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Adenovirus-mediated gene therapy is a promising approach for the
treatment of pancreatic cancer. We previously reported that radiation
enhanced adenovirus-mediated gene expression in pancreatic cancer,
suggesting that adenoviral gene therapy might be more effective
in radioresistant pancreatic cancer cells. In the present study, we
compared the transduction efficiency of adenovirus-delivered
genes in radiosensitive and radioresistant cells, and investigated
the underlying mechanisms. We used an adenovirus expressing the
hepatocyte growth factor antagonist, NK4 (Ad-NK4), as a
representative gene therapy. We established two radioresistant
human pancreatic cancer cell lines using fractionated irradiation.
Radiosensitive and radioresistant pancreatic cancer cells were
infected with Ad-NK4, and NK4 levels in the cells were measured. In
order to investigate the mechanisms responsible for the differences
in the transduction efficiency between these cells, we measured
expression of the genes mediating adenovirus infection and
endocytosis. The results revealed that NK4 levels in radioresistant
cells were significantly lower (P < 0.01) than those in radiosensitive
cells, although there were no significant differences in adenovirus
uptake between radiosensitive cells and radioresistant cells. Integrin
B3 was up-regulated and the Coxsackie virus and adenovirus receptor
was down-regulated in radioresistant cells, and inhibition of integrin 3
promoted adenovirus gene transfer. These results suggest that inhibi-
tion of integrin B3 in radioresistant pancreatic cancer cells could enhance
adenovirus-mediated gene therapy. (Cancer Sci 2009; 100: 1902-1907)

Pancreatic cancer is a leading cause of cancer-related death in
industrial countries.? Most patients with pancreatic cancer
have poor outcomes because early diagnosis is difficult and
because conventional therapies have limited efficacies.”® Recent
advances in our understanding of the genetics and epigenetics of
pancreatic cancer have revealed that alterations in several tumor-
related genes, including K-ras, p53, MMP, hepatocyte growth
factor (HGF), and epidermal growth factor receptor,* may
underlie the aggressiveness of this neoplasm and its resistance
to conventional therapies."” Gene therapy therefore provides a
promising new approach for treating this often fatal disease.
Adenoviruses are among the most commonly used vectors for
gene therapy because their gene delivery system is well
understood."” Adenoviruses bind to cells via the Coxsackie
virus and adenovirus receptor (CAR),"? after which they are
rapidly internalized via interactions between the penton base
capsid protein and the cell integrins ovB3 and ovp5.03%
Adenovirus internalization also requires dynamin 2,'> a GTPase
involved in the formation of clathrin-coated pits. Many investigators
have used adenovirus-mediated gene transfer to treat pancreatic
cancer, and have reported that adenovirus-mediated gene therapy
inhibited the progression of pancreatic cancer both in vivo and
in vitro."*'? However, clinical trials have revealed that it is
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difficult to eradicate pancreatic tumors using adenovirus-mediated
gene therapy alone,'®'” and it may be necessary to select
suitable cases in order to maximize the antitumor effects of
adenovirus-mediated gene therapies in pancreatic cancer.

A combination of radiotherapy and adenovirus-mediated gene
therapy has recently been reported to be effective for cancer
treatment. Shi ef al.®® found that adenovirus-mediated gene
therapy targeting endostatin enhanced the antitumor effect of
radiation therapy in colorectal cancer. Similarly, Geoerger et al.,*”
Portella er al.,*® and Rogulski er al.®® reported that ONYX-015
(an E1B-55 kDa gene-deleted adenovirus that replicates selectively
in and lyses tumor cells with abnormalities in p53 function)
combined with radiation therapy was a promising treatment for
gliomas and thyroid cancers, and that these combination thera-
pies produced synergistic effects. Accumulating evidence has
shown that HGF accelerates the invasion of pancreatic cancer
cells.*2» We previously reported that gene therapy with an
adenovirus vector expressing NK4 (Ad-NK4), which acts as a
HGF antagonist, significantly inhibited the invasion of pancreatic
cancer cells.®2® More recently, we reported that the combination
of radiation and Ad-NK4 enhanced NK4 expression in pancreatic
cancer.” However, it remains unknown if pancreatic cancer
cells with acquired radioresistance are also suitable for adenovirus
gene therapy.

In the present study, we compared the efficiency of transfer and
expression of an adenovirus-mediated target gene in radioresistant
and radiosensitive pancreatic cancer cells. We also investigated
the expression levels of genes that mediate adenovirus-cell
attachment and internalization and examined the function of
these genes using RNA interference.

Materials and Methods

Cells. The human pancreatic cancer cell line CFPAC-1
(American Type Culture Collection, Rockville, MD, USA) was
cultured in DMEM supplemented with streptomycin, penicillin,
and 10% fetal bovine serum (FBS) at 37°C in 5% CO,.

Radiation treatment. Cells were irradiated with a dose of 2 or
5 Gy at room temperature with a '*’Cs source (Gamma Cell 40;
Atomic Energy of Canada, Ontario, Canada) at a delivery rate of
1.0 Gy/min.

Establishment of radioresistant cell lines. We established two
radioresistant cell lines. CFPAC-1 parent cells were irradiated
with 2 Gy every 4 days for four doses and with 5 Gy every 20
days for six doses, to establish one radioresistant CFPAC-1 cell
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line (R1). The same CFPAC-1 parent cell line was irradiated
with 2 Gy every 4 days for four doses and with 5 Gy every 20
days for seven doses to establish a second radioresistant CFPAC-1
cell line (R2).

Cell proliferation assay. Cell proliferation was evaluated by
propidium iodide (PI) fluorescence intensity, as described
previously.©®? Cells were counted using a PDA-500 cell counter
(Sysmex, Kobe, Japan). Cells were plated at 2 x 10* cells/well in
24-well tissue culture plates (Becton Dickinson Labware, Bedford,
MA, USA), cultured overnight and then irradiated. PI (30 uM)
and digitonin (600 uM) were added to each well to label all
nuclei with PI. Fluorescence intensity, corresponding to total
cells, was measured with a CytoFluor II multi-well plate reader
(PerSeptive Viosystems, Framingham, MA, USA) with 530-nm
excitation and 645-nm emission filters. Cell proliferation was
defined as the ratio of fluorescence intensity at a given time-point
relative to that measured at the beginning of the experiment. All
experiments were performed in triplicate wells.

Construction of recombinant adenovirus. A recombinant adeno-
virus vector expressing human NK4 (Ad-NK4) was constructed
as described previously.®? In brief, Ad-NK4 was generated by
homologous recombination of the pJM17 plasmid®® and the
shuttle plasmid vector pSV2 +¥ containing an expression cassette
and the cytomegalovirus early promoter/enhancer followed by
human NK4 ¢cDNA®Y and a polyadenylation signal. A control
vector expressing the bacterial 3-galactosidase (B-gal) gene (lacZ)
was constructed by the same procedure with pJM17 and pCA17,
which contains the lacZ gene. Recombinant Ad-NK4 and
Ad-lacZ were propagated in HEK293 cells.

Adenovirus infection of cells. Cells (2 x 10°) were seeded in
six-well plates and cultured in DMEM supplemented with 10%
FBS for 24 h. Cells were infected with Ad-NK4 or Ad-lacZ at
10 multiplicities of infection (MOI) 24 h after seeding. The
culture medium was replaced with fresh medium 1.5 h after
transfection.

Extraction of proteins from cells infected with Ad-NK4. Cells were
infected with Ad-NK4 as described above. Two days after
infection with Ad-NK4, the cells were lysed in 500-uL ice-cold
lysis buffer (150 mM NaCl, 20 mM Tris-HCl [pH 7.5], 10 mM
EDTA, 5 ug/mL leupeptin, I mM phenylmethyl sulfonyl fluoride,
and 0.5% [v/v] Triton X-100). Cell debris was removed by
centrifugation at 14 000 g for 20 min at 4°C and supernatants
were collected. Protein concentrations were measured using a
NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies,
Rockland, DE, USA) at absorbances of 280 nm, and were
adjusted to 1.0 mg/mL with lysis buffer.

NK4 expression by Ad-NK4-infected cancer cells. After infection
with Ad-NK4 or transfection with NK4-expression plasmid, the
medium was changed every 24 h. The NK4 concentration in the
medium and in the cells were measured by enzyme-linked
immunosorbent assay (ELISA) using a Human HGF ELISA Kit
(Immunis HGF EIA, Institute of Immunology, Tokyo, Japan),
according to the manufacturer’s protocol.

Assessment of transgene distribution by evaluation of p-gal
expression. At 48 h after Ad-lacZ infection, cells were rinsed
twice with phosphate-buffered saline (PBS) and fixed with
0.25% glutaraldehyde in PBS for 15 min at 4°C. B-Gal activity
was detected by immersing cells in 5-bromo-4-chloro-3-indolyl-
[-galactopyranoside (X-gal) staining solution (5 mM K,FeCN,
5 mM K,FeCN, and 2 mM MgCl, containing 1 mg/mL X-gal)
for 6 h at 37°C.

Real-time polymerase chain reaction (PCR) and reverse transcription-
PCR (RT-PCR) assays. The Ad-lacZ DNA content of infected cells
was determined by real-time PCR analysis, as described
previously,®> using primers for the f-gal gene (5-CACGGC
AGATACACTTGCTG-3" and 3-ATCGCCATTTGACCACTACC-
5).%9 The number of copies of viral DNA was calculated from
a standard curve of purified adenovirus vector (CMV-B-gal) and
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was further adjusted to the protein concentration of each lysate.
Integrin B3, CAR, integrin av, integrin B5, and dynamin 2
mRNA levels were quantified by real-time RT-PCR assay using a
QuantiTect SYBR Green RT-PCR Kit (Qiagen, Valencia, CA, USA)
with 100 ng of total RNA and primers specific for integrinf33
(5’-GAGGATGACTGTGTCGTCAG-3" and 3’-CTGGCGCG
TTCTTCCTCAAA-5"), CAR (5-GGCGCTCCTGCTGTGC-3’
and 3’- CTTCTCTACTAACTTTTTCGGTTTC-5’), integrin ow
(5"-ACTGGGAGCACAAGGAGAACC-3" and 3’-CTGGTAGAG
TAGTGATTCGCC-5"), integrin B5 (5'-CCTGTCCATGAAGG
ATGACTTG-3" and 3’-GTCTCACCTGTCGAAGTTACTC-5'),
and dynamin 2 (5-AGGAGTACTGGTTTGTGCTGACTG-3’
and 3-GTGCATGATGGTCTTTGGCATGAG-5")." Levels of
these mRNAs were normalized to those of 18S rRNA amplified
with specific primers (5-GTAACCCGTTGAACCCCATT and
3-GCGATGATGGCTAACCTACC)®® and expressed as ratios
compared with radiosensitive cells.

Inhibition of integrin B3 in cells by RNA interference (RNAi). Cells
were transfected with integrin B3-specific short interfering (si)
RNA (B-Bridge, Mountain View, CA, USA) or control siRNA
(Qiagen) using a Nucleofector (Amaxa Biosystems, Cologne,
Germany). Cells were then plated at 1 x 10° cells/well in six-well
plates. At 48 h after transfection, the cells were infected with
Ad-NK4 at 10 MOI, as described above. NK4 expression in
integrin B3-specific siRNA-transfected cells was expressed as a
ratio compared with that in control siRNA-transfected cells.

Statistical analysis. Values are expressed as the mean + standard
deviation (SD). Comparisons between all groups were analyzed
using Student’s t-test for comparisons between 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 three times.

Results

Expression of target genes delivered by adenovirus vector in
radiosensitive and radioresistant cells. We investigated the radio-
sensitivity of the parent CFPAC-1 cells and the two
radioresistant cell lines (R1 and R2) by measuring the inhibitory
effects of radiation on cell proliferation using a PI assay at 72 h
after radiation. As shown in Figure 1(a), we confirmed that
parent CFPAC-1 cells were significantly more sensitive to radiation
treatment. We then compared expression of the target NK4 gene
in radiosensitive (parent CFPAC-1) and radioresistant cells (R1
and R2) infected with the Ad-NK4 adenovirus vector. Parent,
R1, and R2 cells (2 x 10° each cell line) were infected with
Ad-NK4 at 10 MOI and NK4 levels were measured 2 days after
infection. As shown in Figure 1(b), NK4 expression in both R1
and R2 radioresistant cells was lower than that in the parent
radiosensitive cells. Furthermore, NK4 levels in the media were
measured on post-infection days 1, 2, and 3 in order to
investigate secreted NK4 levels. NK4 levels in the media peaked
on day 2 after transfection (data not shown). As shown in
Figure 1(c), NK4 secretion from Ad-NK4-treated radioresistant
cells was lower than that from Ad-NK4-treated radiosensitive
cells, similar to the results shown in Figure 1(b). NK4 expression
was undetectable in cells that were not infected with Ad-NK4
(data not shown). These data suggest that radioresistant pancreatic
cancer cells expressed lower levels of the adenovirus-delivered
target gene than radiosensitive pancreatic cancer cells.

B-Gal expression induced by Ad-lacZ infection in radiosensitive and
radioresistant cells. To investigate the expression of a different
gene delivered by an adenovirus vector, we used Ad-lacZ instead
of Ad-NK4 and examined the activity of B-gal in the transfected
cells. CFPAC-1, R1, and R2 cells were infected with Ad-lacZ at
10 MOIL. At 48 h after infection, cells were stained for 3-gal. As
shown in Figure 2(A), many radiosensitive parent cells showed
the characteristic blue staining indicative of B-gal activity, but
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Fig. 1. NK4 expression in Ad-NK4-treated radioresistant pancreatic

cancer cells was much lower than that in Ad-NK4-treated radiosensitive
pancreatic cancer cells. (a) CFPAC-1 parent cells, and two established
radioresistant pancreatic cancer cells (R1, R2) were plated and
irradiated with 2 Gy or 5Gy. Their survival was determined by
propidium iodide assay 72 h after radiation, and defined as the ratio
relative to unirradiated cells. Each value represents the mean = SD of
three independent samples. *P < 0.05. (b) Cells were infected with Ad-
NK4 at 10 multiplicities of infection (MOI) and proteins were isolated
on post-infection day 2. NK4 concentrations were determined by
enzyme-linked immunosorbent assay (ELISA) and defined as the ratio
relative to radiosensitive cells (CFPAC-1 parent cells). Each value
represents the mean = SD of three independent samples. **P < 0.01.
(c) Cells were infected with Ad-NK4 at 10 MOI and NK4 levels in the
culture media were measured by ELISA on post-infection day 2 and
defined as the ratio relative to radiosensitive cells (CFPAC-1 parent
cells). Each value represents the mean +SD of three independent
samples. **P < 0.01.
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Fig. 2. [B-Galactosidase (B-gal) expression in Ad-lacZ-treated radioresistant
cells was lower than that in Ad-lacZ-treated radiosensitive cells, but
there were no differences in adenovirus uptake between radioresistant
and radiosensitive pancreatic cells. Cells were infected with Ad-lacZ at
10 multiplicities of infection (MOI) and B-gal activity was assessed by X-gal
staining at 48 h after infection. (A) Photomicrographs of X-gal-stained
radiosensitive or radioresistant cells, x100. a, CFPAC-1 parent cells; b, R1
cells; ¢, R2 cells. (B) Number of B-gal-positive cells. Each value represents
the mean £ SD of five independent fields. **P < 0.01. (C) Cells were
infected with Ad-lacZ at 10 MOI and DNA was extracted at 24 h after
infection. Viral DNA content was quantified by real-time PCR and
defined as the ratio compared with radiosensitive cells. Each value
represents the mean = SD of triplicate measurements.
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only a small number of radioresistant cells (both R1 and R2) were
positive for B-gal. There were significantly fewer [-gal-positive
cells in five independent fields of radioresistant cells, compared
with radiosensitive cells (Fig. 2B, P <0.01). These data are
consistent with the results described above (Fig. 1).

Adenovirus uptake in radiosensitive and radioresistant cells. We
investigated adenovirus uptake in the different pancreatic cancer
cells by quantifying viral DNA content in cells as previously
reported.®*333 CFPAC-1, R1, and R2 cells were infected with
Ad-lacZ at 10 MOI. At 24 h after infection, the viral DNA content
was quantified by real-time PCR. As shown in Figure 2(C),
there were no significant differences between the viral DNA
contents of these three cell lines. These data suggest that there
were no differences in adenovirus uptake between radiosensitive
and radioresistant cells.

Expression of CAR and integrin p3 in radiosensitive and radioresistant
pancreatic cancer cells. To compare the expression of genes medi-
ating adenovirus attachment or internalization in radiosensitive
and radioresistant pancreatic cancer cells, we quantified CAR,
dynamin 2, integrin o, integrin B3, and integrin 5 mRNA
levels in CFPAC-1, R1, and R2 cells using real-time RT-PCR.
We found that CAR mRNA expression was significantly lower
in radioresistant cells (R1, P =0.006; R2, P =0.006) than in
radiosensitive cells (Fig. 3A). We also found that radioresistant
cells expressed much higher levels of integrin B3 mRNA than
radiosensitive cells (R1, 66.05 + 9.80-fold, P =0.0001; R2,
119.56 = 34.94-fold, P =0.007) (Fig. 3A). There were no
significant differences in mRNA levels for dynamin 2, integrin
ov (data not shown), and integrin B5 (Suppl. Fig. 1).

We used siRNA to inhibit integrin B3 expression in radiore-
sistant cells to determine whether the level of integrin B3
expression affected virus-mediated gene transfer. We found that
integrin B3 mRNA expression was significantly inhibited in R1
and R2 cells transfected with integrin B3-specific siRNA compared
with cells transfected with control siRNA (Fig. 3B). The four
cell lines (R1 transfected with control siRNA, R1 transfected
with integrin B3-specific siRNA, R2 transfected with control
siRNA, and R2 transfected with integrin B3-specific siRNA)
were infected with Ad-NK4 at 48 h after transfection of the
indicated siRNAs. NK4 expression in cells transfected with
integrin B3-specific siRNA was significantly higher than in cells
transfected with control siRNA (R1, 3.09 + 0.71-fold; R2,
2.55 £ 0.41-fold) (Fig. 3C). These data suggest that up-regulation
of integrin B3 in radioresistant pancreatic cancer cells prevents
adenovirus-mediated gene expression. Integrin f5 mRNA
expression was not changed in R1 and R2 cells transfected with
integrin B3-specific siRNA compared with cells transfected with
control siRNA (Suppl. Fig. 2).

Fig. 3. Lower expression of Coxsackie virus and adenovirus receptor
(CAR) and much higher expression of integrin B3 in radioresistant cells
were associated with decreased adenovirus gene expression (A) (a) CAR
and (b) integrin B3 mRNA expression in cells. CAR and integrin B3
mRNA were quantified by real-time RT-PCR from total RNA from
radiosensitive cells (CFPAC-1 parent cells) or radioresistant cells (R1, R2)
and defined as the ratio relative to radiosensitive cells. (B and C)
Inhibition of integrin B3 mMRNA expression by siRNA-recovered NK4
expression in radioresistant cells. (B) Integrin B3 mRNA was quantified
by real-time RT-PCR from total cellular RNA from integrin B3-specific
siRNA-transfected cells or control siRNA-transfected cells at 24, 48, and
72 h after transfection and was expressed as fold-decrease compared
with control siRNA cells. Each value represents the mean +SD of
triplicate measurements. (C) Radioresistant cells were transfected with
integrin B3-specific siRNA or control siRNA and infected with Ad-NK4
at 10 multiplicities of infection at 48 h after transfection. NK4 levels in
the culture media were measured by enzyme-linked immunosorbent
assay and expressed as fold-increase compared with control siRNA cells.
Each value represents the mean + SD of three independent samples.
*P < 0.05.
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Discussion

Previous studies have suggested that radiation could improve the
efficiency of gene therapy in many cancers. Zhang et al.®”
reported that radiation improved gene transfer efficiency in
human colon, breast, and brain cancer cells, and we also
reported similar results for human pancreatic cancer cells.®
However, whether pancreatic cancer cells with acquired
radioresistance are also suitable for adenovirus-mediated gene
therapy remains unknown.

In the present study, we found that adenovirus-mediated gene
expression in radioresistant cells was lower than that in radio-
sensitive cells, suggesting that some improvements to enhance
adenovirus gene transfer are required when gene therapy is per-
formed following radiation therapy.®® Furthermore, radioresistant
cells expressed lower levels of CAR, which mediates adenovirus-
binding,*” and much higher levels of integrin 3, which mediates
adenovirus-endocytosis,®” than radiosensitive pancreatic cancer
cells. These data suggest that the radiosensitivity of pancreatic
cancer might be associated with the adenovirus—endocytosis
pathway, as well as with adenovirus-binding to the cell surface.
Further understanding of this pathway might be helpful for
selecting patients for adenovirus gene therapy, or improving the
efficiency of adenovirus-mediated gene therapy.

Adenovirus attaches to cells via CAR, and internalizes
through integrin ovB3 and integrin oavB5.°” In the present study,
we found that the level of CAR expression was lower in radio-
resistant cells than in radiosensitive cells. However, we found no
difference in adenovirus uptake between radioresistant and radio-
sensitive cells. The present data also demonstrated that the level
of integrin B3 was much higher in radioresistant cells than in
radiosensitive cells. These data suggest that up-regulation of
integrin B3 might compensate for the decrease of adenovirus
uptake induced by down-regulation of CAR. The present data
also revealed that Ad-NK4-treated radioresistant cells expressed
much lower levels of NK4 than Ad-NK4-treated radiosensitive
cells although there was no difference in adenovirus uptake.
Following internalization of adenovirus into cells, to penetrate
the barrier of the host cell membrane, the adenovirus then disrupts
cell endosomes,“*? allowing partially uncoated virions to be
released into the cytoplasm where they transit to nuclear pore
complexes.*#D Recent studies have shed some light on the
mechanisms whereby the adenovirus penetrates the host cell
plasma membrane. Wang et al.,"'¥ Wickham er al.,*” and Majhen
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Additional Supporting Information may be found in the online version of this article:

Fig. S1.

Integrin B5 mRNA expression in cells. The levels of integrin 5 mRNA in radiosensitive cells (CFPAC-1 parent cells) or radioresistant cells

(R1, R2) were quantified by real-time RT-PCR and defined as the ratio relative to radiosensitive cells. Each value represents the mean + SD of triplicate
measurements.

Fig. S2. The levels of integrin 5 mRNA in integrin 33-specific siRNA-transfected cells or control siRNA-transfected cells at 48 h after transfection
was quantified by real-time RT-PCR and was expressed as fold-change compared with control siRNA cells. Each value represents the mean + SD of
triplicate measurements.

Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries
(other than missing material) should be directed to the corresponding author for the article.
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