performed in accordance with
institutional guidelines, and the study was approved by the
Ethics Committee of Nagasaki University. Huh-7 cells (3x10%)
were implanted subcutaneously into the left thigh. Tumor
volume was calculated as follows; tumor volume = length
(mm) x width? (mm) x 1/2, When the tumor volume reached
100 mm?, pSecTag2B-tum-1 [75 pg plasmid/100 ul of TE
(Tris ethylenediamine tetra acetic acid) buffer] with 20 x1 of
lipofectin was injected into the tumor at day 1, 8, 15 and 22.
As a control, pSecTag2B vehicle (75 ug plasmid/100 ul of TE)
with lipofectin was injected similarly. Each group consisted
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Figure |. Growth of PLC/PRF/S cells stably transfected with pSecTag2B-tum-1. (A) Exp of tum-1/hexshistidine chimera protein in CM from

PLC/PRF/S cells stably transfected with pSecTag2B-tum-1 was analyzed by Western blotting; CM-N, CM from non-transfected cells; CM-Mock, CM from
vehicle transfected cells; CM-tum-1, CM from pSecTag2B-tum-] transfected cells; CM-tum- | AHis, C‘M -tum- | passed through His trap kit. (B) PLC/PRF/S
cells stably transfected with vehicle (Mock) or pSecTag2B-tum-1 (Tum-1) were cultured for 72 h, after which cell mumber was d. Results are exy d
as a percentage of Mock. Data represent the mean & SD values of four sepamte experiments; “p<0.01 vs Mock. (C) CM shown in (A) was added to non-

transfected PLC/PRF/S cells, and cells were cultured for 48 h, then cell number was counted. R

Its are dasap ge of CM-N. Data represent

the mean + SD values of four separate experiments; "p<0.01 va CM-N, CM-Mock and CM-um-1 AHis.

of five mice. Tumor volume was measured every 2-3 days
until 25 days after first injection. Tumors were removed and
analyzed by reverse-transcriptase polymerase chain reaction
(RT-PCR) and immunohistochemistry.

RT-PCR. Total RNA was extracted from tumors and PLC/
PRF/S cells stably transfected pSecTag2B-tum-1. RNA was
used after contaminating DNA was completely removed by
DNase I treatment. RT-PCR was performed according to the
instructions provided by the supplier of the OneStep RT-PCR
Kit (Qiagen, Valencia, CA), using primers specific for tum- |
derived from pSecTag2B-tum-1 and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) as a control. Reaction
mixtures (10 ul) were loaded on 1.2% agarose gels and
visualized by ethidium bromide staining.

Immunohistochemistry. Immunohistochemistry was performed
using anti-mouse CD34 antibody (Serotec Ltd., Oxford, UK )
and anti-mouse aSMA (Actin, Smooth Muscle, Shandon
Immunon™ , USA). Tissue samples of the tumor extracted
from each mouse were cut into 4-ym-thick sections and
mounted on aminopropyltriethoxysilane-coated glass slides,
Sections were immunostained with anti-CD34 at a dilution of

1:100 for 60 min using the Streptavidin Peroxidase technique
(SAB) (Histomouse™ Plus Kits, Zymed Labolatories Inc.,
South San Francisco, USA). The second staining with anti-
aSMA was conduced by making the section reactive primary
antibody, anti-aSMA (dilution 1:100), at 4°C overnight, and
by using the SAB technique. The sections were stained with
the mixture of a commercial chromogen (VIP) and hydrogen
peroxide and hematoxylin for counterstaining.

Statistical analysis. All data were expressed as mean + SD,
Differences between groups were examined for statistical
significance using Student's t-test. All reported p-values are
two-tailed, and those <0.05 were considered statistically

significant.
Results

Tum-1 gene introduction slightly represses the proliferation
of HCC cells. Tum-1 expression plasmid (pSecTag2B-tum-1)
was stably transfected into PLC/PRF/S cells, and the secretion
of tum-1 protein from the cells was analyzed by Western
blotting. As shown in Fig. 1A, conditioned medium (CM)
from PLC/PRF/5 cells stably transfected with pSecTag2B-
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Figure 2. Growth of Huh-7 cells transiently transfected with pSecTag2B-
tum-1. (A) Expression of tum-1/hexahistidine chimera protein in CM from
Huh-7 cells transiently transfected with pSecTag2B-tum-1 was analyzed by
Western blotting with using anti-His tag antibody, CM-N, CM from non-
transfected cells; CM-Mock, CM from vehicle transfected cells; CM-tum-1,
CM from pSecTag2B-tum-1 transfected cells. (B) Huh-7 cells transiently
transfected with pSecTag2B-tum-1 (Tum-1) or vehicle (Mock) were incubated
for 48 h, after which cell number was counted. Results are expressed s a
percentage of Mock. Data represent the mean < SD valves of four separate
experiments; “p<0.05 vs Mock,

tum-1 (CM-tum-1) contained the tum-1/hexahistidine chimera
protein detected by anti-hexahistidine antibody, and this
chimera protein was effectively removed by the His trap kit
(CM-tum-1AHis) (Fig, 1A). Cell proliferation assay showed
that the growth of PLC/PRF/5 cells stably transfected with
pSecTag2B-tum-1 was slightly slower than that of PLC/PRF/S
cells stably transfected with vehicle (Mock) (Fig. 1B). To
clucidate whether this growth suppression was mediated by
tum- | /hexahistidine chimera protein, CM from PLC/PRF/5
cells stably transfected with pSecTag2B-tum-1 (CM-tum-1)
was added to parental PLC/PRF/5 cells, which also retarded
the growth of parental cells compared with addition of CM-
tum-1 passed through His trap kit (CM-tum-1AHis) or CM
from PLC/PRF/5 cells stably transfected with vehicle (CM-
Mock) (Fig. 1C). Next, pSecTag2B-tum-1 was transiently
transfected into Huh-7 cells, and effect on the cell growth
was determined. As shown in Fig. 2A, CM from Huh-7 cells
transiently transfected with pSecTag2B-tum-1 (CM-tum-1)
contained the twm-1/hexahistidine chimera protein. The
growth of Huh-7 was slightly repressed by transient trans-
fection with pSecTag2B-tum-1 (Fig. 2B). These results suggest

that tum-1 has a weak but significant antiproliferative activity
against human HCC cells.

Tum-1 inhibits the spontaneous and VEGF-induced pro-
liferation and migration of HUVEC, Next, we determined the
effects of tum-1 on the spontaneous and VEGF-induced
proliferation and migration of HUVEC, As shown in Fig. 3A,
addition of CM from PLC/PRF/5 cells stably transfected
with pSecTag2B-tum-1 (CM-tum-1) clearly inhibited both
spontaneous and VEGF-induced proliferation of HUVEC
compared with addition of CM from vehicle transfected cells
(CM-Mock) (Fig. 3A). Similarly, addition of CM-tum-1
repressed the spontaneous and VEGF-induced migration of
HUVEC (Fig. 3B). Since phosphatidylinositol 3-kinase
(PI3K)-protein kinase B (PKB/Akt) and extracellular signal-
regulated kinase (ERK) signaling pathways are involved in the
VEGF-indueed proliferation and migration of HUVEC (16-18),
we analyzed the effects of tum-1 on the VEGF-induced
phosphorylation of Akt and ERK by Western blotting (Fig. 4).
Phosphorylation of both Akt and ERK was constitutively
detected in HUVEC, which was further upregulated by VEGF.
However, addition of CM-tum-1 repressed the VEGF-induced
phosphorylation of both Akt and ERK to the basal level.

Antitumor effect of tum-1 gene introduction in vive. Huh-7
cells were subcutaneously implanted and tumors were
established in athymic nude mice because Huh-7 cells were
more efficiently transplantable than other cell lines. After
reaching an adequate size, the tumor was directly injected
with pSecTag2B-tum-1, and the effect of treatment on tumor
size was determined. Injection of pSecTag2B-tum-1 resulted
in a significant reduction of tumor volume compared with
vehicle-injected tumors at day 24 (p<0.01; Fig. 5). The
expression of tum-1 mRNA in the pSecTag2B-tum-1-injected
tumors (at day 24) was confirmed by RT-PCR (Fig. 6A),
where the density of CD34 and aSMA positive vessels/fields
was significantly lower than those in the vehicle-injected
tumors (Fig. 6B and C). These results indicate that the tumor
suppressive effect of tum-1 gene injection was closely related
to the vascularity of tumors.

Discussion

Tumstatin, a non-collagenous domain of a3 chain of type IV
collagen, consists of 244 amino acids (9,14), which is cleaved
from type IV collagen by matrix metalloproteinase-9 (14,19).
Tumstatin inhibits proliferation and causes apoptosis of
endothelial cells through avB3 integrin interaction in an
RGD-independent manner (9-14), Tumstatin also inhibits
tube formation of endothelial cells on Matrigel and induces
G1 endothelial cell cycle arrest (14). Deletion mutants of
tumstatin including tum-1 (54-244 amino acids), tum-2 (1-132
amino acids) and tum-5 (54-132 amino acids) retain the anti-
angiogenic activity (9-11).

In the present study, tum-1 expression plasmid vector
(pSecTag2B-tum-1) was introduced into HCC cells. HCC
cells transfected with pSecTag2B-tum-1 produced the
detectable tum-1/hexahistidine chimera protein in its CM,
Surprisingly, stable and transient tum-1 gene transfection into
PLC/PRF/S and Huh-7 cells, respectively, slightly repressed
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the proliferation of these cells. Recent reports revealed that
avB3 integrin, the receptor of tumstatin, is expressed in
several HCC cell lines including Huh-7 cells (20) and also in
clinical samples of HCC (21). Therefore, it is possible that
tum-1 could inhibit the proliferation of HCC cells through
interacting with avB3 integrin. Similar observation was
reported that the gene introduction of tumstatin or its C-
terminal residues 185-203 into melanoma cells directly
inhibited the proliferation and invasiveness of these cells
in vitro (22).

A potential mechanism of antiangiogenic function of
tumstatin has been reported that tumstatin inhibits activation
of focal adhesion kinase (FAK), phosphatidylinositol 3-
kinase (PI3K), protein kinase B (PKB/Akt), and mammalian
target of rapamycin (mTOR), and it prevents the dissociation of
eukaryotic initiation factor 4E protein (eIF4E) from 4E-binding
protein 1, resulted in the inhibition of cap-dependent protein
synthesis in endothelial cells (23,24). Since PI3K-PKB/Akt
signaling plays a key role in cell growth and survival in a
variety of cells (25), it is conceivable that inhibition of this
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signaling leads to the growth arrest and apoptosis of endo-
thelial cells. Furthermore, recent studies revealed that VEGF
promoted angiogenesis through activating PI3K-PKB/Akt
signaling (16,17), and that luteolin, an antiangiogenic com-
pound, repressed the VEGF-induced angiogenesis by inhibiting
PI3K-PKB/Akt signaling (26). In contrast to tumstatin, endo-
statin, another antiangiogenic fragment released from al
chain of type XVIII collagen, interacts with o581 integrin
and inhibits activation of FAK, and ras-raf-ERK signaling,
but not PI3K-PKB/Akt signaling, and it prevents endothelial
cell migration with no effect on proliferation and survival
(24), indicating that tumstatin has a distinct antiangiogenic
mechanism from endostatin, In this study, addition of CM
containing tum-1 repressed not only spontaneous and VEGF-
induced proliferation of HUVEC but also its migration,
and clearly abolished the VEGF-induced phosphorylation of
both Akt and ERK in HUVEC. This is surprising because
tumstatin has been reported to inhibit, through binding to
avB3, the PI3K-PKB/Akt signaling and proliferation of endo-
thelial cells rather than ras-raf-ERK signaling and migration of
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Figure 5. Inhibition of pre-established Huh-7 tumor growth by injection of
pSecTag2B-tum-1 in athymic mice. Mock (vehicle; open circle) or
pSecTag2B-wm-1 (closed circle) was injected intratumorally into pre-
established wmors of Huh-7 cells, Mice were sacrificed on day 25, and sub-
CULANEOUS IUMOrS Were d. (A) Rep ive photographs of harvested
tumars. (B) Serial changes in tumor volume in the two groups. Data are
mean & SD (n=5); "p<0.01 vs vehicle.

these cells (24). However, several studies have reported that
avB3 blocking antibody which has a similar antiangiogenic
activity to tumsatain (27) inhibited the angiogenesis through
blocking the ras-raf-ERK signaling (13), and that blocking of
ras-raf-ERK signaling by PD98059 resulted in the inhibition
of VEGF-induced proliferation of HUVEC (18). Taken
together, it may be possible that there are several mechanisms
mediating antiangiogenic function of tumstatin.

Non-viral gene delivery systems are less efficient at
inducing transgene expression and have shorter-term expres-
sion compared with viral delivery systems. Despite the
expected low efficiency of gene induction, intratumoral
injection of tum-1 expression plasmid vector (pSecTag2B-
tum-1) significantly repressed the Huh-7 tumor growth
accompanying the decreased density of CD34 and aSMA
positive vessels compared with vehicle injection. These
results suggest that a sufficient bystander effect was achieved
by this strategy, and if the transgene is expressed intra-
tumorally, highly efficient therapeutic gene induction may
not be necessarily required, We have reported that PEDF
gene transduction into Huh-7 tumor significantly repressed
its growth in athymic mouse models as well as tum-1 shown
in this study, but PEDF did not directly inhibit the proliferation
of Huh-7 cells in vitro (8). Therefore, it is likely that antitumor
effect of tum-1 in vive could be attributable to its anti-
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Abstract
Objective: We examined the growth-inhibitory effect and
the mechanism of action of type | interferon (IFN) in human
liver cancer cell lines in vitro and in vivo. Methods: We exam-
ined the growth-inhibitory effect of 5 types of type I IFN
preparations (e.g., pegylated, nonpegylated IFN-«, and IFN-
) used for the treatment of chronic hepatitis C in 13 liver
cancer cell lines in vitro. After liver cancer cells were trans-
planted into nude mice, various doses of IFN preparations
were subcutaneously administered, and the antitumor ef-
fect was examined. Results: The growth-inhibitory effect of
each preparation was different, but IFN-B expressed the
strongest effects in vitro. Induction of an inhibition of cell
cycle progression at the G,, 5 or Gy/M phase with or without
apoptosis was the mechanism of action of IFN, IFN prepara-
tions induced a dose-dependent decrease in tumor volume
and weight by inducing tumor cell apoptosis in vivo, and tu-
mor growth was effectively suppressed even at the clinical
dose for chronic hepatitis C treatment. The antitumor effect
of pegylated IFN was significantly stronger than that of non-
pegylated IFN. Conclusion: The data suggest potential clini-
cal application of pegylated IFN for the prevention and treat-
ment of hepatocellular carcinoma.

Copyright © 2008 S. Karger AG, Basel

Introduction

Interferons (IFNs) are a family of cytokines that pos-
sess various biologic activities such as antiviral, antipro-
liferative, antiangiogenetic,immunomodulatory, and an-
titelomerase activities. IFNs are classified into two major
groups, i.e., type I IFN, which includes IFN-a, IFN-f and
IFN-w, and type 1T IFN such as IFN-vy [1]. Human IFN-«
comprises a family of structurally and functionally re-
lated genes of at least 14 subtypes [2]. Several types of
IFN-a preparations are used in clinical practice, and
each preparation consists of a different subtype. Both
type I and type I1 IFNs bind to distinct cellular receptors,
type 1 IFN receptor (IFNAR) and type 11 IFN receptor
(IFNGR), respectively, and activate distinct and overlap-
ping pathways [3]. Type I IFNs have been used in the
treatment of virus-related chronic hepatitis and malig-
nant diseases, such as melanoma, renal cell carcinoma
and chronic myelogenous leukemia [4].

Hepatocellular carcinoma (HCC) is one of the most
frequently found primary cancers, and many HCC pa-
tients have chronic hepatitis or cirrhosis caused by chron-
ic infection of hepatitis C virus as their background dis-
ease [5]. Recently, type I IFNs have been shown to have
highly suppressive effects on hepatocellular carcinogen-
esis [6-8] and on the recurrence of HCC after curative
treatment in patients with virus-related chronic hepatitis
[9, 10]. The precise mechanisms of these suppressive ac-
tions have not yet been clarified, but direct antiprolifera-
tive effects of type [ IFN may be involved. In clinical prac-
tice, IFN-c alone or in combination with other antican-

KARG ER © 2008 5. Karger AG, Basel
D030-2414/08/0755-0022524.50/0

Fax «41 61 306 124

E-Mail karger@arger.ch Accessible online an:

www karger.com www. karger.camfocl

Hirohisa Yano, MD

Department of Pathology. Kurume University School of Medicine

67 Asahi-machi Kurume

Fukuoka 830-0011 {Japan)

Tel. +81 942 3] 7546, Fax +81 942 32 0905, E-Mail hiroyano@med kurume-u.ac.jp



cer drugs such as 5-fluorouracil (5-FU) has been used in
the treatment of malignant diseases including renal can-
cer [4] and advanced HCC [11, 12].

To clarify the growth-inhibitory effect of type I IFN
on liver cancer cells, we conducted research on (1) type |
IFN receptor expression [13], (2) in vitro and in vivo an-
titumor effects and the mechanism of action of 5 types of
type I IFN preparations [14-19], and (3) in vitro growth-
inhibitory effect and mechanism of action of combined
IFN-« and 5-FU treatment in human liver cancer cells
[20-22],i.e., 11 HCC cell lines and 2 combined hepatocel-
lular and cholangiocarcinoma (CHC) celllines. We would
like to introduce some of our accumulated data in this
review article.

Expression of IFNAR-2 Subunit of Type | IFN
Receptor in Human HCC Cells

The effects of type 1 IFN are mediated by type I IFN
receptor, which consists of two subunits, i.e., IFNAR-1
and IFNAR-2, and IFNAR-2 subunit occurs in a soluble,
short or long form (IFNAR-2a, IFNAR-2b, or IFNAR-2c,
respectively). IFNAR-2¢ is necessary for normal IFN
binding and activation of the signal transduction path-
way, while IFNAR-1 is a necessary subunit to form high
affinity receptors [1, 23, 24]. We examined the mRNA
expression of IFNAR-1 and IFNAR-2¢ in 11 human HCC
cell lines and 2 CHC cell lines, which were originally es-
tablished and characterized in our laboratory, by using
reverse-transcription polymerase chain reaction and
found that all 13 cell lines expressed both subunits. We
also examined cell surface IFNAR-2 protein expression
in the 13 cell lines, and the expression was identified in
12 cell lines at various levels [16]. Furthermore, we exam-
ined IFNAR-2 expression in HCC tissues and their cor-
responding non-HCC tissues. Immunohistochemically,
IFNAR-2 expression was positive in 61 (88%) of 69 non-
HCC tissues. There was no significant difference in the
expression between chronic hepatitis and liver cirrhosis
[13]. In 12 normal liver tissues, IFNAR-2 expression was
not observed. This suggests a close relationship between
chronic inflammation induced by viral infection and
IFNAR-2 expression in the liver, IFNAR-2 expression was
positive in 53 (77%) of 69 HCC tissues [13]. Kondo et al.
[25] reported that IFNAR-2 expression was positive in 59
(61%) of 91 HCC tissues and that the expression level was
related with the differentiation level of HCC. In contrast,
there was no apparent relationship between IFNAR-2 ex-
pression and the histopathological characteristics of
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Fig. 1. Antiproliferative effects of natural human IFN-a (BALL-1
IFN-o, OIF®). Thirteen liver cancer cell lines were cultured with
or without culture medium containing 1-1,024 1U/ml of BALL-1
IFN-a for 96 h, and the relative viable cell numbers were calcu-
lated and plotted on the graph.

HCC, such as histological grade, fibrous capsule forma-
tion, capsular invasion, portal vein invasion, and intra-
hepatic metastasis in our study [13]. Ota et al. [26] report-
ed that IFNAR-2 expression rates of esophagus, stomach,
colorectal, bile duct, and pancreas cancer tissues are be-
tween 20 and 45%, and this suggests that the IFNAR-2
expression rate of HCC tissues is much higher as com-
pared with carcinomas arising in other organs.

Growth-Inhibitory Effects of Natural Human IFN-«
on Liver Cancer Cell Lines in vitro

In 8 of the 13 cell lines, a time-dependent antiprolif-
erative effect was observed at various degrees in the 96-
hour cultures with 1,024 IU/ml of human lymphoblastoid
IFN-a derived from Sendai virus-induced BALL-1 cells
(BALL-1 IFN-a, OIF®). The relative viable cell number
at 96 h after adding IFN-a (1-1,024 IU/ml) decreased in
all cell lines in a dose-dependent manner (fig. 1). Sensi-
tivity to the growth suppression effect of IFN-a was not
related to the histological grade of the original tumors of
each cell line. The suppressive effect was very low in cell
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Table 1. Five types of type I IFN drugs used in the experiments

Type Source/component Specific activity
1U/mg protein

IFN-a

OIF® Natural Derived from lymphoblastoid cells (BALL-1 IFN-c): 20.0% 107

IFN-a2 (75%) + [FN-a8 (25%)

Advaferon®  Recombinant Synthesized from consensus sequence (consensus IFN)  100.0 x 107

Pegintron®  Recombinant  PEG-IFN-a2b 6.4x107

Intron®A Recombinant  [FN-a2b 26.0% 107
IEN-B

FERON® Natural Derived from human fibroblasts 20.0 x 107

lines with little or no IFNAR-2 expression, but in the oth-
er cell lines, the expression level of IFNAR-2 on the cell
surface was not clearly related to the growth suppression
effect of IFN-a [16]. In clinical practice, Ota et al. [27)
reported that in advanced HCC (Vp3 or 4) patients who
received IFN-a and 5-FU combination therapy, there was
a significant difference in the time-to-progression sur-
vival and the overall survival between IFNAR-2-positive
and IFNAR-2-negative cases.

Growth-Inhibitory Effects of IFN-« Subtypes on
Liver Cancer Cells in vitro

Human IFN-« comprises a large family of structur-
ally related genes expressing at least 14 subtypes. The
coding regions of the [FN-c genes are quite similar, and
the least related are about 77% homologous. Natural [FN-
o preparations, such as human lymphoblastoid IFN-a,
consist of a mixture of a number of distinct IFN-« sub-
types, and BALL-1 IFN-« used in the above-described
experiment consists of the a2 subtype (approximately
75%) and the a8 (25%) subtype. Several studies suggest
that IFN-a subtypes display significant differences in
specific activities such as antiviral activity and antipro-
liferative activity, as well as in binding affinities to type |
IFN receptor [28, 29]. The activity levels also varied great-
ly depending on the target cells. We examined the anti-
proliferative effects of five representative IFN-a subtypes
(al, a2, a5, a8 and «10) in vitro against 13 human liver
cancer cell lines. We found that the antiproliferative ef-
fect of each IFN-a subtype varies according to the cell
line, but that the cells are relatively or absolutely respon-
sible for a5 and o8 subtypes [18]. On average, the anti-
proliferative effects were strong in descending order from
a5, a8, al0, a2 and al. The relative viable cell number

24 Oncology 2008;75(suppl 1):22-29

started to decrease from the early culture period after the
addition of IFN-«5. These results suggest that the admin-
istration of [FN-a preparations containing high propor-
tions of IFN-a5 or IFN-a8 would be more efficient in
terms of the prevention and treatment of HCC.,

Growth-Inhibitory Effects and the Mechanism of
Action of Type | IFN Preparations on Liver Cancer
Cell Lines in vitro

We compared the growth-inhibitory effects in vitro on
13 human liver cancer cell lines among 5 types of type |
IFN preparations, including BALL-1 IFN-« shown in ta-
ble 1. The 5 types of type I IFN preparations can be clas-
sified into IFN-c and IFN- (3, natural and recombinant, or
pegylated and nonpegylated. Natural IFNs include BALL-
1IFN-« (OIF®) and fibroblast-derived IFN-B (FERON®),
and the recombinant IFNs include IFN-a2, and consen-
sus IFN (rIFN-aConl, Advaferon®) synthesized through
the scanning of several IFN-a nonallelic subtypes and as-
signing the most frequently observed amino acid in each
position [30]. Pegylated IFN-a2b (PEG-IFN-a2b, PeglIn-
tron®) is a covalent conjugate of recombinant [FN-a2b
(Intron®A) with a monomethoxy-polyethylene glycol
(PEG) in a 1:1 molar ratio. Thirteen liver cancer cell lines
were cultured with culture medium alone or medium
containing 10-1,024 [U/ml of | of the 5 type | IFN prepa-
rations, and the average of relative viable cell numbers was
calculated from the 13 cell lines for each type I prepara-
tion and plotted (fig. 2). The antiproliferative effect of
each type 1 IFN preparation was different and was stron-
gestin IFN-B, followed by consensus IFN, BALL-1 [FN-q,
and IFN-a2b or PEG-IFN-a2b. A time-dependent growth
inhibition was observed in most of the cell lines in the 96-
hour culture with IFN-B, and at 96 h after adding IFN-B,
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growth suppression occurred even at a low dose in 6 of the
13 cell lines [14]. It has been reported that the stronger
growth-inhibitory effects of IFN-B may be mediated by
the formation of a uniquely stable type I IFN receptor
complex, greater affinity for the type I receptor complex,
involvement of other receptor components, and the acti-
vation of additional signaling pathways [24, 31, 32]. In
contrast, IFN-a2b with or without pegylation showed the
lowest growth-inhibitory activity. This is consistent with
the above-described finding, i.e., that the antiproliferative
activity of the IFN-a2 subtype in vitro is relatively weak
compared with other IFN-« subtypes [18].

Forty-eight to 72 h after adding each type I IFN prep-
aration, at least 10 cell lines presented characteristics of
various degrees of apoptosis, e.g., cytoplasmic shrinkage,
chromatin condensation, and nuclear fragmentation
(fig. 3). Sensitivity to IFN-mediated apoptosis appears to
be dependent on the type and concentration of IFN, and
the cell line [14-17). We examined the mechanism of
IFN-mediated apoptosis in liver cancer cells and found a
release of cytochrome ¢ and Smac/DIABLO from mito-
chondria to cytosole and an activation of various caspas-
es, such as caspase-9, caspase-8, and caspase-3, in the
IFN-a-mediated apoptosis-sensitive cells, suggesting the
involvement of the mitochondrial apoptotic pathway in
the TFN-a-mediated apoptosis [19]. Besides the mito-
chondrial apoptotic pathway, the involvement of the
death receptor/ligand (e.g.. TRAIL-R1, TRAIL-R2 and
TRAIL) in the death receptor apoptotic pathway has been
reported [33], and this point needs to be further studied.
In addition to the induction of apoptosis, we identified
the inhibition of cell cycle progression in all cell lines, i.e.,
blockage of the cell cycle at the S phase (11 cell lines), G,/
M phase (1 cell line), and G, phase (1 cell line) [16, 17].

Growth-Inhibitory Effects and the Mechanism of
Action of Type | IFN Preparations on Liver Cancer
Cell Lines in vivo

Cultured HAK-1B [34] (107 cells/mouse) was subcuta-
neously (s.c.) injected into the backs of 5-week-old female
BALB/c athymic nude mice (Clea Japan, Osaka, Japan).
Five to 7 days later when the largest diameter of the tumor
reached approximately 5-10 mm, each mouse received
s.c. injection of medium containing BALL-1 IFN-« (0,
4,000, 40,000 or 400,000 1U) or consensus 1EN (0, 0,01,
0.1 or 1 pg), or intraperitoneal injection of medium con-
taining IFN- (0, 1,000, 10,000 or 100,000 1U) once a day
for 2 consecutive weeks and the growth-inhibitory effects
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Fig. 2. Antiproliferative effects of type | IFN preparations, includ-
ing BALL-1 I[FN-a, consensus IFN, recombinant IFN-a2b, PEG-
IFN-a2b, and natural IFN- . Thirteen liver cancer cell lines were
cultured with or without culture medium containing 10-1,024
IU/ml of one of the 5 type 1 IFN preparations for 96 h, and the
relative viable cell numbers were calculated. The average of the
relative viable cell numbers was assessed for each type 1 prepara-
tion and plotted. Theantiproliferative effect was strongest in IFN-
B, followed by consensus IFN, BALL-1 TFN-a, and IFN-a2b or
PEG-IFN-a2b. * p < 0.05 vs. the other type I IFNs.

Fig. 3. KIM-1 cells cultured for 72 h on a Lab-Tek Chamber slide.
a Without PEG-IFN-a2b in culture medium. b With 4,096 1U/ml
of PEG-IFN-a2b in culture medium. Apoptotic cells (arrows)
characterized by cytoplasmic shrinkage, chromatic condensation
and nuclear fragmentation were noted. HE staining. x200.
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and histological features of the tumor were estimated
about 2 weeks after the initial injection. The lowest dose
of BALL-1 IFN-a (4,000 IU/mouse) is as much as the clin-
ical dose (2.0 x 107 IU/kg) for chronic hepatitis C treat-
ment, and the lowest doses of consensus IFN (0.01 ug/
mouse, 0.5 pg/kg) and IFN-B (1,000 1U/mouse, 5.0 x 10*
[U/kg) are 1.4 times and two fifths, respectively, the clin-
ical doses (0.36 pg/kg and 1.2 X 10° [Urkg, respectively)
for chronic hepatitis C treatment. As a result, at the end
of the experiment, estimated tumor volumes of mice that
received the lowest doses of BALL-1 IFN-a, consensus
IFN and IFN-B were about 70% (unpubl. data), 60% [15]
and 85% (14}, respectively, of the control. These results
suggest that the clinical doses of IFNs are effective in in-
hibiting the proliferation of liver cancer cells in vivo. In
the mice that received the highest dose of consensus IEN,
the tumor completely disappeared at about 10 days after
the initial injection [15]. Histological examination on s.c.
tumor revealed that the numbers of apoptotic cells in the
mice that received consensus IFN were significantly
higher than those of the control and increased dose-de-
pendently. The number of blood vessels in and around
the tumor decreased in mice that received consensus [FN
as compared with the control [15].

PEG-IFN-a2b increases patient exposure to IFN-a2b
and requires less frequent administration because the ab-
sorption of the pegylated molecule is slower, its clearance
rate from the plasma is lower, and its serum half-life is lon-
ger than in unmodified molecules. The in vivo PEG-1FN-
a2b experiments were conducted in the same manner, but
each mouse received s.c. injection of medium containing

26 Oncology 2008;75(suppl 1):22-29

PEG-IFN-a2b (0, 640, 6,400, 64,000 or 640,000 IU) or
IFN-a2b (6,400 or 64,000 [U) twice a week for 2 consecu-
tive weeks. The lowest dose of PEG-IFN-a2b (640 1U/
mouse, 3.2 X 10* TU/kg) is one third of the clinical dose
(9.6 x 10* [U/kg) for chronic hepatitis C treatment. As a
result, at the end of the experiments, the estimated tumor
volume and tumor weight in the mice that received the
lowest dose (640 IU/mouse) was 42 and 54%, respectively,
of the control (fig. 4a). Induction of apoptosis was found to
be the main mechanism of growth inhibition of the tumor
by PEG-IFN-a2b (fig. 4b), but inhibition of angiogenesis
could not beidentified. The antiproliferative effect of PEG-
IFN-a2b in vitro is lower than that of IFN-aConl. There-
fore, our in vivo findings would be understood as the se-
rum half-time of IFN-2b getting longer due to pegylation.
Then PEG-IFN-w2b at high concentrations remained in
the serum for a long time to affect tumor cells, resulting in
much stronger antitumor effects. This consideration is
also supported by our results, i.e., PEG-IFN-a2b and IEN-
o2b in vitro presenting the same antiproliferative effects.
However, in vivo, IFN-a2b presented significantly weaker
antitumor effects and a smaller number of apoptotic tu-
mor cells than PEG-IFN-a2b (fig. 4b) [17].

Effects of PEG-IFN-«2b on the Proliferation and
Expression of IFNAR-2 Subunit

When IFN-« binds to its receptors, the IFN receptor
complexes are internalized and degradated intracellular-
ly [35], resulting in the downregulation of type I IFN re-
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