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Abstract Purpose: We evaluated the antitumor and
antiangiogenic activities of human natural interferon-
alpha (IFN-�) alone or in combination with S-1 against
human pancreatic cancer cells. Methods: Three days
after the subcutaneous (s.c.) implantation of tumor
cells, mice (n = 12) were received s.c. injection with
IFN-� alone (10,000 U six times a week), oral adminis-
tration with S-1 alone (8 mg/kg six times a week), or
both with IFN-� and S-1 (8, 10, 12 mg/kg six times a
week). Results: Administration of IFN-� in combina-
tion with S-1 signiWcantly decreased progressive
growth and angiogenesis of human pancreatic cancer
cells. The combination therapy produced more signiW-
cant inhibition in expression of the representative pro-
angiogenic molecules, vascular endothelial growth
factor and basic Wbroblast growth factor than individ-
ual treatment either IFN-� or S-1 alone did. These

treatments also decreased the staining of proliferating
cell nuclear antigen, induced apoptosis and decreased
microvessel density. In order to better understand the
precise molecular mechanisms by which IFN-� and S-1
exert its eVects, we have utilized cDNA microarray
including 124 known genes to determine the gene
expression proWle altered by IFN-� and S-1 treatment.
We found a total of seven genes which showed a two-
fold change after IFN-� and S-1 treatment in addition
to VEGF, bFGF, CD31, MMP-2, MMP-7 and MMP-9.
Among these genes, we found down-regulation of six
genes and up-regulation of one gene, which are related
to angiogenesis, tumor cell invasion and metastasis.
Conclusions: These data suggest that administration of
IFN-� in combination with S-1 may provide a novel
and eVective approach to the treatment of human pan-
creatic cancer.

Keywords Angiogenesis · DNA microarray · 
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Introduction

Exocrine pancreatic cancer is now the Wfth leading
cause of cancer death in the USA, Japan, and Europe
[1]. Recent advances in the multimodality management
of pancreatic cancer have lowered the mortality rates
and improved the survival after surgery. However, the
overall 1-year survival rate after diagnosis of pancre-
atic cancer remains below 20%, and the overall 5-year
survival rate is only 3%, with the majority of patients
dying of metastatic cancer recurrence [2]. Therefore,
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new agents and innovative approach to therapy are the
important subjects for research.

Among the candidates are the IFNs, a family of nat-
ural glycoproteins Wrst discovered in the 1950s due to
their antiviral activity [3]. Subsequent studies con-
cluded that the IFNs are multifunctional and can mod-
ulate the activities of regulatory cytokines involved in
the control of cell function and replication [4–6]. IFN-�
has been shown to directly inhibit the proliferation of
tumor cells of various histological origins [4–7]. More
recently, IFN-� has been shown to down-regulate the
expression of the proangiogenic molecules bFGF [8],
IL-8 [9], and MMP-2 and -9 [10] and to activate host
eVector cells [11].

Another candidate, S-1 is a novel oral Xuoropyrimi-
dine derivative consisting of tegafur (FT) and two
modulators, 5-chloro-2,4-dihydroxypyridine (CDHP)
and potassium oxonate (Oxo), in a molar ratio of
1:0.4:1 [12]. Antitumor eVect is provided by the 5-Xuo-
rouracil (5-FU) prodrug FT [13]. CDHP competitively
inhibits the 5-FU degradative enzyme dihydropyrimi-
dine dehydrogenase (DPD), resulting in the retention
of a prolonged concentration of 5-FU in blood [14].
Oxo competitively inhibits orotate phosphoribosyl-
transferase, which converts 5-FU to 5-Xuorouridine 5�-
monophosphate in vitro [15]. Because Oxo is mainly
distributed in the gastrointestinal tract after oral
administration, it acts to relieve the gastrointestinal
toxicity induced by 5-FU. Recent clinical trials using S-
1 have shown promising results in various solid tumors.
Response rates of 35–50% were reported for single
agent or combination of S-1 and other anticancer drug
use for gastric cancer [16], colon cancer [17], and pan-
creatic cancer [18].

The combination therapy of IFN-� and 5-FU was
initially proposed in 1988 based on in vitro experi-
ments on colon cancer cells [19]. Subsequently, this
combination therapy was applied to various types of
human carcinomas. In the clinical studies, outstanding
eVects with IFN-� and 5-FU therapy were observed in
patients with advanced HCC [20]. Several in vitro
studies have provided some explanations about the
synergistic eVects of the combination of IFN-� and 5-
FU [21–23].

The aim of this study was to determine the thera-
peutic eVect of IFN-� in combination with S-1 against
the pancreatic cancer AsPC-1 implanted in athymic
nude mice [24]. We show that the combination of IFN-
� and S-1 administration signiWcantly inhibited the
growth of human pancreatic cancer by down-regulating
the expression of VEGF and bFGF, by inducing apop-
tosis in tumor cells and by inhibiting tumor cell prolif-
eration.

Materials and methods

Cell lines and culture conditions

AsPC-1, MIA PaCa-2, BxPC-3 and PANC-1 cells were
purchased from the Japanese Collection Research
Bioresources Cell Bank (Tokyo, Japan). All cell lines
were grown in RPMI 1640 supplemented with 10%
fetal bovine serum (FBS), 70 �g/mL penicillin and
100 �g/mL streptomycin (complete medium) and main-
tained at 37°C in a humidiWed incubator with 5% CO2
in air. The cultures were maintained for no longer than
12 weeks after recovery from frozen stock.

Reagents

Human natural IFN-� (BALL1) was purchased from
Otsuka Pharmaceutical Co. (Tokushima, Japan) and
was kept at 4°C and diluted in 0.1% Tween 80 as neces-
sary at the time of use. 5-FU was purchased from
Kyowa Hakko Kogyo, Co., Ltd. (Tokyo, Japan) and
dissolved in 0.9% NaCl solution. Tegafur, CDHP, and
Oxo were provided by Taiho Pharmaceutical Co., Ltd.,
Tokyo, Japan. We prepared S-1 by mixing tegafur,
CDHP, and Oxo at a molar ratio of 1:0.4:1 in 0.5% (w/
v) hydroxypropylmethylcellulose (HPMC) solution.
The dose of S-1 is expressed as the dose of tegafur,
because the active component of S-1 is tegafur. Anti-
bodies purchased were as follows: polyclonal rabbit
anti-VEGF/vascular permeability factor (Santa Cruz
Biotechnology, Santa Cruz, CA, USA); peroxidase-
conjugated goat anti-rabbit (IgG) F(ab’)2 (Jackson
Research Laboratories, West Grove, CA, USA);
monoclonal rat anti-mouse CD31/PECAM-1 (PharM-
ingen, San Diego, CA, USA); peroxidase-conjugated
goat anti-rat IgG (H&L; Jackson Research Laborato-
ries); monoclonal mouse anti-PCNA clone PC-10
(DAKO A/S); peroxidase-conjugated rat anti-mouse
IgG2a heavy chain (Serotec; Harlan Bioproducts for
Science, Inc., Indianapolis, IN, USA); rabbit anti-
human bFGF (Santa Cruz Biotechnology); PBS; goat
polyclonal anti-human MMP-2 (Santa Cruz Biotech-
nology); mouse monoclonal anti-human MMP-7 (Fuji
Chemical, Toyama, Japan); rabbit polyclonal anti-
human MMP-9 antibody (Oncogene Research Prod-
ucts, Cambridge, MA, USA); peroxidase-conjugated
rat anti-mouse IgG1 (PharMingen); stable 3,3�-diam-
inobenzidine was purchased from Research Genetics
(Huntsville, AL, USA) and Gill’s hematoxylin was
purchased from Sigma. Pepsin was purchased from
Biomeda (Foster City, CA, USA). The Cell Counting
Kit-8 using WST-8(2-(2-methoxy-4-nitrophenyl)-3-
(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,
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monosodium salt) was purchased from Wako (Osaka,
Japan). The TUNEL assay was performed using a
commercial apoptosis detection kit (Promega, Madi-
son, WI, USA) with modiWcations.

Cell proliferation assay

All of tumor cells (5 £ 103) were seeded into 38-mm2

wells of Xat-bottomed 96-well plates in quadriplicate
and allowed to adhere overnight. The spent medium
was then removed, and the cultures were refed with
new medium (negative control) or medium containing
diVerent concentrations of human IFN-� and S-1. Incu-
bation was continued for 96 h prior to adding the Cell
Counting Kit-8, and after 4 h, the optical density was
measured at 450 nm with a microplate reader (Multis-
kan JX; Labsystems). The WST-8 assay correlated with
the results obtained by cell counting with a hemocy-
tometer [25]. Assays were performed in quadruplicate
in duplicate plates.

Animals study

Since AsPC-1 cells rapidly form a tumor when inocu-
lated in the subcutaneous space of nude mice, we used
the cells in an in vivo model. Female athymic nude
mice (NCI-nu) were purchased from CLEA Japan, Co.
Ltd (Tokyo, Japan). The mice were maintained under
speciWc pathogen-free conditions in facilities approved
by the animal experimental institutional of the Univer-
sity of Tokushima. The mice were used in accordance
with animal experimental institutional policy of the
University of Tokushima when they were 4–5 weeks
old. Tumor sizes were measured with a caliper every
week. The tumor volume was calculated using the for-
mula: Volume = S £ S £ L/2, where S is the short
length of the tumor in centimeter and L is the long
length of the tumor in centimeter.

To produce pancreatic tumors in nude mice, the
AsPC-1 cells were harvested from subconXuent cul-
tures by a brief exposure to 0.25% trypsin and 0.02%
EDTA. Trypsinization was stopped with medium con-
taining 10% fetal bovine serum, and the cells were
washed once in serum-free medium and resuspended
in PBS. Only suspensions consisting of single cells with
> 90% viability were used for the injections. Cells were
injected into the subcutaneous tissue as described pre-
viously [26]. The mice were killed when moribund. The
size and weight of the primary pancreatic tumors were
recorded. Histopathology conWrmed the nature of the
disease. For histology and immunohistochemistry, one
part of the tumor tissue was Wxed in formalin and
embedded in paraYn. Another part of the tumor was

embedded in OCT compound (Miles, Inc., Elkhart, IN,
USA), snap frozen in liquid nitrogen, and stored at
¡70°C.

Therapy of established human pancreatic carcinoma 
tumors growing in nude mice

Three days after the implantation of tumor cells into
the subcutaneous tissue, for the Wrst experiment, the
mice were randomized into the following three treat-
ment groups, (n = 6): (1) control, (2) thrice a week s.c.
administrations of IFN-� (23,000 U), (3) six times a
week s.c. administration of human IFN-� (10,000 U).
Control mice were received s.c. PBS (vehicle). The
mice were necropsied on day 35, and the volume of
pancreatic tumors were recorded. In the same way, the
second experiment was performed, and the mice were
randomized into the following Wve treatment groups
(n = 6): (1) control, (2) six times a week administra-
tions of S-1 (6 mg/kg), (3) six times a week administra-
tions of S-1 (8 mg/kg), (4) six times a week
administrations of S-1 (10 mg/kg), (5) six times a week
administrations of S-1 (12 mg/kg). Control mice were
received HPMC solution (vehicle). The mice were nec-
ropsied on day 35, and the results were analyzed as
described earlier. In the third experiment, the eVective
dosage of IFN-� as determined in the Wrst experiment
and S-1 in the second experiment was used. Six treat-
ment groups (n = 12) were used as follows: (1) control,
(2) six times a week s.c. administration of human IFN-�
(10,000 U) alone, (3) six times a week administrations
of S-1 (8 mg/kg) alone, (4) six times a week administra-
tion of IFN-� (10,000 U) and S-1 (8 mg/kg), (5) six
times a week administration of IFN-� (10,000 U) and
S-1 (10 mg/kg), (6) six times a week administration of
IFN-� (10,000 U) and S-1 (12 mg/kg). The control mice
received PBS and HPMC solution (vehicle). The mice
were necropsied on day 35, and the results were ana-
lyzed as described earlier.

Survival assay in nude mice

Aliquots of cells (1 £ 106) were suspended in 50 �l of
PBS as single-cell suspensions. Nude mice were anes-
thetized with methoxyXurane and placed in the supine
position. An upper midline abdomen incision was
made, and the pancreas was exteriorized. Tumor cells
were injected into the tail of the pancreas, and the
abdomen was closed using wound clips. Mice received
implant of AsPC-1 cells in the pancreas and were ran-
domized on day 7 to the four groups (n = 5). Tumors in
the pancreas were harvested and weighed. For survival
assays, daily survival of mice was monitored and
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recorded as dead or euthanized when the animals
reached the moribund stage.

Necropsy procedures

The mice were killed, and body weight was deter-
mined. Primary tumors in the subcutaneous tissue were
excised, measured, and weighed.

Immunohistochemical analysis

ParaYn-embedded tissues were used for IHC identiW-
cation of VEGF, bFGF, MMP-2, MMP-7, MMP-9, and
PCNA. Sections (4–6 �m thick) were mounted on posi-
tively charged Superfrost slides (Muto Pure Chemicals
Co., Ltd.) and dried overnight. Sections were deparaVi-
nized in xylene, followed by treatment with a graded
series of alcohol [100, 95, and 80% ethanol/double-dis-
tilled H2O (v/v)] and rehydrated in PBS (pH 7.5). The
sections analyzed for bFGF were treated with pepsin
(Biomeda) for 15 min at 37°C and washed with PBS.
All other paraYn-embedded tissues were microwaved
for 10 min for “antigen retrieval.” Frozen tissues used
for identiWcation of CD31/PECAM-1 were sectioned
(8–10 �m), mounted on positively charged Plus slides
(MUTO PURE CHEMICALS CO), and air dried for
30 min. Frozen sections were Wxed in cold acetone
(5 min), acetone/chloroform (v/v; 5 min), and acetone
(5 min) and washed with PBS. IHC procedures were
performed as described previously [27]. Positive reac-
tions were visualized by incubating the slides with sta-
ble 3,3�-diaminobenzidine for 10–20 min. The sections
were rinsed with distilled water, counterstained with
Gill’s hematoxylin for 30 s, and mounted with Univer-
sal Mount (Research Genetics). Control samples
exposed to secondary antibody alone showed no spe-
ciWc staining.

TUNEL staining

TUNEL was performed using a commercially available
apoptosis detection kit with the following modiWca-
tions: samples were Wxed with 4% paraformaldehyde
(methanol-free) for 10 min at room temperature;
washed twice with PBS for 5 min; and then incubated
with 0.2% Triton X-100 for 15 min at room tempera-
ture. After being washed twice (5 min/each) with PBS,
the samples were incubated with equilibration buVer
containing 200 mM potassium cacodylate (pH 6.6),
25 mM Tris–HCl (pH 6.6), 0.2 mM DTT, 0.25 mg/ml
BSA, and 2.5 mM cobalt choloride, for 10 min at room
temperature. The equilibration buVer was drained, and
reaction buVer containing equilibration buVer, nucleotide

mix, and terminal deoxynucleotidyl transferase enzyme
was added to the tissue sections and incubated in a
humidiWed chamber at 37°C for 1 h in the dark.
Immersing the samples in 2 £ SSC for 15 min termi-
nated the reaction, and samples were washed 3 times
for 5 min to remove unincorporated Xuorescein-dUTP.
For quantiWcation of endothelial cells, the samples
were incubated with 300 �g/ml Hoechst dye for 10 min
at room temperature. Fluorescent bleaching was mini-
mized by treating slides with an enhancing reagent
(Prolong solution). ImmunoXuorescence microscopy
was performed using a £ 20 objective (Carl ZEISS,
Axioplan2) on an epiXuorescence microscope
equipped with UV Wlter wheel. Images were captured
using a DIGITAL CAMERA: Dxm1200 (Nikon,
Tokyo, Japan). Images were further processed using
Adobe Photoshop software (Adobe Systems, Moun-
tain View, CA, USA). DNA fragmentation was
detected by localized green Xuorescence within the
nucleus (visualized by Hoechst stain) of apoptotic cells.
For the quantiWcation of total TUNEL expression, the
number of apoptotic events was counted in Wve ran-
dom Welds at £ 200 magniWcation.

QuantiWcation of microvessel density (MVD) and 
PCNA

For the quantiWcation of MVD, Wve random 0.95 mm2

Welds at £ 200 magniWcation were captured for each
tumor, and microvessels were quantiWed according to
the method previously described [27, 28]. For the quan-
tiWcation of PCNA expression, the number of positive
cells was quantiWed in Wve random Welds at £ 200 mag-
niWcation.

Thymidylate synthase (TS) activity

For TS and DPD activity assay, tumor tissue was har-
vested on day 35 of treatment. The TS content was
determined as the quantity of [6-3H]-FdUMP binding
sites in the 105,000 g supernatant (cytosol) of tumor tis-
sue homogenates, based on the method described by
Spears et al. [29], with minor modiWcations [30]. The
samples for TS total were prepared by causing the ter-
nary complex present in the cytosol to be fully dissoci-
ated to unbound TS at pH 8.0 during the preincubation
period. In the case of TS-free samples, pre-incubation
for the dissociation process was omitted. TS total and
TS-free samples were incubated with [6-3H]-FdUMP in
the presence of 5,10-methylenetetrahydrofolate for
20 min at 30°C, and radioactivity in the acid-insoluble
fraction was measured with a liquid scintillation
counter. Protein concentration was determined using a
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protein assay kit (Bio-Rad, Richmond, CA, USA). The
TS content is expressed as pmol/mg of protein.

Dihydropyrimidine dehydrogenase (DPD) activity

Dihydropyrimidine dehydrogenase activity was mea-
sured according to the procedures of Takechi et al.
[31], with minor modiWcations [30]. BrieXy, enzyme
solution obtained from a tumor was incubated with
reaction mixture containing 2 mM dithiothreitol, 5 mM
MgCl2, 20 mM [6-14C]-FU (56 nCi), and 100 mM
NADPH at 37°C for 10 or 30 min. The reaction mix-
ture was boiled and centrifuged. The mixture was cen-
trifuged at 1,500g for 10 min, and the supernatant was
then incubated with 0.36 M KOH at room temperature
for 30 min. The solution was then mixed with 0.36 M
HClO4 and centrifuged at 1500g for 10 min. An aliquot
of supernatant was applied to a thinlayer chromatogra-
phy plate (silica gel 60 F254, Merck, Darmstadt, Ger-
many), which was then developed with a mixture of
99% ethanol and 1 M ammonium acetate (5:1, v/v).
The plate was then read on an imaging analyzer (Bio-
Rad), and the densities of 5-FU and the degradation
products were calculated. DPD activity was expressed
as pmol/mg protein/min.

Customized DNA array

Two customized DNA arrays have been developed to
measure molecular markers, involved in response to
the 5-FU and other anticancer drugs-related genes, and
metastasis and invasion-related genes. A total of 52
and 72 genes are shown in Tables 1 and 2. The Wrst one
consists of 25 genes related to pyrimidine/purine/folate
metabolism (ex. thymidylate synthase, dihydropyrimi-
dine dehydrogenase, etc.), 9 genes related to DNA
repair (e.g. DNA ligase I, uracil-DNA glycosylase,
etc.), 8 genes related to drug resistance (P-glycopro-
tein, topoisomerase 1, etc.), 7 other genes (p53, prolif-
erating cyclic nuclear antigen, etc.) and 3 housekeeping
genes (glyceraldehyde-3-phosphate dehydrogenase,
beta-actin, 40S ribosomal protein S9). The second one
consists of 71 genes related to metastasis and invasion
and 1 housekeeping gene (beta-actin). Target DNAs
made from the 52 and 72 genes were immobilized on a
glass plate, respectively. Each target DNA (200–
600 bp) was designed based on sequence homology
analysis to minimize cross-hybridization with other
genes, and was practically tested by Northern blot. All
genes could be relatively determined in a single assay. The
basic technology of the customized DNA array is almost
the same as that of a Stanford-type cDNA microarray (Dr
Brown’s Lab protocol, http://www.cmgm.stanford.edu/

pbrown/protocols/index.html). Samples of the tumors
which were resected from the subcutaneously
implanted nude mice were stored at ¡80°C until use.
Frozen tissues were suspended in BuVer RLT (Qiagen,
Hilden, Germany) and homogenized using a Mixer
Mill MM300 (F. Kurt Retsch GmbH & Co., Haan,
Germany). RNA extraction was performed using an
RNeasy mini kit (Qiagen, Hilden, Germany). Total
RNA quality was judged from the relative intensities
of the 28S and 18S ribosomal RNA bands after aga-
rose gel electrophoresis. PuriWed total RNA (20 �g)
was incubated at 70°C for 5 min and cooled on ice. It
was reverse-transcribed with a mixture of speciWc
primers and 200 U of PowerScript reverse transcrip-
tase, and incubated at 42°C for 1.5 h. The cDNA was
labeled using Cy5 (Cy5 monofunctional reactive dye,
Amersham, Cat. no. PA25001), and puriWed by a
Nucleo Spin Extract kit (Macherey-Nagel GmbH &
Co. KG, Dueren, Germany). Labeled cDNA was
hybridized in 6 £ SSC, 0.2% SDS, 0.01 mg/ml Human
Cot-1 DNA and 5 £ Denhalt’s solution for 16 h at
60°C for spotted cDNA arrays. The slides were
washed in 2 £ SSC at room temperature, then
2 £ SSC with 0.2% SDS at 55–65°C twice, and Wnally
0.05 £ SSC at room temperature and scanned using a
Scanner FLA-8000 (FujiFilm, Tokyo, Japan). Data
were analyzed using an Array Gauge (FujiFilm,
Tokyo, Japan) by Taiho Pharmaceutical Co. Ltd.,
Tokyo, Japan. When, by fold change, transcripts
increased or decreased twofold, it was considered
diVerentially expressed.

Statistical analysis

Pancreatic tumor volume was compared using the
Mann–Whitney U test. QuantiWcation of PCNA,
TUNEL, CD31, and the number of apoptotic endothe-
lial cells were compared by the Mann–Whitney U test.
Survival analysis was computed by the Kaplan–Meier
method and compared by the log-rank test. Statistical
analysis was performed using StatView 5.0J software
(SAS Institute, Inc., Cary, NC, USA). A P value of less
than 0.05 was considered to be statistically signiWcant.

Results

Growth inhibition assay by IFN-� and/or S-1

We tested the dose-dependent cell growth suppression
of IFN-� or S-1 treatment on several human pancrea-
tic cancer cell lines. The growth of cell lines were
suppressed by IFN-� or S-1. To examine whether
123
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combination therapy have cooperative eVects on cell
growth inhibition, cells were exposed to IFN-� and S-1
for 96 h at various concentrations. The exposure of
cells to a combination of IFN-� and S-1 synergistically
suppressed cell growth (Fig. 1).

Inhibition of pancreatic cancer growth

The Wrst experiment was carried out to determine the
dose of IFN-�. AsPC-1 cells were injected into the subcu-
taneous tissue of athymic nude mice. After 3 days, the

Table 1 Fifty-two genes were examined using customized cDNA array

No. Gene name Abbreviated name GenBank accession

1 Equilibrative nucleoside transporter 1 ENT1 NM_004955
2 Equilibrative nucleoside transporter 2 ENT2 AF034102
3 P-glycoprotein MDR1 NM_000927
4 Multidrug resistance-associated protein 1 MRP1 L05628
5 Heat shock protein 27 Hsp27 NM_001540
6 Topoisomerase 1 TOP1 J03250
7 Topoisomerase 2 alpha TOP2A NM_001067
8 Topoisomerase 2 beta TOP2B X68060
9 Thymidylate synthase TS NM_001071
10 Dihydropynmidine dehydrogenase DPD U09178
11 Thymidine phosphorylase TP M63193
12 Uridine phosphorylase UP NM_003364
13 Orotate phosphoribosyltransferase OPRT NM_000373
14 Ribonucleoside-diphosphate reductase M1 subunit RRM1 X59543
15 Ribonucleoside-diphosphate reductase M2 subunit RRM2 NM_001034
16 Thymidine kinase, soluble TK1 NM_003258
17 Uridine cytidine kinase 2 UCK2 AF236637
18 Nucleosie diphosphate kinase A NDKA X17620
19 Nucleosie diphosphate kinase B NDKB L16785
20 Cytidine deaminase CDA L27943
21 Deoxycytidine kinase DCK NM_000788
22 RNA polymerase 2 RP2 NM_000937
23 Uridine monophosphate kinase UMPK NM_016308
24 5� Nucleotidase NT5 NM_002526
25 Deoxycytidylate deaminase DCD NM_001921
26 CTP synthase CTPS NM_001905
27 IMP dehydrogenase 1 IMPD NM_000883
28 Adenine phosphonbosyltransferase APRT NM_000485
29 Adenosine kinase AK U33936
30 Phosphonbosyl pyrophosphate synthetase PRPS D00860
31 Hypoxanthine phosphonbosyltransferase 1 HPRT1 NM_000194
32 Methylenetetrahydrofolate dehydrogenase MTHFD1 NM_005956
33 Folylpolyghutamate synthetase FPGS NM_004957
34 Uracil-DNA glycosylase UDG X15653
35 Poly (ADP-ribose) polymerase PARP NM_001618
36 DNA ligase I LIG1 NM_000234
37 DNA ligase III LIG3 X84740
38 DNA ligase IV LIG4 NM_002312
39 DNA excision repair protein ERCCÇP ERCC1 NM_001983
40 DNA repair protein XRCC1 XRCC1 NM_006297
41 DNA polymerase b POLB NM_002690
42 DNA polymerase d POLD NM_002691
43 Glyceraldehyde-3-phosphate dehydrogenase GAPDH X01677
44 Beta-actin ACTB NM_001101
45 40S ribosomal protein S9 RSP9 U14971
46 Proliferating cyclic nuclear antigen PCNA NM_002592
47 VEGF beta VEGFB U48801
48 Integin alpha 3 ITGA3 NM_002204
49 p53 p53 NM_000546
50 E2F1 E2F1 M96577
51 CuZn SOD SOD1 X02317
52 Mn SOD SOD2 NM_000636
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Table 2 Seventy-one genes were examined using customized cDNA array

No. Gene name Abbreviated name GenBank accession

1 Beta actin ACTB NM_001101
2 Autocrine motility factor receptor AMFR NM_001144
3 Fibroblast growth factor 2 FGF2 NM_002006
4 Cathepsin B preproprotein CTSB NM_001908
5 Platelet endothelial cell adhesion molecule 1 PECAM1 NM_000442
6 CD34 antigen CD34 NM_001773
7 Cadherin I. type 1 CDH1 NM_004360
8 Epidermal growth factor receptor EGFR NM_005228
9 v-ets erythroblastosis virus E26 oncogene ETS1 NM_005238
10 Fms-related tyrosine kinase 1 FLT1 NM_002019
11 Fms-related tyrosine kinase 4 FLT4 NM_182925
12 v-fos FBJ murine ostesarcoma viral oncogene FOS NM_005252
13 Kinase insert domain receptor KDR NM_002253
14 Matrix metalloproteinase 1 MMP1 NM_002421
15 Matrix metalloproteinase 2 MMP2 NM_004530
16 Matrix metalloproteinase 3 MMP3 NM_002422
17 Matrix metalloproteinase 7 MMP7 NM_002423
18 Matrix metalloproteinase 9 MMP9 NM_004994
19 Met proto-oncogene MET NM_000245
20 Matrix metalloproteinase 14 MMP14 NM_004995
21 Matrix metalloproteinase 16 MMP16 NM_022564
22 v-myc myelocytomatosis viral oneogene MYC NM_002467
23 v-rel reticuloendotheliosis viral oncogene RELA NM_021975
24 Nucleoside-diphosphate kinase 1 NME1 NM_000269
25 Nucleoside-diphosphate kinase 2 NME2 NM_002512
26 Plasminogen activator inhibitor-1 SERPINE1 NM_000602
27 Serine proteinase inhibitor, clade B, member 2 SERPINB2 NM_002575
28 Transferrin receptor TFRC NM_003234
29 Transforming growth factor, alpha TGFA NM_003236
30 Transforming growth factor, beta 1 TGFB1 NM_000660
31 Transforming growth factor, beta 2 TGFB2 NM_003238
32 Transforming growth factor, beta 3 TGFB3 NM_003239
33 Transforming growth factor, beta receptor III TGFBR3 NM_003243
34 Tyrosine kinase with immunoglobulinand epidermal growth factor TIE NM_005424
35 TEK tyrosine kinase, endothelial TEK NM_000459
36 Plasminogen activator, urokinase PLAU NM_002658
37 Plasminogen activator, urokinase receptor PLAUR NM_002659
38 Vascular endothelial growth factor VEGF NM_003376
39 Vascular endothelial growth factor C VEGFC NM_005429
40 Lintegrin alpha 2 ITGA2 NM_002203
41 Integrin alpha 3 ITGA3 NM_002204
42 Integrin alpha 4 ITGA4 NM_000885
43 Integrin alpha 5 ITGA5 NM_002205
44 Integrin alpha chain, alpha 6 ITGA6 NM_000210
45 Catenin (cadherin-associated protein), alpha 1 CTNNA1 NM_001903
46 Integrin, alpha V ITGAV NM_002210
47 Thrombospondin 1 THBS1 NM_003246
48 Integrin beta 1 ITGB1 NM_002211
49 Integrinbeta chain, beta 3 ITGB3 NM_000212
50 Integrin, beta 5 ITGB5 NM_002213
51 Catenin (cadherin-associated protein), beta 1 CINNB1 NM_001904
52 S-adenosylhomocysteine hydrolase AHCY NM_000687
53 Cystathionine-beta-synthase CBS NM_000071
54 DNA (cytosine-5-)-methyltransferase 1 DNMT1 NM_001379
55 DNA cytosine methyltransferase 3 alpha DNMT3A NM_175629
56 Histone deacetylase 1 HDAC1 NM_004964
57 Histone deacetylase 2 HDAC2 NM_001527
58 Histone deacetylase 3 HDAC3 NM_003883
59 Histone deacetylase 4 HDAC4 NM_006037
60 Histone deacetylase 5 HDAC5 NM_005474
61 Histone deacetylase 6 HDAC6 NM_006044
62 Methionine adenosyltransferase I, alpha MAT1A NM_000429
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mice were randomized into three groups of six mice each.
The Wrst group received human IFN-� at 23,000 U s.c.
three times a week, the second group received human
IFN-� at 10,000 U s.c. six times a week, and the third
group (control) received 0.1% Tween 80 s.c. All mice
were killed on day 35. As shown in Fig. 2a, daily s.c. injec-
tions of IFN-� (10,000 U) had a tendency to decrease
median tumor volume as compared with control mice.

The second experiment was carried out to deter-
mine the dose of S-1. The Wrst group received S-1 at
6 mg/kg by a gastric tube six times a week, the second
group received S-1 at 8 mg/kg six times a week, the
third group received S-1 at 10 mg/kg six times a week,
the fourth group received S-1 at 12 mg/kg six times a
week, and the sixth group (control) received 0.1%
HPMC. All mice were killed on day 35. As shown in

Fig. 2b, daily oral administration of S-1 (10, 12 mg/kg)
also had a tendency to decrease median tumor volume
as compared with control mice.

The third experiment was carried out using IFN-�
(10,000 U, s.c.), S-1 (8 mg, oral administration), and
IFN-� (10,000 U) plus S-1 (8, 10, 12 mg/kg) six times a
week. As shown in Fig. 2c, the mean tumor volume was
1,004 § 367 mm3 in control, 974 § 556 mm3 in IFN-�
alone 844 § 297 mm3 in S-1 alone, 538 § 134 mm3 in
combination of IFN-� and S-1 (8 mg/kg),
444 § 166 mm3 in combination of IFN-� and S-1
(10 mg/kg) and 264 § 113 mm3 in combination of IFN-
� and S-1 (12 mg/kg).

The daily s.c. injections of IFN-� and oral adminis-
tration of S-1 (12 mg/kg) signiWcantly decreased
median tumor volume, as compared with control, IFN-
� alone, S-1 alone, and combination of IFN-� and S-1
(8 mg) mice. Treatments with IFN-� alone or in combi-
nation with S-1 were well tolerated as determined by
maintenance of body weight.

Survival assays in nude mice

Survival assays were carried out to determine survival
using orthotopic model. The mice were killed and nec-
ropsied only when they became moribund. The median
survival time for the control group was 28 days. After
treatment with IFN-� alone, S-1 alone, and a combina-
tion of IFN-� and S-1 (8, 10, 12 mg/kg), the median sur-
vival time was 57, 51, 48, 48, and 48 days, respectively
(control vs. IFN-�, P < 0.01; control versus S-1,
P < 0.05; control vs. IFN-� and S-1 (8 mg/kg), P < 0.05;
control vs. IFN-� and S-1 (10 mg/kg), P = 0.11; control
vs. IFN-� and S-1 (12 mg/kg), P = 0.09; Fig. 3).

Immunohistochemical analysis of VEGF, bFGF, 
CD31/PECAM-1, and PCNA

We next determined the in vivo eVects of IFN-� alone
or in combination with S-1. At 35 days of treatment,

Table 2 continued

No. Gene name Abbreviated name GenBank accession

63 Methionine adenosyltransferase II, alpha MAT2A NM_005911
64 Methionine adenosyltransferase II, beta MAT2B NM_013283
65 Methyl-CpG binding domain protein 2 MBD2 NM_003927
66 Methyl-CpG binding domain protein 3 MBD3 NM_003926
67 Methyl-CpG binding domain protein 4 MBD4 NM_003925
68 Methyl CpG binding protein 2 MECP2 NM_004992
69 5,10-Methylenetetrahydrofolate reductase MTHFR NM_005957
70 5-Methyltetrahydrofolate-homocysteine methyltransferase MTR NM_000254
71 Cathespin L CTSL NM_001912
72 Angiopoietin 2 ANGPT2 NM_001147

Fig. 1 EVect of IFN-� and/or S-1 on in vitro growth of pancreatic
cancer cells. Pancreatic cancer cells were seeded in 96-well plates
(5.0 £ 103 cells/well), and then incubated for 96 h in RPMI1640
medium in the absence or presence of IFN-� and/or S-1. Live cells
were determined by the Cell Counting Kit-8. Results are ex-
pressed as the percentages of live cells compared with those with-
out IFN-� and/or S-1 treatment. The error bars indicate the
standard deviation (*P < 0.05 vs. control and single-agent therapy)
123



Cancer Chemother Pharmacol (2007) 59:113–126 121
all mice were killed and necropsied, and tumors were
harvested and processed for routine histology, and
IHC analyses of cell proliferation and apoptosis using

anti-PCNA antibodies and the TUNEL method,
respectively.

At 35 days of treatment, the mean number of
PCNA+ tumor cells in control tumors was 906 § 137.
After therapy with IFN-� or S-1, the mean number was
608 § 105 or 570 § 93, respectively. The lowest num-
ber of PCNA+ cells (330 § 109) was found in tumors of
mice treated with both IFN-� and S-1 (P < 0.01 vs.
other treatment groups) (Fig. 4, Table 3).

The mean number of TUNEL+ cells was inversely
related to PCNA positivity. The mean number of
TUNEL+ cells was 7 § 4 in control tumors, 14 § 3 in
IFN-�-treated tumors, 25 § 18 in S-1-treated tumors,
and 49 § 13 in IFN-� and S-1-treated tumors (control
vs. S-1, P = 0.06; control vs. IFN-�, P < 0.05; control vs.
IFN-� and S-1, P < 0.0001). In the combination therapy
group, the number of TUNEL+ tumor cells signiW-
cantly increased as compared with other group tumors
(P < 0.05; Fig. 4, Table 3).

The mean number of MVD (measured by staining
with antibodies against CD31) cells was 26 § 5 in con-
trol tumors, 13 § 2 in IFN-�-treated tumors, 19 § 3 in
S-1-treated tumors, and 11 § 3 in IFN-� and S-1-
treated tumors There was a signiWcant reduction in
tumor MVD per Weld after treatment with IFN-� or
combination therapy as compared with control tumors

Fig. 2 a EVect of IFN-� on AsPC-1 xenografts growth. Mice were
given 10,000 or 23,000 U IFN-� s.c. injections three or six times a
week. Tumor volume was measured weekly. Each experiment
was performed using six mice. Error bars represent the standard
deviation (cross control; Wlled triangle 23,000 U, three times a
week; Wlled circle 10,000 U, six times a week). b EVect of S-1 on
AsPC-1 xenografts. Mice were given oral doses of 6, 8, 10, 12 mg/
kg S-1 on 6 consecutive days. S-1 is administrated by a gastric
tube. Tumor volume was measured weekly. Each experiment was
performed using six mice. Error bars represent the standard devi-
ation. (cross Control; Wlled triangle 6 mg/kg; Wlled circle 8 mg/kg;
Wlled diamond 10 mg/kg; Wlled square 12 mg/kg). c Combined
eVects of IFN-� and S-1 on AsPC-1 xenografts growth. Mice were
given 10,000 U IFN-� s.c. injections and/or oral doses of 8, 10,
12 mg/kg S-1 on 6 consecutive days. Tumor volume was measured
weekly. Each experiment was performed using 12 mice. Error
bars represent the standard deviation. (cross Control; inverted
triangle IFN-� only; Wlled triangle S-1 only; Wlled diamond IFN-�
and S-1(8 mg/kg); Wlled square IFN-� and S-1(10 mg/kg); Wlled
circle IFN-� and S-1 (12 mg/kg) (*P < 0.05 vs. control and single-
agent therapy; **P < 0.05 vs. IFN-� and S-1 (8 mg/kg))

Fig. 3 Therapeutic eVects of IFN-� and S-1. AsPC-1 cells were
injected in the pancreas of nude mice. Seven days later, the mice
were randomized into four treatment groups (n = 5). Mice were
killed when moribund. Survival was analyzed by the Kaplan–Me-
ier method and compared by the log-rank test. Cross Control;
Wlled inverted triangle IFN-� only; Wlled triangle S-1 only; Wlled
diamond IFN-� and S-1 (8 mg/kg); Wlled square IFN-� and S-1
(10 mg/kg); Wlled circle IFN-� and S-1 (12 mg/kg) (control vs.
IFN-�, P < 0.01; control vs. S-1, P < 0.05; control vs. IFN-� and S-
1 (8 mg/kg), P < 0.05; control vs. IFN-� and S-1 (10 mg/kg),
P = 0.11; control vs. IFN-� and S-1 (12 mg/kg), P = 0.09)
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or S-1-treated tumors (P < 0.05). There was no signiW-
cant diVerence between MVD of tumors treated with
IFN-� and MVD of tumors from mice given combina-
tion therapy (P = 0.2; Fig. 4, Table 3).

The IHC staining of tumors after 35 days of treat-
ment with IFN-� and S-1 revealed a signiWcant
decrease in expression of VEGF, bFGF, MMP-2,
MMP-7, and MMP-9 (Figs. 4, 5).

TS content and DPD activity

The results for TS and DPD are summarized in Fig. 6a,
b. For DPD assays, DPD activity had a tendency to

decrease in the treatment group, particularly IFN-�
and S-1 group. For the TS assay, a large variation was
not observed.

Comparison of gene proWles of implanted tumors using 
cDNA microarray

In Figs. 4 and 5, we investigated six representative
angiogenic factors. The six angiogenic factors signiW-
cantly decreased. Then, a comparison of 124 (52 genes
involved in response to the 5-FU and other anticancer
drugs, and 72 genes involved in metastasis and inva-
sion) gene expressions on subcutaneously implanted
tumors was conducted using a cDNA microarray. In
addition to VEGF, bFGF, CD31, MMP-2, MMP-7, and
MMP-9, we detected the 1 upregulated gene: SER-
PINE1, and 6 downregulated genes: SERPINB2,
VEGFC, TGFb2, FLT1, MMP16, and ITGB3, deWned
in a range of twofold diVerence (Table 4).

Discussion

In the present study, we assessed the eVect of the com-
bination of IFN-� and S-1 administration on pancreatic
carcinoma. To our knowledge, this is the Wrst report to
show that human IFN-� combined with S-1 administra-
tion signiWcantly inhibited the growth of human pan-
creatic cancer.

Fig. 4 EVects of IFN-� and S-1 detected by immunohistochemi-
cal analysis. Tumors were harvested from control mice and mice
treated with IFN-�, S-1, or both. The sections were immuno-
stained for expression of PCNA (to show cell proliferation),
TUNEL (FITC; to show cell death), VEGF, bFGF, and CD31.
Tumors from mice treated with IFN-� and S-1 had a decrease in
PCNA+ cells, VEGF, bFGF, and CD31 staining, an increase in
TUNEL+ cells. Representative samples (£ 200) are shown

Table 3 Immunohistochemical analysis of human pancreatic car-
cinoma in the control and treated mice

a AsPC-1 human pancreatic cancer cells (1 £ 106) were injected
into the subcutaneous of nude mice. Three days later, groups of
mice were treated with daily s.c. injections of IFN-� (10,000 U)
alone, daily s.c. injections of human IFN-� (10,000 U) alone, daily
oral admistration S-1(12 mg/kg) alone, or with IFN-� and S-1 or
saline (control)
b Number (mean § SD) if CD31, PCNA positive cells/Weld deter-
mined from measurement of 5 random 0.95 mm2 Welds at 200£
magniWcation
c P < 0.05 as compared with controls
d P < 0.05 as compared with single-agent therapy
e P < 0.05 as compared with S-1 therapy

Treatment groupa PCNA+ TUNEL+ CD31+

Control 906 § 137b 7 § 4b 26 § 5b

IFN-� 608 § 105c 14 § 3 13 § 2e

S-1 570 § 93 25 § 5 19 § 3c

IFN-� and S-1 330 § 109d 49 § 5d 11 § 3e

Table 3 Immunohistochemical analysis of human pancreatic car-
cinoma in the control and treated mice

a AsPC-1 human pancreatic cancer cells (1 £ 106) were injected
into the subcutaneous of nude mice. Three days later, groups of
mice were treated with daily s.c. injections of IFN-� (10,000 U)
alone, daily s.c. injections of human IFN-� (10,000 U) alone, daily
oral admistration S-1(12 mg/kg) alone, or with IFN-� and S-1 or
saline (control)
b Number (mean § SD) if CD31, PCNA positive cells/Weld deter-
mined from measurement of 5 random 0.95 mm2 Welds at 200£
magniWcation
c P < 0.05 as compared with controls
d P < 0.05 as compared with single-agent therapy
e P < 0.05 as compared with S-1 therapy

Treatment groupa PCNA+ TUNEL+ CD31+

Control 906 § 137b 7 § 4b 26 § 5b

IFN-� 608 § 105c 14 § 3 13 § 2e

S-1 570 § 93 25 § 5 19 § 3c

IFN-� and S-1 330 § 109d 49 § 5d 11 § 3e

Fig. 5 EVects of IFN-� and S-1 detected by immunohistochemi-
cal analysis. Tumors were harvested from control mice and mice
treated with IFN-�, S-1, or both. The sections were immuno-
stained for expression MMP-2, MMP-7, and MMP-9. Tumors
from mice treated with IFN-� and S-1 had a decrease in MMP-2,
MMP-7, and MMP-9. Representative samples (£ 200) are shown
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The majority of advanced pancreatic cancer is drug-
resistant. Despite advances in recent chemotherapy,
the subject about drug resistance is not resolved.
Recently, combination chemotherapy of IFN-� with 5-
FU, and other agents was to some extent useful to sup-
press growth of various cancers [20, 32, 33], because
IFN-� is biochemical modulator of 5-FU and also has
antineoplastic eVect. However, the mechanism of
eVectiveness combination therapy is unclear. Previous
studies showed that IFN-� reduced 5-FU clearance
and altered 5-FU metabolism (i.e., increased the quan-
tity of 5-Xuoro-dUMP that can bind to thymidylate
synthetase), resulting in inhibition of conversion of

dUMP to dTMP during normal DNA synthesis [34,
35]. It seems that IFN-� reduces the uptake of thymi-
dine and the activity of thymidine kinase in conjunc-
tion with the action of 5-FU. Changes in the 5-FU
metabolic pathway could be one of the underlying
mechanisms of IFN-� synergism. In this context, it is of
note that Kaneko et al. [32] recently reported that the
thymidylate synthetase inhibition rate was increased
and the quantity of 5-Xuoro-dUMP was decreased fol-
lowing treatment with IFN-� and 5-FU.

A new oral antineoplastic agent, S-1, is based on bio-
chemical modulation of 5-FU. In short, it is designed to
enhance anticancer activity and reduce gastrointestinal
toxicity through the deliberate combination of the fol-
lowing components: an oral Xuoropyrimidine agent,
tegafur (FT), which is a masked form of 5-FU, a DPD
inhibitor CDHP (5-chloro-2, 4-dihydroxypyridine),
which is an inhibitor of 5-FU degradation and an ORTC
(orotate phosphoribosyltransferase) inhibitor, Oxo
(potassium oxonate), which is an inhibitor of 5-FU
phosphorylation, which is localized in the gastrointesti-
nal tract. S-1 was devised as a combination drug with a
molar ratio of 1:0.4: 1 for FT, CDHP, and Oxo, respec-
tively. BrieXy, S-1 has cytotoxic mechanisms similar to
those of 5-FU, but has been shown to have less-toxic
side-eVects than 5-FU in clinical trials [36]. Moreover,
S-1 has been shown to have antitumor activity far supe-
rior to 5-FU against human tumor xenografts [37].

Recent clinical study has shown that DPD activity in
pancreatic cancer is much higher than in various other
solid tumors. In the present study, DPD activity has a
tendency to decrease in the combination of IFN-� and
S-1 group.

Fig. 6 a, b Thymidylate synthase and DPD activity of pancreatic
cancer xenografts. The TS activity was determined on the method
described by Spears et al. [29]. The DPD activity was measured
according to the procedures of Takechi et al. [31]. The error bars
indicate the standard deviation

Table 4 cDNA microarray (control vs. IFN-� and S-1)

PAI-1 Plasminogen activator inhibitor-1; PAI-2 Serine (or cyste-
ine) proteinase inhibitor, clade B (ovalbumin), member 2; VEG-
FC Vascular endothelial growth factor C preproprotein; TGF(2
Transforming growth factor, beta 2; Flt-1 Fms-related tyrosine ki-
nase 1 (vascular endothelial growth factor/vascular permeability
factor receptor); MT3 Matrix metalloproteinase 16 isoform 2; �3
Integrin beta chain, beta 3 precursor
a Fold change

Gene 
name

Abbreviated 
name

Genbank accession 
number

FCa

Upregulated gene
SERPINE1 PAI-1 NM_000602 2.11

Downregulated gene
SERPINB2 PAI-2 NM_002575 0.10
VEGFC VEGFC NM_005429 0.33
TGFb2 TGF�2 NM_003238 0.34
FLT1 Flt-1 NM_002019 0.41
MMP16 MT3 NM_022564 0.42
ITGB3 �3 NM_000212 0.48
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In cell proliferation assay, the growth of cancer was
inhibited signiWcantly with IFN-� and S-1 (P < 0.001).
In the analysis of tumor growth, treatment with daily
IFN-� alone or S-1 alone reduced the growth of pri-
mary neoplasms only by 3 and 16%, respectively. The
combination therapy with IFN-� and S-1 further
decreased tumor growth by 74%. Daily doses of IFN-�
and S-1 were well tolerated by nude mice. IHC analy-
ses of the pancreatic cancers demonstrated a signiWcant
decrease in PCNA+ cells, an associated increase in
TUNEL+ cells, and a signiWcant decrease in MVD in
the IFN-� treated or IFN-� and S-1-treated tumors.
The reduction in MVD was due to a signiWcant
increase in endothelial cell apoptosis. The reduction in
MVD is noteworthy because the progressive growth
and metastasis of malignant neoplasms depend on ade-
quate neovascularization. The balance between the
proangiogenic and antiangiogenic molecules released
by tumor cells and surrounding host cells determines
the extent of angiogenesis. Among the major proangio-
genic molecules, IFN-� has been shown to inhibit
protein production of bFGF, MMP-9, IL-8, and VEGF
[38].

In the present study, administration of human IFN-�
and S-1 six times a week decreased the expression of
VEGF, bFGF, MMP-2, MMP-7, and MMP-9 in human
pancreatic cancer cells. These are important survival
factors for human and mouse endothelial cells, and this
decreased expression correlated with an increased
apoptosis of endothelial cells. The combination ther-
apy with IFN-� and S-1 enhanced apoptosis of endo-
thelial cells and clearly decreased MVD, i.e.,
vascularization, leading to apoptosis of tumor cells and
the surrounding stroma.

The median survival in combination treatment
group was not improved compared with other treat-
ment groups, but the median survival in the treated
groups was longer compared with the control group
(control vs. IFN-�, S-1 (8 mg/kg), IFN-� and S-1 (8 mg/
kg), P < 0.05). Actually, this is consistent with the pre-
vious report that there is no diVerence between the
combination and the treatment with 5-FU or interferon
in clinic [39] which may be caused by unknown mecha-
nism in the combination group.

Our microarray data provided information on seven
genes diVerentially expressed in IFN-� and S-1 group.
The upregulated gene was SERPINE1, which encodes
plasminogen activator inhibitor-1 (PAI-1). The PAI-1
belongs to the family of serine protease inhibitors. It is
implicated in processes such as tissue remodeling,
thrombolysis, tumor invasion, and metastasis. Clinical
investigations show a strong and independent prog-
nostic value of PAI-1 in primary pancreatic cancer.

The downregulated genes included SERPINB2,
VEGFC, TGFb2, FLT1, MMP16, ITGB3, which
encode PAI-2, VEGF-C, TGF�2, Flt-1, MT3, �3. The
PAI-2, a gene whose expression is linked to cell inva-
sion, has been identiWed in head and neck tumor cell
line. In addition, immunohistochemical evaluation of
biopsy samples reveals a high expression of PAI-2 in
both normal and dysplastic epithelia with a marked
decrease of expression in areas of the biopsies contain-
ing HNSCC. It is reported that PAI-2 promotes extra-
cellular matrix production and local invasion of
pancreatic cancer. Vascular endothelial growth factor-
C (VEGF-C) is the Wrst lymphangiogenic factor iden-
tiWed. Moreover, there is ample evidence for the
expression of VEGF-C in human tumors. Furudoi
et al. [40] suggested that the expression of VEGF-C
was correlated with lymphatic and venous invasion,
lymph node status, and microvessel density. In pancre-
atic cancer, lymphatic invasion and the development
of metastases are also associated with VEGF-C
expression. Transforming growth factor-beta2 (TGF-
�2) is a member of the TGF-� family. The TGF-�2+/¡

mice are viable but exhibit hyperplasia of Cowper’s
gland duct. With the full loss of TGF-�2 (TGF-�2¡/¡),
mice die at birth with defects in their lungs, heart, spi-
nal column, and various other organs. Furthermore,
the TGF-�2 may serve as an interim regulator of the
MUC4 expression, morphology, and metastasis of
human pancreatic cancer regulated by a local host
microenvironment. Fms-related tyrosine kinase 1 (Flt-
1) is a transmembrane receptor protein for vascular
endothelial growth factor/vascular permeability fac-
tor receptor. The Flt-1 is involved in positive regula-
tion of cell proliferation, pregnancy, protein amino
acid phosphorylation, and angiogenesis. On pancre-
atic cancer, it is reported that the Flt-1may promote
migration and invasion. Membrane-tethered MMP-16/
MT3-MMP is the member of the membrane type
MMP subfamily which, in addition to MT3-MMP,
includes MT1-MMP, MT2-MMP, MT4-MMP, MT5-
MMP, and MT6-MMP. The overexpression of MMP-
16/MT3-MMPs reduces integrin-mediated cell adhe-
sion without changing the cell surface expression and
assembly of integrin subunits. The �3 is the subunit of
integrin �IIb�, including integrin-mediated signaling
pathway, blood coagulation, cell-matrix adhesion, and
development. Little is known about the MMP-16 and
integrin in human pancreatic cancer.

Among these genes, VEGFC, FLT1, �3 are impor-
tant genes in the processes of tumor invasion and
metastasis. It appeared that these downregulated genes
caused the growth inhibition of xenografted tumor in
the present study.
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In summary, we show that the combination therapy
of IFN-� and S-1 signiWcantly reduces the growth of
human pancreatic carcinoma in nude mice. The combi-
nation therapy of IFN-� and S-1 decrease PCNA+ posi-
tive cells and increase TUNEL+ cells. Moreover,
antiangiogenic factors are also inhibited, respectively.
Therefore, this combination therapy may provide a
new approach to the treatment of a devastating dis-
ease.
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