CEREBELLAR ATAXIA WITH CNI

directly related to cerebellar ataxia. However, HCV reacti- -

vation after LDLT may be, at least in part, a triggering
factor for the neurological deficient in this case as discussed
previously.!*

In conclusion, we have proposed that cerebellar ataxia
without other neurological findings is a new adverse event
associated with calcineurin inhibitors. This condition was
shown not to involve leukoencephalopathy using MRI.
Ataxia caused a significant negative impact on the daily life
of our patient. Reduction of the calcineurin inhibitor dose
reversed her condition, but the change from Tac to CsA was
not effective. Hence, it is important to determine whether
neurologically adverse effects in transplanted patients orig-
inate from calcineurin inhibitors, and familiarity with the

side effects of calcineurin inhibitors is important when using

these agents.

REFERENCES

1. Bechstein WO: Néurotoxicity of calcineurin inhibitors: impact
and clinjcal management. Transpl Int 13:313, 2000

2. Compston JE; Osteoporosis after liver transplantation. Liver
Transp] 9:321, 2003

3. Stein DP, Lederman RJ, Vogt DP, et al: Neurological com-
plications following liver transplantation. Ann Neurol 31:644, 1992

3497

4. Sheth TN, Ichise M, Kucharczyk W: Brain perfusion imaging
in asymptomatic patients receiving cyclosporin. Am J Neuroradic]
20:853, 1999

5. Vogt DP, Lederman RJ, Carey WD, et al: Neurologic com-
plications of liver transplantation, Transplantation 45:1057, 1988

6. Sokol DK, Molleston JP, Filo RS, et al: Tacrolimus (FK
506)-induced mutism after liver transplant. Pediatr Neurol 28:156,
2003

7. Bronster DJ, Boccagni P, O’Rourke M, et al: Loss of speech
after orthotopic liver transplantation. Transp! Int 8:234, 1995

8. Garcia-Escrig M, Martinez J, Fernandez-Ponsati J, et al:
Severe central nervous system toxicity after chronic treatment with
cyclosporine. Clin Neuropharmacol 17:298, 1994

9. Hinchey J, Chaves C, Appignani B, et al: A reversible
posterior leukoericephalopathy syndrome. N Engl J Med 334:494,
1996

10. Belli LS, De Carlis L, Romani F, et al: Dysarthria and
cerebellar ataxia: late occurrence of severe neurotoxicity in a liver
transplant recipient. Transpl Int 6:176, 1993

11. Nussbaum ES, Maxwell RE, Bitterman PB, et al: Cyclospor-
ine A toxicity presenting with acute cerebellar edema and brain-
stem compression. Case report. J Neurosurg 82:1068, 1995

12. Sato M, Suzuki K, Yamazaki H, et al: A pivotal role of
calcineurin signaling in development and maturation of postnatal
cerebellar granule cells. Proc Natl Acad Sci USA 102:5874, 2005

13. Filippini D, Colombo F, Jann S, et al: Central. nervous .

system involvement in patients with HCV-related cryoglobuline-
mia: literature review and a case report. Reumatismo 54:150, 2002

14. Belli LS, De Carlis L, Romani F, et al: Dysarthria and
cerebellar ataxja: late occurrence of severe neurotoxicity in a liver
transplant recipient. Transpl Int 6:176, 1993

— 612 —



ONCOLOGY REPORTS 18: 65-70, 2007

X-linked inhibitor of apoptosis (XIAP) and XIAP-associated
factor-1 expressions and their relationship to apoptosis in human
hepatocellular carcinoma and non-cancerous liver tissues

RYOSUKE SAKEMI'3, HIROHISA YANO!”, SACHIKO OGASAWARA!?, JUN AKIBA!3,
OSAMU NAKASHIMA!?, SUGURU FUKAHORI'?, MICHIO SATA2> and MASAMICHI KOJIRO! 3

!Department of Pathology and ZDivision of Gastroenterology, Department of Medicine, Kurume University School
of Medicine; 3Research Center of Innovative Cancer Therapy of the 21st Century COE Program
for Medical Science, Kurume University, Kurume, Fukuoka 830-0011, Japan

Received March 1, 2007; Accepted April 2, 2007

Abstract. The X-linked inhibitor of apoptosis (XIAP) belongs
to the inhibitor of apoptosis (IAP) family, and the action of
XIAP is inhibited by XIAP-associated factor-1 (XAF1). In
the present study, XIAP and XAF]1 protein expressions and
their relationship to apoptosis were investigated in hepato-
cellular carcinoma (HCC). We examined immunohistochemical
expressions of XIAP and XAF1, and the number of apoptotic
HCC cells in surgically resected tissues of 24 HCCs, consisting
of 7 well-, 10 moderately and 7 poorly differentiated HCCs.
As a result, XIAP and XAF1 expressions were identified in
the cytoplasm of non-neoplastic and neoplastic hepatocytes.
In the 24 HCCs, XIAP expression was not different according
to the histological grade of HCC. In contrast, XAF1 expression
was significantly lower in poorly differentiated than that in
well- or moderately differentiated HCCs (P=0.001), or XIAP
expression in poorly differentiated HCC (P<0 001). Apoptotic
HCC cell number was significantly lower in poorly differen-
tiated than that in well- or moderately differentiated HCCs
(P<0.01). A significant relationship was observed between
XAF1 expression and apoptotic cell number in HCC tissues.
In conclusion, the present findings suggest that significantly
low XAF]1 expression, but not XIAP expression, in poorly
differentiated HCC may relate to resistance to apoptosis.

Introduction

Apoptosis is an active process of gene-directed cellular self-
destruction and is observed in the sculpting of organs and
tissues during embryonic development and the removal of old
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unnecessary cells for the maintenance of tissue homeostasis.
Apoptosis is also observed in some pathological processes,
such as in the elimination of tumor cells and virus-infected
cells, and thereby contributes to the self-defense mechanisms.
In the process of apoptosis, activation of the caspase family,
especially caspase-3, plays an important role (1-3).

The inhibitor of apoptosis (IAP) family contains intrinsic
cellular regulators of apoptosis and includes X-linked IAP
(XIAP), c-IAPI1, c-1AP2, NAIP, ML-IAP, ILP-2, survivin
and Apollon (4). These proteins are characterized by the
presence of one to 3 copies of a ~70-amino acid domain termed
the baculoviral inhibitory repeat (BIR) at the amino terminus
of the protein. The BIR domains have been shown to bind and
inhibit caspase-3, -7, and -9 (4-6). Among the IAP family,
XIAP protein contains 3 copies of the BIR domain and one
RING domain at the extreme carboxy! terminus of the protein.
In vitro kinetic studies have shown that XIAP is the most
potent caspase inhibitor and suppressor of apoptosis in the
IAP family (4,6). Various levels of XIAP mRNA and protein
were expressed in human cancer cell lines (7,8), suggesting the
involvement of XIAP in the apoptosis resistance mechanism
of cancer cells.

The caspase-inhibiting activity of XIAP is negatively
regulated by at least two XIAP-interacting proteins, XIAP-

- associated factor-1 (XAF1) (8,9) and Smac/DIABLO (10,11).

XAF1, a 34°kDa zinc finger protein, was identified in a yeast
two-hybrid screen based on its ability to bind XIAP and was
found to antagonize the ability of XIAP to suppress caspase
activity and cell death in vitro (6). XAF1, which resides in
the nucleus, can effect a relocalization of XIAP from the cyto-
plasm to nucleus and neutralize XIAP's ability to inhibit
apoptosis (9). Smac/DIABLO, which is localized in mito-
chondria, is released into cytoplasm and processed into an
active form during mitochondria-induced apoptosis (10,11).
The binding of active Smac/DIABLO to XIAP is proposed to
destabilize the XIAP-caspase interaction by steric hindrance,
resulting in disruption of the XIAP-caspase complex (12,13).
XAF1 is ubiquitously expressed in normal tissues, but is present
at very low or undetectable levels in many cancer cell lines
(8.,9). Byun e al (14) found that a substantial fraction of gastric
cancer cell lines and tissues express no or extremely low levels
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of the XAF1 transcript, whereas Smac/DIABLO was normally
expressed in all cancer specimens.

Hepatocellular carcinoma (HCC) often develops in patients
with hepatitis B or C virus-related chronic hepatitis or liver
cirrhosis. In non-HCC tissues, apoptosis of hepatocytes,
showing chromatin condensation of the nuclei and eosinophilic
change of the cytoplasm, is often observed, and the number
of such apoptotic cells is in proportion to inflammatory activity.
On the other hand, abnormalities in the expression of apoptosis-
related molecules, and the resistance to various apoptosis-
inducing stimuli have been reported in HCC ( 15,16). Except
for the study of Shiraki et al (17) who examined XIAP expres-
sion in HCC tissues, there have been no comparative studies
on XAF1 and XIAP expressions according to the histological
grade, and no study to explore the relationship between the
frequency of apoptosis and XAF1 or XIAP expression in
human HCC tissues. These are addressed in the present study.

Materials and methods

Tissue samples. Immunohistochemical examination was per-
formed on formalin-fixed, paraffin-embedded sections of
cancerous and non-cancerous tissues obtained from 24
surgically resected HCCs at the Kurume University Hospital
between 1989 and 2003. The 24 patients ranged from 50 to
84 years of age, and consisted of 18 males and 6 females.
Two were serum hepatitis B surface antigen-positive, 19 were
positive to the hepatitis C virus antibody, and the remaining 3
patients were not positive to either. The 24 cases did not
receive preoperative anticancer therapies such as transcatheter
arterial embolization (TAE) and percutaneous ethanol injection
therapy. Among the 24 cases, seven had well-differentiated
HCC, 10 had moderately differentiated HCC, and 7 had
poorly differentiated HCC. The non-HCC tissues showed
liver cirrhosis in ten cases and chronic hepatitis in 14. Informed
consent was obtained from all patients included in the study.

Immunohistochemistry. Formalin-fixed, paraffin-embedded
serial sections (4 um) were mounted on 3-aminopropyltri-
ethoxysilane-coated slides (Matsunami Glass Ind., Ltd.,
Osaka, Japan), and deparaffinized in xylene alcohol and
graded alcohol. For XIAP immunostaining, the sections were
soaked in 10 mmol/l of sodium citrate buffer (pH 6.9) and
treated in a microwave for 30 min for antigen retrieval. XIAP
and XAF]1 expressions were immunohistochemically examined
with mouse monoclonal anti-XIAP antibody (3.0 ug/ml, BD
Biosciences, San Jose, CA) and rabbit polyclonal anti-XAF]
antibody (4 pg/ml, IMGENEX, San Diego, CA) as the primary
antibodies, and using catalyzed signal-amplification system II
(Code K1497, Dako, Ely, UK) according to the manu-
facturer's protocol. The sections for XIAP immunostaining
were incubated with primary antibody for -60 min at room
temperature after blocking endogenous biotin and peroxidase
activities, and the sections for XAF1 were incubated over-
night with primary antibodies at 4°C. Negative controls were
prepared by replacing the primary antibody with normal
mouse IgG or normal rabbit IgG. The peroxidase reaction
was developed with the addition of 3,3-diaminobenzidine
and H,0, substrate solution. After counterstaining with
hematoxylin, the slides were dehydrated, coverslipped, and
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observed under a microscope (Olympus BH-2, Olympus
Optical, Tokyo, Japan).

Evaluation of immunohistochemical findings. The results of
immunohistochemistry were evaluated according to the rate
of staining and grading of expression by two pathologists
(YS. and H.Y.). XIAP and XAF] expressions in non-HCC
tissues are relatively homogeneous and were used as an internal
positive control. Regarding XIAP and XAF1, an expression
score system was assigned on the basis of multiplying the
rate of cells staining positive by the intensity of staining. The
staining intensity was scored on a scale from 0 to 2 (0, HCC
cells with no positive reactions; 0.5, HCC cells stained less
intensely than hepatocytes; 1.0, HCC cells stained as intensely
as hepatocytes; 2.0, HCC cells more intensely stained than
hepatocytes). The final score was calculated as the sum of
each staining intensity multiplied by the rate of the
corresponding area. For example: if a HCC nodule shows
30% HCC cells stained less intensely than hepatocytes, 50%
HCC cells stained as intensely as hepatocytes, and 20% HCC
cells more intensely stained than hepatocytes, the score
would be (0.3x0.5) + (0.5x1.0) + (0.2x2.0) = 1.05.

Assessment of number of apoptosic cells in HCC tissues. The
number of cells showing the characteristics of apoptosis (e.g.,
cytoplasmic shrinkage, chromatin condensation and nuclear
fragmentation) was counted in 14-25 0.25 mm?-areas within
HCC nodules stained with hematoxylin-eosin (HE).

Statistics. Group differences were obtained for the expression
score of XIAP and XAF1, and apoptosis number with the
Mann-Whitney test. The correlation between the number of
apoptosic cells and the expression of XIAP or XAF1 was
examined by Pearson's correlation coefficient. All statistical
analyses were performed with StatMate I1I (ATMS Co., Ltd.,
Tokyo, Japan). P-values <0.05 were considered significant.

Results

XIAP and XAF1 expressions in HCC and non-HCC tissues.
In non-HCC tissue, XIAP was expressed in the cytoplasm of
hepatocytes, and the X1AP-expressing cells were relatively
homogeneously distributed in the liver lobule (Fig. 1A and B).
XAF1 was also expressed in the cytoplasm of hepatocytes.

‘ The XAF 1-expressing cells were almost homogeneously distri-

buted, but the more strongly expressing cells were scattered
in the areas around portal tracts with marked cellular infiltration
(Fig. 1C). Cirrhosis and chronic hepatis did not differ in the
intensity or distribution of XAF1 expression. Negative controls
showed no staining for XIAP or XAF]1 (data not shown).

In HCC tissue, XIAP was expressed in the cytoplasm of
HCC cells, and the X1AP-expressing cells in cancer nodules
were more homogeneously distributed than the XAF1-
expressing cells (Fig. 2A. and B). XAF1 was also expressed
in the cytoplasm of HCC cells. However, the XAF1 expression
levels in well- and moderately differentiated HCC nodules
varied with individual cancer cells, showing a heterogeneous
distribution. In particular, XAF1 expression was conspicuous in
HCC cells with fatty change and immediately subcapsular HCC
cells in the periphery of cancer nodules (Fig. 2A and B; Fig. 3).
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Figure 1. (A) Photomicrograph showing a portal area with active infiltration of lymphocytes, and periportal non-neoplastic hepatocytes (hematoxylin-eosin
stain, x100). (B) Immunohistochemical staining for XIAP showing homogeneous expression in hepatocytes (counterstained with Mayer's hematoxylin, x100).
(C) Immunohistochemical staining for XAF1 showing homogeneous expression in hepatocytes, except in those around the pontal areas with active infiltration
of inflammatory cells, which showed strong expression (counterstained with Mayer's hematoxylin, x100).

Figure 2. (A) Photomicrograph showing moderately differentiated hepatocellular carcinoma (HCC) with a thick trabecular arrangement (hematoxylin-eosin
stain, x200). (B) Immunohistochemical staining for XIAP showing homogeneous expression in HCC cells (counterstained with Mayer's hematoxylin, x200).
(C) Photomicrograph showing moderately differentiated HCC with fatty change and a relatively compact arrangement (hematoxylin-eosin stain, x200). (D)
Immunohistochemical staining for XAF1 showing strong expression in HCC cells with fatty change (counterstained with Mayer's hematoxylin, x200).

The numbers of well-, moderately and poorly differentiated

HCCs with an XIAP expression score of 1 or higher were 5
(71%), 5 (50%) and 6 (86%), respectively. The XIAP expres-
sion scores in the well-, moderately and poorly differentiated
HCCs were 1.0740.44 (mean + SD), 1.10+0.69 and 1.17+0.38,
respectively, showing no significant differentiation-dependent
differences [Fig. 4 (left panel)]. The numbers of well-, mode-
rately and poorly differentiated HCCs with an XAF1 expression
score of 1 or higher were 6 (86%), 6 (60%) and 0 (0%), respec-
tively. The XAFI1 expression scores in the well-, moderately
and poorly differentiated HCCs were 1.14+0.54 (mean + SD),
1.14+0.47 and 0.1910.16, respectively, indicating that the
expression was significantly lower in the poorly differentiated
HCCs than in the well- and moderately differentiated HCCs
[P<0.001, Fig. 4 (left panel)]. In the poorly differentiated
HCCs, the expression score of XAF1 was significantly lower

than that of XIAP [P<0.001, Fig. 4 (right panel)]. No other
differentiation-dependent differences were noted between the
expression scores of XIAP and XAF1.

Presence of apoptosis and its relationship to XIAP and XAF 1
expression in HCC. Fig. 5A shows typical apoptotic tumor cells
(arrows) in moderately differentiated HCC tissue. The numbers
of apoptotic cells per area in well-, moderately and poorly
differentiated HCC nodules were 3.55+1.86 (mean % SD),
3.62+1.46 and 1.76+0.46, respectively, indicating that the
number of apoptotic cells was significantly smaller in the
poorly differentiated than in the well- and moderately
differentiated HCCs (P<0.01, Fig. 5B). In the 24 HCCs, the
number of apoptotic cells per area was significantly
correlated with XAF1 expression, but not with XIAP
expression (Fig. 6).
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Figure 3. (A) Photomicrograph showing a hepatocellular carcinoma (HCC) nodule with a fibrous capsule (arrows). The nodule contains areas of moderately
differentiated HCC with a trabecular arrangement (s), that with a pseudoglandular arrangement (+), and that with fatty change (A) (hematoxylin-eosin stain,
x5). (B) Immunohistochemical staining for XAF1 showing heterogeneous expression. Upper right areas of moderately differentiated HCC with fatty change
(4) and surrounding moderately differentiated HCC show strong expression, whereas the other areas show low levels of expression (counterstained with
Mayer's hematoxylin, x5). (C) Photomicrograph showing a HCC nodule with a fibrous capsule (arrows) surrounded by non-HCC tissues () (hematoxylin-
eosin stain, x20). (D) Immunohistochemical staining for XAF! showing that HCC cells near the capsule (arrows) tend to show stronger XAF1 expression

(counterstained with Mayer's hematoxylin, x20).
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Figure 4. (Left panel) Expression scores of XIAP and XAF1 according to
the histological grade of hepatocellular carcinoma (HCC). (Right panel)
Comparison of expression scores between XIAP and XAF] in poorly
differentiated HCC. Data represent the mean + SD (n=7-10). Well, well-
differentiated HCC; mod, moderately differentiated HCC; poor, poorly
differentiated HCC. "P<0.001 by the Mann-Whitney test.

Discussion

A recent immunohistochemical study revealed that the expres-
sion of XIAP protein in normal human tissues was hetero-
geneous and showed a higher selectivity to particular cell types
(18). The expression of XIAP has also been confirmed in
various tumor cell lines by Western blot analysis (7) and in
various malignant neoplastic tissues, including non-small cell
lung cancer, cervical carcinoma, prostate carcinoma and eso-
phageal squamous cell carcinoma by immunohistochemistry,
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Figure 5. (A) Photomicrograph showing typical apoptotic tumor cells
(arrows) with eosinophilic shrunken cytoplasm and pyknotic nuclei in mode-
rately differentiated hepatocellular carcinoma (HCC) tissue (hematoxylin-
€osin stain, x400). (B) Number of apoptotic HCC cells according to the
histological grade. Data represent the mean + SD (n=7-10). Well, well-
differentiated HCC; mod, moderately differentiated HCC; poor, poorly
differentiated HCC; NS, not significant. *P<0.01 by the Mann-Whitney U
test.

in which a higher expression was observed compared with
normal counterparts (reviewed in ref. 18). These results suggest
that overexpression of XIAP may contribute to resistance: to
apoptosis in various types of cancer cells. Studies using
immunostaining have reported that XIAP protein is absent or
weakly expressed in normal liver and the non-cancerous
tissue of HCC (17,18). In contrast, Shiraki et al (17) reported
that 14 of 20 (70%) HCC tissue samples demonstrated
moderate or strong cytoplasmic staining for XIAP, and that
XIAP expression was inversely correlated with apoptosis in
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Figure 6. Relationship between the XAF1 expression score and the number
of apoptotic tumor cells in hepatocellular carcinoma. Correlation of the
coefficient rate is 0.42 (P<0.05).

HCC (17). In this study, HCC specimens with an XIAP expres-
sion score of 1 (indicating the same staining intensity in
cancerous and non-cancerous tissues) or higher accounted for
16/24 (67%), about half of which showed moderate to marked
expression, with no significant differentiation-dependent
differences [Fig. 4 (left panel)] or relationship between XIAP
expression and cancer cell apoptosis.

We examined immunohistochemically the XAF1 protein
expression in human HCC tissues and non-HCC tissues.
Previous studies revealed that XAF1 mRNA is expressed
ubiquitously in all normal adult and fetal tissues including
the liver (8,9). In non-HCC tissues, XAF1 was almost homo-
geneously expressed in non-neoplastic hepatocytes, except
in those around the portal areas with active infiltration of
inflammatory cells, which showed strong expression.
Possible causes of this are: 1) The strong XAF]1 expression
could be mediated by inflammatory cytokines released from
’inﬂammatory cells, Leaman et al (19) found that XAF1

mRNA expression is upregulated by inflammatory cytokines,
such as interferon (IFN)-y and tumor necrosis factor-a. 2)
Strong XAF1 expression in periportal hepatocytes may be
related with the progression of cytotoxic T lymphocyte-

induced apoptosis, probably via the Fas/Fas ligand system

(16).

In contrast to the normal tissues, XAF1 is present at very
low or undetectable levels in a variety of cancer cell lines (8,9),
including melanoma (20), colorectal cancer (21), urinary
bladder cancer, renal cancer and prostate cancer cell lines
(22). In addition, XAF1 mRNA expression in melanoma
tissues was significantly reduced compared with benign
melanocytic nevi (20), and XAF1 mRNA in primary gastric
tumors (14), and bladder transitional cell carcinoma and renal
cell carcinoma tissues (22) were substantially lower
compared with the non-cancerous tissue. Lee et al (22) found
that hypermethylation at 14 CpG sites in the 5' proximal
region of the XAF1 promoter was highly prevalent in cancers
versus adjacent normal or benign tissue and tightly
associated with reduced gene expression. Nodules of HCC,
particularly well- and moderately differentiated HCCs, were

69

expression of XAF1, with a tendency toward high expression
in HCC cells with fatty change and in the periphery of cancer
nodules. On the other hand, XAF1 expression was lower in
the poorly differentiated than in the well- and moderately
differentiated HCCs. Abnormal reduction of XAF1 mRNA
which showed a good correlation with tumor grade, was also
reported in gastric and bladder carcinomas (14,22). We found
a significant correlation between XAF1 expression and
apoptosis; a significant reduction in apoptosis was observed in
the poorly differentiated HCCs with a significantly lower
expression of XAF1. It has been reported that the relative
increase of XIAP to XAFI expression may provide a survival
advantage for tumor cells through the relative increase of
X1AP antiapoptotic function (9). XAF1 inactivation in poorly

" differentiated HCC might contribute to the resistance to

apoptosis and malignant progression of HCC. The causes of
abnormal expression of XAF1 in HCC require further
investigation.

Although this study immunohistochemically demonstrated
the expression of XAF1 in the cytoplasm of neoplastic and non-
neoplastic hepatocytes, endogenous XAF1 has been reported
to be localized in the nucleus (8). However, XAF1 expression
has been immunohistochemically detected in both the nucleus
and cytoplasm of melanoma and benign nevus cells (20). In
addition, its expression has also been noted in the cytoplasm
and nucleus of XAFI-transfected 253J cells (22) and IFN-8-
stimulated A375 melanoma cells. Although it is not-clear why
XAF]1 expression was demonstrable only in the cytoplasm in
this study, we speculate that the causes of this are related to
features specific to hepatocytes and the epitope accessibility
of the antibody used. Therefore, further studies need to be
performed using cell lines and different antibodies.

Type 1 IFN, including IFN-a and IFN-B, has various bio-
logic functions, such as an antiproliferative action (23,24).
Recently, XAF1 was identified as an IFN-stimulated gene
that contributes to IFN-dependent sensitization of cells to
tumor necrosis factor-related apoptosis-inducing ligand-induced
apoptosis (19). IFNs induced high levels of XAF1 protein
predominantly in cell lines sensitive to the proapoptotic effects
of IFN-B8 (19). The direct antiproliferative effect of various
type 1 IFN preparations and IFN-a subtypes on HCC cell
lines has been reported (25-27) and upregulation of XAF1
mRNA following PEG-IFN-a2b treatment was also observed
in the human HCC cell line HAK-1B (unpublished data). In
clinical practice, IFN-a in combination with 5-flucrouracil (FU)
has been used for the treatment of advanced HCCs, and the
recent objective response rate of combination chemotherapy
with IFN-a and 5-FU was 52% among HCC patients with portal
venous invasion (28). We speculate that XAF1 could be related
with the susceptibility to the therapy, and HCCs with the loss or
low levels of XAF1 could be more resistant to the combination
therapy than HCCs with normal XAF1 expression. Further
study is required to examine whether or not XAF1 expression
could be a clinically useful marker for the prediction of the
outcome of combination chemotherapy with IFN-a and 5-FU.
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ABSTRACT

We investigated the effects of interferon-g (IFN-p) on the growth of human liver cancer cells. The effects of
IFN-B with or without 5-fluorouracil (5-FU) on the proliferation of 13 liver cancer cell lines were investigated
in vitro. Chronologic change in IFN-« receptor 2 (IFNAR-2) expression was monitored in hepatocellular car-
cinoma (HCC) cells (HAK-1B) cultured with IFN-B. After HAK-1B cells were transplanted into nude mice,
various doses of IFN-8 were administered, and the tumor volume, weight, histology, tumor blood vessel, and

angiogenesis factor expression were examined. IFN-B

inhibited the growth of 11 cell lines with apoptosis in a

dose-dependent and time-dependent manner. With IFN-B, IFNAR-2 expression in HAK-1B cells was signifi-
cantly downregulated from 6 to 12 h. IFN-g induced a dose-dependent decrease in tumor volume and weight
and a significant increase of apoptosis in the tumor. Both basic fibroblast growth factor (bFGF) and blood
vessel number in the tumor decreased only in mice receiving the lowest dose (1000 IU) of IFN-B. IFN-$ with
10 uM of 5-FU frequently induced synergistic antiproliferative effects. IFN-B with or without 5-FU induces
strong antitumor effects in HCC cells, and we conclude that IFN-B is useful for the prevention and treatment

of HCC,

INTRODUCTION

INTERFERONS (IFNs) ARE A FAMILY of cytokines that possess
various biologic activities, such as antiviral, antiproliferative,
antiangiogenetic, immunomodulatory, and antitelomerase ac-
tivities.!~3 IFNs are classified into two major groups, type I IFN
that includes IFN-a, IFN-B, and IFN-w, and type II IFN, IFN-
7.4 Both type I and type II IFNs bind with distinct cellular re-
ceptors and activate distinct and overlapping pathways.’
Hepatocellular carcinoma (HCC) is one of the most fre-
quently found primary cancers, and many HCC patients have
chronic hepatitis or cirthosis caused by chronic infection with
hepatitis B virus (HBV) or hepatitis C virus (HCV) as their
background disease.>-® IFN- and IFN-B have been used in the
treatment of virus-related chronic hepatitis to eradicate these
viruses. Recently, IFN-a and IFN-B have been shown to pos-
sess highly suppressive effects on hepatocellular carcinogene-
sis and on the recurrence of HCC after curative treatment in pa-
tients with virus-related chronic hepatitis.>-!> The precise

mechanisms of these suppressive actions have not yet been clar-
ified, but direct antiproliferative effects of IFN-a and IFN-B
may be involved. As IFN-a and IFN-B have various antitumor
properties, they have been used in the treatment of such ma-
lignant diseases as melanoma, renal cell carcinoma (RCC), and
chronic myelogeneous leukemia (CML).14-16 Recent studies
reported that administration of IFN-a in combination with
chemotherapeutic agents, such as 5-fluorouracil (5-FU), was
also effective against advanced HCC cases, including those

. showing tumor invasion into the major branches of the portal

vein,17-19

Many researchers have investigated the antiproliferative ef-
fects and action mechanisms of IFN-a in vitre and in vivo by
using liver cancer cell lines.2%-27 We have reported that (1) each
IFN-a preparation or subtype presents very different antipro-
liferative activities in different human HCC cell lines, (2) a
common mechanism of in vitro growth suppression by IFN-a
is cell cycle arrest with or without caspase-dependent apopto-
sis induction, and (3) the mechanism of in vivo growth inhibi-
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tion by IFN-« is the induction of apoptosis with or without in-
hibition of angiogenesis.?>-2¢ However, IFN-g, another impor-
tant IFN that is also used in treatment of chronic virus-related
hepatitis, has not been investigated in as much detail as IFN-
@, and there have been only a few basic in vitro studies pub-
lished in the literature.28-30 Therefore, its antitumor properties
on HCC cells in vitro and in vivo remain to be clarified. In the
current study, we investigated (1) the antiproliferative effects
of IFN-B on liver cancer cell lines in vitro and in vivo, (2)
chronologic changes in the expression of type L IFN receptor 2
(IFNAR-2) subunit and its relationship with antitumor effects
on HCC cells treated with IFN-B, and (3) the antiproliferative
effects of IFN-B alone or in combination with 5-FU on liver
cancer cell lines in vitro,

MATERIALS AND METHODS

Cell lines and cell culture

This study used 11 HCC cell lines (KIM-1, KYN-1, KYN-
2, KYN-3, HAK-1A, HAK-1B, HAK-2, HAK-3, HAK-4,
HAK-S5, and HAK-6) and 2 human combined hepatocellular and
cholangiocarcinoma (CHC) cell lines (KMCH-1 and KMCH-
2). These HCC and CHC cell lines were originally established
in our laboratory, and each cell line retains the morphologic and
functional features of the original tumor as described else-
where.>!- The cells were grown in Dulbecco’s modified Fa-
gle’s medium (DMEM) (Nissui Seiyaku, Tokyo, Japan) sup-
plemented with 2.5% heat-inactivated (56°C, 30 min) fetal
bovine serum (FBS) (Bioserum, Victoria, Australia), 100 U/mL
penicillin, 100 ug/mL streptomycin (GIBCO-BRL/Life Tech-
nologies, Inc., Gaithersburg, MD), and 12 mmol/L sodium bi-
carbonate in a humidified atmosphere of 5% CO;in air at 37°C.

IFN and reagents

IFN-B (FERON) was kindly provided by Toray Industries
(Tokyo, Japan), and the specific activity of IFN-B was 2 X 108
IU/mg protein. 5-FU was purchased from Kyowa Hakko Co.
(Tokyo, Japan), fluorescein isothiocyanate-conjugated goat
anti-mouse immunoglobulin (FITC-GAM) was from BD Bio-
sciences (San Jose, CA), control normal mouse IgG1 was from
DAKO (Glostrup, Denmark); rat antibody against mouse en-
dothelial cells (anti-CD34, clone MEC14.7) was from Serotec
Ltd. (Oxford, U.K.), mouse monoclonal antibody (mAb) against
human «-smooth muscle actin (SMA) that cross-reacts with
mouse a-SMA (clone 1A4) was from Immunon (Pittsburgh,
PA), and mouse mAb against human IFNAR-2 was from
Chemicon International (Temecula, CA).

Effects of IFN-B on proliferation of HCC and CHC
cell lines in vitro

The effects of IFN-8 on the growth of the cultured cells were
examined with colorimetry using 3-(4,5-dimethylthiazol-2y1)-
2,5-diphenyl tetrazolium bromide (MTT) assay kits (Chemicon)
as described elsewhere. 20.24 Briefly, the cells (1.5-6 x 103
cells/well) were seeded onto 96-well plates (Nunc, Roskilde,
Denmark) and cultured for 24 h, and the culture medium was
changed to new medium with or without IFN-8 (16, 64, 256,
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1024, or 4096 IU/mL). After culture for 24,48, 72, or 96 h, the
number of viable cells was examined. ’

Morphologic observation

For morphologic observation under a light microscope, cul-
tured cells were seeded on Lab-Tek tissue culture chamber
slides (Nunc), cultured with or without IFN-B (256, 1024 or
4096 TU/mL) for 48 or 72 h, fixed for 10 min in Carnoy’s so-
lution, and stained with hematoxylin-eosin (HE).

Quantitative analysis of IFN-B-induced
apoptlosis in vitro

Cells cultured with or without 1000 IU/mL (IFN-B) for 72
h were stained with Annexin V-enhanced green fluorescent pro-
tein (EGFP) apoptosis detection kits (Medical & Biological
Laboratories, Nagoya, Japan) according to the manufacturer’s
protocol. After staining, the cells were analyzed using a FAC-
Scan (Becton Dickinson Immunocytometry Systems, San Jose,
CA), and the Annexin V-EGFP-positive apoptotic cell rate was
determined.

Effects of IFN-B on proliferation and expression
of IFNAR-2 subunit

To investigate the expression of the IFNAR-2 subunit after
contact with IFN-B, as well as its relationship with antiprolif-
erative effects, HAK-1B cells were cultured with medium alone
(control group) or medium containing 1000 IU/mL IFN-8 for
3, 6, 12, 24, 48, or 72 h. The cells were reacted with anti-
IFNAR-2 antibody (final concentration 2.5 pg/mL) or control
antibody. The cell surface expression of the IFNAR-2 subunit
was analyzed using flow cytometry with the technique de-
scribed elsewhere,?%2! with slight modification.

Effects of IFN-B on HCC cell proliferation
in nude mice

This experiment was conducted according to the Guide for
the Care and Use of Laboratory Animals published and revised
by the National Institutes of Health in 1985, HAK-1B cells
(1.0 x 107 cells/mouse) were transplanted subcutaneously (s.c.)
into 4-week-old female BALB/c nu/nu athymic nude mice.
Eight days later, when the largest diameter of the tumor reached
approximately 5-10 mm, the mice were divided into four groups
(n = 10 each) to balance the mean tumor diameter of each
group. Each mouse received an intraperitoneal (i.p.) injection
of 0.1 mL phosphate-buffered saline (PBS) containing 1,000,
10,000, or 100,000 TU IFN-g for 14 consecutive days. The clin-
ical dose of IFN-B in chronic hepatitis C treatment is about
1.2 X 10° IU/kg and is 2.4 times the lowest dose (5.0 X 10
IU/kg) in the experiment. During this 2-week period, tumor size
was measured in two directions using calipers once every 2 days
until day 15, and tumor volume (mm?) was estimated using the
equation: length X (width)2 X 0.5. On day 15, the mice were
killed, and the tumors were resected, weighed, and used for
morphologic studies and ELISA analysis. Half of the resected
tumor was fixed in formalin and prepared in paraffin sections.
The TUNEL method using ApopTag kit (S7100, Chemicon)
was used to detect apoptotic cells. The number of apoptotic
cells was counted in ten 0.25-mm? areas where apoptotic cells
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were present at relatively uniform density, and the average num-
ber per area was obtained. To compare the in vivo antitumor
effect according to the administration route, IFN-B was ad-
ministered i.v., and tumor volume and weight were examined
as described.

Quantification of microvessel density

Double-immunostaining was performed with antimouse en-
dothelial cell antibody, antihuman a-SMA antibody, Histofine
simple stain mouse MAX-PO (Rat) kits (Nichirei, Tokyo,
Japan), and HistoMouse-plus kits to detect arterylike blood ves-
sels as described in our previous report.2! The number of blood
vessels in the tumor and in the borderline area between the tu-
mor nodule and surrounding tissues was counted on each spec-
imen. The size of the counted area was measured by tracing the" *
outline displayed on a computer monitor using Mac SCOPE
(Mitani Corp., Chiba, Japan). From the obtained number of ves-
sels per unit area (mm?), the group mean was obtained for group
comparison.

Enzyme-linked immunosorbent assay (ELISA)

Portions of the resected tumors were cut into pieces, and an
appropriate amount was homogenized in 500 uL ice-cold Ca2* -
and Mg?*-free PBS containing 100 pg/ml phenymethylsul-
fonyl fluoride (PMSF) using a pellet pestle. The mixture was
centrifuged for 10 min (12,000g, 4°C), and the supernatant was
stored at —20°C until use. The amount of tissue protein was
determined using BCA protein assay reagent (Pierce Biotech-

B
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nology, Rockford, IL). The concentration in the samples was
determined by comparing their absorbance with a standard
curve. The amount of basic fibroblast growth factor (bFGF), in-
terleukin-8 (IL-8), and vascular endothelial growth factor
(VEGF) in the supernatant was measured using ELISA kits.
The kits for VEGF and IL-8 were supplied by Amersham Bio-
sciences (Buckinghamshire, U.K.), and those for bFGF by R&D
Systems (Minneapolis, MN). .

Effects of IFN-B and 5-FU on proliferation of HCC
and CHC cell lines in vitro

The cells (1.5-6 X 10% cells/well) were seeded on 96-well
plates and cultured for 24 h, and then the culture medium was
changed to fresh medium containing IFN-8 (0, 8, 40, 200, or
160 IU/mL), 5-FU (0, 1, 10, or 100 uM), or both IFN-B (0, 8,
40, 200, or 100 IU/mL) and 5-FU (0, 1, 10, or 100 uM). After
72 h of culture, the number of viable cells was examined with
colorimetry using MTT assay kits as described. The synergy of
cooperative cytotoxicity was determined by the median-effect
principle as described by Chou and Talalay.® Data from each
sample were analyzed using CalcuSyn ver. 2 (Biosoft, Cam-
bridge, U.K.).

Statistical analysis

Estimated tumor volume and colorimetric cell growth were
compared using two-factor factorial ANOVA and Student’s -
test, respectively. The other data comparisons were performed
using the Mann-Whitney U-test.
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Antiproliferative effect of IFN-B. (A) Chronologic changes in the relative viable cell number (% of the control) after adding

4096 IU/mL IFN-B. Growth was suppressed with time in 12 cell lines. (B) 96 h after adding 16, 64, 256, 1024, or 4,096 IU/mL IFN-
B. Cell proliferation was suppressed in a dose-dependent manner in 11 cell lines. Suppression was statistically significant (p <
0.001-0.05) in the range of 164096 TU/mL IFN-B in 8 cell lines. Eight samples were used in each experiment (n = 8). The experi-

ment was repeated at least

three times for each cell line. The figures represent average * SE of the experiments.
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RESULTS

Effects of IFN-B on liver cancer cell
proliferation in vitro

In 12 of the 13 cell lines, a time-dependent antiproliferative ef-
fect was observed at various degrees in the 96-h cultures with
4096 IU/mL of IFN-B, and 20% or more suppression occurred at
72 h or later in comparison to the control (Fig. 1A). Among the
12 cell lines; HAK-6 presented a different pattern, and the cel}
number started to decrease from the early culture period after the
addition of IFN-B, decreasing to 60% of the control at 24 h. On
the other hand, HAK-3 did not have suppressive effects at 96 h.

The relative viable cell number at 96 h after adding IFN-8
(16, 64, 256, 1024, or 4096 TU/mL) decreased in 11 of the 13
cell lines in a dose-dependent manner (Fig. 1B). The cell lines
that did not have effects were HAK-3 and HAK-4. Among the
11 cell lines, cell number was suppressed in the 6 cell lines
(KYN-1, KYN-2, KYN-3, HAK-1A, HAK-1B, and HAK-6) to
<40% of the control even at a very low dose (64 IU/mL), and
the suppression was statistically significant in 8§ cell lines in the
dose range between 16 and 4096 IU/mL (p < 0.001-0.05). The
50% inhibitory concentration (ICsp) was 14.8 IU/mL for KYN-
2, 154 for HAK-1B, 25.2 for KYN-3, 31.2 for KYN-1, 32.5
for HAK-1A, 42.0 for HAK-6, 132.0 for KIM-1, 152.7 for
KMCH-1, and 260.1 for HAK-5. There was no significant re-
lationship between the histologic differentiation level of the
original tumor of each cell line and sensitivity to the antipro-
liferative effect of IFN-3.

Between 48 and 72 h after adding 4096 IU/mL IFN-B, 10
cell lines (all but HAK-3, HAK-4, and KMCH-2) presented
such characteristic features of apoptosis as cytoplasmic shrink-
age, chromatin condensation, and nuclear fragmentation to var-
ious degrees (Color Plate 1).

Quantitative analysis of Annexin V-EGFP-positive apoptotic
cells revealed that apoptosis occurred at a significantly higher
rate in the cultures with 1000 IU/mL IFN-p than those without
IFN-B in 10 cell lines (Table 1).

Effects of IFN-B in vitro on proliferation and
expression of IFNAR-2 in HAK-1B cells

With IFN-B, the expression of IFNAR-2 in HAK-1B cells

- was significantly downregulated in the period between 6 and
12 h in comparison to the control, then significantly upregu-

lated at 48 h and returned to the control level at 72 h (Fig. 2).

The number of viable cells between 3 and 12 h was almost the

same in both the control and the culture with IFN-B, started to

decrease after 24 h in the IFN-B group, and decreased to 16.1%
of the control at 72 h.

Effects of IFN-B on HCC cell proliferation
in nude mice

Figure 3A summarizes the chronologic changes in estimated
tumor volume after s.c. injection of cultured HAK-1B cells to
nude mice. A significant difference in the time course change
was obtained between the control mice and the mice that re-
ceived 1,000 (p < 0.05), 10,000 (p < 0.0001), or 100,000 1U
(p < 0.0001) IFN-B by two-factor factorial ANOVA. Dose-de-
pendent suppression of tumor volume was also observed, and
HAK-1B tumor on day 15 was smaller in proportion to the dose
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(Fig. 3A). A significant difference was obtained in the tumor
weight between the control and the 10,000 IU/mouse group
(p <0.05) and 100,000 TU/mouse group (p < 0.001). The tu-
mor weight of the 100,000 TU/mouse group was 40.0% of the
control. Similar antitumor effects were obtained when IFN-B
was administered i.v. (data not shown).

TUNEL staining showed that the numbers of apoptotic cells
in the 10,000 IU and 100,000 IU IFN-8 groups were signifi-
cantly higher than that of the control, and the number increased
in a dose-dependent manner (Color Plate 2 and Table 2) <
0.0001 between 10,000 or 100,000 group vs. Control).

Expression of angiogenesis factors and density of
arterylike blood vessels

VEGF expression in the HAK-1B tumor was higher in mice
that received IFN-B and was significantly higher in the 10,000
IU IFN-B group (p < 0.05) than the control (Table 2). IL-8 ex-
pression in the tumor was not significantly different among the
groups. bFGF expressions in both tumor and serum were sig-
nificantly lower in the 1,000 IFN-8 group (p < 0.05) than the
control, and IL-8 expressions in serum were significantly lower
in all IFN-B groups (p < 0.0001).

There were no significant differences in the number of blood
vessels per unit area of the HAK-1B tumor among all groups,
but the blood vessel counts inside the tumor tended to be lower
in the 1,000 IU IFN-B group (Table 2).

Antiproliferative effects of IFN treatment in
combination with 5-FU

Seventy-two hours after the addition of 5-FU alone, the rel-
ative viable cell number was suppressed in all 13 cell lines in
a dose-dependent manner. The combination treatment of IFN-
B and 5-FU showed synergistic antiproliferative effects in all

TABLE 1. QUANTITATIVE ANALYSIS OF APOPTOSIS INDUCED
BY IFN-$ 1N 13 Liver CaNCER CELL Lines?

Annexin V-EGFP-positive
apoptotic cells (%)

Cell line Control IFN-B
KIM-1 69 * 3.6 36.2 £ 2.3%*
KYN-1 102 £ 0.7 242 * 1.3%*
KYN-2 8113 28.2 *+ 4.3%x%
KYN-3 6315 17.1 = 3.7%*
HAK-1A 8.7x08 19.1 = 0.7**
HAK-1B 87137 304 = 2.9%*
HAK-2 - 119 + 24 216 * 1.9%
HAK-3 48 + 09 89+ 1.5
HAK-4 59 +23 69 = 0.8
HAK-5 37%05 209 * 1.9%*
HAK-6 11.5 £ 29 33.6 * 2.6%*
KMCH-1 6510 18.3 = 1.2%*
KMCH-2 78 *26 74 =30

®Cells were cultured with medium alone (Control) or mediurn
with 1000 IU/mL IFN-B. Apoptosis was measured by Annexin
V-EGFP staining. The rates of Annexin V-EGFP-positive apop-
totic cells are shown as the average + SD. Five samples were
used in each experiment.

*p < 0.001 vs. corresponding control value.

*¥p < 0.0001 vs. corresponding control value.
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COLOR PLATE 1. Photomicrograph of HAK-1B cells cultured for 48 h on a Lab-Tek chamber slide (A) without IFN-8 in
culture medium and (B) with 4096 TU/mL IFN-B in culture medium. Apoptotic cells (arrows) characterized by cytoplasmic shrink-
age, chromatic condensation, and nuclear fragmentation were noted. HE staining X200.

.

cell lines, but the frequency of the effect and the suitable com- DISCUSSION
bination of each drug concentration depended on the cell lines. .
Synergistic effects were observed most frequently at 10 uM 5- This study showed that (1) a time-dependent antiprolifera-

FU in all cell lines excluding KMCH-2 (Fig. 4); however, in  tive effect was induced in 12 cell lines that had contact with
 three cell lines (HAK-1A, HAK-1B, and HAK-2), synergistic = 4096 IU/mL IFN-B for 24-96 h and (2) a dose-dependent an-
effects were observed with high frequency at all 5-FU concen- tiproliferative effect was induced in 11 cell lines in vitro in the
trations tested. range of 16-4096 IU/mL. We previously reported the antipro-

COLOR PLATE 2. Photomicrograph of subcutaneous human HCC tumor in nude mice that developed after the injection of
HAK-1B cells. (A) Control mouse that received culture medium alone. Tumor shows a thick trabecular arrangement of tumor
cells and a sinusoidlike structure in the stroma. (B) Mouse that received an i.p. injection of 100,000 TU IFN-B. There are many

apoptotic tumor cells (arrows). HE staining. X200. (C) TUNEL technique was used to identify apoptotic cells (arrows). Coun-
terstained with Mayer’s hematoxylin. X200.
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FIG. 2. Effects of 1000 IU/mL IFN-B. Time course changes
in the relative viable cell number (circles, % of control) and
IFNAR-2 expression in HAK-1B cells before and after the ad-
dition of 1000 IU/mL IFN-B (n = 5 at each measurement). The
figures represent the average + SE, *p <0.05 vs. correspond-
ing control value; p < 0.005 vs. corresponding control value.
The experiment was repeated three times.

liferative effects of three IFN-« preparations by using the same
cell lines and methods.2>?!24 Comparison between previous
findings on IFN-« preparations and the current findings on IFN-
B showed that (1) IFN-8 induced a time-dependent antiprolif-
erative effect in the largest number of cell lines, (2) in the 96-
h culture with 1024 TU/mL IFN-B, the relative viable cell
number became lower than 50% in 9 cell lines, and this was
also the largest number of cell lines in our IFN studies, and (3)
in 6 of the 9 cell lines, growth suppression occurred at a dose
<100 IU/mL, and the ICsq of the 9 cell lines ranged between
14.8 and 260.1 IU/mL, lower than the levels for the 3 IFN-a
preparations.?®21.24 For example, in HAK-1B cells, the ICs0s
of the 3 IFN-a preparations (i.e., BALL-1 lymphoblastoid IFN-
@, consensus IFN-a, and PEG-IFN-a2b)20.21.24 were 14, 43,
and 55 times higher, respectively, than the IC50 of IFN-B. In
various cell lines, such as melanoma and glioma, IFN-g pre-
sents a stronger antiproliferative effect than IFN-« even though
IFN-a and IFN-B bind to the same heterodimeric receptor,*1-43
Leaman et al.* conducted oligonucleotide array analysis on 2
melanoma cell lines and showed that IFN- was more potent
than IFN-a2 in the induction of IFN-stimulated gene (ISG) ex-
pression. In HCC cell lines, there have been different findings,
that is, IFN-B induced a stronger antiproliferative effect and
higher ISG expression than IFN-a,2%3 and neither IFN-a nor
IFN-B significantly inhibited the growth of liver cancer cells.28
We presume that this difference is attributable to differences in
the IFN preparations and experiment methods, and particularly
to differences in the cell lines used in the experiments. The 4
cell lines (HAK-2, HAK-3, HAK-4, KMCH-2) whose relative
viable cell numbers in the current study were higher than 50%
after 96-h exposure to 4096 IU/mL IFN-B were found to be
also relatively insensitive to the antiproliferative effect of 3
IFN-a preparations.202124 [FN-B-mediated apoptosis induction
was observed as an antiproliferative mechanism in 10 cell lines
but not in the other 3 cell lines (HAK-3, HAK-4, KMCH-2).
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The low sensitivity or insensitivity to the antiproliferative ef-
fect of IFN-B in the 4 cell lines (HAK-2, HAK-3, HAK-4, °
KMCH-2) would be attributable to the resistance to IFN-B-me-
diated apoptosis or low cell surface IFNAR-2 expression (HAK-
3, HAK-4, KMCH-2).0 '

IFN-B induces a stronger antiproliferative effect and higher
ISG expression than IFN-a. It has been reported that the dif-
ferent biologic effects of IFN-B from those of IFN-a2 may be
mediated by the formation of a uniquely stable type I IFN re-
ceptor complex, greater affinity for the type I receptor complex,
involvement of other receptor components, and the activation
of additional signaling pathways.*>4" These findings suggest
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FIG.3. Time course change in estimated tumor volume of
s.c. transplanted HAK-1B in nude mice. (A) Mice received an
s.c. injection of 1,000 (closed squares), 10,000 (open circles),
or 100,000 (closed circles) IU IFN-B8 or PBS (control, open
squares). (B) All mice were killed on day 15, and tumor weight
was measured. Figures represent the average * SE. The ex-
periments were repeated twice, and almost identical results were
obtained. *p < 0.05 vs. control; Tp < 0.001 vs. control; ¥p <
0.0001 vs. control.
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TaBLe 2. ELISA, ARTERYLIKE BLOOD VESSELS, AND NUMBER OF Arporrotic CELLS IN Human HCC
(HAK-1B) TuMOR THAT Was SUBCUTANEOUSLY TRANSPLANTED IN Nupe Mice
. IFN-B IFN-B IFN-B
- Treatment group® Control 1,000 U 10,000 1U 100,000 1U
VEGP in tumor 20.0 £ 3.0¢ 277 = 48 30.1 + 3.2% 226 39
bFGPF® in tumor 468 = 29 38.4 * 4.6* 39.1 = 1.7 486 £ 2.6
in serum 16.0 * 44 6.2 * 1.4% 78 16 3.6 = 0.4%
IL-8® in tumor 358 £ 3.2 373 £ 30 396 * 35 36.7 £ 2.5
in serum 270 + 22 11.0 & 2.4%* 10.9 = 1, 7%** 8.1 = ] 4%%x%
Arterylike blood vesseld -
inside tumor 0.381 = 0.074 0.318 = 0.053 0.390 = 0.075 0.413 * 0.057
tumor margin 0.621 = 0.081 0.646 = 0.069 0.770 = 0.128 0.701 = 0.077
Apoptotic cell® 672 £ 52 739 + 38 1134 & 54%%* 155.1 * 7.9%*=

*Cultured HAK-1B cells (1 X 107) were transplanted s.c.. into nude-mice. Eight days later, when the largest diameter of the

tumor reached approximately 5-10 mm, mice in each group were treated every day with i.p. injections of IFN-8 or saline
(Control).

PELISA data (VEGF, bFGF, and IL-8) are expressed as ng/100 pg total protein.

“Average * SE.

4Arterylike blood vessels: number of blood vessels in the tumor and in the borderline area between the tumor nodule and
surrounding tissues was counted in each specimen, and the average number per area in each group was obtained.

“Number of apoptotic cells was counted in eight 0.25-mm? areas in each section, and the average number per area in each
group was obtained.

*p < 0.05 vs. Control; **p < 0.005 vs. Control: **%p < 0.001 vs. Control.

that the difference in such effects as antiproliferation and po-
tency between IFN-& and IFN-B may be largely related to the
different interaction with type I IFN receptor. We recently ex-
amined chronologic changes in IFNAR-2 expression in HAK-
1B cells cultured with PEG-IFN-a2b and found that the ex-
pression of IFNAR-2 was significantly downregulated at 3 h
compared with the control, then significantly upregulated at 48
h, and returned to the control level at 72 h.2! In the current
study, we also examined chronologic changes of IFNAR-2 ex-
pression with IFN-B by using the same HCC cell line, HAK-
1B, for up to 72 h of culture and compared the current results
with the previous results on PEG-IFN-a2b. As a result, IFNAR-
2 expression after IFN-a or IFN-B exposure was not different,
and we could not find a difference at this point.

IFN-B in vivo dose-dependently suppressed the growth of hu-
man HCC that was transplanted s.c. to nude mice, and growth
suppression occurred even at 1/2.4 of the clinical dose for chronic
hepatitis C patients. By considering the ICso of in vitro IFN-B
that was 1/43 of the consensus IFN-a2% and by comparing to our
previous in vivo findings of consensus IFN-q,2 IFN-B is ex-
pected to have much stronger antiproliferative effects than those

found in the current results. There was no difference in the an-.

tiproliferative effects between the i.p. and i.v. administrations of
IFN-B. The reason for this lower level of antiproliferative effects
has not yet been described fully, but pharmacokinetic studies in-
dicate that IFN-8 exhibits an extremely short half-life in the blood
system after i.m. or i.v. protein administration.*84° Therefore, the
short half-life of IFN-g in serum may be related to the in vivo
findings.

In our recent study on PEG-IFN-a2b and IFN-a2b, which
are equal in their antivirus activity level,?! their in vivo an-
tiproliferative effects on HCC were comparatively examined.
The antiproliferative effect was significantly higher in PEG-
IFN-a2b, with a longer serum half-life than IFN-a2b. This sug-

gested that the antitumor effect is higher when IFN is present
in the serum for a longer time. Similar findings were reported
for IFN-B. In clinical practice, the clearance rate of serum HCV
RNA and the ratio of 2',5'-oligoadenylate synthetase (2',5'-
OAS) activity were significantly higher in chronic hepatitis pa-
tients who received 3 MU IFN-B i.v. twice a day than those
who received 6 MU IFN-B daily.>%5! In animal experiments,
Sung et al.’? examined the pharmacokinetic properties of al-
buferon in rhesus monkeys. Albuferon is a novel recombinant
protein derived from the gene fusion of IFN-8 and human serum
albumin, and its half-life is longer than that of IFN-B. They
found an enhanced pharmacodynamic response, with increases
in both neopterin and 2',5'-OAS expression levels. Therefore,
it is necessary to conduct further in vivo studies that use a more
frequent administration of IFN-B or IFN-B with a longer half-
life.

Our cumrent study examined the mechanism of in vivo an-
tiproliferative effects by monitoring apoptosis, angiogenesis,
and the expression of angiogenesis factors. As a result, the num-
ber of apoptotic cells increased with the increase in the IFN-B
dose, and this showed the occurrence of antiproliferation due

"to apoptosis induction, as was found for IFN-a.2224 On the

other hand, angiogenesis inhibition was not observed as well
as for PEG-IFN-a2b2'; that is, the number of blood vessels in
and around the tumor did not decrease significantly. Several
studies reported that IFN-B inhibits angiogenesis by suppress-
ing the expression of such angiogenesis factors as bFGF53:54
and IL-8.5356 However, in the current study, decreased ex-
pression of bFGF and IL-8 in the serum of IFN-8 groups, in
particular the 100,000 TU group, was thought to be the result
of tumor size reduction. Regarding the expressions in nude
mouse tumors, IL-8 expression was not significantly different
among the groups, and VEGF expression was significantly in-
creased in the 10,000 IU IFN-B group. In the 1,000 IU group,
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FIG. 4. Antiproliferative effec‘t of IFN-B in combination with various doses of 5-FU. Cells were incubated with IFN-8 in the

presence of various concentrations of 5-FU, and a relative viah

le cell number (% of control) was determined after 72 h of cul-

ture. Eight samples were used in each experiment, which was repeated at least three times for each cell line. Figures represent
the average + SE. *Synergistic effect with the range of the combination index (CI) of 0.3-0.7; **strong synergistic effect with
the range of the CI of 0.1-0.3; *#*very strong synergistic effect with the range of CI of <0.1. Synergistic effects and the CI

were assessed by median-effect principle analysis.

bFGF expression decreased significantly from the level of the
control, and the number of blood vessels decreased inside the
tumor. Therefore, bFGF and blood vessels might be related, and
in the 1,000 IU group, IFN could suppress the expression of
angiogenesis factors at a biologically optimal concentration as
Tedjarati et al.%? reported, even though there was no specific
decrease in tumor size. VEGF expression in HAK-1B cells in
vitro was upregulated in the same manner as for IFN-.58
The clinical efficacy of chemotherapy in combination with
IFN-a has already been reported in HCC.!-!9 As in vitro data

suggest that the antiproliferative potency of IFN-B is greater °

than that of IFN-«,*1~43 IFN-B in combination with chemother-
apeutic drugs would be a more promising therapeutic approach
in the treatment of HCC. Makower and Wadler>® described that
IFN-B is a more potent modulator of 5-FU cytotoxicity in vitro
than IFN-a. In the current study, we examined the cooperative
effects of IFN-B with 5-FU on 13 human liver cancer cell lines
using growth inhibitory assays and median-effect principle
analyses and found synergistic antiproliferative effects in all
cell lines at various degrees. The possible reported mechanisms
of these synergistic effects are as follows3%-61: (1) IFN-B8 may
increase the amount of active 5-FU metabolite and inhibit the
activity of thymidylate synthase, (2) IFN-8 may alter the ex-
pression of enzymes that affect 5-FU metabolism (e.g., thymi-

dine phosphorylase, dihydropyrimidine dehydrogenase, uridine
phosphorylase, and thymidine kinase), and (3) 5-FU may up-
regulate the expression levels of type I IFN receptor subunits.
Oie et al.5! examined the mechanisms of the antiproliferative
effect of combination treatment with IFN-a and 5-FU by using
6 HCC cell lines and confirmed that the upregulation of
type I IFN receptor by 5-FU is the most important mechanism
of synergistic effects.

Our findings showed that IFN-8 even at a relatively low dose
has a potent antiproliferative effect on HCC in vitro, and the in
vivo antitumor effect was expressed at the clinical dose. These
data suggest the potential clinical application of IFN-8 in the
prevention and treatment of HCC. Strong growth suppression
on HCC could be expected when a relatively low dose of IFN-
B with or without 5-FU is continuously or frequently adminis-
tered to tumor-feeding arteries of HCC.
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Abstract

Dihydrapyrimidine dehydrogenase (DPD) is the rate-limit-
ing enzyme in the catabolism of 5-fluorouracil (5-FU) and
its activity is closely associated with cellular sensitivity to
5-FU. This study examines the role of DPD in the
antiproliferative effects of 5-FU combined with IFN-o on
hepatocellular carcinoma (HCC) cells in culture and asks
whether IFN-o could affect DPD expression. The combined
action of IMN-o and 5-FU on three HCC lines was quantified
by a combination index method. Coadministration of IFN-o.
and 5-FU showed synergistic effects against HAK-1A and
KYN-2 but antagonistic effects against KYN-3. The celiular
expression levels of DPD mRNA and protein were markedly
up-regulated in KYN-3 cells by IFN-o but were down-
regulated in HAK-1A and KYN-2. The expression of
thymidylate synthase mRNA and protein was down-
regulated by IFN-c in all three cell lines. Coadministration
of a selective DPD inhibitor, §-chioro-2,4-dihydroxypyr-
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idine {CDHP), enhanced the antiproliferative effect of 5-FU
and IFN-a on KYN-3 ~ 4-fold. However, the synergistic
effects of 5-FU and IFN-o« on HAK-1A and KYN-2 were not

‘affected by CDHP. The antiproliferative effect of §-FU

could thus be modutated by IFN-c, possibly through DPD
expression, in HCC cells. Inhibition of DPD activity by
CDHP may enhance the efficacy of IFN-a and 6-FU com-
bination therapy in patients with HCC showing resistance
to this therapy. (Mol Cancer Ther 2007;6(8):2310 -8]

Introduction

5-Fluorouracil (5-FU) is widely used in the treatment of
various gastrointestinal cancers and other types of tumor. It
is converted to the active metabolite 5-fluoro-2-deoxyur-
idine-5-monophosphate (FAUMP) and inhibits thymidy-
late synthase (TS) activity competitively through the
formation of a terary complex of FAUMP, TS, and 5,10-
methylenetetrahydrofolate. Cancer cells with high levels of
FAUMP and low levels of TS are thus known to be sensitive
to 5-FU (1).

Dihydropyrimidine dehydrogenase (DPD) is a rate-
limiting enzyme involved in the degradation of pyrimidine
bases and pyrimidine-based antimetabolites, such as 5-FU,
and so diminishes the antitumor activity of 5-FU. This
catabolism occurs mainly in the liver. DPD activity shows
wide variation in both cancer patients and the healthy
population (2).

The human DPD gene (DPYD) is located on chromosome
1p22. It is a single copy 950-kb gene comprising 23 exons
(3), in which 39 mutations and polymorphisms have been
identified (4-6). Abnormalities of DPYD that decrease
DPD activity are observed in 3% to 5% of the total
population (7), and several patients with congenital DPD
deficiency were reported as suffering from severe toxicity
after the administration of 5-FU (8). DPD activity in tumor

‘cells is critical to the antitumor effects of 5-FU (9), and its

inhibition is expected to enhance these effects.
Hepatocellular carcinoma (HCC) is the fifth most
common malignancy in the world. The most effective
treatment for patients with HCC is the surgical resection of
hepatic lesions. Local therapeutic approaches, such as
transcatheter arterial embolization (10), percutaneous
transhepatic ethanol injection (11), microwave coagulation
(12), and radiofrequency ablation (13), are also effective.
However, these therapies are not sufficient for patients
with advanced HCC, for whom surgery is often not suitable
and whose 5-year survival rate is extremely low (14). For
patients with advanced HCC, the clinical response of
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almost every anticancer drug is insufficient, and several
combination chemotherapies have been tried. Combined
chemotherapy with 5-FU and IFN-a has been used
previously for patients with advanced HCC, with im-
proved therapeutic effects (15-17). However, these reports
of positive effects are contradicted by a previously
observed lack of antitumor activity accompanied by
increased toxicity (18). To improve the therapeutic index
of 5-FU and IFN-a combination therapy, it is therefore

important to establish the cause of this occasional decrease

in efficacy and increase in side effects.

Plausible mechanisms, such as an increase in FAUMP, TS
inhibition rate, and thymidine phosphorylase activity, a
decrease in TS levels, and altered 5-FU pharmacokinetics,
have been suggested to explain the improved therapeutic
effects of IFN-a and 5-FU (19-23). Takaoka et al. (24)
showed that transcription of the p53 gene is induced by
IFN-a/IFN-B, accompanied by an increase in p53 protein
level, and that the apoptotic response by IFN-p combined
with 5-FU was enhanced. Milano et al. (25) reported that
IFN-a inhibits DPD activity in human tumor cells, suggest-
ing that inhibition of DPD activity could be involved in
5-FU-induced antiproliferative activity. Consensus IFN
was shown to enhance the antiproliferative effect of 5-FU
against hepatoma cells through down-regulation of DPD
expression (23). By contrast, increased expression of DPD
protein by IFN-y was reportedly observed at a concentra-
tion equivalent to that in the sera of patients (26).

According to the presence or absence of synergism by the
combination of 5-FU and IFN-a, we classified six human
HCC cell lines into two groups: the S-group containing three
cell lines, which showed a synergistic effect, and the
A-group containing the remaining three cell lines, which
showed additive effects (27). The expression levels of type I
IFN receptor subunits were specifically up-regulated by
5-FU in all three cell lines of the S-group but not in those of
the A-group (27). In this study, we asked whether DPD could
limit the antiproliferative effect of 5-FU against HCC cells in
culture when 5-FU was applied in combination with IFN-a.
This work also shows that inhibiting DPD activity in HCC
cells with high DPD levels improves the efficacy of 5-FU
combined with IFN-g, following up-regulation by IFN-a.

Materials and Methods

Drugs

5-FU was purchased from Kyowa Hakko Kogyo Co. Ltd.
(5-FU Injection 250 Kyowa) and natural human IFN-«
was purchased from Otsuka Pharmaceutical Co. Ltd. (OIF).
5-Chioro-2 4-dihydroxypyridine (CDHP) was a gift from
Taiho Pharmaceutical Co. Ltd.

Cell Lines

HCC cell lines, KYN-2, KYN-3, and HAK-1A (28, 29),
were grown in DMEM (Nissui Seiyaku Co.) with 10% fetal
bovine serum (FetalClone IIl, Hyclone) in a humidified
atmosphere of 5% CO, at 37°C. We confirmed the
expression of type I IFN receptor subunits 1 and 2 in these
three HCC cell lines (27).
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Cytotoxicity Tests ’ :

Cells were seeded into 96-well plates at 1,000 cells/
100 pL/well and incubated ovemnight. On the following
day, 100-uL aliquots containing IFN-a and/or 5-FU with
or without CDHP were added to each well and cells were
cultured for a further 5 days. The number of viable cells
was estimated by assaying the activity of cellular succinate
dehydrogenases using WST-8 reagent (Cell Counting Kit-8,
Dojindo; ref. 30). We confirmed that untreated groups of
KYN-2, KYN-3, and HAK-1A cells grew exponentially for
6 days under these experimental conditions (data not
shown).

Combination Index Analysis

The combined effects of 5-FU and IFN-a were quantified
using a combination index (CI) method developed by Chou
and Talalay (31). This method involves plotting dose-effect
curves, for each agent and their combination, using the
median-effect equation: fa / fu = (D / Dm)™, where D is the
dose of the drug, Dm is the dose required for a 50% effect
(equivalent to ICsy), fa and fu are the affected and
unaffected fractions, respectively (fa = 1 — fu), and m is
the exponent signifying the sigmoidicity of the dose-effect
curve.

In this study, relative concentrations (RC) of IFN-a and
5-FU, determined as (concentration) / (ICs, value), were
used for analysis. The computer software Xlfit version 2.0.6
(ID Business Solutions Ltd.) was used to calculate the
values of Dm and m. The CI used for the analysis of the
drug combinations was determined by the isobologram
equation for mutually nonexclusive drugs that have
different modes of action: CI = (D), / (Dx), + (D); /
(Dx)z + (D)1(D)2 / (Dx)1(Dx),, where (D), and (D), are RCs
of drugs 1 and 2 and x is the percentage of inhibition.
Combination indices CI < 1, CI = 1, and CI > 1 indicate
synergism, additive effects, and antagonism, respectively.

Quantitative Real-time Reverse Transcription-PCR

Total RNA was extracted using Isogen (Nippon Gene Co.,
Ltd.) and reverse transcribed using a reverse-transcription
system (Promega Corp.) according to the manufacturer’s
instructions. Quantitative real-time reverse transcription-
PCR was done with an ABI Prism 7300 (PE Applied
Biosystems). The primers used were as follows: TS 5-
GAATCACATCGAGCCACTGAAA-3' (forward primer),
5-CAGCCCAACCCCTAAAGACTGA-3 (reverse primer),
and 5-(FAM)TTCAGCTTCAGCGAGAACCCAGA(TAM-
RA)-3' (probe) and DPD 5-AATGATTCGAAGAGCTT-
TTGAAGC-3' (forward primer), 5-GTTCCCCGGATG-
ATTCTGG-3' (reverse primer), and 5-(FAM)TGCCCT-
CACCAAAACTTTCTCTCTTGATAAGGA(TAMRA)-3
(probe). Primers and Tagman probes for glyceraldehyde-
3-phosphate dehydrogenase were prepared by Assay-
on-Demand Gene Expression Products (PE Applied Bio-
systems).

Western Blotting

HCC cells were cultured for 48 h with 0, 20, 100, or
500 IU/mL IFN-a. Total protein was extracted using
a protein extraction reagent (M-PER, Pierce) supple-
mented with protease inhibitors (Halt Protease Inhibitor
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Cocktail kit, Pierce). Cell lysates were loaded into 7.5% SDS-
polyacrylamide gels. After electrophoresis, the separated
proteins were electrotransblotted onto polyvinylidene
difluoride membranes (Immobilon-P membrane, Milli-
pore). After blocking, membranes were probed with
antihuman DPD polyclonal rabbit antibody and antihuman
TS monoclonal mouse antibody (gifts from Taiho Phiarma-
ceutical). The proteins were visualized using horseradish
peroxidase~conjugated antibodies (Pierce) followed by
enhanced chemiluminescence (Pierce). The intensity of

luminescence was quantified using an image analysis

system (LAS-1000, Fuji Film).

Enzyme Assay for DPD Activity

DPD activity was measured using [6-'*C]5-FU as a
substrate (32, 33). Cells were homogenized and centrifuged
at 105,000 x g for 60 min at 4°C, and the supernatant
was used for assay. A reaction mixture containing
10 mmol/L potassium phosphate (pH 8.0), 0.5 mmol/L
EDTA, 0.5 mmol/L 2-mercaptoethanol, 2 mmol/L DTT,
5 mmol/L MgCl,, 20 umol/L [6-'“C]5-FU, 0.1 mmol/L
NADPH, and 25 uL of cell extract in a total volume of 50 uL.
was incubated at 37°C for 30 min. After chemical hydro-
lyzation and neutralization using KOH and HCIO,, a 5-uL
aliquot was applied to a TLC plate (2.5 X 20 cm, silica gel
60 Fys, plate, Merck) and developed with a mixture of
ethanol and 1 mol/L ammonium acetate (5:1, v/v) and
diethylether, acetone, chloroform, and water (50:50:40:1,
v/v). DPD activity was determined as the sum of the pro-
ducts converted from 5-FU (ie., dihydrouracil, 2-fluoro-p-
ureidopropionic acid, and 2-fluoro-p-alanine) that were
visualized and quantified with an imaging analyzer (BAS-
2000, Fujix).

K4

Results

Comparison of Drug Sensitivity and mRNA Levels of
DPD and TS in Three HCC Cell Lines

The sensitivities of three HCC lines, HAK-1A, KYN-2,
and KYN-3, to separately administered 5-FU and IFN-a
were determined as ICs values. KYN-3 was the most
resistant to 5-FU of the three HCC lines. The ICsy values of
IFN-a in HAK-1A, KYN-2, and KYN-3 cells were 720, 510,
and 24 TU/mL, respectively. KYN-3 cellular sensitivity to
IFN-a was therefore approximately 30-fold and 20-fold

higher than in HAK-1A and KYN-2 cell lines, respectively.
The ICs5 value of IFN-a in HepG2 cells established from
human hepatoblastoma and widely used in experiments
was found to be over 10,000 [U/mL (data not shown).
Sensitivity was then compared with mRNA levels of
DPD and TS, and DPD activity (as conversion rate from
[6-'%C]5-FU to its metabolites) in the three cell lines, which
were shown to be broadly comparable (Table 1). DPD mRNA
levels relative to those of KYN-3 cells, taken as 100%, and
those of TS relative to HAK-14, taken as 100%, are shown
in Table 1. The cellular level of TS mRNA in KYN-2 cells was
much lower than in the other two lines. Basal DPD activity in
KYN-3 cells was approximately 5.5-fold and 9.1-fold higher
than in HAK-1A and KYN-2 cell lines, respectively.
Quantitative Analysis of the Combination Effects of
5-FU and IFN-a
Dose-response curves of 5-FU alone and in combination
with various concentrations of IFN-a are shown in Fig. 1A
to C. Because sensitivities to IFN-a and 5-FU alone were
different for each HCC cell line, RCs to the ICs, value were
used. As the concentration of combined IFN-a was
increased, the dose-response curves of 5-FU were shifted
down in an IFN-a concentration-dependent manner in all
three HCC cell lines. For instance, following cotreatment
with 312 IU/mL (RC = 0.45) IFN-a,the dose-response curve
of HAK-1A to 5-FU was significantly shifted down and the
5-FU ICg, value of 2.3 pmol/L was reduced to 0.28 umol /L.
However, there were clear differences between the three
HCC cell lines. For KYN-3 cells, after treatment with the
equivalent RC, 0.42 (8.0 IU/mL) IFN-o.the dose-response
curve of 5-FU was significantly shifted down, but the 5-FU
ICsp value of 9.6 pmol/L was only reduced to 5.5 umol/L.
An enhancement factor (EF) was defined to evaluate
synergism between 5-FU and IFN-a, based on a 50%
antiproliferative effect, as EF = 1 / [(RC of IFN-a) + (RC of
5-FU)). When EF is 1, this combined effect is additive; values
>1 or <1 imply synergistic or antagonistic effects, respec-
tively. EF values of HAK-1A and KYN-2 were >1 at almost
all combined doses, but EF values of KYN-3 at all tested
combined doses were closer to 1. The combined effect of
5-FU and IFN-a on HAK-1A and KYN-2 cells was thus
judged to be synergistic and that on KYN-3 to be additive,
consistent with our previous study (27).

Table 1. HCC cefl sensitivities to 5-FU and IFN-a, DPD, and TS mRN'A'expressio'h levels and DPD activities

Cell line ICsp* Relative mRNA levels! DPD activity ! {(pmol/min/mg protein)
5FU (umol/L) IFN-a (TU/mL) DPD TS

HAK-1A 21 720 15 100 28 £ 09

KYN-2 1.8 510 23 14 1.7 £ 07

KYN-3 9.8 24 100 46 ) 155 £ 1.6

*The ICs value that caused 50% growth inhibition was calculated from the log-logit regression line. The assays were carried out in quadruplicate. Experiments

were repeated twice with essentially similar results.

t DPD mRNA levels are shown relative to those of KYN-3 cells, taken as 100%,

100%.

* Determinations were carried out in triplicate and data represent mean + SD.

and TS mRNA levels are shown relative to those of HAK-1A cells, taken as
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