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difficult to eradicate pancreatic tumors with adenovirus-
mediated gene therapy alone (19, 20). There is also concemn
that the dose of adenovirus necessary to achieve therapeutic
effectiveness may have some significant toxicity. Therefore,
adenovirus alone may not be an effective treatment for cancer.
and it may be necessary to combine adenovirus-mediated gene
therapies with conventional treatments to maximize the
antitumor effects for pancreatic cancer.

Recently, the combination of radiotherapy and adenovirus-
mediated gene therapy has been reported to be effective for
cancer treatment. Shi et al. (21) reported that adenovirus-
mediated gene therapy targeting endostatin enhanced the
antitumor effect of radiation therapy in colorectal cancer
Similarly, Geoerger et al. (22), Portella et al. (23), and Rogulski
et al. (24) reported that ONYX-015, an E1B-55-kDa gene-
deleted adenovirus that replicates selectively in and lyses turmor
cells with abnormalities in p53 function, combined with
radiation therapy is a promising strategy for treatment of
gliomas and thyroid cancers and that there are synergistic
effects with such combination therapies. Previously, we

reported that gene therapy with an adenovirus vector expressing
NK4 (Ad-NK4), which acts as an HGF antagonist, could be a
viable option for treatment of pancreatic cancer (25-27). More
recently, we reported that radiation therapy enhances the
invasiveness of pancreatic cancer cells via the activation of the
HGF receptor ¢-Met and that NK4 inhibits this radiation-
enhanced invasiveness (28, 29), suggesting that a combination
of radiation therapy and NK4 gene therapy may be a viable
strategy for treatment of pancreatic cancer. However, the effects
of radiation on features of adenovirus-mediated gene therapies,
such as adenovirus uptake and efficiency of target gene
expression, have remained unknown,

In the present study, to investigate the effect of radiation on
the efficiency of transfer and expression of a target gene, we
examined the effet of radiation on NK4 expression by an
adenovirus-based vector (Ad-NK4) as a representative gene the-
rapy. We found that radiation increased expression of NK4 via
enhanced activation of the cytomegalovirus (CMV) promoter,
which is commonly used as the target gene promoter in
adenovirus vectors, and we also found that radiation enhanced

ol
o

E
b
E
€
o
z
=]
8
s
=]
o
%

NK4 concentration (ng/ml)
=T S L ST - R -

5Gy 110Gy 0Gy

o
(=5

2Gy 5Gy

Fig. 1. Radiation significantly increases
NK4 expression in Ad-NK4 - infected cells.
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Fig. 2. Radiavon significantly increases B-galactosidase
expression by Ad-lsc — nfected cells. SUIT-2 cells
ware irradisted with 10 Gy and then infected with
Ad-lscZ a1t MOl of 10 st 24 h after raciiation
p-Galactosidese activity was assessed with X-gal
staning at 48 h after infection. A photwomicrographs

of X-gal — steined noniradiated or rmediated

cultures; magnification, 100x. & percentage ol
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calls. Columns, mean of five independent fields;
bars, SD; **, P (0.01
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uptake of the adenovirus vector. The present data also suggest
that activation of p38 mitogen-activated protein kinase (MAPK)
and up-regulation of dynamin 2 may be involved in the
radiation-enhanced activation of CMV promoter and adenovi-
rus uptake, respectively,

Materials and Methods

Cells and reagents. Human pancreatic cancer cell lines SUIT-2,
AsPC-1, PANC-1, and KP-1N were generously donated by Dr. H. Iguchi
(MNational Shikoku Cancer Center) and cultured in DMEM supple-
mented with streptomycin, penicillin, and 10% fetal bovine serum at
37°C in 5% CO,. The p38 inhibitor $B203580 was purchased from
Calbiochem, Human recombinant HGF was purified from the
conditioned medium of Chinese hamster ovary cells expressing human
HGF cDNA (30, 31).

Construction of recombinant adenovirus. A recombinant Ad-NK4
was constructed as described previously (32). In brief, Ad-NK4 was
generated by homologous recombination of the pIM17 plasmid (33)
and the shutile plasmid vector p5V2+ (34) containing an expression
cassette and the CMV early promoter/enhancer followed by human
NK4 ¢DNA (35) and a polyadenylation signal. A control vector expres-
sing the bacierial B-galactosidase gene (lacZ) was constructed by the
same procedure with pIM17 and pCA17, which contains the lacZ gene
Recombinant Ad-NK4 and Ad-lacZ were propagated in HEK293 cells

Radiation treatment. Cells were iradiated with a dose of 2, 5, o1
10 Gy at room temperature with a "7 Cs source (Gamma Cell 40;
Atomic Energy of Canada, Ltd.) with a delivery rate of 1.0 Gy/min

Adenovirus infection of cells. Cells (5 x 10") were seeded in six-well
plates and cultured in DMEM supplemented with 10% fetal bovine
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serum for 24 h. Cells were treated with or without radiation and then
infected with Ad-NK4 or Ad-lacZ at multiplicities of infection (MOI) of
10 or MO of 50 at 24 h after radiation treatment. The culture medium
was replaced with fresh medium 1.5 h after transfection

Estraction of proteins from cells infected with Ad-NK4, SUTT-2 cells
were irradiated and infected with Ad-NK4, as described above. Two days
after infection with Ad-NK4, the cells were lysed in 500 pl ice-cold lysis
buffer [150 mmol/L NaCl, 20 mmol/L Tris-HCI (pH 7.5), 10 mmol/L
EDTA, 5 pg/mL leupeptin, 1 mmol/L phenyimethyl sulfonyl fuoride,
and 0.5% (v/v) Triton X-100]. Cell debris was removed by centrifuga-
tion at 14,000 x g for 20 min at 4*°C, supemnatants were collected, and
the protein concentrations were measured with a NanoDrop ND-1000
Spectrophotometer (NanoDrop Technologies) at absorbances of
280 nm and adjusted to 2.0 mg/mL with lysis buffer.

Electroporation. pcDMNA3S-NK4 (2.5 pg; NK4-expressing plasmid) or
pcDNA3 (2.5 pg empty vector) was mixed with 5 x 10° SUIT-2 cells
and electroporated with a Nucleofector (Amaxa Biosystems GmbH)
according to the manufacturer’s instructions. The cells were immedi-
ately transferred to complete medium prewarmed to 37°C and allowed
1o recover for 24 h

NK4 expression by Ad-NK4 - infected or NKd-expressing plasmid-
transfected cancer cells, After infection of SUIT-2, AsPC-1, PANC-1,
and KP-1N cells with Ad-NK4 or transfection of SUIT-2 with NK4
expressing plasmid, the medium was changed every 24 h. Conditioned
media were collected on posturansduction days 1, 2, 3, and 4. The NK4
concentration in the media was measured by ELISA with a human HGF
ELISA kit (Immunis HGF EIA, Institute of Immunology) according to
the manufacturer’s protocol

Invasion assay. Invasiveness of pancreatic cancer cells was quanti
fied as the number of cells invading through Matrigel-coated transwell
inserts (Becton Dickinson) as described previously (36), In brief, trans
well inserts with B-um pores were coated with Matrigel (20 pg/well;

Clin Cancer Res 2008;14(6) March 15, 2008




Becton Dickinsor), SUIT-2 cells (1 % 107) were untreated or irradiated
with 10 Gy and then allowed to recover for 24 h. These cells were
infected with Ad-lacZ or Ad-NK4 at MOI of 50. and culture media
were collected on postinfection day 3. New untreated SUIT-2 cells were
seeded in 24-well plates at a density of 1 * 10°/cm® in the upper
chamber in 250 pL of DMEM supplemented with 10% fewal bovine
serum and culured with 750 uL of conditioned media from the
irradiated or untreated SUIT-2 cells infected with Ad-lacZ or Ad-NK4.
After 24 h of incubation in the presence of 3 ng/mL HGF, cells that had
invaded to the lower surface of the Matrigel-coated membrane were
fixed with 70% ethanol, stained with H&E and counted in five
randomly selected fields under a light microscope.

Western bloteing of phosphorylated p38 MAPK. Untreated or
irradiated SUIT-2 cells were lysed in ice-cold lysis buffer |10 mmol/L
Tris-HCI (pH 7.4), 150 mmol/L NaCl, 2 mmol/L EGTA, 2 mmol/L DTT,
I mmol/L. orthovanadate, 1 mmol/L phenylmethyl sulfonylfluoride.
1 pg/mL leupeptin, and 10 pg/mL aprotinin (pH 7.4)|. The lysates were
boiled for 10 min, and the proteins were fractionated by 8% SDS-PAGE
and transferred to a polyvinylidene difluoride membrane (Millipore).
‘The membrane was incubated overnight at 4*C with rabbit polyclonal
antiphosphorylated p38 MAPK antibody (1:1,000; Cell Signaling
Technology) and then probed with antibbit 1gG conjugated to
horseradish peroxidase (Santa Cruz Biotechnology).

A t of transg ion by eval of (3-galactosidase
expression. At 48 h after adenovirus infection, SUIT-2 cells were rinsed
twice with PBS and fixed with 0.25% glutaraldehyde in PBS for 15 min
at 4°C. p-Galactosidase activity was detected by immersing cells into
5-bromo-4-chloro-3-indolyl - p-galactopyranoside (X-gal) staining
solution (5 mmol/L K,FeCN, 5 mmol/L KsFeCN, and 2 mmol/L MgCl;
containing 1 mg/mL X-gal) for 6 h at 37°C.

Real-time PCR and reverse transcription - PCR assays, Ad-lacZ DNA
content of infected cells was determined by real-time PCR analysis as
described previously (37) with prirners for the p-galactosidase gene
(5-CACGGCAGATACACTT! GCTG-3" and 3-ATCGCCATTTGACCACTA-
CC-5' ref. 38). The number of copies of viral DNA was calculated from

PP
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a standard curve of purified adenovirus vector (CMV- p-galactosidase)
and was further adjusted to the protein concentration of each lysate.
Dynamin 2 mRNA levels were quantified with 100 ng of 1otal RNA by
real-time reverse transcription-PCR assay with a QuantiTect SYBR
Green reverse transcription - PCR. kit (Qiagen) and primers specific for
dynamin 2 (5-AGGAGTACTGGTTTGTGCTGACTG-3" and 3"-GTGCAT-
GATGGTCTTTGGCATGAG-5; ref. 38). Levels of dynamin 2 mRNA were
normalized to those of 185 rRNA amplified with specific primers (5™
GTAACCCGTTGAACCCCATT and 3-GCGATGATGGCTAACCTACC;
ref. 39) and expressed as a ratio compared with nonirradiated controls.

Inhibition of dynamin 2 in cells by RNA interference. SUIT-2 cells
were transfected with dynamin 2 - specific short interfering RNA (siRNA;
Dharmacon) or control siRNA provided by Qiagen with a Nudleofector
(Amaxa) and plated at 1 x 10° cells per well in six-well plates. At 24
h afier ransfection, cells were irradiated or left untreated. At 48 h after
transfection, the cells were infected with Ad-lacZ a1t MOI of 10, as
described above. Viral gene uptake in dynamin 2 -specific siRNA-
transfected cells is expressed as a ratio compared with that in control
siRNA-transfected cells

Evaluation of radiation-induced expression of NK4 in vivo in
xenografts in nude mice.  Six-week-old female nude mice (BALB/c nu/
nu) were obtained from Japan SLC. To investigate the radiation-
induced therapeutic effect of Ad-NK4 in vivo, 10 subcutaneous twmors
were preestablished in five nude mice by injection of 5 x 10° SUIT-2
cells into both flanks. Seven days later, six tumors in three mice were
irradiated with 10 Gy and four tumors in two mice were untreated, and
at 24 h after radiation, 5 x 107 plaque-forming units of Ad-NK4 (100
pL) were injected into the tumors with a 26-gauge needle. Tumors were
irradiated locally with animals restrained in a custom lead block. To
examine expression of NK4 protein in subcutaneocus tumors, mice were
killed 48 h after administration of Ad-NK4 and tumors were excised.
The samples were immediately washed once in PBS and homogenized
with (300 pL/tumor) protein lysis buffer [50 mmol/L NaCl, 30 mmol/L
sodium PPi, 50 mmol/L NaF, 5 mmol/L EDTA, 10 mmol/L Tris-HCI
{pH 7.4), 1% Triton X-100, 1 mmol/L. phenylmethylsulfonyl fluoride,
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Fig. 3. Radiation significantly enhances

Ad-NK4 - mediated inhitsition of HGF-induced invasion,
SUIT-2 cells (1 x107) were noninadiated of iradiated
with 10 Gy and then allowed to recover for 24 h.

Cells were then infected with Ad-lacZ or Ad-NK4 at MOt
of 50, and culture rmedia wers collected on postinfection
day 3. Untreated new SUIT-2 cells were sesded in the
upper chambers of 24.well plates and then exposed

1o one of the four different conditioned media in the
presence of 3 ng/mL HGF for 24 h. A number of cells
that invaded to the lowar surface of the Matrigel-coated
membrane. Columns, mean of five randomly selected
fields: bars, SD. **, P < 0.01. & & photomicrographs

of in vitro invasion assay with SUIT-2 calls cuttured
with conditioned media from SUIT-2 cells infected

with Ad-NK4 at MOl of 50 without radiation.

4, photomicrographs of SUIT-2 cells cultured with
conditioned media from SUIT-2 cells infected with
Ad-NK4 atier radiation treatmant (10 Gy). HAE stain.
Magrnification, 100 =
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Fig. 4. Radiation enhances CMV promoter
activity via p38 MAPK activation 4, NK4
ion by cells f d with
NE4- g g pi d with or
rackation. SUIT-2 cofls ware tansfecied with
NK &-gxpressing plasrmid snd then iradiasted
with 10 Gy at 24 h after transfection. NK4
concentriations in culture media were
messured on postradiation days 0.1, and 3
Points, mean of three independent samples,
bars, SO *, P { 008 B response ol
phosphorylated p38 to rediation (10 Gy)
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and 0.1% bovine albumin), and protein concentrations were measured
as described above and adjusted to 10.0 mg/mL with lysis buffer
The NK4 concentration in the extract was analyzed by ELISA (Immunis
HGF EIA)

Statistical analysis. Values are expressed as mean + SD. Compar-
isons between all groups were analyzed by one-way ANOVA and
Student's ¢ test for comparison between the two groups. The level of
statistical significance was set at P < 0.01 or P < 0.05. To confirm the
induction results, experiments were repeated at least thrice.

Results

Effect of radiation on expression of target genes delivered by
adenoviral vector. To investigate the effect of radiation on the
expression of a target gene delivered with an adenoviral vector,
we measured expression of NK4 in culture media of pancreatic
cancer cells infected with Ad-NK4 with or without radiation.
SUIT-2, KP-1N, PANC-1, and AsPC-1 cells (2 x 10® each cell
line) were irradiated with 2, 5, or 10 Gy and allowed to recover
for 24 hours. Cells were then infected with Ad-NK4 at MOI of
10. Culture media were collected on postinfection days 1, 2,
and 3. NK4 expression by Ad-NK4 -infected cells peaked on
day 2 after transfection (data not shown). As shown in Fig. 1A,
radiation significantly increased NK4 expression in all cell
lines in a dose-dependent manner (SUIT-2, P < 0.01; KP-NI,
PANC-1, and AsPC-1, P < 0.05). NK4 expression was not
detected in cells that were not infected with Ad-NK4 (data not
shown). To investigate intracellular NK4 protein levels, we

www.aacrjournals.org

1863

extracted proteins from irradiated SUIT-2 cells infected with Ad-
NK4, as described above, and measured levels of NK4. As
shown in Fig. 1B, radiation also significantly increased
intracellular NK4 protein levels in a dose-dependent manner.
These data suggest that radiation enhances expression of a
target gene delivered by adenaovirus vector.

Effect of radiation on [(3-galactosidase expr by Ad-lacZ-
infected cells. To investigate the effect of radiation on the
expression of another gene delivered with an adenoviral vector,
we used Ad-lacZ instead of Ad-NK4 and examined expression of
p-galactosidase by transfected cells. SUIT-2 cells (2 % 10%) were
irradiated with 10 Gy, allowed to recover for 24 hours, and then
infected with Ad-lacZ at MOI of 10. At 48 hours after infection,
cells were stained for B-galactosidase. As shown in Fig. 2A, a
large number of irradiated cells showed the characteristic blue
staining indicative of f-galactosidase activity, but only a small
number of nonirradiated cells were positive for [>-galactosidase.
The numbers of p-galactosidase - positive cells in five indepen-
dent fields were counted, and the percentage of p-galactosi-
dase - positive irradiated cells was significantly larger than that
of nonirradiated cells (P < 0.01; Fig. 2B). These data are
consistent with those of our Ad-NK4 experiments

Effect of radiation on Ad-NK4-mediated inhibition of HGF-
induced invasion of pancreatic cancer cells, We previously
reported that NK4 inhibits HGF-induced invasion of pancreatic
cancer cells (25, 26). In the present study, we tested the effect
of radiation on Ad-NK4 -induced inhibition of invasion of
pancreatic cancer cells. SUIT-2 cells (1 % 107) were treated with
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or without 10 Gy and infected with Ad-lacZ or Ad-NK4 at MOI
of 50 at 24 hours after radiation. The culture media were
collected on postinfection day 3. We used an in vitro invasion
assay to examine inhibition of HGF (3 ng/mL)-induced
invasiveness of nonirradiated pancreatic cancer cells cultured
with each of the four different conditioned media described
above (0 Gy with Ad-lacZ, 10 Gy with Ad-lacZ 0 Gy with Ad-
NK4, or 10 Gy with Ad-NK4), The number of invading cells
cultured in conditioned media from SUIT-2 cells infected with
Ad-NK4 was less than that of cells infected with Ad-lacZ
(P < 0.01). These data are consistent with those of previous
reports (26). We also found that conditioned medium of
SUIT-2 cells irradiated with 10 Gy before infection with Ad-
NK4 significantly inhibited invasiveness of pancreatic cancer
cells compared with that of nonirradiated cells (P < 0.01;
Fig. 3A and B). These data suggest that radiation-enhanced
adenovirus gene transfer improved efficiency of NK4-induced
inhibition of invasion for treatment of pancreatic cancer.

Effect of radiation on NK4 expression by pancreatic cancer cells
transfected with NK4-expressing plasmid. Ad-NK4 and Ad-lacZ
use the CMV promoter to drive expression of the target gene.
To evaluate the effect of radiation on the CMV promoter, we
transfected SUIT-2 cells with a plasmid that expresses NK4
under the control of the CMV promoter before radiation
reatment and measured NK4 expression after radiation, SUIT-2
cells (5 x 10°) were transfected with NK4-expressing plasmid or
empty vector. Cells were incubated for 24 hours and then
irradiated with 10 Gy. Culture media were collected on post-
radiation days 0, 1, and 3. NK4 expression in NK4-expressing
vector-transfected cells is shown in Fig. dA. Irradiated cells
expressed significantly higher levels of NK4 than did nonirra-
diated cells (P < 0.05). NK4 expression was not detected in cells
transfected with empty vector (data not shown). These data
suggest that radiation increases the activity of the CMV
promoter,

We next tested the effect of radiation on p38 MAPK and
interaction between p38 MAPK and the CMV promoter. It has
been reported that activation of p38 MAPK increases expression
of transgenes driven by the CMV promoter (40, 41). Therefore,
we tested whether radiation activates p38 MAPK and found that
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Fig. 5. Radiation increases adenovirus infection. SUIT-2 cultures were irradiated
and infected with Ad-lacZ at MOI of 10 at 24 h alter radiation. DNA was extracted at
24 h atter infection. Viral DNA content was quantified by real-time PCR and
expresaed as fold-increase compared with nonirmadiated cells. Columns, mean of
triplicate measurements; bars, 5D, **, P (001
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radiation increased expression of phosphorylated p38 MAPK
(Fig. 4B). We also investigated the role of p38 MAPK in
activation of the CMV promoter using the p38 inhibitor
SB203580. SUIT-2 cells transfected with NK4-expressing vector
were treated with or without SB203580 (10 pmol/L). Cells were
then irradiated with 10 Gy, and the medium was replaced
24 hours after transfection. Culture media were collected on
postradiation day 1. As shown in Fig. 4C, SB203580 reduced
NK4 expression significantly in both irradiated cells and
nonirradiated cells (irradiated cells, P < 0.01; nonirradiated
cells, P < 0.05). NK4 expression in SUIT-2 cells treated with p38
inhibitor (0, 1, 5, or 10 pmol/L SB203580) on postradiation
day 1 is shown in Fig. 4D. p38 inhibitor reduced radiation-
enhanced NK4 expression in a dose-dependent manner. These
data suggest that phosphorylation of p38 MAPK is involved in
radiation-induced activation of the CMV promoter.

It is also possible that radiation activates the CMV promoter
via activation of nuclear factor-xB. It has been reported that
radiation activates nuclear factor-«B (42) and that the nuclear
factor-xB pathway increases CMV promoter activity (43).
Therefore, we examined the effect of radiation on activation
of nuclear factor-xB in SUIT-2 cells and found that activation of
nuclear factor-xB was not affected by radiation in the pancreatic
cancer cell lines examined here (data not shown),

Effect of radiation on adenoviral gene uptake. We next
investigated the effect of radiation on adenoviral gene uptake
by pancreatic cancer cells. SUIT-2 cells were irradiated with 2, 5,
or 10 Gy, allowed to recover for 24 hours, and then infected
with Ad-lacZ at MOI of 10. At 24 hours after infection, the viral
DNA content was quantified by real-time PCR. As shown in
Fig. 5, the viral DNA content of cells at 24 hours after radiation
was significantly higher than that of nonirradiated cells
(P < 0.01). These data suggest that radiation increases viral
gene uptake in a dose-dependent manner.

Effect of radiation on viral infection and expression of dynamin 2,
Endocytosis of adenovirus mediated by clathrin-coated vesicles
(44, 45) requires the action of the large GIPase dynamin
as a constrictase (46). It was recently reported that radiation
induces adenovirus infection via dynamin 2 in colon cancer,
brain cancer, and breast cancer (37, 38). To investigate the
effect of radiation on expression of dynamin 2 by pancreatic
cancer cells, we quantified dynamin 2 mRNA levels in SUIT-2
cells by real-time reverse transcription-PCR. We found that
dynamin 2 mRNA expression was significantly higher in
irradiated cells (P < 0.05 at 12 hours after radiation) than in
nonirradiated cells (Fig. 6A). We next used siRNA to inhibit
dynamin 2 expression to determine whether dynamin 2 affects
radiation-induced viral infection. We transfected SUIT-2 cells
with a dynamin 2 -specific siRNA or control siRNA and con-
firmed that dynamin 2 expression was significantly lower in
cells transfected with the specific siRNA than in those
transfected with control siRNA (Fig. 6B). Radiation enhanced
Ad-lacZ uptake in the control siRNA-treated cells as much as
6.3 + 0.8-fold, whereas Ad-lacZ uptake was significantly
impaired in cells transfected with siRNA targeting dynamin 2
(P < 0.05; Fig. 6C). These data suggest that increased expression
of dynamin 2 is involved in radiation-induced increase of
adenovirus uptake. We also examined expression of clathrin
mRNA after radiation and found that clathrin did not respond
to radiation (data not shown). Although cell surface adenovirus
receptors, such as coxsackie and adenovirus receptor and
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a, integrin receptor, may affect the efficiency of adenovirus
infection, expression of the mRNAs for these receptors was not
changed by irradiation (data not shown)

Effect of radiation on expression of NK4 delivered by Ad-NK4
in nude mice xenografts. To evaluate the effect of radiation on
NK4 expression of pancreatic cancers treated with Ad-NK4
in vivo, we established six irradiated wumors and four untreated
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tumors. At 24 hours after radiation, 5 = 107 plaque-forming
units of Ad-NK4 (100 pL) were injected into each tumor. To
examine the expression of NK4 protein in the subcutaneous
tumors, mice were killed 48 hours after administration of
Ad-NK4, and the NK4 concentrations in the tumor lysates were
measured by ELISA Irradiated tumors expressed 5.8 + 3.5-
fold (P = 0.017) higher levels of NK4 than did nonirradiated
tumors (Fig. 7). This result is consistent with our in vitro data
and suggests that radiation can enhance expression of a target
gene delivered by adenovirus vector in wvo.

Discussion’

In the present study, we found that radiation enhances
expression of target genes delivered 1o pancreatic cancer cells by
an adenovirus-based vector in a dose-dependent manner
Furthermore, we investigated the mechanisms that underlie
the radiation-enhanced target gene transfer and found that
radiation increased activation of the CMV promoter through
phosphorylation of p38 MAPK and increased adenoviral uptake
through increased expression of dynamin 2.

Despite previous reports describing the combination of
radiation therapy and adenovirus-mediated gene therapy, the
mechanism by which radiation enhances the expression of
adenovirus-mediated gene has remained unknown. In the
present study, we found that radiation enhances expression of
target gene via activation of the CMV promoter, which is com-
monly used to drive expression of target genes by adenovirus
vectors. Breuning et al. (40) and Chen et al. (41) reported that
activation of p38 MAPK increases expression of transgenes
under control of the CMV promoter. We previously showed
that radiation increases p42 and p44 MAPK activity under
specific conditions (47). Our present data indicate that radia-
tion also increases phosphorylation of p38 MAPK leading to

P=0.017
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Fig. 7. Radaton ssgrihicantly moreases NK4 expression in subcutaneous turmor in
nude mice. Tan subcutaneous tumors were established with § * 10° SUIT-2 cells in
the flank on day 0, Seven days later, six tumors were irradkated with 10 Gy and

four tumors wers left untreated. At 24 h after radiation, § x 107 plague-forming units
of Ad-NK4 (100 uL) were injected into sach tumor. Mice were killed 48 h after
administration of Ad-NK4, and the protein lysates of tumors were each adjusted to
10 mg/mL with lysis buffer. NK4 concentrations in the tumor extract were analyzed
by ELISA. Irradiated tumors expressed 5.8 + 3.5~ fold higher NK4 than did
nonirradiated tumaors (P = 0.017). Columns, maan of the NK4 axpression in Six
wradiated and four untreated tumors, respectively; bars, SD
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activation of the CMV promoter, suggesting that radiation-
induced phosphorylation of p38 MAPK is involved in
radiation-enhanced expression of 1arget genes.

In the present study, we also found that adenovirus-specific
gene uptake by pancreatic cancer cells increases after radiation,
suggesting that radiation enhances infection by adenovirus.
Zhang et al. (37) reported that radiation improves gene transfer
efficiency in human colon cancer, breast cancer, and brain
cancer cells. These data suggest that radiation may improve the
efficiency of gene therapy not only for pancreatic cancer but
also many cancers. It has been reported that dynamin 2 and
clathrin ate involved in virus infection (48, 49). We found that
dynamin 2 mRNA levels increase after radiation, whereas
clathrin expression is not affected by radiation. Although cell
surface adenaovirus receptors, such as coxsackie and adenovirus
receptor and o, integrin receptor, are key factors in adenovirus
infection, we have found that expression of mRNAs for these
molecules is not altered by radiation (data not shown). Qian
etal. (38) reported that dynamin 2 mediates radiation-induced
adenovirus infection in colon, brain, and breast cancer cell
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Abstract  Purpose Midkine (MK) has been reported to be
a possible molecular marker for the diagnosis of pancreatic
cancer. We investigated the feasibility of quantitative
analysis of MK mRNA by quantitative real-time RT-PCR
(qRT-PCR) as a promising tool for the diagnosis of pan-
creatic cancer. Results We found that pancreatic cancer
tissues expressed significantly higher levels of MK mRNA
than intraductal pancreatic mucinous neoplasm (IPMN)
and non-neoplastic pancreatic tissues (P < 0.05); in con-
trast, we did not find any differences in MK mRNA
expression between IPMN and non-neoplastic pancreatic
tissues. Additionally, we observed that poorly differenti-
ated carcinoma samples expressed higher levels of MK
mRNA than well-differentiated samples,
although a significant difference was not observed. Con-
clusions The present data suggests that quantitative
analysis of MK mRNA provides an objective and sensitive
evaluation and may be a promising modality for the diag-
nosis of pancreatic cancer and the prediction of its
Prognosis.
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Introduction

Pancreatic cancer is one of the most aggressive malig-
nancies and has a S-year survival rate of 1-4% [1]. Surgery
is the only curative treatment for patients with pancreatic
cancer. However, only approximately 10-20% of patients
have surgically resectable discase at presentation, and even
in these cases, the S-year survival rate is only 20% [1]. This
situation probably arises due to the difficulties associated
with diagnosis at early stages of the disease, a high inci-
dence of metastasis, and a lack of effective drugs.
Midkine (MK) is a heparin-binding growth and dif-
ferentiation factor that was identified as a product of a
retinoic acid-responsive gene [2]. MK has mitogenic
effects on fibroblasts and neurotrophic activities [3], and
promotes the survival of retinal cells in constant light-
induced retinal degeneration [4]. Moreover, MK has been
reported to be an angiogenic, fibrinolytic, and antiapo-
ptotic factor in carcinoma cell lines [5—X] and is related
to carcinogenesis and tumor progression [5, 9]. The
overexpression of MK has been reported in a number of
malignant tumor, including Wilms tumor, breast cancer,
hepatocellular carcinoma, gastrointestinal cancer, colo-
rectal cancer, and bladder cancer [I10-14]. RT-PCR
analyses revealed that MK is expressed in various normal
tissues, such as lung, stomach, colon, and spleen, but not
normal pancreatic tissue. On the other hand, it has been
reported that MK is expressed in pancreatic cancer tissue
[15]. Immunohistochemical expression of MK is signifi-
cantly correlated with invasion, microvessel
density, liver metastasis and prognosis in pancreatic head

venous
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carcinoma [16]. These data suggest that MK is a possible
molecular marker for the diagnosis and therapy of pan-
creatic cancer,

However, it is sometimes difficult to perform objective
evaluation using immunohistochemical staining of clinical
samples. In particular, immunohistochemistry of MK pro-
tein needs to be performed under stringent conditions.
Therefore, in clinics, it is difficult to use immunohisto-
chemical staining of MK as a modality for cancer diagnosis
or prediction of the prognosis and the cffect of treatment.
In general, quantitative analysis of mRNA provides an
objective evaluation compared with immunohistochemical
staining, and is a promising modality for the diagnosis of
pancreatic cancer and the prediction of its prognosis or
treatment effect.

In the present study, to investigate the feasibility of
quantitative analysis of MK mRNA with quantitative real-
time RT-PCR (qRT-PCR) as a promising tool for the
diagnosis of pancreatic cancer, we examined the expression
of MK mRNA in bulk pancreatic tissues as well as in 15
pancreatic cancer cell lines by qRT-PCR.

Materials and Methods
Cell Lines and Pancreatic Tissues

The following human pancreatic cancer cell lines were
used: ASPC-1, BxPC-3, KP-IN, KP-2, KP-3 PANCI, and
SUIT2 (Dr. H. lguchi, National Shikoku Cancer Center,
Matsuyama, Japan); MiaPaCa-2 (Japanese Cancer
Resource Bank, Tokyo, Japan); Capan-1, Capan-2, H48N,
CFPAC-1, SW1990, and H5766T (American Type Culture
Collection, Manassas, VA, USA), and NOR-P1 (estab-
lished in our laboratory). Cells were maintained in DMEM
(Sigma Chemical Co., St. Louis, MA) supplemented with
10% fetal bovine serum, streptomycin (100 pg/ml), and
penicillin (100 units/ml) at 37°C in a humidified atmo-
sphere with 10% CO, Tissue samples were obtained
during surgery at Kyushu University Hospital (Fukuoka,
Japan). Eleven cancer tissue samples and |8 intraductal
papillary mucinous neoplasm (IPMN) samples were
obtained from the primary tumor of each resected pancreas,
and 16 normal tissue samples were taken from peripheral
soft tissue away from the tumors. The tissue samples were
removed as soon as possible after resection and stored at
~80°C until use. Tissue adjacent to the specimen was
examined histologically and the diagnosis was confirmed.
Written informed consent was obtained from all patients,
and the study was approved by the Ethics Committee of
Kyushu University and conducted according to the Ethical
Guidelines for Human Genome/Gene Research enacted by
the Japanese Government.

&) Springer

Quantitative Assessment of MK mRNA Levels
by Real-Time RT-PCR

Total RNA was extracted from cultured cells and bulk tissues
with & PicoPure RNA [solation kit (Arcturus, Mountain
View, CA) or a High Pure RNA kit (Roche Diagnostics,
Mannheim, Germany) with DNase | treatment (Roche
Diagnostics) according to the manufacturer’s instructions.
We designed the following specific primers: MK forward,
ccaagaaaggganggganag and reverse, scgagcagacagaaggcact;
and 18§ rRNA forward, gtaacccgtigaaccecan and reverse,
ccatccaatcgglagtageg. Quantitative  real-time  RT-PCR
was performed using a QuantiTect SYBR Green RT-PCR
kit (Qiagen, Tokyo, Japan) with a LightCycler Quick
System 3508 (Roche Diagnostics) as described previously
(17

Statistical Analyses

Data were analyzed using the Mann-Whitney (/ 1est because
the data did not follow a normal distribution. Statistical
significance was set at P < 0.05.

Results

Quantitative Analysis of MK mRNA in Human
Pancreatic Cancer Cell Lines

We measured the expression of MK mRNA in 15 pancre-
atic cancer cell lines. To normalize MK mRNA expression,
we used 185 rRNA as a reference pene. We detected sig-
nificant expression of MK mRNA in all pancreatic cancer
cell lines (Fig. 1). Several pancreatic cancer cell lines
originating from metastatic lesions, such as KP-3, AsPC-1,
SUIT2, and CFPACI, showed especially high levels of MK
mRNA expression compared to pancreatic cancer cell lines
originating from primary lesions, although a significant
difference was not observed.

We also investigated the correlation between the levels of
MK mRNA in pancreatic cancer cell lines and the histolog-
ical grade of differentiation in pathological examination of
original pancreatic tumor and found no correlation between
them.

Quantitative Analysis of MK mRNA Levels in Human
Pancreatic Cancer, IPMN, and Non-Neoplastic Bulk
Pancreatic Tissues

We measured the levels of MK mRNA expression in
pancreatic cancer and non-neoplastic pancreatic tissues, We
also measured the levels of MK mRNA in [IPMN, which was
reported to be a precursor lesion of a subset of pancreatic
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Fig. 1 Quantitative analysis of MK mRNA in human pancreatic
cancer cell lines. Several cell lines originating from metastatic lesions
showed especially high exp of MK « d to cell lines
originating from primary lesions. Cell hnu originating from pnmnry
lesions (black bar). Cell lines ong g from e
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cancer. Previously, we investigated the expression of sev-
cral candidates of reference genes and reported that 18§
fRNA is a promising reference gene with which to nor-
malize gene expression in bulk pancreatic tissues.
Therefore, in the present study, to normalize MK mRNA
expression, we used 185 rRNA as the reference gene. The
results revealed that pancreatic cancer tissues expressed
significantly higher levels of MK mRNA than IPMN and
non-neoplastic pancreatic tissues (Fig. 2a, P < 0.05). The
median value of MK mRNA expression in pancreatic cancer
tissue was S.4-fold higher than those of pancreatic non-
neoplastic tissues. The median value of MK mRNA
expression was 4.6-fold higher in pancreatic cancer tissues
than in IPMN tissues. MK mRNA expression did not differ
significantly between IPMN and pancreatic non-neoplastic
tissues (P = 0,32).

In addition, the relationship between MK mRNA
expression and pathological differentiation was examined.
Eleven samples of pancreatic cancer bulk tissues, consist-
conventional invasive ductal pancreatic
carcinomas and one mucinous cystadenocarcinoma, were
studied. Of the ten pancreatic invasive ductal carcinoma
samples, two, expressing the highest levels of MK mRNA,
were moderately to poorly differentiated carcinomas
according to the final pathological examination. The three
samples expressing the next highest levels of MK mRNA
were moderately differentiated carcinomas and the other
five samples, expressing low levels of MK mRNA, were
well o moderately differentiated carcinomas, although we
did not find any correlation  between  the
expression level of MK mRNA and pathological differen-
tiation (Fig. 2b).
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Fig- 2 a Quantitative analysis of MK mRNA levels in human
pancreatic cancer, IPMN, and non-neoplastic bulk pancreatic tissues.
Pancreatic cancer tissues expressed significantly higher levels of MK
than IPMN and non-neoplastic pancreatic tissues (P < 0.05), How-
ever, MK expression was not significantly different between IPMN
and normal tissues, b The relation between MK mRNA expression
and pathological differentiation. Of ten pancreatic invasive ductal
carcipoma samples, two invasive ductal carcinoma samples, express-
ing the highest levels of MK mRNA, were moderately to poorly
differentiated carcinomas according 1o the final pathological exam-
ination. The three samples expressing the next highest levels of MK
mRNA were moderately differentiated carcinomas and the other five
samples, expressing low levels of MK mRNA, were well 10
moderately differentiated carcinomas

Discussion

In the present study, we examined MK mRNA expression
in pancreatic tissues and pancreatic cancer cell lines by
qRT-PCR. In the cell-line analyses, all pancreatic cancer
cell lines expressed significant levels of MK mRNA. In
particular, several cell lines of metastatic origin showed
remarkably high expression of MK mRNA compared with
those with primary origin. In the bulk tissue analyses, MK
mRNA expression was significantly higher in pancreatic
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cancer tissues than in IPMN tissue, a precursor lesion of a
subset of pancreatic cancer, and in non-neoplastic tissues,
whereas there was no difference in MK mRNA expression
between [PMN and non-neoplastic tissues,

It has been reported that MK protein expression is
involved in carcinogenesis and the progression of cancers
[9]. Moreover, MK protein expression has been reported to
be increased in cases with poor prognosis or metastasis of
cancer in pancreatic head carcinoma and oral squamous
cell carcinoma [16, 18], Therefore, MK may be a molecular
marker of diagnosis or a predictive marker of prognosis for
pancreatic cancers. It has also been reported that there is a
significant correlation between the levels of MK mRNA
and protein expression during the carcinogenesis of cervi-
cal cancer [19)]. In the present study, we also found that
pancreatic cancer tissues expressed high levels of MK
mRNA as well as MK protein. These data suggest that a
quantitative analysis of MK mRNA expression can be a
useful tool for the diagnosis of pancreatic cancer or the
prediction of its prognosis, as an objective evaluation
method, instead of the evaluation of protein levels by
immunohistochemical analysis.

Since MK is a secreted protein, it can be detected in the
blood. Shimada et al. [20], and Obata et al. [21] reported
that the MK level in blood is increased in patients with
advanced esophageal and gastric cancer, and that it may be
a promising marker of prognosis, However, despite reports
regarding an increase in MK protein level in blood in
patients with advanced cancer, there has been no report
showing that measurement of MK level in blood is useful
for early diagnosis. There is a possibility that these
modalities do not have enough sensitivity to detect a slight
increase in MK protein level in early-stage cancers. We
previously reported that quantitative analysis of MUC] and
MUCSAC mRNA levels in pancreatic juice is a promising
approach for the preoperative diagnosis of pancreatic
cancer, and possibly for the diagnosis of early pancreatic
cancer [22]. Although pancreatic juice includes only a
small number of target cells, it often includes premalignant
or non-invasive cancer cells, which are important for the
early diagnosis of pancreatic cancer. [n general, PCR-based
analyses have high sensitivity to detect target gene
expression. Therefore, it may be possible 10 measure MK
mRNA in cells from the pancreatic juice for the early
diagnosis of pancreatic cancer, although further examina-
tion is needed.

In clinics, it is often difficult to distinguish malignant
IPMN from benign IPMN [23]. In the present study, there
was a significant difference in MK mRNA expression
between pancreatic cancer and non-malignant [PMN.
Therefore, analysis of MK mRNA expression in pancreatic
juice may be useful to distinguish malignant [IPMN from
benign IPMN.

& springer

In the present study, we found that pancreatic cancers
with poorly differentiated carcinomas expressed higher
levels of MK mRNA than those without poorly differentiated
carcinomas. Tumor differentiation is a major prognostic
factor, and poorly differentiated tumors are highly aggres-
sive with extremely poor prognosis [24, 25]. These data
suggest that MK mRNA may be a possible predictive marker
of prognosis in patients with pancreatic cancer.

In conclusion, the present data suggest that quantitative
analysis of MK mRNA provides an objective and sensitive
evaluation and may be a promising modality for the diag-
nosis of pancreatic cancer and the prediction of its
prognosis or treatment effect.

Acknowled, This h work was supponed in pant by a
Grant-in-Aid Emm the Ministry of Education, Culture, Spons, Science
and Technology of Japan, and grants from the Fukuoka Cancer
Society and Kaibara Morikazu Medical Science Promotion Founda-
tion. We are grateful to Emiko Manabe, Makiko Masuda, and Miyuki
Omori (Department of Surgery and Oncology. Kyushu University) for
skillful technical assistance.

References

1. Li D, Xie K, WolllT R, Abbruzzese JL. (2004) Pancreatic cancer.
Lancet 363:1049-1057. doi: 10.1016/S0140-673640:4 )1 584 1-8
2. Kad K T M, Muramatsu T (1988) cDNA clon-
ing and sequencing of a new gene intensely expressed in early
differentiation stages of embryonal carcinoma cells and in mid-
gestation period of mouse embryogenesis. Biochem Biophys Res
Commus 151:1312-1318, doi: 10, 1016/SO006-201 XiRRO5(05-9
3. Mur H. M T (1991) Purification of recombinant
midkine and i of its biological activities: functional
comparison of new heparin binding factors. Biochem Biophys
Res Commun 177:652-658. doi: 1.1 016/K006-29 [X(91 218354
4. Unoki K, Ohba N, An H, M H, M T
(1994) Rescue of photoreceptors from the damaging effects of
constant light by midkine, a retinoic acid-responsive gene prod-
uct. Invest Ophthalmol Vis Sci 35:4063—4068
5. Choudhuri R, Zhang HT, Donnini §, Ziche M, Bicknell R (1997)
An angiogenic role for the neurokines midkine and pleiotrophin
in tumongenesis. Cancer Res 57:1814-1819
6. Kojima S, Mur H, A H M T (1995)
Midkine enhances fibrinol ytic activity of bovine endothelial cells.
1 Biol Chem 270:9590-9596. doi: 10, 1(174/jbc. 2700169590
7. Qi M, Ikematsu S, Ichihara-Tanaka K, Sakuma S, Muramatsu T,
Kad K (2000) Midkine rescues Wilms' wumor cells from
cisplatin-induced apoptosis: regulation of Bel-2 eapression by
Midkine. J Biochem 127:269-177
8. Owada K.. San]o N, Kobayashi T et al (1999) Midkine inhibits
c pendent apoptosis via the activation of mitogen-acti-
vnch in kinase and phosphatidyl itol 3-kinase in cultured
neumn% J Neurochem '.'3 "034—1()92
9. Kad K.M T (2004) Midkine and pleiotrophin in
neural development and cancer. Cancer Lett 204:127-143. doi:
10, 1O 16/S030- 38350804500
10, Tsutsui J, l{ndnmnlm K. Matsubara S e al (1993) A pew family
b g growth/diffi factors:  increased
midkine expression in Wilms' wmor and other human carcino-
mas. Cancer Res 53:1281-1285

of hepari



Dig Dis Sci

Miyashiro I, Kaname T, Shin E et al (1997) Midkine expression
in human breast cancers: expression of truncated form. Breast
Cancer Res Treat 43;:1-6. doi:10.1023/A: 100574RT 28551

. Aridome K, Takao S, Kaname T et al (1998) Truncated midkine

as a marker of diagnosis and detection of nodal metastases in
gastrointestinal carcinomas. Br J Cancer 78:472-477

Ye C, Qi M, Fan QW et al (1999) Expression of midkine in the
early stage of carcinogenesis in human colorectal cancer. Br J
Cancer 79:179-184. doi: 10, HI58/5). bic 6690030

. O'Brien T Cranston D, Fuggle S, Bicknell R Hamis AL (1996)

i

The angiogs factor is exp | in bladder cancer,
and overexpression correlates with a poor outcome in patients
with invasive cancers. Cancer Res 56:2515-2518

. Kaname T, Kadomatsu K, Aridome K et al (1996) The exp

20.

21.

. Moon HS, Park WI, Sung SH, Choi EA, Chung HW, Woo BH

(2003) 1 histochemical and q ive competitive PCR
analyses of midkine and pleiotrophin expression in cervical cancer.
Gynecol Oncol 88:289-297. doi: 10,10 16/S0090-8258(02 00070-7
Shimada H, Nabeya Y, Ta,gawa Mea ni (2003) Preoperative
serum midkine cong is a progr marker for esopha-
geal squamous cell carcinoma. Camer Sci 94:628-632. doi:
LOLL LTG0 349-7006.2003.thi) 1494 1

Obata Y, Kikuchi 8, Lin Y, Yagyu K, Muramatsu T, Kumai H
(2008) Serum midkine concentrations and pastric cancer. Cancer
Sci 96:54-56

. Ohbuchida K, Mizumoto K, Yamada D et al (2006) Quantitative

analysis of MUCI and MUCSAC mRNA in pancreatic juice for

of truncated MK in human tumors. Biochem Biophys Res
Commun 219:256-260. doi: 10.1006/bhre 1996.0214

. Maeda S, Shinchi H, Kurahara H et al (2007) Clinical signifi-

cance of midkine expression in pancreatic head carcinoma. BrJ
Cancer 97:405-411. doi:10 1038/ bic 6603HT9

. Ohuchida K, Mizumoto K, Ishikawa N et al (2005) The role of

SI100A6 in pancreatic cancer development and its clinical impli-
cation as a diagnostic marker and therapeutic target. Clin Cancer
Res 11:7785-7793. doi:10.1 158/1078-0432.CCR-05-0714

. Ruan M., Ji T, Wu Z, Zhou J, Zhang C (2007) Evaluation of

expression of midkine in oral squamous cell carcinoma and its
cormrelation with Int J Oral Maxillofac Surg
36:159-164. doi: Il]ll)lw; uum 2006.09. 004

. Chatelain D, Flejou JF (2002) P

ive diagnosis of pancreatic cancer. Int J Cancer
IlS 405—‘!" doi: 10, 1002/jc.21317

. Wiesenauer CA, Schmidi CM, Cummings OW et al (2003) Pre-

operative predictors of malignancy in pancreatic intraductal
papillary mucinous neoplasms. Arch Surg 138:610-617. doi:
101001 farchsurg. 1 38 6,610 discussion 7-8

. Rodallec M, Vilgruin V, Couvelard A et al (2006) Endocrine

pancreatic fumours and helical CT: contrast enhancement is
correlated with microvascular density, histoprognostic factors and
survival. Pancreatology 6:77-85. doi: 10,1 139/000090026

tomy for ad ci-
noma: prognostic factors, recommendations for pathological
reports. Ann pathol 22:422-431

@ Springer




ANTICANCER RESEARCH 28: 2205-2212 (2008)

Down-regulation of Deoxycytidine Kinase Enhances Acquired
Resistance to Gemcitabine in Pancreatic Cancer
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Abstract. Background: The functional roles of deoxycytidine
kinase (dCK) in acquired resistance 10 gemcitabine remain
unknown in pancreatic cancer. Here, the funcrional
involvement of dCK in gemcitabine-resistance of pancreatic
cancer was investigated. Materials and Methods: The levels
of the dCK gene as well as other gemcitabine-related genes
(hENTI, RRMI1 and RRM2) were analyzed in gemcitabine-
resistant pancreatic cancer cells (GR cells) using quantitative
real-time reverse transcription polymerase chain reaction.
The effects of inhibition of these genes on sensitivity to
gemcitabine were evaluated, Results: In GR cells, expression
of dCK was significantly reduced compared with that of
parental cells (p<0.05). The dCK-targeting siRNA
significantly reduced gemcitabine sensitivity (p<0.01) without
affecting cell proliferation. The RRMI- and RRM2-1argeting
siRNAs increased gemcitabine sensitivity (p<0.05) and
reduced cell proliferation even without gemcitabine treatment.
The hENT-targeting siRNA did nor affect gemcitabine
sensitivity or cell proliferation. Conclusion: Down-regulation
of dCK specifically enhanced acquired resistance to
gemcitabine in pancreatic cancer cells without affecting their
proliferation.

Pancreatic cancer is one of the most aggressive malignancies
and has 5-year survival rates of 1-4% (1). Surgery is the
only curative treatment for patients with pancreatic cancer.
However, only approximately 10-20% of patients have
surgically resectable disease at presentation, and even in
these cases, the 5-year survival rate is only 20% (1). This
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situation probably arises due to the difficulties associated
with diagnosis at early stages of the disease, high incidence
of metastasis and lack of effective drugs.

Gemcitabine is a deoxycytidine analogue with antitumor
activity that bears a resemblance, both structurally and
metabolically, to arabinosyl cytosine (AraC) (2). Gemcitabine
is widely accepted as the first-line treatment for patients with
advanced pancreatic cancer. Although gemcitabine produces a
significant clinical benefit in patients with advanced pancreatic
cancer, the median overall survival of gemcitabine-treated
patients is still only 5 months and their 1 year-survival rate is
only 15% (3).

Resistance to gemcitabine is a major cause of unsatisfactory
improvement during pancreatic cancer treatment. Understanding
the mechanism of resistance to gemcitabine should be useful for
identifying novel therapeutic target genes in order to enhance
the efficacy of gemcitabine treatment. Several studies regarding
the mechanism of resistance to gemcitabine have been reported
and several genes have been shown to be correlated with
resistance 10 gemcitabine (4-7). Deoxycytidine kinase (dCK)
phosphorylates gemcitabine to gemcitabine diphosphate and
gemcitabine triphosphate in a rate-limiting step. Gemcitabine
triphosphate is incorporated into DNA, where it leads to masked
chain termination. Increased expression of dCK in colon
carcinoma cells results in enhanced gemcitabine triphosphate
accumulation, prolonged elimination kihetics and ultimately a
potentiated in vive tumor response to gemcitabine (8).
Overexpression of dCK increases gemcitabine sensitivity in
colon carcinoma cells, breast carcinoma cells and small cell
lung adenocarcinoma cells (9). Immunohistochemical studies
revealed that the levels of dCK protein expression in a panel of
human pancreatic cancer tissues were correlated with overall
survival following gemcitabine treatment (10). The data from
these functional analyses in several other types of cancer and
expression analyses in pancreatic cancer suggest that dCK plays
an important role in gemcitabine resistance of pancreatic cancer.
However, there are no reports regarding the functional
involvement of dCK in gemcitabine resistance of pancreatic
cancer.
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Expression of human equilibrative nucleoside transporter-1
(hENT1), which transports gemcitabine into cells (4), was
reported to be correlated with survival in pancreatic cancer
patients treated with gemcitabine (11). Ribonucleotide
reductase (RR) 1s a dimeric enzyme comprising M1 and M2
subunits. RRM2 modulates the enzymatic activity of RR,
while RRM 1 has a key role in gemcitabine treatment (12, 13),
In vivo, RRMI is involved in acquired resistance to
gemcitabine (6, 14), while RRM2 gene silencing by short
interfering RNAs (siRNAs) is an effective therapeutic adjunct
to gemcitabine treatment (7, 15). These data suggest that
hENT, RRM1 and RRM2 may be involved in the mechanism
of resistance to gemcitabine. However, the issue of whether
the functions of these genes are involved in acquired resistance
to gemcitabine in pancreatic cancer remains to be investigated.

In the present study, we established gemcitabine-resistant
pancreatic cancer cells, and investigated the expression levels
of the above-mentioned gemcitabine-related genes using
quantitative real-time reverse transcription polymerase chain
reaction (gRT-PCR). In addition, the roles of these
gemcitabine-related genes in acquired resistance to
gemcitabine were evaluated by inhibiting their expression
levels with specific siRNAs and examining the sensitivities
of the siRNA-transfected pancreatic cancer cells to
gemcitabine.

Materials and Methods

Cell lines and establishment of gemci resistant cells. Human
pancreatic cancer cell lines were used in the present study. SUTT2
and PANCI1 were generously provided by Dr. H. Iguchi (National
Shikoku Cancer Center, Matsuyama, Japan), while MiaPaCa2 was
provided by the Japanese Cancer Research Resources Bank (Tokyo,
Japan). Gemcitabine-resistant cells were generated from SUIT2
cells by exposure to gradually increasing concentrations of
gemcitabine. The initial concentration of gemcitabine was 10 oM,
which did not seem to affect the proliferation of SUIT2 cells. When
the cells had adapted to the drug, the concentration of gemcitabine
was gradually increased by 10-20 oM per week to a final
concentration of 200 nM. Gemeitabine was dissolved in phosphate-
buffered saline (PBS) and added to the media of cell cultures.

Propidium iodide (Pl) assay. Cell proliferation was evaluated by
measuring the fluorescence intensity of P1 as described elsewhere
(16). Briefly, pancreatic cancer cells were plated at 2x10¢
cells/well in 24-well tissue culture plates (Becton Dickinson
Labware, Bedford, MA, USA) and cultured for 24 h. Several
different concentrations of gemcitabine were used, and the cells
were incubated for a further 72 h. PI (30 pM) and digitonin (600
UM} were added to each well to ensure that all nuclei were labeled
with P1. The fluorescence intensities corresponding to the total
cells were measured using a CytoFluor multiwell plate reader
(PerSeptive Biosystems, Framingham, MA, USA) with 530-nm
excitation and 645-nm emission filters. The results were converted
lo percentage survival rates by comparing treated cells with
untreated cells.
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Analysis by gRT-PCR, Total RNA was extracted from cultured cells
using & High Pure RNA Isolation Kit (Roche, Mannheim, Germany)
with DNase (Roche) treatment according to the manufacturer’s
instructions. We designed specific forward and reverse primers for
hENT! (forward, 5'-TCTTCTTCATGGCTGCCTTT-3'; reverse,
5'-CCTCAGCTGGCTTCACTTTC-3"), dCK (forward, 5'-GCTGC
AGGGAAGTCAACATT-3"; reverse, 5'-TCAGGAACCACTTCC
CAATC-3"), RRM! (forward, 5'-GGCACCCCGTATATGCTCTA-3";
reverse, 5'-CCAGGGAAGCCAAATTACAA-3"), RRM2 (forward,
5'-GGCTCAAGAAACGAGGACTG-3"; reverse, 5'-TCAGGCAAG
CAAAATCACAG-3') and 18S rRNA (forward, 5'-GTAACCCGTT
GAACCCCATT-3'; reverse, 5"-CCATCCAATCGG TAGTAGCG-3")
and performed BLAST searches to ensure the primer specificities.
We performed gRT-PCR with a QuantiTect SYBR Green RT-PCR
Kit (Qiagen, Tokyo, Japan) according to the manufacturer's
instructions. The mRNA expression for each gene was calculated by
reference to a standard curve constructed from values for total RNA
from SUIT2 pancreatic cancer cells. The mRNA expression of each
gene was normalized by the corresponding expression of 185 rRNA.

Inhibition of dCK, RRM1, RRM2 and hENT! mRNA expressions by
5iRNAs. Inhibition of dCK, RRM], RRM2 and hENT] expressions
was achieved by RNA interference. SUIT2 cells were transfected
with specific siRNAs targeting dCK, RRMI, RRM2 and hENTI
(B-Bridge International, Mountain View, CA, USA). We also used
a control siIRNA provided by Qiagen. SUIT2 cells were transfected
with the individual siRNAs using Nucleofector (Amaxa Biosysiems
GmbH, Koln, Germany) according to the manufacturer's
instructions. Cells were harvested at 24 h after transfection for PI
assays or RNA extraction. The expression levels of the target
mRNAs were evaluated by qRT-PCR.

Staristical analysis. Values are exp i as the SD.
Comparisons among all groups were carried out by one-way
ANOVA, while comparisons belween two groups were carried out
using Student’s 1-test. The level of statistical significance was set at
p<0.05. To confirm the induction results, the experiments were
repeated at least three limes.

Results

Gemcitabine sensitivities and expression levels of gemcitabine
transporter and metabolism-related genes in pancreatic
cancer cell lines. All the cells were highly sensitive to
gemcitabine in the decreasing order of PANC1, SUIT2 and
MiaPaCa2 cells. Specifically, the ICs; of PANCI cells was
O8.3+21.9 nM, that of SUIT2 cells was 200.9+24.7 nM and
that of MiaPaCa2 cells was 930.4+114.2 nM (Figure 1A).
To examine the relationships between the expression
levels of gemcitabine transporter or metabolism-related
genes and the gemeitabine sensitivities of pancreatic cancer
cells, the expression of each gene in SUIT2, MiaPaCa2 and
PANCI cells was measured by qRT-PCR. MiaPaCa2 cells
with low sensitivity to gemcitabine expressed significantly
lower levels of dCK mRNA than PANCI and SUIT2 cells
with higher sensitivities to gemcitabine (Figure 1B-a).
Various levels of RENTI mRNA expression were detected in
the three pancreatic cancer cell lines, but were not correlated
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with their sensitivities to gemcitabine (Figure 1B-b). No
significant differences in the RRMI and RRM2 expression
levels were found among the three pancreatic cancer cell
lines (Figure 1B-c and B-d).

Establishment of gemcitabine-resistant pancreatic cancer
cells. Gemeitabine-resistant SUIT2 cells were generated by

exposure to gradually increasing concentrations of
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Figure |. Gemcitabine sensitivities and expressions of gemcitabine
rransporter and meiabolism-related genes in pancreatic cancer cell
lines, A, Gemcitabine sensitivities of pancreatic cancer cell lines. The
IC s of PANC] cells was 9832219 nM, that of SUIT2 cells was
200.9+24.7 nM and that of MiaFPaCa2 cells was 93042114.2 nM. B-a,
MiaPaCa2 cells with low sensitiviry to gemcitabine express significanily
lower levels of dCK mRNA than PANCI and SUIT2 cells with higher
sensitivities to gemcitabine. B-b, Different levels of hENT] mRNA
expression were detected in the three pancreatic cancer cell lines, but
are not correlated with their sensitivities to _a_grmnra.’um. B.c and B-d,
There were no significant differences in the RRM | and RRM2 expression
levels among the three pancreatic cancer cell lines

gemcitabine. The final concentration of gemcitabine was 200
nM. The viability of parental SUIT2 cells significantly
decreased to 68% after treatment with 100 nM gemcitabine
(Figure 2A). However, the viability of gemcitabine-resistant
SUIT2 cells remained unchanged after treatment with 100 or
After with 500 nM
gemgcitabine, the viabilities of the parental and gemcitabine-
resistant SUIT2 cells were 20% and 43% . respectively
(Figure 2A). Using these data, we calculated that the ICs; of
the parental SUIT2 cells was 216.8+38.4 nM, while that of
the gemcitabine-resistant SUIT2 cells was 433.9220.8 nM.
The difference between these two ICq;, values was significant
(p<0.01).

200 nM gemcitabine treatment
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Figure 2, Cell viabilities and expressions of gemcitabine transporier and
metabolism-related genes in parental and gemcitabine-resistant SUIT2
cells. A, The changes in viability of parental and gemecitabine-resisiant
SUIT2 cells were evaluated by Pl assays and are shown as gemcitabine
dose-response curves. The IC ¢y of paremal SUIT2 cells way 216 82384
nM while that of gemcitabine-resistant SUIT2 cells was 433.9£20.8 nM,
showing a significant difference (p<0.01). B, The changes in the
expression levels of gemcitabine wransporter and metabolism-related
eenes (hENTI, dCK, RRM1 and RRM2) in parental and gemcitabine
resistant SUIT2 cells are shown as the relative expression of each gene
after normalization by the corresponding level of 185 rRNA. Expression
of dCK significantly decreased in gemcitabine-resistant SUIT2 cells
compared with parental SUIT2 cells (p<0.05), whereas the expression
levels of hENT1, RRMI] and RRM2 remained unchanged { hENTI,
p=0.23; RRM!, p=0.10; RRM2, p=0.16)

We also tried to establish gemcitabine-resistant cells from
PANC] and MiaPaCa2 cells
establish such resistant cells because we could not obtain

However, we were unable 1o

proliferating cells after long-term culture, even with low
concentrations of gemcitabine
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Figure 3. Inhibinion of dCK expression in SUITZ cells by a dCK-
targeting siRNA. A, Expression of dCK 15 suppressed o less than 0%
by the dCK-targering siRNA. B, The dCK-targeting siRNA significantly
reduced the gemcitabine sensitiviry of SUIT2 cells (p<0.01 for 300, 400
and 500 nM gemcuabine). C, The dCK-targeting siRNA did nor affect
the proliferation of SUIT2 cells withour gemcitabine treatment (p=0.93)
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Changes in the expression levels of gemcitabine-related
genes in gemcitabine-resistant cells. To examine the
relationships between gemcitabine resistance and these
gemcitabine-related genes, we compared their levels of
expression in parental and gemcitabine-resistant SUIT2 cells.
The expression levels of hENTI, dCK, RRM] and RRM2
were normalized by the corresponding levels of 185 rRNA.
Expression of dCK significantly decreased in gemcitabine-
resistant SUIT2 cells compared with parental SUIT2 cells
(Figure 2B; dCK, p<0.05), whereas the expression levels of
hENT], RRM] and RRM2 remained unchanged (Figure 2B;
hENT1, p=0.23; RRMI, p=0.10; RRM2, p=0.16).

Effect of inhibition of dCK expression on gemcitabine sensitivity
in pancreatic cancer cells. Based on the estimated functional
roles of the above-mentioned genes, down-regulation of hENT!
and dCK or up-regulation of RRMI and RRM2 would be
cxpected to increase gemcitabine resistance. In the present
study, we observed down-regulation of dCK in acquired
resistance to gemcitabine. Therefore, to investigate the
functional role of dCK in pancreatic cancer cells with respect to
gemcitabine sensitivity, we investigated the effects of a dCK-
targeting siRNA on cell proliferation and gemcitabine
sensitivity. To confirm that the siRNA inhibited dCK expression,
SUIT2 cells were harvested at 24 h after transfection of the
siRNA and analyzed for their expression of dCK mRNA by
gRT-PCR. Expression of dCK mRNA was suppressed to less
than 10% by the dCK-1argeting siRNA (Figure 3A).

The dCK-targeting siRNA  significantly  reduced
gemcitabine sensitivity (Figure 3B; p<0.01 for 300, 400 and
500 nM gemcitabine). When cells were cultured without
gemcitabine treatment, the dCK-targeting siRNA did not affect
their proliferation (Figure 3C). These data suggest that dCK
is a gemcitabine treatment-specific enhancer that only has an
inhibitory effect on cell proliferation in the presence of
gemcitabine,

Effects of inhibition of RRM1, RRM2 and hENT expressions
on gemcitabine sensitivity. Several researchers have reported
that other gemcitabine-related genes, such as RRM1, RRM2
and hENT, also affect cellular sensitivity to gemcitabine in
several cancers (6, 7, 17). Therefore, we investigated the
effects of RRM1I-, RRM2- and hENT/-targeting siRNAs on
the sensitivity of pancreatic cancer cells to gemcitabine. The
mRNA expression levels of RRMI (Figure 4A), RRM2
(Figure 5A) and hENT! (Figure 6A) were suppressed to
65% , 33% and 16% by their specific siRNAs, respectively.
Inhibition of RRMI cellular sensitivity 1o
gemcitabine (Figure 4B; p=0.01 for 100 nM gemcitabine)
even without

increased

and decreased cell proliferation by 40% ,
gemcitabine treatment (Figure 4C). Similarly, inhibition of
RRM?2 increased cellular sensitivity to gemcitabine (Figure
5B; p=0.01 for 100 and 200 nM gemeitabine) and decreased
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Figure 4, Inhibition of RRM1 expression in SUIT2 cells by an REM1
targeting siRNA. A, Expression of RRM1 was suppressed to 65% by the
RRM1-1argeting siRNA. B, The RRMI-targeting siRNA increase the
gemcitabine sensitivity of SUIT2 cells (p=0.01 for 100 nM gemcitabine)
C, The RRM-targeting siRNA reduced the proliferarion of SUIT2 cells
by 40% , even without gemcitabine treatment {p<0.05).
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cell proliferation by 39%, without gemcitabine

treatment (Figure 5C). In contrast, inhibition of hENT] did

even

not alter the cellular sensitivity to gemcitabine (Figure 6B:

p=>0.05 for 10, 100 and 200 nM gemcitabine) or cell
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Figure 6, Inhibition of hENT! expression in SUIT2 cells by a hENTI-
targeting siRNA. A, Expression of hENT] was suppressed 1o 85% by the
KRENT | -targeting 5iRNA. B, The hENT I -targeting siRNA did not change
the: gemeitabine sensitivity of SUIT2 cells (p=>0.05 for 10, 100 and 200 nM
gemcitabine). €, The hENT!-targeting SIiRNA did nor affect the
45)

profiferation of SUIT2 cells without gemcitabine trearment (p

proliferation (Figure 6C; p=045). These data suggest that
RRM] and RRM2 affect cell proliferation in a manner
unrelated to gemcitabine treatment and that hENT] does not
influence cell proliferation or sensitivity to gemcitabine.
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Discussion

The present study represents the first report of a functional
analysis of dCK in pancreatic cancer. We found a significant
decrease in dCK expression in newly established
gemcitabine-resistant pancreatic cancer cells, whereas the
expression levels of hENTJ, RRMJ and RRM2 remained
unchanged, We further found that inhibition of dCK
expression decreased gemcitabine sensitivity without
influencing cell viability in the absence of gemcitabine.
Inhibition of RRM1 or RRM2 increased cellular sensitivity to
gemcitabine and decreased cell proliferation even without
gemcitabine treatment. In contrast, inhibition of hENT1 did
not alter the cellular sensitivity to gemcitabine or cell
proliferation. These data suggest that the combination of a
gene therapy targeting dCK and gemcitabine would reinforce
the specific effects of gemcitabine on gemcitabine-resistant
cells, while RRM1 and RRM2 affect cell proliferation in a
manner unrelated to gemcitabine treatment and hENT/ does
not influence cell proliferation or sensitivity to gemcitabine.

It has been reported that overexpression of dCK increased
gemcitabine sensitivity in colon carcinoma, breast carcinoma
and small cell lung adenocarcinoma cells (9) and that dCK
expression decreased in gemcitabine-resistant ovarian cancer
cells (18). Furthermore, in vive experiments revealed that dCK
gene transfer enhanced the cytotoxic effects of gemcitabine
(8). These results are consistent with the present results
regarding pancreatic cancer. Taken together, these data suggest
that dCK plays an important role in resistance to gemcitabine
in several types of cancer, including pancreatic cancer.

Previously, the level of hENT] expression was found to be
correlated with survival in pancreatic cancer patients treated
with gemcitabine (11, 19). Moreover, hkENT] was reported
to be a predictive marker for the efficacy of gemcitabine
therapy in pancreatic cancer patients (20). These data were
obtained on the basis of expression analyses. However, in the
present functional analyses, we found no change in hENT'/
expression in gemcitabine-resistant pancreatic cancer cells,
and no change in cellular gemcitabine sensitivity after
inhibition of hENTI expression. The reason for this
inconsistency between the studies remains to be clarified.
Previously, reduced expression of hENT] protein was found
in human lymphoid cells showing resistance to AraC, a
nucleotide analogue, although the AENT] mRNA level
remained unchanged (21). Therefore, it is possible that the
level of hENT] mRNA expression is not directly correlated
with the functional level of hENTI. To investigate the
relationship between the expression and function of hENTI,
further studies are required.

Positive roles for RRM! and RRM2 in gemcitabine
resistance were previously reported for pancreatic cancer (6,
7, 14). However, in the present study, we found no
significant differences in the expression levels of RRMJ and

RRM2 between parental and gemcitabine-resistant SUIT2
cells, although the cellular sensitivities to gemcitabine were
increased after inhibition of RRM/ or RRM2 expression. We
further found that inhibition of RRMI or RRM2 strongly
suppressed cell proliferation even without gemcitabine
treatment. These data suggest that RRMJ and RRM2 are not
specific enhancers of gemcitabine treatment.

In conclusion, the present data revealed that down-
regulation of dCK expression is strongly correlated with
acquired resistance to gemcitabine in pancreatic cancer.
These results suggest that dCK is a promising specific
enhancer to increase the sensitivity of pancreatic cancer to
gemcitabine without any non-specific cytotoxic effects.
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