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Absiract

Cap43 has been identified as a nickel- and calcium-induced
gene, and is also Imown as N-myc downstream-regulated gene
1 (MDRGI), Drg-1 and rit42. It is also reported that over-
expression of Capd3 suppresses metastasis of some maligoan-
cies, but its precise role remains unclear. In this study, we
asked how Cap43 could modulate the tumor growth of
pancreatic cancer. Stable Cap43 ¢DNA tromsfectants of
pancreatic cuncer cells with Cap43 overexpression showed
similar growth rates in culture as their control counterparts
with low Cap43 protein level. By contrast, Capd3 over-
expression showed a marked decrease in tumor growth rates
in vive. Moreover, a marked reduction in tumor-induced
angiogenesis was observed. Gelatinolytic activity by matrix
metalloproteinase-9 and juvasive ability in Matrigel invasion
activity were markedly decreased in pancreatic cancer cell
lines with high Cap43 expression. Cellular expression of
‘matrix metalloproteinase-9 and two major angiogenic factors,
vascular endothelial growth factor and inferlenkin-8, were
also significantly decreased in cell lines with Cap43 over-
expression as compared with their parental counterparts.
Immunohistochemical m}al‘ysis of specimens from 65 patients
with pancreatic ductal adenccarcinoma showed a gigujﬁcai:lt
association between Cap43 expression and tumor microvas-
cular density (P = 0.0001) as well as depth of invasion
(P = 0.0003), histopathologic grading (P = 0.0244), and everall
survival vates for patients with pancreatic cancer (P = 0.0062}.
Thus, Cap43 could play a key vole in the angiogenic on- or off-
switch of tumor stroma in pancreatic ductal adenocarcinoma.
{Cancer Res 2006; 66(12): 6233-42) )

introduction

The Capd3 gene has been identified as a nickel- and calcium-
inducible gene (1), which is also identical to the described N-myc
downstream-regulated gene 1 (NDRGI; ref. 2). This is one of the
four closely related genes (NDRGI-4), the expression of which is
down-regulated by c-myc or the N-myc/Max complex (2-5). Cap43
is also identical to the homocysteine-inducible gene, reduced in
twmnor cells (RTP/rit42; ref. 6), and to the differentiation-related
gene-1 (Drg-1; vef. 7). The protein encoded by the Cap43 gene has a
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molecular weight of 43 kDa, has three unique 10-amino acid
tandem-repeat sequences af its COOH terminus, and is phosphor-
ylated by protein kinase A (8).

Although various characteristics of Cap43 have been reported by
several laboratories, its exact function remains unclear. Cap43
gene expression is highly responsive to nickel, cobalt, oxidative
stress, hypoxia, phorbol esters, vitamins A and D, steroids, histone
deacetylase-targeting drugs, homocysteine, B-mercaptoethanol,
tunicamycin, and lysophosphatidylcholine as well as oncogene
{N-mye and ¢-myc), and tumor suppressor gene (p53 and VHL)
products (L, 2, 6, 9, 10} Cap43 is expressed in most organs—
particularly the prostate, ovary, colon, and kidney—and its
expression is markedly modulated during postnatal development
in the kidney, brain, liver, and gut (2, 3, 11, 12}, suggesting a key
role for this gene in organ maturation. A nonsense mutation of
human Cap43 gene is causative for hereditary motor and sensory
neuropathy-Lom (13). A relevant study by Olmda et al, established
Cap43-deficient mice, and indicated that Cap43/NDRG1 is
essential for the maintenance of the myelin sheaths in periphery
nerves (14), Moreover, Capd43 expression was dramatically changed
during the process of regeneration of periphery nerve system (15).
Thus, Cap43 seems to play a key role in the development of the
nervous system. -

Concerning the plausible rolé of Cap43 in cancer progression, it
was reported that overexpression of the Cap43 gene results in the
inhibition of growth in colon cancer cells as well as suppression of
metastasis in prostats, colon, and breast cancer cells (16-18).
Cap43 gene expression is increased in many types of human
tumors including colon, breast, prostate, kidney, liver, and brain
cancers compared with normal tissue (19). By contrast, other
groups have reported that expression of the Capd3 gene is up-
regulated in normal cells and in highly differentiated cancer cells,
whereas it is down-regulated in poorly differentiated cancer cells
in colon and prostate cancers (16, 17). Thus, Cap43 seems to play
a critical role in both differentiation of normal tissue and
progression of cancer. In our laboratory, we identified the Cap43
gene as one of nine genes that were more highly expressed in
cancerous compared with noncancerous regions of human renal
tumors; we also observed high expression of Cap43 in macro-
phages infilirating the stroma in renal cancer (20). Our previous
study showed down-regulation of the Cap43 gene in renal cancer
cells by the VHL tumor suppressor gene (10). However, it remains
unclear whether Cap43 gene expression is associated with disease
progression, prognosis, and malignant characteristics in human
cancers other than prostate and breast cancer.

Pancreatic ductal adenacarcinoma is one of the most difficult
neoplasms fo treat curatively. Swigical resection is the standard
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treatment for this neoplasm, however, even after surgery, the
majority of patients die within the first year after diagnosis (21).
Overall 5-year survival rates for pancreatic cancers are <25% after
radical surgery (22). It is difficult to predict which patient is at risk
of early relapse following surgery, or which patient with advanced
stage disease will show good long-term survival Kras point
mutations and inactivation of p53, pl6, and SMAD4 are often
associated with malignant characteristics In pancreatic cancers,
but mutations of K-ras and p53 are not significantly associated
with the prognosis of patients with pancreatic cancer (21, 23, 24).
In the prognosis of patients with pancreatic cancer, there seems
to be a significant correlation between microvessel density and
the expression of vasenlar endothelial growth factor (VEGF) and
PD-ECGF in the tumor, as well as with E-cadherin, p27, PEDF,
and SMAD4 expression (24-27). In this study, we investigated
whether Cap43 expression could play any role in twmor growth and
angiogenesis by pancreatic ductal adenocarcinoma. Moreover, we
also asked if Capd3 could be associated with disease progression or
the malignant properties of pancreatic ductal adenocarcinoma

Materials and Methods

Materials and cell lines. Human pancreatic cancer cell lines were
obtained as follows: BxPC-3, PANC-1, and MiApaca-2 were from the
American Type Culture Collection {(Manassas, VA); SUIT-2 was from T.
Twamura at the Miyezaki Medical College, Miyazaki, Japan (28); and KP-1
and KP4 were from A. Kono at the National Kyushu Cancer Center,
Fukuoka, Japan (29). All cell lines were maintained in DMEM supplemented
with 10% fetal bovine serumn (FBS) and incubated in a humidified
atmasphere of 5% COy at 37°C.

The rabbit polyclonal antibody against Capd3, which was raised by
immunizing rabbits with a synthehc peptide corresponding to an internal
sequence of human Cap43 coupled to keyhole Hmpet hemacyanin, was used
as previously described (20). Other antibodies were purchased as follows:
anti-B-actin antibody was from Abcam, Inc., (Cambridge, MA); anti-CD31
antibody was from PharMingen (San Diego, CA) and anti-CD34 antibody
was from Nichirei (Tokyo, Japan). .

Expression vector construetion and transfection. Capd3 cDNA was
amplified by reverse transeription-PCR (R’I‘ PCR) using the 5 and 3’ primers
5-CATGTCTCGGGAGATGCAGGATG 3 and 5-AGGCCGCCTAGCAGGA-
GACC-3', respectively. Amplified Capd3 ¢DNA was ligated into the
pCR2.1-TOPO vector (Invitrogen, Carlsbad, CA) and transferred to the
pIRESkeo? expression plasinid (pIRESneo?2-Capa3). Cells were transfected
with pIRESnee2-Capd3 or pIRESneo? using LipofectAMINE 2000 (Invitro-
pgen) following the manufacturer’s protocol. Stable Lransfected clones were
established using G418 selection

Westeri: blot analysis. Cells were rinsed with ice-cold PBS and lysed in
buffer conteining 50 mmol/L Tris-HC|, 350 mmoi/L NaCl, 01% NP40,
5 mmol/L EDTA, 50 mmol/L NaF, 1 mmol/L phenylroethylsulfonyl flucride,
10 pg/ml aprotintn, 10 pg/mL leupeptin, and 1 mmol/L Nagv0,. Cell
ysates were subjected te SDS-PAGE and blotted onto Immebilon
membranes (Millipore Corp., Bedford, MA) as described previously (10).
After transfer, the membrane was incubated with blocking sclution
followed by priwary antibody, Antibody detection was done using an
enhanced chemiluminescence system (Amersham Biosciences Corp.,
Piscataway, NJ: ref. 30). The. intensity of the luminescence was gnantified
using @ CCD camera combined with an image analysis system (LAS-1000;
Fujl Filta, Japan).

Matrigel invasion assay. BD BioCoat Matrigel Invasion Chambers (BD
Bioscience, Bedford, MA} were used according to the manufacturer’s
instructions. Pancreatic cancer cells (1 X 10°) in serum-free DMEM con-
taining 0.196 bovine serwm albumin were seeded onto Matrigel-coated filters
in the upper chambers, In the lower chambers, BMEM containing 109 FBS
was added as a chemoattractant. After 24 hours of incubation, cells on the
upper surface of the filters were removed with a cotton swab, and the filters

were fixed with 100% methano] and stained with Giemsa dye {31). The cells
that had invaded to the lower side of the filters were viewed under an
Olymypus microscope and counted in five fields of view. The invasive ability
of the cancer cells was expressed as the mean number of cells in five fields.
The assay was carried out as three independent experiments.

Gelatin zymnography. Secreted metalloproteinases and their gelatino-
lytic activity were measured by zymography (32). Equal number of cells
were plated on 24-well culture dishes and aliowed to reach confluence over
24 hours. Cells were washed in PBS and incubated for 24 hours in 500 pl
of serum-free DMEM. Conditioned medin samples were then Ipaded onto
10% SDS-PAGE that had been copolymerized with 1 mg/mL of gelatin,
Electrophoresis was done under nonreducing conditions. Gels were
washed in 25% Triten X-100 for 30 minutes, and were incubated in
collagenase buffer {100 mmol/L Tris-HCI (pH 8.0), 5§ mmol/L CaCl,, 0.02%
Nals] for 40 hours at 37°C. Gels were stained for 30 minutes with 0.5%
Coomassie blue and then destained (30% methanol and H0% acetic acid)
thrice for 15 minutes. The presence of gelatinolytic activity due to secreted
metalloproteinases was indicated by an umstained proteolytic region in
the gel. '

Quantitative real-time PCR analysis. Isolation of total cellular RNA
was done as described previously (33). In brief, PCR amplification reaction
mixtures (20 pl) contained cDNA, TagMan Universal PCR Master Mix
{Applied Biosystems, Poster City, CA), primer pairs, and probe. The primer
pairs and probe were obtained from Applied Biosystems. Thermal cycle
conditions included holding the reactions at 56°C for 2 minutes and at
95°C for 10 minutes, and cycling for 40 cycles between 95°C for 15 seconds
and 60°C for 1 minute. Results were collected and analyzed with an ABI
Prism 7300 Sequence Detector System using the comparative ACt methuds
All data were controlled for quantity of RNA input by performing measure-
ments on an endogenous reference gene (GAPDH),

Animals. All animal experitnents were approved by the Committee on
the Ethics of Animol Experfments in Kyushu University Graduate School
of Medicul Sciences, Japan. Male BALB/C mice (6-10 weeks old) were
purchased from Kyude Co., Ltd. (Tosu, Jepan). Male athymic nu/ri mice
5 weeks of age, weighing 20 to 22 g, and specific pathogen-free, were
obtained from Charles River Laboratories (Yokohamn, Japan), Mice were
housed in microisolator cages with 12-hour light/dark cycles. Water and
food were supplied ad libituwm. Animals were observed for signs of tumor
growth, activity, feeding, and pain in accordance with the guidelines of
the Harvard Medical Aren Standing Committee on Animals,

Mouse doxsal air sac assay. This assay was carried out with 6- to
10-week-old male mice as previously described (34, 35) Cells (3 X 10%
wete suspended in 150 pL of DMEM containing 2% FBS, and was injected
inte a chamber, which consisted of a ring covered with Millipore filters
{045 pm pove size, Millipore Corp.) on each side. This was implanted into
an air sac produced by injecting 10 mL of air s.c. on the back of an
anaesthetized mouse (50 mg/kg pentobarbital, ip.) en day 0. On day 5, the
chambers were removed from the s.c. fascia, and replaced with black rings
of the same inner diameter as the chambers. Photographs of these sites
were assessed by counting the number of newly formed vessels >3 mm in
length within the area of the rings. The number of newly formed blood
vessels were each scored on scales from 0 to 8. Results are expressed as
mean 8D,

Nude mouse xenograft models and determination of microvagcular
density. Cells were suspended in sterile PBS at a concentration of 10°
cells/mL and 100 pL were injected s.c. into the right flank of the nude
mice, Twmor size was measured by calipers in the largest diameter and at
a perpendicular dimension in order to calculate the tumor area.

Tomors of mude mouse xenograft. Intratnoral microvessels were
detected using a rat anti-mouse CD31 described previously (33), Twnors in
nude mouse were removed, snap-frozen in optimum cutting temperature
compound (SAKURA Finetechnical, Japan), and 6-pm sections were cut,
air-dried, and fixed in cold acetone for 10 minutes. The sections were
blocked with 3% bovine semum altbumin and labeled at room temperature
with rat anti-mouse CD31 for 1 hour, followed by biotinylated goat anti-
rat IgG for 20 minutes. Intratiumoral microvessels in liuman specimens
were detected using a monoclonal antibody against the CD34 antigen
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(monoclonal mouse anti-human CD84 antibody; Nitirei, Tokyo, Japan). In
21l samples, the mean value for the number of microvessels was calculated
from four vascular hotspots, They were then assessed as the microvascular
density (MVD) for each case. Only the CD34 staining in the tumor area
was reviewed, and any endothelial cell cluater consisting ef two or more
cells was considered to be a single, countable microvessel. All counts
were done by three independent observers without any knowledge of the
corvesponding clinicopathologic data. ’

Determination of VEGR and interlenldn-8 by ELISA. The concen-
trations of VEGF and interleukin-8 (IL-8) in the conditioned mediwm and
tissue lysafes were measured using commnercially available ELISA Kits (31).
Cells were plated in 24-well dishes in medium containing 10% FBS. When
the cells reached subconfluence, the medium was replaced with DMEM
containing 2% FBS, then the cells were incubated for 24 hours. Results
were normalized for the number of cells and reposted as picograms of
growth factor/10° cells/24 hours. Tumors obtained from mice were
homogenized in T-PER Tissue Protein Extraction reagent containing
protein inhibitor cocktail (Pierce, Rockford, IL) and centrifuged at
13,000 X g for 10 minutes. The concentrations of VEGF and IL-8 in the
supematant of the lysates were measured by using an ELISA kit following
the manufacturer's protecols. - g

Patients and specimens, Surgically resected specimens from 65 patients
with pancreatic ductal adenocarcinomas were studied. All patients
underwent. surgical resection between 1991 and 1998 in the Department
of Surgery at the Kurume University Hospital, Japan. Among these patients,
43 underwent pancreaticoduodenectomy, 21 underwent distal pancreatec-
torny, and one underwent total pancreatectomy. All subjects underwent

extended radical lymphadenectomy, Pancreatic resection was not done in
patients presenting with distant site metastasis, All cases of mucinous
cystadenocarcinoma - or intraductal papilfary-mucinous carcinoma were
excluded from our study. Pancreatic ductal zdenocarcinoma tissues were
obtained from 37 men and 28 women with a mean age of 64 years {age
range, 40-80 years), '

Linmunohistochemical analysis of Cap43. All human specimens were
fixed i1 10% formalin and embedded in paraffin wax Unstained 4-pm
sections were then cut from paraffin blocks for immunohistochemical
analysis, The sections were stained with rabbit anti-Capd3 polyclonal
antibody (10, 20). Cap43-specific immunoreactivity was scored by
estimating the percentage of labeled tumor cells as follows: score 0, no
positive cells; score +, <30% positive cancer cells; score ++, 30% Lo 80%
positive cancer cells; and score +#4, >80% positive cancer cells. Specimens
were considered positive for Cap43 expression when the score was ++ or
+++, and were considered negative' for Cap43 expression when the score was
@ or + All procedures were done by two independent assessors and oue
pathologist, all of whom had no previous lmowledge of the clinical outcome
for this series of cases, Individual specimens with discordant resufts among
the investigators were re-evaluated.

Statistical analysis. Data are expressed as mean * SD. Comparisons
between groups were done using Welch's ¢ test. The Kaplan-Meier method
was used to caleulate the overall swrvival rate and the prognostic
significance was evaluated by the log-rank test. The correlation of Capd3
immunoreactivity with the patients’ clinicopathologic verizbles were
analyzed by Fisher's exact test. Differences were considered significant at
P < 0.05.
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Figure 1. Effect of Cap43 expression levels and cefl profiferation. A, expression of Capd3 in six pancreatic cancer cell ines was determined by Westem blot analysis.
B, expression of Capd3 in Cap43 transfectants or mock transfectants in two pancreatic cancer cell lines determined by Western blot analysis. G, comparison of cell
growth between Cap43 transfectants and their mock transfectants in PANC-1 and MiApaca-2. Cell growth of various cell [ines in DMEM containing 10% FBS was

measured on days 1, 2, 3, 4, and 5, after seeding 2 x 10" cells/dish on day 0 in PANC-1 clonos and after seeding 5 x10° cells/dish on day © In MiApaca-2 clones.

Columns, mean of three independent experiments; bars, +SD.
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Cap43 levels had no effects on the cell proliferation rates of
pancreatic cancer cells in culture. We first compared the protein
levels of Cap43 in six pancreatic cancer cell lines. Of the six
lines, XP-1, BxPC-3, and SUIT-2 showed relatively higher Cap43
expression, whereas KP-4, PANC-1, and MlApaca-2 showed
relatively lower Capd3 expression (Fig. 14). We next established
cell lines that express higher amounts of Capd3 by transfection
of Capd43 cDNA into two cell lines, PANC-1 and MlApaca-2. Two
Cap43 cDNA transfectants from PNAC-1, PANC/Cap-6, and PANC/
Cap-7, and those from MIApaca-2, paca/Cap-11, and paca/Cap-14,
showed enhanced expression of Cap43 as compared with their
parental mock transfectants, PANC/Mock-3 and paca/Mock-2,
respectively (Fig. 1B). We also compared the growth rates of mock
and Cap43 cDNA transfectants of PANC-1 and MIApaca-2 in the
presence of 10% serum (Fig. 1C). No significant difference in
growth rates was observed between their parental counterparis
and transfected cell lines.

A marked decrease of tumor growth and angiogenesis by
Cap43 overcxpression in pancreatic cancer cells. We next

examined whether overexpression of Cap43 could modulate
tuwmer growth in mice under xenograft assay systems, The tumor
growth of both paca/Cap-11 and paca/Cap-14 showed markedly
rednced rates as compared with their mock-transfected line,
paca/Mock-2 (Fig. 24 and B). We could not observe any tumor
growth when PANC/Mock-3, PANC/Cap-6, and PANC/Cap-7 were
transplanted. Determination of MVD showed much greater
development of neovessels m paca/Mock-2 tamor than both
paca/Cap-11 and paca/Cap-14 tumors (Fig, 2C). Quantitative
analysis showed a significant decreasing number of MVD in
both Capd3 transfectants by >50% of the control counterparts
(Fig. 2D).

We compared the tumor-induced angiogenic activity of Capd43
cDNA transfectants and their mock transfectants in PANC-1 and
MIApaca-2. Dorsal air sac assay showed the apparent development
of new microvessels (tn, arrowhead, Fig. 3) with curled sbructures
and many tiny bleedirig spots by PANC/Mocle-3 and paca/Mocl-2,
but only a slight, if any, development of such microvessels by their
Cap43 cDNA transfectants (Fig. 34). Quantitative analysis showed
that the development of neovessels by both Capd3 cDNA
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Figure 2. Comparison of tumor growth and angiogenesis between Cap43 transfeclants and their mock transfectants. A, mean tumor volumes * SD for groups of
paca/Mock-2 (black fine} or Cap43 transiectants (dotted line) implanted with 1 %107 cells {n = 8). Tumor volumes were determined every weeld after tumor implantation.
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paca/Cap-~11, and paca/cap-14 xenograft at 8 waeks was detarmined by counting the number of CD31-posilive vessels in high power fields (200} of each
section. Columns, mean; bars, +80;*, P < 0.05 significant difference hetween Cap43 transfectants and mock transfactant.
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Figure 3. Effect of Cap43 overexpression on anglogenesis induced by pancreatic cancer cell lines in the mouse dorsal air sac assay and on invasive ability in Matrigel
invasion assay: A, representative photographs of assay chambers containing Gap43 transfectants and their mock transtectants; pv, preexisting vessels; In, tumor
neovasculalure. &, the angiogenic responses were delermined by counting the number o new blocd vessels (in) =3 mm Inlength (4 and B). Columns, mean for four or
five mice; bars, £50;*, P < 0.05, significéint difference between Cap43 transfectants and mock transfectant. C, comparison of the invaslveness of six human pancreatic
cancer cell linas in the Matriget invasion assay. Tumor cell invasiveness was quantified as the mean call number of cells in five fields of view per filler (celis/FV).
Columns, mean of three indepandent experiments; bars, +5SD. D, quantitative evaluation of invasiveness of the Cap43 transfectants and their mock transfectants in the
Matrigel Invasion assay. Tumor cell invasiveness was quantified as the mean cell number of invaded cells in five fields of view per filter {cells/FV). Columns, mean

of thres Indspendant experiments; bars, £8D; *, P < 0.05, significan? difference betwaen Cap43 transfectants and mock transfectant.

transfectants was <20% of their control counterparts in both
MIApaca-2 and PANC-1 (Fig. 3B8).

Effect of Cap43 on invasive ability in pancreatic cancer cells.
We next examined if the expression of Cap43 could affect the
cellular locomotion/invasion activity of pancreatic cancer cell lines
by Matiigel invasion assay. Of the six cell lines, BxPC-3 and SUIT-2
showed relatively low invasive activity in comparison with the
other four cell lines in photographs of Matrigel-coated filters
{data not shown). Quantitative analysis showed a markedly lower
invasive ability for two cell lines, BxPC-3 and SUIT-2, which
expressed relatively high levels of Cap43 (see Fig. 14), and
intermediate invasiveness for one cell line, KP-1, which expressed
a moderate Cap43 level (Fig. 3C). By contrast, three cell lines (KP-4,
PANC-1, and MIApaca-2), which expressed relatively low Capd3
levels, showed higher invasive abilities. We further compared the
invasive ability of Cap43 cDNA transfectants and their mock
transfectants in PANC-1 and Miapaca-2. Two Capd3 transfectants
consistently showed markedly decreased invasive ability compared

.

with the mock transfectants in both PANC-1 and MlApaca-2
(Fig. 3D). .

A marked effect of Cap43 on the expression of matrix
metalloproteinase-9, VEGF, and IL-8. To determine why
angiogenesis and cell locomotion/invasion are strongly. affected
by Cap43 expression, we compared the expression levels of
angiogenesis-related factors, matrix metalloproteinases (MMP),
VEGF, and IL-8 betwsen Cap43 cDNA transfectants and their
control counterparts. The expression of MMPs in cancer cells as
well as vascular endothelial cells, regnlate necvascularization by
enhancement of pericellnlar fibrinolysis and cellular locomeotion
(36). Of the many MMPs, MMP-9 plays a critical role in the
angiogenic switch during carcinogenesis (37). By using conventional
gelatin zymography, we compared the activity of MMPs between
Cap43-tansfected lines and their control counterparts in PANC-1
and MIApaca-2. Two Cap43 transfectants, PANC/Cap-6 and
PANC/Cap-7, which express high amounts of Cap43 protein
showed much reduced MMP-9 activity (gelatinese B) compared
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with their parental counterparts (PANC-1/Mock-3), whereas PANC/
Cap-6 and -7 showed similar MMP-2 activities as its parental
counterpart (Fig. 44} We could not observe any apparent activity of
MMP-2 and MMP-9 in cell lines derived from MlApaca-2 in this
assay (data not shown). Both Cap43-overexpressing cell lines of
PANC-1 showed <10% MMP-9 mBNA levels of that of PANC/
Mock-3 (Fig. 48). Although the mRNA levels of MMP-9 were ~ 10%
in MIApaca-2 as compared with that in PANC-1, reduced levels of
MMP-9 mRNA were also observed in Cap43-overexpressing cell
lines of MlApaca-2 in comparison with their mock transfectant
(Fig. 4B).

We also compared the cellular production of two potent
angiogenic factors, VEGF and IL-8, by ELISA assay and reverse
transcription-PCR between Cap43 cDNA transfectants and their
control counterparts. Figure 4C showed a marked decrease in the
production of VEGF in both PANC/Cap-6 and PANC/Cap-7 in
comparison with PANG/Mock-3. However, we could not observe
any apparent production of IL-8 in these lines derived from PANC-1,
and also that of VEGF in cell lines derived fromm MIApaca-2, assayed
by ELISA {data not shown). In contrast, cellular levels of IL-8 were
~ 10% and 60% in paca/Cap-11 and paca/Cap-14, respectively, of
those In paca/Mock-2 {Fig. 4C). Determination of mRNA levels by
quantitative real-time PCR also showed the marked decrease in
cellular mRNA levels of both VEGF and IL-8 in Cap43 cDNA
transfectants as compared with their parental counterparts in both
PANC-1 and MlApaca-2 (Fig. 4D).

We further compared the production of VEGF and IL-8 in the
s.c. tumors under in vivo conditions, Determination of mRNA levels
by quantitative réal-time PCR showed 12- and 18-fold increases
in Cap43 mBNA levels in paca/Cap-14 tumor 1 and tumor 2,
respectively, over those in paca/Mock-2 tumor when tumars were
removed at 8. weeks after inoculation. We detexmined the
expression levels of VEGF and IL-8 in tumors by ELISA assay
system (see Materials and Methods). VEGF expression levels
(pg/mg protein) were not detectable in both paca/Cap-14 tumor
1 and 2 when those were 280 + 89 in paca/Mock-2 tumor.
IL-8 expression levels (pg/mg protein) were 142 * 10.2 and 46 =
8.4 in paca/Cap-14 tumor 1 and tumor 2, respectively, when those
were 580 & 824 in paca/mock-2 tumor.

Association of Cap43 expressfon with angiogenesis and
clinicopatholegic charactevistics as well as prognosis in
patients with pancreatic cancer. The expression of immunore-
active Cap43 was examined irmmunchistochemically in resected
specimens of 65 patients with pancreatic ductal adenocarcinoma.
Two clinical examples of positive immunostaining (2 and &) and
two examples of negative immuriostaining (¢ and &) are presented
in Fig. 54. Based on this immunohistochemical staining for Cap43,
we classified the 65 cancer specimens into positive (# = 27) and
negative (n = 38) groups. We further investigated whether Cap43
expression in patients with pancreatic ductal adenocarcinoma was
associated with clinicopathologic variables such as age, gender,
depth of invasion, lymph node metastasis, pathologic stage, and
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Figure 4. Effect of Capd3 on expression of MMP-8, VEGF, and IL-8. A, comparison of gelatinase activities in Cap43 transfectants and mock transfactant in PANC-1.
Gelalin zymography for culiure media of pancrealic cancer cefl lines with or without Gap43 overexpression. B, expression of MMP-9 mBNA levels in Cap43
transfectants and their mock transfectants. Real-time PCR was done 1o determine MMP-8 mRNA levels. Expression was normalized 1o GAPDH mRNA levels

{*, P < 0,05 versus mock franstsctants), C, comparison of VEGF and IL-8 protein production between Cap43 {ransfectants end 1heir parental counterparts or 24 hours
by ELISA assay. Columns, mean of cultures in triplicate and have been normalized to account for cell numbers; bars, £5D; *, P < 0.05 versus mock transfectants.
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Figure . Correlation betwesn Cap43
expression and MVD. Immunchistochemical
analysls of Cap43 and microvessels in
pancreatic duclal adanocarcinoma with
anti-Cap43 and CD34 antibody {A and B).
A, two clinical samples of patiants with
pancreatie ductal adenocarcinoma who
had good long-term survival afier surgery
showing Cap43 expression {a and b}, Two
clinical samples of patienis wilth pancreatic
ductal adenocatcinoma who had poor
survival after surgery showing reduced
Cap43 exprassion {¢ and d). Original
magnificatlon, x100. B, ductal
adenocarcinoma cells in Cap43 positive
specimens {a and c), and In '
Cap43-negative specimens (e and g).
immunohistochemical stainlng of .
anti-CD34 antibody. A tumor area with low
vesse| density (b and d) and high vessel 90~
dansity {f and 1} are shown, Original

]

magnlfication, x10C. C, correlation B0 +
between Cap43 expression and MVD. The 1
median vajue of MVD in a Cap43-negative 0~
specimen was 48.8 and in a Cap43-positive . b

6

specimen was 28.3. [, Kaplan-Meier
analysis of overall survival according to
Cap43 expression lavels in pancreatic
ductal adenccarcinoma. The survival of
pallents whose cancer cells did not express
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histopathologic grading. Cap43 expression was significantly
correlated with depth of invasion (P = 0.0003), pathologic stage
(P = 0.0263), and histopathologic grading (P = 00244}, but not
with lymph node metastasis (Table 1). We also determined MVD
© in tumors by immunostaining analysis with anti-CD34 antibody.
Two clinical samples of Cap43-positive immunostaining with
lower MVD (scoring number, <40; a-d} and two clinical samples of
Cap43-negative immunostaining with higher MVD (scoring
number, >40; ek} are presented in Fig. 5B. Based on this
immunohistochemical analysis, we classified patients into high
(scoring number, >40; » = 33) and low (scoring mumber, <40;
n = 32) MVD groups. High MVD was found to be significantly
associated with- negative Cap43 expression, whereas low MVD
was significantly associated with positive Cap43 expression
(P = 00001; Table 1). The median values of MVD in Cap43-
positive specimens was 28.3, and those of MVD in Cap43-negative
specimens was 488 (Fig. 5C). Immunchistochemical analysis of
clinical specimens therefore suggested that high Cap43 expression
was closely associated with low angiogenic status of pancreatic
ductal adenocarcinoma.

Finally, we investigated whether Capd3 expression was associ-
ated with the prognosis for patients with pancreatic ductal
adenocarcinoma. Kaplan-Meier analysis indicated that Cap43
protein expression showed a statistically significant correlation
with survival after radical surgery (P = 0.006% Fig. 5D), with cases
lacking Cap43 expression having unfavorable prognoses. The
median survival time for patients with tumors that were positive
for Cap43 expression was 24.7 months, compared with 10.9 months
for patients with tumors negative for Cap43 expression.

Discussion

Overexpression of Cap43 did not alter the growth rates of human
prostate and colon cancer cells (16, 17). Consistent with these
studies, cellutar proliferation assay of Cap43-overcxpressing cell
lines of MIApaca-2 and PANC-1 showed similar growth rates as
their parvental counterparts in culture. Tumor growth in vive
showed a marked decrease by Cap43 overexpression in MIApaca-2
when their parental counterparts showed high tamor growth rates.
Thus, Cap43 overexpression seemed to specifically affect tumor
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ST LD T v.d‘ﬂ'ﬂ-‘rﬂ‘d‘l‘f‘r AR A Ry
@sggomat:onaibelw cosion fg&ﬂ%}fﬁ
Gl Ariab|es Bancre tg‘%
Variable No. of Cap43 expression P
patients
Positive Negative
(n=27) {n =38)
Age (y)y 0.6760
<65 . 29 12 17
=265 36 15 21
Gender 0.0868
Male 37 12 25
Female 28 15 13
Depth of invasion 0.0003"
Ty, Tz 24 17 7
Ta Ts 41 10 31
Lymph node metastasis 0.5358
Negative 31 13 18
Positive 34 14 20
Pathologic stage 0.0263°
I . 10 7 3
I 4 2 2
m 30 14 16
v 21 4 17
Histopathologic grading 0.0244"
G 28 16 12
Gy Gy 37 11 26
Microvascular density 0.0001"
Low (<40) 32 21 11
High (>40) 33 6 27
*Analyses were carried out using Fisher's exact test.
1P < 0.05 considered statistically different.

growth in vivo but not cell growth in vitro, suggesting the critical
role of Cap43 in the modulation of twmor stroma in pancreatic
cancer. Previous studies using animal experimental models have
shown that Cap43 overexpression suppresses metastasis by
prostate and colon cancer cells, suggesting that Cap43/NDRGI
is a metastasis suppressor gene (16, 17). A relevant study by
Bandyopadhyay et al. have reported that the Cap43/Dyg-1 protein
was significantly reduced in breast cancer cells, particularly, in
patients with lymph node or bone metastasis as compared to
those with localized breast cancer (18). Cap43 could thus affect
not only metastasis/invasion but also tumor growth, suggesting
that Cap43/NDRGI could be a putative metastasis suppressor
gene. Concerning the possible mechanism for up-regulation of
Cap43, Le and Richardson have previously reported that
treatment of breast cancer cells by iron chelator with high
antiproliferation activity up-regulates the expression of Cap43/
NDRGI gene through hypoxia-inducible factor-la-dependent and
—independent pathways (38). Our recent study showed estradiol
induced down-regulation of Cap43 gene in estradiol receptor-
positive breast cancer cell lines, and alse that Cap43 expression
was inversely correlated with the expression of estradiol receptor-
o but not with progesterone receptor in human breast cancer
(39). Thus, expression of Cap43 in breast cancer seems to be
greatly affected under various conditions including hypoxia,
metals, and estradiol.

Cap43 in cancer cells might alter the tumor strema microen-
vironment, resulting in a block of tumor progression. Consistent
with this notion, our present study further showed a marked
decrease in angiogenesis by Cap43 overexpression in MIApaca-2
or PANC-1 in the dorsal air sac assay, and also decreased MVD in
tumor indnced by Capd3 overexpression in MlApaca-2 as
compared with their parental counterparts. Cellular production
of angiogenesis-related factors such as MMP-9, VEGF, and
IL-8 were markedly reduced in cell lines with Cap43 overproduc-
tion. In gelatin zymography, there seemed to be almost no
MMP-9 activity in PANC/Cap-6 and PANC/Cap-7 when their
parental counterpart had MMP-9 activity. Although there was no
apparent activity corresponding with MMP-9 and MMP-2 in cell
lines of MiApaca-2, MMP-9 mRNA level was also reduced in both
Cap43 transfectants of MIApaca-2. In the Matrigel invasion assay,
pancreatic cancer cell lines with relatively higher Capd3
expression showed lower invasive ability. Cap43 overexpression
may reduce hoth the expression and activity of MMP-9, resulting
in altered cellular locomotion and invasive ability. A relevant study
by Bergers et al. has reported that MMP-9 triggers the angiogenic
switch duving carcinogenesis of pancreas in transgenic mice
(37). In this study, genetic ablation of MMP-9, but not that of
MMIP-2, impairs the induction of angiogenesis. Moreover, expres-
sion of two representative angiogenic factors, VEGF and IL-8,
was also marlkedly reduced in cell lines overexpressing Cap43.
Cellular production of VEGF and TL-8 was also inversely correlated
with Capd43 levels. VEGF and IL-8 production was markedly
decreased in the subcutaneous tumor by Cap43 gene transfectant
in comparison with tumors of the parental counterpart, snggest-
ing that expression of VEGF and IL-8 is affected in both ir vitro
and in vive conditions by Capd43 in pancreatic cancer. The low
tumor angiogenic activity by Cap43 overexpression could be
due to decreased expression of angiogenic factors such as VEGF,
IL-8, and MMP-9. A more precise study should be required to
understand the underlying mechanism of how the expression
of such angiogenesis-related factors could be modulated by
Cap43.

Consistent with previous studies (22, 40, 41), we found that the
survival rates for 65 patients with pancreatic cancer were
significantly correlated with histopathelogic grading and depth of
invasion. We further observed a close association between low
Cap43 expression and poor prognosis in pancreatic ductal
adenocarcinoma. Cap43 was originally isolated as a differentia-
tion-related gene and is mostly .expressed in differentiated
epithelial cells (9, 11), and this might be relevant to its association
with the histopathologic grading of pancreatic cancer. To our
surprise, high MVD in clinical specimens of pancreatic cancer was
found to be significantly associated with low Cap43 expression
levels (Table 1; Fig. 5), consistent with our experimental animal
model for tumor growth and MVD. On the other hand, poor
prognosis and malignant progression are often sigmificantly
associated with VEGF and PD-ECGF, as well as with MVD in
tumors {see Introduction). From our present study, MVD in clinical
specimens of pancreatic cancer was also significantly associated
not only with Cap43 (see Table 1) but also with prognosis of
patients.® Pancreatic tumor growth is regulated by positive and
negative angiogenesis modulators (42), and kinase inhibitors of
both VEGF and EGF receptors were found to reduce the tumor

® Unpublished data.
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growth and metastasis of pancreatic cancers in a xenograft
model (43). Clinical studies also showed a close association of
angiogenesis and/or enhanced expression of VEGF and other
angiogenic factors with disease progression and patient survival in
pancreatic cancers (44-46). Shi et al have reported that 1L-8
expression renders pancreatic cancer cells more fumorigenic and
metastatic under various microenvironmental changes including
hypoxia and acidosis (47). On the other hand, infiltration of tumor-
associated macrophages is often closely associated with angiogen-
esis in various human malignancies (48, 49), and our previous
study showed fthe expression of Cap43 in tumor-associated
macrophages in human renal cancers (20). We also observed the
expression of Capd3 in macrophages as well as cancer cells in
pancreatic cancers when clinical specimens were examined by
immunohistochemical analysts (data not shown). The role of
Cap43 in macrophages, however, remains to be further studied.
In conelusion, we first demonstrated that Cap43 could switch-off
angiogenesis and cell locomotion/invasion by pancreatic cancer

cells, A putative metastasis suppressor function of Cap43/NDRG1
might be due to such modutation of angiogenesis in tumor stroma.
Capd3 could be a novel target for angiogenesis and malignant
characteristics of pancreatic cancers. How Cap43 could control the
expression of angiogenesis-related genes in pancreatic cancer cells

. is now in progress in our laboratory.
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The up-regulation of type I interferon receptor gene plays a
key role in hepatocellular carcinoma cells in the synergistic
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Abstract. Combination therapy with interferon (IFN)-a and
5-fluorouracil (5-FU) has been reported to show an improved
therapeutic efficacy in patients with advanced hepatocellular
carcinoma (HCC) but the mechanism behind this has not been
completely elucidated. We examined the molecular events
underlying the antiproliferative effects of IFN-o and 5-FU in
combination using six human HCC cell lines. When the
antiproliferative effects of administering IFN-¢ and 5-FU
together were analyzed using isobolograms, we found that
the cell lines could be divided into two groups: the S-group
containing three cell lines, which showed synergistic effects,
and the A-group, containing the remaining three cell lines,
which showed additive effects. Real-time RT-PCR and Western
blot analyses revealed that the expression levels of type ITEN
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receptor subunits, IFNAR1 and IFNAR2, were specifically
up-regulated by 5-FU in all three cell lines of the S-group
with the exception of IFNAR2 in one cell line, but not in
those of the A-group. IFN-o modulated the protein expression
levels of six enzymes regulating sensitivity to 5-FU, but none
of them were down- or up-regulated in the same way in all
members of the S- or A-group. In conclusicn, the 5-FU-
induced modulation of IFN receptor expression could play a
pivotal role in the therapeutic efficacy of IFN-a combined
with 5-FU. Measuring the expression levels of IFN receptors,
and their ability to be up-regulated, may be a promising
method for selecting HCC patients for this type of combination
therapy.

Introduction

Hepatocellular carcinoma (HCC), the most common primary

.liver cancer, is one of the most frequent and aggressive

malignant tumors, and its incidence is increasing. The surgical
resection of hepatic lesions is the most effective treatment
for patients with HCC, and .oca] therapeutic approaches,
such as transcatheter arterial embolization (1}, percutaneous
transhepatic ethanol injection (2), microwave coagulation
(3), and radiofrequency ablation {4) have also been reported
to be effective. However, these therapies are still not effective
for patients with advanced HCC, who are often not suitable
for surgery and whose 5-year survival rate is extremely low
(5). One chemotherapeutic strategy is combined chemo-
therapy with 5-fluorouracil (5-FU) and interferon (IFN)-o.
Monden and colleagues have reported a beneficial therapeutic
effect in a patient with recurrent HCC and multiple lung and
bone metastases {6-8). However, this combined treatment
was accompanied by increased toxicity, as manifested by an
elevated incidence of mucositis and neurological and hema-
tological side effects (9). It is therefore important to understand.-
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the exact mechanism of this combination therapy so that
patients likely to respond can be selected and unnecessary side
effects can be avoided.

5-FU has two major antitumor mechanisms: one involves its
active metabolite 5-fluoro-2'-deoxyuridine-5'-monophosphate
(FAUMP), inhibiting the activity of thymidylate synthase
(TS) and consequently DNA synthesis; the other is related to
the incorporation of 5-FU metabolite into RNA and DNA,
thereby disrupting normal RNA processing and function. The
sensitivity of cancer cells to 5-FU is often influenced by the
enzymes affecting 5-FU metabolism, including dihydro-
pyrimidine dehydrogenase (DPD), orotate phosphoribosyl
transferase (OPRT), thymidine phosphorylase (TP), uridine
phosphorylase (UP), and thymidine kinase (TK}. In contrast,
IFNs are divided into type I and type II. The human type I
JFEN family is composed of at least 14 structurally related
TFN-a subtypes and single IFN-8 and IFN-w subtypes. Type I
IFNs have various biological activities, including antiviral,
anti-proliferative, immunomodulatory (10-12), and anti-
angiogenic effects (13,14), mediated by the type I IFN receptor.
This receptor is composed of two functional transmembrane
subunits, type I IFN receptor subunit 1 (IFNAR1}) and subunit
2 (IFNAR2), cooperating to form a high-affinity receptor for
all type I IFNs (15,16). IFNAR2 is the major binding subunit
and IFNARI is necessary for the tight binding. Of these
receptor molecules, the expression levels of the type I IFN
receptor were closely correlated with the response rates to
IFN treatment in patients with chronic hepatitis C (17), and
overexpression of the IFNAR2 markedly increased the anti-
proliferative activity of IFNs and their capacity to induce
apoptosis (18), suggesting that the type 1 IEN receptor is a
key molecule for the antitumor activity of IFN-c.

Concerning possible mechanisms behind IFN-a and 5-FU
showing improved therapeutic efficacy, increased FdUMP
concentrations, decreased protein level of TS, an increase in
TS inhibition rate and TP activity, and an alteration in 5-FU
pharmacokinetics by combined IFN-a have been reported
(19-24). Eguchi et al have reported that augmentation of the
antitumor effect of 5-FU by IFN-o might in part be attributable
to the up-regulation of p27%#*! blocking cell cycle progression
(25). However, none of these theories provide a consistent
mechanism for the exact rationale of this combination therapy.
Furthermore, almost all studies have assumed that IFN-« plays
a role in modulating the antitumor activity of 5-FU.

In this study, we provide evidence that the modulation of
IFN receptor expression by 5-FU is specifically associated with
the improved efficacy rather than the cellular modulation of
the enzymes that regulate the sensitivity to 5-FU by IFN-a.

Materials and methods

Drugs. Natural human IFN-a was purchased from Otsuka
Pharmaceutical Co,, Ltd. (OIF, Tokyo, Japan) and 5-FU
wag purchased from Kyowa Hakko Kogyo Co., Ltd. (5-FU
Injection 250 Kyowa, Tokyo, Japan).

Cell lines. HCC cell lines, KIM-1, KYN-1, K¥N-2, K¥YN-3,
HAK-1A and HAK-1B (26-30), were grown in Dulbecco's
modified Eagle's mediom (Nissui Seiyaku Co., Tokyo, Japan)
-with 10% fetal bovine serum (FBS) (FETALCLONE T11,
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Hyclone, UT, USA) in a humidified atmosphere of 5% CO,
at 37°C,

Antiproliferation test. Cells were seeded into 96-well plates
at 1,000 cells/0.1 ml/well and incubated overnight. On the
following day, 100 p!I aliquot containing TFN-¢ and 5-FU was
added and cultured for a further 5 days. In study of schedule-
dependent synergy, HCC cells were seeded into 12-well plates
at 5,000 cells/1 ml/well. On the following day, 1-nl aliquot
containing drugs was added. After a further 3 days, culture
medium was exchanged for fresh medium including another
drug and cultured for a further 3 days. The number of viable
cells was estimated by activity of cellular dehyrogenases using
WST-8 reagent (Cell Counting Kit-8, DOJINDQ, Kumamoto,
Japan) (31).

Isobologram analysis. To analyze the mode of interaction
between 5-FU and IFN-a, the combined doses that reduced
cell growth by 50% were plotted as isobolograms, according
to the method of Steel and Peckham (32). The envelope of
additivity suirounded by mode I (hetercaddition), Ila and Ib
(isocaddition) curves, was constructed based on the dose-
response curves of JEN-o and 5-FU alone. Thus, when the
data points for the combined drugs fell within this envelope,
the combined effect was judged to be additive. When the
points fell in the area under the envelope of additivity, the
combined effect was judged as synergistic, because in this
case, 50% inhibition was produced by a lower concentration
than predicted on an additive basis.

cDNA preparation and quantitative real-time RT-PCR. Total
RNA was extracted using Isogen {(Nippon Gene Co., Ltd.,
Tokyo, Japan) and reverse transcribed using a reverse tran-
scription system (Promega Corp., Madison, WI) according to
the manufacturer's instructions, RT-PCR was performed with
an ABI PRISM 7300 (PE Applied Biosystems, Foster City,
CA). The sequences of the primers and probes are shown in
Table 1, and those for JFNARI, IFNAR?2 and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) were purchased from
Applied Biosystems.

Western blotting. HCC cells were cultured with various con-
centrations of 5-FU or IFN-a. Total protein was extracted using
protein extraction reagent (M-PER™ , Pierce, Rockford, IL)
supplemented with protease inhibitors (Halt™ protease
inhibitor cocktail kit, Pierce). Cell lysates were subjected to
SDS-PAGE and transferred to Immobilon-P transfer mem-
branes (Millipore, Bedford, MA). After blocking, membranes
were probed with anti-TS, -OPRT and -TP monoclonal and
anti-DPD polyclonal antibodies (a gift from TAIHO Pharma-
ceutical Co., Ltd., Tokyo, Japan), monoclonal antibody against
TK (abcam, Cambridge, UK), polyclonal antibodies against
IFNARI, IFNAR2 and UP (Santa Croz Biotechnology, Santa
Cruz, CA). The proteins were visnalized using HRP-conjugated
antibodies followed by enhanced chemiluminescence (Pierce).
The intensity of luminescence was quantified using an image
analysis system (LAS-1000, Fuji Film, Tokyo, Japan).

Silencing IFNARI and IFNAR2 genes. Stealth™ RNAIs
{Invitrogen™ Life Technologies, San Diego, CA) were used
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Table 1. Probe and primer pair sequences for six factors regulating 5-FU sensitivity.

Gene Sequences

Probe: 5-(FAM)TTCAGCTTCAGCGAGAACCCAGA(TAMRA)-3'
TS Forward primer:  5“GAATCACATCGAGCCACTGAAA-3'

Reverse primer: 5'-CAGCCCAACCCCTAAAGACTGA-3

Probe: 5'-(FAM)TGCCCTCACCAAAACTTTCTCTCTTGATAAGGA(TAMRA)-3'
prD® Forward primer: 5-AATGATTCGAAGAGCTTTTGAAGC-3'

Reverse primer: 5-GTTCCCCGGATGATTCTGG-3'

Probe: 5' (FAMYCTCCTTATTGCGGAAATGAGCTCCACC(TAMRA)-3'
CPRT- Forward primer:  5-TCCTGGGCAGATCTAGTAAATGC-3'

Reverse primer: S-TGCTCCTCAGCCATTCTAACC-3!

Probe: 5'“(FAM)CAGCCAGAGATGTGACAGCCACCGT(TAMRA)-3'
TP Forward primer: SCCTGCGGACGGAATCCT-3

Reverse primes: 5-GCTGTGATGAGTGGCAGGCT-3'

Probe: 5-(FAM)TGCTCCAACGTCACTATCATCCGCAT(TAMRA)-3'
Up- Forward primer: 5-TGACTGCCCAGGTAGAGACTATCC-3'

Reverse primer: 5-AGACCTATCCCACCAGAAGTGC-3'

Probe: 5-FAM)TGGCCTGGATTCACGCCCTCTTG(TAMRA)-3'
TK! Forward primer: ~ 5-AGCCTTGGCCCACACTGA-3'

Reverse primer:

5'-CCAGAGGTAGGAAGGGCITTG-¥

*Thymidylate synthase; *dihydropyrimidine dehydrogenase; “orotate phosphoribosyl transferase; “thymidine phosphorylase; *uridine

phosphorylase; and fthymidine kinase.
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Figure 1. Antiproliferative effects of IFN-« and 5-FU in six HCC cell lines, HAK-1A, HAK-1B, KYN-1, KYN-2, KYN-3, and KIM-1, Cells were exposed to

drugs for 5 days. Curves show the fitied dose-response curves for 5-FU (A) and TFN-o {B). Assays were carried out in quadruplicate, Data points represent the
mean + SD of the cefl survival ratio relative to that of untreated cells, taken as 100%. Experiments were repeated twice with essentially similar results.

to knock down IFNARI1 (j03171_stealth_189) and IFNAR2
(x89772_stealth_1054) expression, Sub-confluent KYN-1
cells were cultured overnight in Opti-MEM I medivm, then
40 nmol/l siIRNA and Lipofectamine™ 2000 (Invitrogen™ Life
Technologies) were applied according to the manufacturer's
instructions. After 4 h, cells were harvested from the culture
plates and seeded into 96-well plates. After a further 8-h
incubation, IFN-a was applied and cells were cultured for 5

more days. The numbers of cells were estimated by WST-8
method (31).

Results
Antiproliferative effects of IFN-o and 5-FU in six HCC cell

Iines. When the antiproliferative effects of IFN-a and 5-FU en
six HCC cell lines were examined, the growth inhibition seen
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Table I1. Relative mRNA expression levels of type I TFN receptor subunits and six factors regulating sensitivity to 5-FU in six
HCC cell lines.

Relative mRNA levels * IC
Cell line IFNAR1Y  IFNAR2: TS84 DPDs  OPRT' TPz uph TK! IFN-a 5-FU
(IU/mly  (emol/l)
HAK-1A 23 5 100 1 100 6 16 91 700 23
HAK-1B 100 100 15 59 84 100 100 43 66 1.0
KYN-1 99 54 67 100 71 15 94 99 25 72
KYN-2 5 13 9 4 38 34 2 92 490 14
KYN-3 27 14 66 13 55 31 36 92 19 96
KIM-1 38 27 20 87 42 55 19 100 94 14

“The mRNA levels were examined by quantitative real-time RT-PCR and normalized with GAPDH. Relative mRNA level shows the
average of the ratio relative to the highest level in six HCC cell lines of 100 in respective factor in triplicate determinations.? Type I interferon
receptor subunit 1; “type I interferon receptor subunit 2; “thymidylate synthase; *dihydropyrimidine dehydrogenase; forotate phosphoribosyl
transferance; fthymidine phosphorylase; "uridine phosphorylase, and | thymidine kinase. Csp, drug concentration reducing the cell growth to
509 of that of non-treated cells. Cytotoxicity tests were carried out in quadruplicate.
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Figure 2. Combination effects of IFN-a and 5-FU. Isobologram analysis of IFN-a and 5-FU against six HCC cell Iines. Cells were exposed to [FN-a and 5-FU
for 5 days simultaneously. The area surrounded by the outer 2 curves of Mode 1, Ifa and Hb curves is the envelope of additivity. Relative doses of the drugs
were calculated as concentration of 5-FU/Cs, of 5-FU and concentration of IFN-w/1Cs, of IFN-a. Closed circles represent combined concentrations of 5-FU
and TFN-q that inhibited cell growth by 50%. Assays were carried out in quadruplicate. Experiments were repented twice with essentially similar results.

in all HCC cell lines was dose-dependent (Fig. 1). The HCC  while the remaining four HCC cell lines were approximately
cell lines showed varied sensitivities to IFN-a, with IC,, values  three times more sensitive to 5-FU.

over a 25-fold range, from 19 to 700 TU/ml (Table I1). KIM-1,

KYN-1, KYN-3, and HAK-1B were highly sensitive to IFN-a  Expression of type I IFN receptor and factors regulating 5-FU
with ICs, values below 100 IU/ml, while HAK-1A and KYN-2  sensitivity in six HCC cell lines. Table 11 shows the relative
appeared to be more resistant with IC,, values of 700 and 490 levels of basal mRNAs for IFNARI, IFNAR2 and factors
1U/ml, respectively. KYN-1 and KYN-3 responded weakly to  regulating sensitivity to 5-FU, with an arbitrary maximum
5-FU with IC., values of 7.2 and 9.6 pmol/l, respectively, value of 100. The mRNA levels of IFNAR1 were highest in
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Figure 3, Schedule dependency of synergism of IFN-u and 5-FU. KYN-1 cells were seeded on day 0 and’exposed to TRN-a or 5-FU for 3 days (day 1-4). On
day 4, culture medium was removed and washed with PBS three times and fresh medium containing another drug was added. Cells were cuitured for a further
3 days (day 4-7). The number of viable cefls was estimated using the WST-8 assay. Experiments were carried out in triplicate independently. The columns
show the mean value and bars represent SDs. Dotted column, IFN-o alone; striped column, 5-FU alone; solid column, sequential treatment of 5-FU and IFN-u.
*P<0 05, *"P<0.01, *"P<0.001; statistically significant difference between the indicated data points by Welch's test. . :

the IFN-o-sensitive cell lines HAK-1B and KYN-1, while
those in the other four HCC lines, which included both
IFN-o-sensitive and resistant lines, were only 5-40% of
their levels in HAK-1B. As for IFNAR-1, the levels of
IFNAR-2 mRNA were relatively higher in HAK-1B and
KYN-1. Moreover, both IFN-g-resistant cell lines, HAK-1A
and KYN-2, had relatively lower levels of IFNAR-1 and
TFNAR-2 mRNAs, while the other IFN-a-sensitive cell lines
had relatively higher levels of mRNA for both subunits.

Of the six factors regulating sensitivity to 5-FU, low
levels of TS and DPD and high levels of OPRT, TP, UP and
TK. render cancer cells sensitive to 5-FU in in vitro assays.
Cellular TS mRNA levels were relatively high in two 5-FU-
resistant lines, KYN-1 and KYN-3, while DPD mRNA levels
were high only in KYN-1 cells. Cellular TP mRNA Zzsvels
were relatively Iow in the 5-FU-resistant KYN-1, but high in
the 5-FU-sensitive HAK-1B cells. However, overall there
was no clear association between the cellular mRNA le sels
of each factor and the 5-FU sensitivity of the six HCC lines.

Combined effect of IFN-a and 5-FU on six HCC cell lines. The
isobalogram method yielded three curves, Mode I, Mode Ta
and Mode 1Ib, All of the data points for combined treatments
against KYN-1 and KYN-2 cell lines, and three out of six data
points for HAK-1A, fell in the area suggesting a synergistic
effect and the other three points for HAK-1A cells were almost
on the mode I curve (Fig. 2A and C). Therefore the combined
effect of IFN-a and 5-FU on these three cell lines was judged to
be synergistic. By contrast, ali of the data points for combined
treatments of HAK-1B, KYN-3, and KIM-1 cells fell within
the envelope of additivity, and the combined effects on these
cell lines were judged to be additive (Fig. 2D and F). Based
on these results, we separated the six cell lines into two groups:

the S-group, showing synergistic responses, and consisting of
KYN-1, KYN-2, and HAX-1A, and the A-group, characterized
by additive responses, and consisting of HAK-1B, KYN-3,
and KIM-1.

As shown in Fig. 3, schedule-dependent interactions
between IFN-a and 5-FU were examined using KYN-1 cells
showing synergistic effect with simultaneous treatment of
IFN-o and 5-FU. Sequential exposure to 5-FU followed by
IFN-a showed much stronger antiproliferative effect than the
reverse sequence at all tested concentration sets of 5-FU and
IFN-a.

Effect of IFN-a on protein expression of factors regulating
5-FU sensitivity. The metabolism of 5-FU js shown in Fig. 4A.
The antitumor effects of 5-FU primarily depend on levels of
its metabolic enzymes in in vitro study. We selected six
enzymes, TS, DPD, OPRT, TP, UP and TK, that were
reported to be closely associated with sensitivity and/or
resistance to 5-FU. We examined their protein levels in these
six cell Jines when treated with IFN-o at 500 IU/ml for 48 h
(Fig. 4B). The expression levels of TS, OPRT and TK were
down-regulated after treatment with IFN-q for 48 h, not only
cell lines in the S-group, but also in the A-group. By contrast,
treatment with IFN-a resulted in a 3-fold increase in DPD
protein level in K'YN-3 cells, We also observed an up-
regulation of TP in IFN-q treated KYN-1 and HAK-1A cells,
both in the S-group, by 6.9- and 2.8-fold respectively.
However, none of the six factors regulating sensitivity to
5-FU was consistently modulated in response to IFN-a in all
of the S-group or al} of the A-group cell lines.

Effect of 5-FU on expression of IFNARI and IFNARZ in six
HCC cell lines. The relative mRNA levels of IFNAR1 and
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Figure 4. Effect of IFN-a on factors regulating sensitivity to 5-FU. (A)
Metabolism of 5-FU. *TS, thymidylate synthase; "DPD, dihydropyrimidine
dehydrogenase; “OPRT, orotate phosphoribosyl transferase; TP thymidine
phosphorylase; *UP, uridine phosphorylase; T thymidine kinase; FUdR, 5-
fluoro-2'-deoxyuridine; FAUMP, 5-fluore-2'-deoxyuridine-5-monophosphate;
FdUDP, 5-fluoro-2'-deoxyuridine-5’-diphosphaie; FdUTP, 5-fluoro-2'-
deoxyuridine-5'-triphosphate; FUR, 5-fluorouridine; FUMP, 5-
fluorouridine-5'-monophosphate; FUDP, 5-fluorouridine-5'-diphosphate;
FUTP, 5-flugrouridine-5"-triphosphate. TS ig a target enzyme of active
metabolite FAUMP from 5-FU, and DPD inactivates 5-FU. OPRT, TP, UP
and TK were concerned with conversion of 5-FU to its active form. Low
levels of TS and DFD and high levels of OPRT, TP, UP and TK render
cancer cells sensitive to 5-FU in in virre assays. (B) Protein expression of
six enzymes after 48-h treatment with 500 1U/ml IFN-a were determined by
‘Western blot analysis. Values underneath the bands represent the relative
density 1o that of drug untreated cells, taken as 1.0. Cell lines in the S-group
showed synergistic effect, and those in the A-group showed additive effect
with combination of IFN-a and 5-FU,

A IFNARI1

Fold increase of mRNA
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IFNAR2 in 5-FU-treated HCC cells, compared to untreated
cells, are shown in Fig. 5. In HAK-IA, KYN-1 and KYN-2
in the S-group, treatment with 5-FU induced an approximately
4-fold increase in IFNAR-1 mRNA levels when compared to
untreated cells (Fig. 5A). By contrast, there appeared only a
slight or no increase in IFNAR-1 mRNA in KIM-1, KYN-3,
and HAK-1B in the A-group. We observed a 2.5- to 3-fold
increase in IFNAR2 mRNA in KYN-1 and HAK-1A, but not
in KYN-2 in the S-group by 5-FU. By contrast, there appeared
no increase of IFNAR2 mRNA by 5-FU in KIM-1, KYN-3,
and HAK-1B cells in the A-group (Fig. 5B). Time-dependent
kinetics for the expression of both type 1 IFN receptor
subunits showed a marked increase in IFNAR1 and IFNAR2
mRNA levels at 3 h in KYN-1 cells, but not in KYN-3 cells
when treated with 5-FU (Fig. 6A and B). In KYN-1 cells,
Western blot analysis also showed an approximate 4-fold
increase in protein levels of IFNARI1, 24 h after exposure
to 5-FU (Fig. 6C). Treatment of KYN-1 cells with 5-FU
induced an approximate 7-fold increase in IFNAR2 protein.
In contrast, in KYN-3 cells in the A-group, the levels of the
IFNAR2-related molecules R2 were not increased by 5-FU
treatment (Fig. 6D).

Effect of knockdown of IFNARI and IFNAR2 by siRNA on
antiproliferative effect of IFN-a. We next examined whether
cellular levels of IFNAR1 and/or IFNAR2 were closely
associated with IFN-a-induced antiproliferative effect in
KYN-1 and KYN-3. Cellular levels of IFNAR! and IFNAR2
proteins were markedly reduced by the relevant siRNAs,
but not by scrambled RNAs (Fig. 7A). Moreover, the anti-
proliferative effect of IFN-a on both KYN-1 and K'YN-3
cells was abrogated by knockdown of either IFNARI or
IFNAR2, while the scrambled RNAs had no effect (Fig. 7B).
Quantitative analysis of the cell survival curves of KYN-1
revealed that the knockdown of IFNARI and IFNAR?2
increased the ICs, values for IFN-a, by 7-fold (231 IU/ml)
and 5-fold (158 TU/ml} respectively, compared to the IC,, values
(31 IU/mi) for cells untreated with siRNAs and treated with
scramble RNAs (Fig. 7C and Table II). In KYN-3 cells, the
knockdown of IFNAR1 and IFNAR? increased the 1C,, values
for IFN-a from 21 IU/ml for untreated control cells to over
1000 TU/ml respectively. The antiproliferative activity of IFN-«

B IFNAR2

*

Figure 5. Expression of IFNART and IFNAR2 mRNA, in HCC cells treated with 5.0 #mol/l 5-FU for 3 h. The increases in mRNA are shown relative to the
initial level, taken as 1.0. Dotted and black columns show the mean mRNA levels in drug-untreated and 5-FU-treated cells, respectively. (A) IFNAR1, (B)
IFNAR2. Determinations were carried out in tripticate, and bars represent the SDs. Experiments were repeated twice with essentially similar results.
*Difference is >2-fold and statistically significant by Welch's test (P<0.05) as compared with untreated cells.
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Figure 6. Time course of IENAR1 and IFNAR2 mRNA and protein expression in KYN-1 and K'YN-3 cells treated with 5 pmall of 5-FU. Increases in mRNA
expression leveis for IINART (A) and IFNAR?2 (B) are shown relative to the initial level, taken as 1.0, in KYN-1 and K'YN-3 cells. Black columns represent
the mean increase of MRNA levels in K'YN-1 cells and meshed columns show increases in K'YN-3 cells. Determinations were carried out in triplicate, and
bars indicate the SD, “Difference is >2-fold and statistically significant by Welch's test (P<0.05), compared with initial level. Experiments were repeated twice
with essentiatly similar resulss, (C) IFNAR1 protein expression in cells treated with 5-FU. R1 is an ~110-kDa band detected by Western blotting. (D) IFNAR2
protein expression in cells treated with 5-FU. R2 is an ~100-kDa band that may be the Jong form of IFNAR2. Experiments were repeated three times with

esgentially similar results.

in KYN-1 and K'YN-3 cells was thus confirmed to be dependent
on the expression levels of both IFNAR1 and IFNARZ.

Discussion

In this study, six independently established HCC cell lines
were subjected to simultaneous treatment with 5-FU and
JFN-a and classified into two groups on the basis of their
antiproliferative activity according to isobologram analysis:
KKYN-1, KYN-2 and HAK-1A, in which the two drugs had a
synergistic effect, were in the S-group, and HAK-1B, K'YN-3
and KIM-1, in which the two drugs had an additive effect,
were in the A-group. We further asked whether treatment
with either 5-FU or IFN-a could modulate the expression of
factors likely to be involved in the classification of the HCC
cell lines into the S- or A-group.

We first determined cellular levels of mRNA and protein
of TS, DPD, OPRT, TP, UP, and TK genes that are known
to be involved in. sensitivity to 5-FU (Table I and Fig. 4B).
Basal levels of these cellular proteins in six cell lines used
in this study were found to be comparable to their mRNA
levels of these six enzymes. We examined whether exposure
to JFN-a could modulate the pretein expression levels of
these six genes. Cellular expression levels of TS were not

Table HI. IC,, values of IFN-a against IFNARs reduced
KYN-1 and KYN-3 cell lines.

IC,, (IU/ml)
Treatment KYN-1 KYN-3
None 31 21
IFNAR1 knock down 231 >1000
scramble of IFNAR] siRNA 34 19
IFNAR2Z knock down 158 >1000
scramble of IFNAR2 siRNA 28 20

The IFNARSs genes were silenced by Stealth™ RNAI (Invitrogen™
Life Technologies). KYN-1 and KYN-3 cells were treated with
sIRNAs and exposed to [FN-a for 5 days. ICs values were calculated
from dose-response curves shown in Fig, 7C.

significantly different in cell lines of the S- and A-group,
suggesting that TS might not be a critical factor determining
whether the combination effect is synergic or additive. None
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Figure 7. Dependency of antiproliferative activity of IFN-e on IFNAR] and IFNAR2 expression. (A) Silencing of the IFNARs genes by siRNAs was
confirmed by Western blotting. (B) K'YN-1 and K'YN-3 cells were treated with siRNAs and exposed to IFN-a for 5 days. Cells were stained by crystal violet.
Assays were carried out in quadruplicate and one line of wells per condilion of treatment is shown respectively. (C} Growth inhibitory effects of IFN-a on
KYN-1 and K¥YN-3 cells pre-treated with siRNAs. Lines show the fitted curves of dose-response. Cell viability data is shown as means = SD (n=4). The
differences between IFNARs siRNA pre-treated group and their respective scrambled control are statistically significant at all cencentrations tested, by
Welch's t-test (P<0.01). Experiments werz repeated twice with essentially similar results. ICg, values are shown in Table I1I.

“of the other genes were specifically down- or up-regulated in
a similar manner in the 3 cell lines of the S- or A-group.

We next examined whether exposure to 5-FU could
modulate expression levels of both mRNA and protein of
IFNAR] and IFNAR2. Knock down of IFNARI or IFNAR2
gene by its specific siRNA markedly desensitized the sensitivity
of hepatic cancer cells to IFN-a. This suggested that both
IFNAR] and IFNAR2 are closely associated with antipro-
liferative effect by IFN-o. We further observed an approximate
4-fold increase in mRNA of IFNAR1 in the three cell lines in
the S group, but no increase in the three cell lines in the A-
group, when treated with 5-FU. Western blot analysis showed

an approximate 4-fold increase in IFNAR] in a time-dependent
manner and an approximate 7-fold inerease in IFNARZ in
5-FU-treated KYN-1 cells, but not in KYN-3. Treatment with
5-FU thus could induce specific expression of both IFNARI
and IFNAR2 in HCC cell lines in the S-group, but not in the
A-group. A relevant study by Kondo has reported that a
combination of IFN-a and 5-FU strongly induced apoptosis
in HCC cells in association with Bel-2 family members by
activation of IFNAR2 signal (33). Ota and colleagues have
recently demonstrated a significant correlation of IFNAR2
expression and response rates in patients with HCC when
treated with a combination of IFN-a and 5-FU (6). Collectively,
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up-regulation of IFNAR1 and IFNAR2 by 5-FU might play
a pivotal role in synergism of IFN-a combined with 5-FU
against HCC.

In conclusion, we present a novel finding that synergy
between 5-FU and IFN-a in HCC cells is mediated through
the 5-FU-induced up-regulation of the type I IFN receptor.
The transiation of this in virro result into clinical application,
particularly the identification of whether or not 5-FU up-
regulates the type I IFN receptor in a specific patient, would
have a tremendous impact on the selection of the best treatment
modality. Practical methods for determining the up-regulation
of the type 1 IFN receptor, for selecting responders to combined
JEN-a and 5-FU therapy should be the subject of further
research. Moreover, our assay system using HCC cell lines
could provide novel insights of practical significance, about
other anticancer agents besides 5-FU, which could efficiently
up-regulate the expression of the type I TFN receptor.

Acknowledgements

This study was supported in part by the 21st Century COE
Program for Medical Sciences supported by Ministry of
Education, Culture, Sports, Science and Technology, Japan.

References

1. Cheung YC, Ko SF, Ng SH, Chan SC and Cheng YF: Survival
outcome of lobar or segmental transcatheter arterial embolization
with ethanol-lipiodel mixture in treating hepatocellular carcinoma.
World J Gastroenterol 11: 2792-2795, 2005.

2. Ebara M, Okabe 8, Kita X, Sugiura N, Fukuda H, Yoshikawa M,
Kondo F and Saisho H: Percutaneous ethano! injection for
small hepatocellular carcinoma: therapeutic efficacy based on
20-year observation. ] Hepatol 43: 458-464, 2005,

3. Kawamota C, Ido K, Isoda N, Hozumi M, Nagamine N, Ono K,
Sato Y, Kobayashi Y, Nagase G and Sugano K: Long-term
ontcomes for patients with solitary hepatocellular carcinoma
treated by laparoscopic microwave coagulation. Cancer 103
985-993, 2005.

4. Tateishi R, Shiina §, Teratani T, Obi 5, Sato 8, Koike Y,
Fujishima T, Yoshida H, Kawabe T and Omata M: Percutancous
radiofrequency ablation for hepatocellular carcinonia, An analysis
of 1000 cases. Cancer 103: 1201-1209, 2005.

5. Llovet JM: Updated treatment approach 1o hepatocellular
carcinoma. J Gastroenterol 40: 223-235, 2005. ]

6. Ota H, Nagano H, Sakon M, Egnchi H, Kondo M, Yamamoto T,
Nakamura M, Damdinsuren B, Wada H, Marubashi §,
Miyamoto A, Dono K, Umeshita K, Nakamori S, Wakasa K
and Monden M: Treatment of hepatocellular carcinoma with
major portal vein thrombosis by combined therapy with
subcutaneous interferon-zlpha and intra-arterial S-fluorouracil;
role of type 1 interferon receptor expression. Br J Cancer 93:
557-564, 2005.

7. Sakon M, Nagano H, Dono K, Nakamori §, Umeshita K,
Yamada A, Kawata S, Imai Y, lijima § and Monden M: Combined
intraarterial 5-fluorouracil and subcutaneous interferon-alpha
therapy for advanced hepatocellular carcinoma with tunior
thrombi in the major portal branches. Cancer 94: 435-442, 2002,

8. Miyamoto A, Umeshita K, Sakon M, Nagano H, Eguchi H,
Kishimoto 8, Dono K, Nakamori S, Gotoh M and Monden M:
Advanced hepatocellular carcinoma with distant metastases,
successfully treated by a combination therapy of alpha-imterferon
and oral tegafirfuracil. J Gastroenterol Hepatol 15: 1447-1451,
2000.

9. Stuart K, Tessitore J and Huberman M: 5-Fluorouracil and
alpha-interferon in hepatocellular carcinonia. Am J Clin Oncol
19: 136-139, 1996.

10. Dash S, Prabhu R, Hazari S, Bastian F, Garry R, Zou W,
Haque 8, Joshi V, Regenstein FG and Thung SN: Interferons
alphu, beta. gamma each inhibit hepatitis C virus replication a
the level of internal ribosome entry site-mediated transiation.
Liver nt 25: 580-594, 2005.

1.

12.

13.

14,

15.

16.

17.

18.

19.

20,

21.

22,

23

24,

25.

26.

28.

29.

30.

1477

Theofilopoulos AN, Baccala R, Beutler B and Kono DH: Type 1
interferons (alpha/beta) in immunity and autoimmunity. Annu
Rev Immunol 23: 307-336, 2005.

Bekisz T, Schmeisser H, Hernandez J, Goldman ND and Zoon KC:
Human interferons alpha, beta and omega. Growth Factors 22:
243-251,2004.

Rosewicz S, Detjen K, Scholz A and von Marschall Z:
Interferon-alpha: regulatory effects on cell cycle and angiogenesis.
Neuroendocrinology 80: 85-93, 2004,

Tedjarati S, Baker CH, Apte S, Huang S, Wolf JK, Killion 1
and Fidler 1J: Synergistic therapy of human ovarian carcinoma
implanted orthotopically in nude mice by optimal biological
dose of pegylated interferon alpha combined with paclitaxel.
Clin Cancer Res 8: 2413-2422, 2002.

Roisman LC, Jaitin DA, Baker DP and Schreiber G: Mutational
analysis of the IFNAR] binding site on IFNalpha2 reveals the
architecture of a weak ligand-receptor binding-site. J Mol Biol
353: 271-281,2005.

Lamken P, Gavatis M, Peters I, van der Heyden J, Uze G and
Piehler J: Functional cartography of the ectodomain of the type I
interferon receptor subunit ifnarl. J Mol Biol 350: 476-488, 2005.
Fujiwara D, Hino X, Yamaguchi Y, Kubo Y, Yamashita S,
Uchida K, Konishi T, Nakamura H, Korenaga M, Okuda M and
Okita K: Type I interferon receptor and response to interferon
therapy in chronic hepatitis C patients: a prospective study.
Viral Hepat 11: 136-140, 2004,

Wagner TC, Velichko 8, Chesney SK, Biroc §, Harde I, Vogel D
and Croze E: Interferon receptor expression regulates the
antiproliferative effects of interferons on cancer cells and solid
tumors. Int J Cancer 111: 32-42,2004.

Ismail A, van Groeningen CJ, Hardcastle A, Ren Q, Aheme GW,
Geoffroy F, Allegra CJ and Grem JL: Modulation of fluorouracil
cytotoxicity by mterferon-alpha and -gamma. Mol Pharmacol
53:252-261, 1998,

Danhauser LL, Freimann JH Jr, Gilchrist TL, Gutterman IU,
Hunter CY, Yeomans AC and Markowitz AB: Phase I and
pharmacokinetic study of infusional fluorouracil combined with
recombinant interferon alpha-2b in patients with advanced
cancer. J Clin Oncol 11: 751-761, 1993,

Schwartz EL, Hoffman M, O'Connor CJ and Wadler 8:
Stimulation of 5-fluorcuracil metabolic activation by interferon-o
in human colon carcinoma cells. Biochem Biophys Res
Commun 182: 1232-1239, 1992.

Yee LK, Allegra CJ, Steinberg SM and Grem JL: Decreased
catabolism of 5-fluorouracil in peripheral blood mononuclear
cells during therapy with 5-fluorouracil, leucovorin and interferon
alpha-2a. J Natl Cancer Inst 84: 1820-1825, 1992.

Yao Y, Kubota T, Sato K, Takeuchi H, Kitai R and Matsukawza S:
Interferons up-regulate thymidine phosphorylase expression via
JAK-STAT-dependent transcriptional activation and mRNA
stabilization in human glioblastoma cells. J Neurooncol 72:
217-223,2005.

Don J, Iwashita Y, Sasaki A, Kai S, Hiranc S, Ohta M and
Kitano §: Consensus interferon enhances the anti-proliferative
effect of 5-fluorouracil on human hepatoma cells via down-
regulation of dihydropyrimidine dehydrogenase expression.
Liver Int 25: 148-152, 2005.

Eguchi H, Nagano H, Yamamoto H, Miyamoto A, Kondo M,
Dono K, Nakamori S, Umeshita K, Sakon M and Monden M:
Augmentation of antitumor activity of 5-fluorouracil by interferon
alpha is associated with up-regulation of p27Kipl in human
hepatocellular carcinoma cells. Clin Cancer Res 6: 2881-2890,
2000.

Murakami T: Establishment and characterization of human
hepatoma cell line (KIM-1). Acta Hepatol Ipn 25: 532-539, 1984.

. Yano H, Kojiro M and Nakashima T: A new human hepato-

cellular carcinoma cell line (KYN-1) with a transformation to
adenocarcinoma. In Vitro Cell Dev Biol 22: 637-646, 1986.
Yano B, Maruiwa M, Murakami T, Fukuda K, Ito Y, Sugihara S
and Kojiro M: A new human pleomorphic hepatocellular
carcinoma cell line, KYN-2. Acta Pathol Jpn 38: 953-966, 1988,
Murakami T, Marziwa M, Fukuda K, Kojiro M, Tanaka M and
Tanikawa K: Characterization of a new human hepatoma cell
line (KYN-3) derived from the ascites of the hepatoma patient,
Proceedings of the Japanese Cancer Association. Jpn J Cancer
Res 292, 1988.

Yano H, Jemura A, Fukuda K, Mizoguchi A, Haramaki M and
Kojiro M: Establishment of two distinct human hepatocellular
carcinoma cell lines from a single nodule showing clonal
dedifferentiation of cancer cells. Hepatology 18: 320-327, 1993.





