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Adenovirus-mediated gene therapy shows promise for cancer ther-
apy, but transgene expression of replication-defective adenovirus
may be low and transient in clinical settings. Recent reports have
shown that the use of a conditionally replication-competent
adenovirus (CRAd) enhanced the gene transduction of a replica-
tion-defective adenovirus vector. The control of tumor–stromal
interactions has also been determined to be important in cancer
therapy. In this study, we investigated the effect of the human
telomerase reverse transcriptase (hTERT)-CRAd, Ad5 ⁄ 3hTERTE1,
which possesses the tumor-specific hTERT promoter with the chi-
meric fiber 5 ⁄ 3, on the transgene expression and therapeutic
efficacy of a replication-defective adenovirus vector expressing
NK4 under the control of the CMV promoter, Ad-NK4. In addition,
we established a new strategy to target both cancer cells and can-
cer–stromal interactions. Human pancreatic cancer cells were
infected with Ad-NK4 and either Ad5 ⁄ 3hTERTE1 (CRAd-combina-
tion group) or Ad5 ⁄ 3hTERTLuc (control-combination group). In the
CRAd-combination group, Ad-NK4-delivered transgene expression
was increased, leading to an enhanced inhibitory effect on the
invasion of cancer cells. In in vivo experiments, NK4 expression
within tumors and its inhibitory effect on tumor growth, angio-
genesis, and metastasis were enhanced in the CRAd-combination
group. These results suggest that hTERT-CRAd enhances the trans-
gene expression and therapeutic efficacies of Ad-NK4, possibly
through the in-trans replication of Ad-NK4 induced by adenovirus
E1 derived from co-infected hTERT-CRAd. This approach may be a
promising combination therapy against advanced pancreatic
cancer. (Cancer Sci 2010; 101: 735–742)
6To whom correspondence should be addressed.
E-mail: kenoki@med.kyushu-u.ac.jp; mizumoto@med.kyushu-u.ac.jp
D espite progress in surgical, chemotherapeutic, and radia-
tion therapies, sufficient results for the treatment of

advanced cancer have not been achieved. In particular, pancre-
atic cancer is a very aggressive malignant tumor, and has an
extremely poor prognosis.(1–3) Recently, many researchers have
reported that tumor–stromal interactions are involved in the poor
prognosis of malignant cancers through mechanisms of angio-
genesis, metastasis, and recurrence.(4,5) Therefore, cancer should
be treated as a cancer-associated mass that includes cancer cells
and stromal cells, and a new strategy should be established to
target not only cancer cells, but also tumor–stromal interactions.

Hepatocyte growth factor (HGF) is a potent mitogen for
hepatocytes. The interaction of HGF and c-Met receptor is
involved in the malignant behavior of pancreatic cancer. Fibro-
blast-derived HGF confers mitogenic potential by binding to the
doi: 10.1111/j.1349-7006.2009.01445.x
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c-Met receptor, which is frequently overexpressed in pancreatic
cancer cells, and the phosphorylation of c-Met receptor acceler-
ates the migratory and invasive ability of pancreatic cancer
cells.(6–8) Therefore, for pancreatic cancer, an important strategy
is to prevent the HGF–c-Met association.

Adenovirus cancer therapy is a new strategy for advanced can-
cers that includes two approaches.(9,10) The first approach is ade-
novirus gene therapy, which delivers target genes using a
replication-defective adenovirus vector. The second approach is
the use of conditionally replicative oncolytic adenovirus therapy
(CRAd) designed to infect target cells with replication-competent
adenovirus, which leads to the lysis of the target cells. Previously,
we reported that gene therapy using a replication-defective
adenoviral vector expressing NK4 under the control of the CMV
promoter (Ad-NK4), which acts as an HGF antagonist and an
angiogenesis inhibitor, inhibited the in vitro invasion, in vivo
growth, and metastasis of human pancreatic cancer cells.(11–13)

Moreover, we reported that the human telomerase reverse trans-
criptase (hTERT) promoter-dependent conditionally replicative
adenovirus (hTERT-CRAd), Ad5 ⁄ 3hTERTE1, which possesses
the tumor-specific hTERT promoter with the chimeric fiber 5 ⁄ 3,
showed antitumor effects in non-small-cell lung cancer
cell lines.(14)

These two adenovirus approaches have shown specific effica-
cies. However, their efficacies may be limited when used as a
single agent,(15,16) since the transgene expression and oncolytic
effect delivered by these adenoviruses are low and transient
in vivo.(17,18) Several studies reported that transgene expression
delivered by adenovirus vectors were enhanced when combined
with CRAds(19–22) including hTERT-CRAd.(23,24) Therefore, we
hypothesized that NK4 expression delivered by Ad-NK4 would
be enhanced when combined with the hTERT-CRAd,
Ad5 ⁄ 3hTERTE1, and that this combination may be an effective
cancer therapy that targets both cancer cells and tumor–stromal
interactions in pancreatic cancer.

In this study, we investigated the effects of hTERT-CRAd on
the transgene expression of AdNK4 in cancer cells in vitro, and
the effects on both transgene expression and therapeutic effica-
cies using in vivo models. We also used hTERT-CRAd with the
chimeric fiber 5 ⁄ 3, Ad5 ⁄ 3hTERTE1, because the expression
levels of Coxsackie and adenovirus receptor (CAR), which is a
receptor of adenovirus fiber 5,(25) are often low in cancer and
the chimeric fiber 5 ⁄ 3 can overcome this limitation.(26) In addi-
tion, we previously reported that a dual-knob mosaic adenovirus
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possessing serotype Ad5 and Ad3 knobs generated by co-infec-
tion of E1-containing cells of Ad5 and Ad5 ⁄ 3 chimeric virus
exhibits expanded tropoism.(27) Therefore, it may be useful to
combine with different types of fibers as used in the present
study.

Our results suggest that combination therapy with hTERT-
CRAd and AdNK4 may be an effective strategy against
advanced cancers.

Materials and Methods

Cultured cells and reagents. We used the human pancreatic
cancer cell line SUIT-2 (generous gift from Dr H. Iguchi,
National Shikoku Cancer Center, Matsuyama, Japan). Cells
were cultured in DMEM supplemented with streptomycin
(100 lg ⁄ mL), penicillin (100 U ⁄ mL), and 10% FBS at 37�C in
a humidified atmosphere of 90% air.

Construction of recombinant adenoviruses. A recombinant
adenoviral vector expressing human NK4, denoted Ad-NK4,
was constructed as described previously,(28–30) and a control
vector expressing the bacterial b-galactosidase (b-gal) gene
(lacZ), denoted Ad-LacZ, was constructed by the same proce-
dure. We constructed an E1-containing hTERT-promoter-depen-
dent CRAd expressing the Ad5 ⁄ 3 chimeric fiber, which is
serotype 5 fiber with a serotype 3 knob, denoted
Ad5 ⁄ 3hTERTE1, and an E1-deleted hTERT-promoter-depen-
dent adenovirus containing both the luciferase gene driven by
the hTERT promoter and the Ad5 ⁄ 3 chimeric fiber, denoted
Ad5 ⁄ 3hTERTLuc, as described previously.(14) The recombinant
adenoviruses were propagated in HEK293 cells. The adenovirus
titers in plaque-forming units (pfu) were determined by plaque
formation assays using HEK293 cells. The multiplicity of infec-
tion (MOI) was defined as the ratio of the total number of pfus
used in a particular infection to the total number of cells
infected.

Treatment with adenoviruses. Cells were seeded on plates
and cultured in DMEM supplemented with 10% FBS for 24 h.
The cells were then infected simultaneously with Ad-NK4 and
Ad5 ⁄ 3hTERTE1 or Ad5 ⁄ 3hTERTLuc at various MOIs for 1 h,
followed by replacement of the culture media with fresh DMEM
supplemented with 10% FBS.

Quantitative analysis of b-gal mRNA levels by one-step real-
time RT-PCR. Total RNA was extracted from cultured cells using
a High Pure RNA Isolation Kit (Roche Diagnostics, Mannheim,
Germany) with DNaseI (Roche Diagnostics) treatment, accord-
ing to the manufacturer’s instructions. We designed specific
primers as follows: b-gal, forward primer, 5¢-cacggcacatac-
acttgctg-3¢ and reverse primer, 5¢-atcgccatttgaccactacc-3¢; 18S
rRNA, forward primer, 5¢-gtaacccgttgaaccccatt-3¢ and reverse
primer, 5¢-ccatccaatcggtagtagccg-3¢. We performed BLAST
searches to ensure the specificities of these primers. One-step
quantitative RT-PCR (qRT-PCR) was performed using a Quanti-
Tect SYBR Green Reverse Transcription-PCR kit (Qiagen,
Tokyo, Japan) with Chrom4 Real-Time PCR Detection System
(Bio-Rad Laboratories, Hercules, CA, USA) as described previ-
ously.(31) Each sample was run in triplicate and the expression of
each gene was presented as the ratio between the expression of
each target gene mRNA and that of 18S rRNA.

Assessment of transgene distributions by evaluation of b-gal
expression. After treatment of SUIT-2 cells with Ad-lacZ and
Ad5 ⁄ 3hTERTE1 or Ad5 ⁄ 3hTERTLuc, the treated cells were
rinsed twice with PBS and fixed with 0.25% glutaraldehyde in
PBS for 15 min at 4�C. b-Gal activity was detected by immers-
ing the cells in 5-bromo-4-chloro-3-indolyl-b-galactopyranoside
(X-gal) staining solution (5 mM K4FeCN, 5 mM K3FeCN, 2 mM

MgCl2, 1 mg ⁄ mL X-gal) for 12 h at 37�C.
Extraction of proteins from Ad-NK4-infected cells. SUIT-2

cells were infected with Ad-NK4 and Ad5 ⁄ 3hTERTE1 or
736
Ad5 ⁄ 3hTERTLuc, as described above. After these treatments,
the cells were lysed in 500 lL of ice-cold lysis buffer (20 mM

Tris-HCl [pH 7.5], 150 mM NaCl, 10 mM EDTA, 5 lg ⁄ mL leu-
peptin, 1 mM phenylmethyl sulfonyl fluoride, and 0.5% (v ⁄ v)
Triton X-100). Cell debris was removed by centrifugation at
14 000g for 20 min at 4�C and the supernatants were collected.
The protein concentrations of the supernatants were measured
by the absorbance at 280 nm using an ND-1000 Spectrophotom-
eter (NanoDrop Technologies, Rockland, DE, USA).

Measurement of NK4 expression levels. The conditioned
media and proteins extracted from cells infected with Ad-NK4
were measured using a human HGF ELISA Kit (IMMUNIS
HGF EIA; Institute of Immunology, Tokyo, Japan), according to
the manufacturer’s recommendations.

Quantitative analysis of Ad-NK4 DNA after co-infection. We
infected SUIT-2 cells simultaneously with Ad-NK4 at 10 MOI
and Ad5 ⁄ 3hTERTLuc or Ad5 ⁄ 3hTERTE1 at 0.01 MOI, and
measured the Ad-NK4-specific genome by quantitative PCR.
Total DNA was extracted with DNeasy Blood & Tissue Kit
(Qiagen). We designed Ad-NK4 specific primers as follows:
NK4, forward primer, 5¢-gcaattaaaacatgcgctga-3¢ and reverse
primer, 5¢-attgacagtgcccctgtagc-3¢. Quantitative PCR was
performed using a SYBR Premix Ex Taq (Takara Bio, Shiga,
Japan) with a Chrom4 Real-Time PCR Detection System
(Bio-Rad Laboratories). Each sample was run in triplicate and
the expression of each gene was presented as the ratio between
the expression of each NK4 gene DNA and that of 18S DNA.

Cell proliferation assay after infection. Cell proliferation was
evaluated by the fluorescence intensity of propidium iodide (PI),
as described previously.(32) Cells were plated at 2 · 104 cells ⁄ well
in 24-well tissue culture plates (Becton Dickinson Labware,
Bedford, MA, USA) and cultured overnight. After determination
of the initial cell numbers, the cells were infected with Ad-NK4 at
10 MOIs and Ad5 ⁄ 3hTERTE1 or Ad5 ⁄ 3hTERTLuc at various
MOIs. PI (30 lM) and digitonin (600 lM) were added to each well
to label all nuclei with PI. The fluorescence intensity, correspond-
ing to the total cells, was measured using a CytoFluor II multi-well
plate reader (PerSeptive Biosystems, Framingham, MA, USA)
with 530-nm excitation and 645-nm emission filters. All experi-
ments were performed in triplicate wells and repeated at least three
times.

Invasion assay. SUIT-2 cells were infected with Ad-NK4 at
an MOI of 10 and Ad5 ⁄ 3hTERTE1 or Ad5 ⁄ 3hTERTLuc at
MOIs of 0.01. After infection, the conditioned culture media
were collected on days 1 and 3. Invasion of tumor cells was
measured as the number of cells invading through Matrigel-
coated transwell inserts (Becton Dickinson, Franklin Lakes, NJ,
USA), as described previously.(33) Briefly, fresh untreated
SUIT-2 cells were seeded in 24-well plates at a density of
5 · 104 cells ⁄ cm2 in 100 lL of DMEM mixed with 150 lL of
conditioned culture media in the inner chamber, and cultured
with 150 lL of conditioned culture media in the outer chamber.
After 48 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 hematoxy-
lin–eosin (H&E), and counted in five randomly selected fields
under a light microscope (ECLIPSE TE2000; Nikon, Tokyo,
Japan).

In vivo analysis of NK4 expression levels in subcutaneously
implanted tumors. Six-week-old female nude mice were
injected in the back subcutaneously with 5 · 106 SUIT-2 cells
(200 lL). Fifteen mice were used in each experimental group.
After 7 days (day 0), the control-combination group mice were
administered 2 · 108 pfu of Ad-NK4 (50 lL) and 2 · 108 pfu
of Ad5 ⁄ 3hTERTE1 (50 lL), and the CRAd-combination group
mice were administered 2 · 108 pfu of Ad-NK4 (50 lL) and
2 · 108 pfu of Ad5 ⁄ 3hTERTLuc (50 lL) peritumorally on day
1. Five mice in each group were sacrificed and their tumors were
doi: 10.1111/j.1349-7006.2009.01445.x
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excised for protein extraction on days 5, 8, and 10. The tumors
were homogenized in ice-cold lysis buffer, and NK4 was mea-
sured by ELISA, as described above.

In vivo efficacy of combination therapy in subcutaneously
implanted tumors. Six-week-old female nude mice were
injected in the back subcutaneously with 2 · 106 SUIT-2 cells
(200 lL). After 7 days (day 0), each group were administered
2 · 108 pfu ⁄ 50 lL of adenovirus particles (control group,
Ad-LacZ+Ad5 ⁄ 3hTERTLuc; Ad-NK4 group, Ad-NK4 + Ad5 ⁄
3hTERTLuc; CRAd group, Ad-LacZ+ Ad5 ⁄ 3hTERTEl; CRAd-
combination group, Ad-NK4 + Ad5 ⁄ 3hTERTEl) by weekly
peritumoral injections on days 1, 8, and 15. In the tumor growth
experiment, seven mice were used in each group. The size of the
tumors was measured weekly, using digital vernier calipers
(Mitutoyo, Kawasaki, Japan), and the volume of the tumors was
calculated according to the following: tumor volume = ab2 ⁄ 2,
where a is the longest diameter of the tumor, and b is the short-
est diameter. In the tumor angiogenesis experiment, another five
mice for each group (control group, Ad-NK4 group, CRAd-
combination group) were treated as the same way, and on day
21 they were sacrificed and their tumors were excised for immu-
nohistochemical staining.

Immunohistochemical staining. To stain microvessels, the
peroxidase-conjugated avidin–biotin complex method was used
with a Vectastain Elite ABC Kit (Vector Laboratories, Burlin-
game, CA, USA). Mouse monoclonal CD31 antibody JC ⁄ 70A
(NeoMarkers, Fremont, CA, USA) was used at a dilution of
1:50 followed by application ofbiotinylated antimouse IgG
(1:100; Vector Laboratories). Microvessel density (MVD) was
assessed in tumor areas showing high-density staining. The
number of vessels was counted in 10 fields ⁄ section at ·200 mag-
nification (0.739 mm2 ⁄ field), and the mean counts were
recorded.

In vivo efficacy of combination therapy in intrasplenic
implantation of SUIT-2 cells. 2 · 106 SUIT-2 cells (100 lL)
were implanted by open injection into the spleen of 6-week-old
female nude mice under anesthesia. Seven mice in each group
were injected with 2 · 108 pfu ⁄ 50 lL of adenovirus particles
(control group, Ad-NK4 group, CRAd group, CRAd-combina-
tion group) into the spleen on day 3. Mice were sacrificed on
day 21. Livers from animals were sectioned completely and
metastatic tumors were evaluated by histological examination.

Animal procedures. All animal procedures were approved by
the Ethics Committee of Kyushu University.

Statistical analysis. Statistical significance was evaluated by
the nonparametric Mann–Whitney U-test. Statistical significance
was defined as values of P < 0.05 based on a two-tailed test.

Results

Ad5 ⁄ 3hTERTE1 enhances transgene expression delivered by
replication defective adenovirus vectors. To investigate the
effects of hTERT-promoter-dependent CRAd on the transgene
expression delivered by replication-defective adenoviral vectors,
we measured the expression levels of b-gal delivered by Ad-lacZ
combined with either Ad5 ⁄ 3hTERTE1 or Ad5 ⁄ 3hTERTLuc.
SUIT-2 cells were infected with Ad-lacZ at an MOI of 25 and
Ad5 ⁄ 3hTERTE1 (CRAd-combination group) or Ad5 ⁄ 3hTERT-
Luc (control-combination group) at an MOI of 0.01. After infec-
tion, we evaluated the b-gal mRNA levels by qRT-PCR and the
b-gal activity by X-gal staining. Compared with the control-
combination group cells, the b-gal mRNA expression levels
increased in the CRAd-combination group cells in a time-depen-
dent manner (Fig. 1A, P < 0.01, days 1, 2, 3), and the numbers
of cells with positive X-gal staining (blue-stained cells) also
increased in the CRAd-combination group cells (Fig. 1B, day
3). These results indicate that Ad5 ⁄ 3hTERTE1 enhances the
transgene expression of b-gal delivered by Ad-lacZ.
Onimaru et al.
Next, we investigated the effects of Ad5 ⁄ 3hTERTE1 on the
expression levels of NK4 delivered by Ad-NK4. SUIT-2 cells
were infected with Ad-NK4 at an MOI of 10 and either
Ad5 ⁄ 3hTERTE1 or Ad5 ⁄ 3hTERTLuc at an MOI of 0.01 or 0.1.
We measured the NK4 expression levels in culture media and
among intracellular proteins extracted from the infected cells on
days 1, 2, and 3. Similar to the case for Ad-lacZ, the CRAd-
combination group significantly increased the NK4 expression
levels in the culture media in a dose- and time-dependent man-
ner (Fig. 1C, P < 0.01 for 0.01 and 0.1 MOI, days 1, 2, 3). In
addition, in the CRAd-combination group, the intracellular NK4
expression levels increased significantly in a dose-dependent
manner (Fig. 1D, P < 0.01 for 0.01 and 0.1 MOI, days 1, 2).
The results indicate that hTERT-dependent CRAd enhances the
intracellular transgene expression delivered by replication-
defective adenovirus vectors, as well as the extracellular trans-
gene levels. In addition, this enhancement effect was also
observed in breast cancer cell line MCF7, colon cancer cell line
HCT116, and gastric cancer cell line AGS (Fig. S1).

hTERT-CRAd, which contains E1 genomes, allows in-trans
replication of Ad-NK4 DNA, leading to the coproduction of
Ad-NK4 particles. Adenovirus E1 includes E1A, which is essen-
tial for replication, and E1B, which is important for replication
productivity.(34,35) E1-deleted non-replicating adenovirus can
replicate in E1-containing cells such as human HEK293 or cells
infected with E1-containing adenovirus.(21,36) Therefore, we
investigated the effect of adenovirus E1 supplied from hTERT-
promoter-dependent CRAd on viral replication of Ad-NK4. At
first, we confirmed that the NK4 expression levels of E1 (+)
SUIT-2 cells were significantly higher than those of E1 ())
SUIT-2 cells, and that this increase was initiated on day 1
(Fig. S2). Next, we infected SUIT-2 cells simultaneously with
Ad-NK4 at 10 MOI and either Ad5 ⁄ 3hTERTLuc (control-com-
bination group) or Ad5 ⁄ 3hTERTE1 (CRAd-combination group)
at 0.01 MOI, and measured the Ad-NK4-specific genome within
the first 48 h after co-infection by quantitative PCR. As shown
in Figure 2(A), NK4 DNA levels began to increase gradually
from 1 h, and then increased intensively at 24 h after co-infec-
tion. This result suggests that hTERT-CRAd allows in-trans
replication of Ad-NK4 DNA immediately after co-infection.
Then, we assessed whether replicated Ad-NK4 was released into
the culture media as Ad-NK4 particles, possibly leading to the
bystander effect on neighboring cells. We infected SUIT-2 cells
with Ad-NK4 at 10 MOI and either Ad5 ⁄ 3hTERTE1 or
Ad5 ⁄ 3hTERTLuc at 0.01 MOI or 0.1 MOI. At 48 h after infec-
tion, we collected supernatants from cells infected with Ad-NK4
and Ad5 ⁄ 3hTERTE1 (CRAd-conditioned media) and Ad-NK4
and Ad5 ⁄ 3hTERTLuc (control-conditioned media). Next, new
parental SUIT-2 cells were treated with the CRAd-conditioned
media or control-conditioned media for 1 h. At 48 h after treat-
ment, we collected the supernatants and measured the NK4
protein levels. As shown in Figure 2(B), we did not detect NK4
protein in the supernatant treated with control-conditioned
media, but detected high expression levels of NK4 in superna-
tant treated with CRAd-conditioned media. This result indicates
that Ad-NK4 particles were coproduced and released into the
supernatant by at least 2 days after co-infection with the
hTERT-CRAd.

Ad5 ⁄ 3hTERTE1 enhances the inhibitory effects of Ad-NK4 on
cancer cell invasion. NK4, which inhibits biological events dri-
ven by HGF–Met signaling, inhibits invasion, but has no effect
on the proliferation and survival of pancreatic cancer cells.(30,37)

To investigate whether NK4 expression enhanced by the combi-
nation of Ad5 ⁄ 3hTERTE1 had biological effects on cancer
cell invasion, we simultaneously infected SUIT-2 cells with
Ad-NK4 (10 MOI) and either Ad5 ⁄ 3hTERTE1 (0.01 MOI) or
Ad5 ⁄ 3hTERTLuc (0.01 MOI). After replacement with fresh
media to remove adenoviral particles, the cells were cultured
Cancer Sci | March 2010 | vol. 101 | no. 3 | 737
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Fig. 1. Ad5 ⁄ 3hTERTE1 enhances transgene expression delivered by replication- defective adenovirus vectors. (A,B) Control-combination group
SUIT-2 cells were infected with Ad-lacZ (25 MOI) and Ad5 ⁄ 3hTERTLuc (0.01 MOI), and CRAd-combination group SUIT-2 cells were infected with
Ad-lacZ (25 MOI) and Ad5 ⁄ 3hTERTLuc (0.01 MOI). (A) Total RNA samples were extracted on the indicated days. The expression levels of b-gal
mRNA were measured by qRT-PCR and normalized by the corresponding expression level of 18S rRNA. Bars represent relative expression levels
of mRNA. (B) Photomicrographs of SUIT-2 cells from the control-combination and CRAd-combination groups. b-Gal activity was assessed by X-gal
staining (magnification, ·100). (C,D) Control-combination group SUIT-2 cells were treated with Ad-NK4 (10 MOI) and Ad5 ⁄ 3hTERTLuc (0.01 MOI
or 0.1 MOI), and CRAd-combination group SUIT-2 cells were treated with Ad-NK4 (10 MOI) and Ad5 ⁄ 3hTERTE1 (0.01 MOI or 0.1 MOI). The NK4
expression levels were measured in the culture media (C) and within infected cells (D) on days 1, 2, and 3. Bars represent NK4 concentrations.
Each value represents the mean ± SD of three independent samples. **P < 0.01.
and the culture media was collected on days 1 and 3 to use for
invasion assays. As shown in Figure 3(A), combination with
Ad5 ⁄ 3hTERTLuc or Ad5 ⁄ 3hTERTE1 at 0.01 MOI did not have
any cytotoxic effect on SUIT-2 cells on days 1–3, suggesting
that the culture media derived from cells treated with this com-
bination therapy on days 1–3 does not contain adenovirus parti-
cles. Based on these findings, in this experiment, we used
738
Ad5 ⁄ 3hTERTE1 at the dose of 0.01 MOI and evaluated the
number of invasive cells at 48 h after treatment to avoid the
effect of newly released virus particles. On day 1, there was no
difference in the effect on invasion between the treatment with
the culture media derived from the Ad-NK4- and Ad5 ⁄
3hTERTE1-infected cells and the treatment with control media
derived from the Ad-NK4- and Ad5 ⁄ 3hTERTLuc-infected cells.
doi: 10.1111/j.1349-7006.2009.01445.x
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(B)

Fig. 3. Ad5 ⁄ 3hTERTE1 enhanced the inhibitory effects of Ad-NK4 on
cancer cell invasion. (A) SUIT-2 cells were infected with Ad-NK4 (10
MOI) and either Ad5 ⁄ 3hTERTE1 or Ad5 ⁄ 3hTERTLuc (0.01 MOI or 0.1
MOI). Cell proliferation was measured by the fluorescence intensity of
propidium iodide (PI), which correlates with the cell number, on the
indicated days. All experiments were performed in triplicate wells and
repeated at least three times, and each value represents the
mean ± SD of three independent samples. (B) Control-combination
group SUIT-2 cells were treated with Ad-NK4 (10 MOI) and
Ad5 ⁄ 3hTERTLuc (0.01 MOI), and the culture media were collected.
Fresh untreated SUIT-2 cells were seeded in DMEM mixed with
conditioned culture media in the inner chamber and cultured with
conditioned culture media in the outer chamber. After 48 h of culture
in the presence of 3 ng ⁄ mL hepatocyte growth factor (HGF), cells that
had invaded the lower surface of the Matrigel-coated membrane
were fixed with 70% ethanol, and stained with H&E.
Photomicrographs of SUIT-2 cells that invaded to the lower surface of
the Matrigel-coated membrane are shown.

(A)

(B)

Fig. 2. Human telomerase reverse transcriptase (hTERT) promoter-
dependent conditionally replicative adenovirus (hTERT-CRAd), which
contains E1 genomes, allowed in-trans replication of Ad-NK4 DNA,
leading to the co-production of Ad-NK4 particles. (A) Quantitative
analysis of Ad-NK4 DNA after co-infection. SUIT-2 cells were infected
with Ad-NK4 at 10 MOI and either Ad5 ⁄ 3hTERTLuc or Ad5 ⁄ 3hTERTE1
at 0.01 MOI simultaneously. Total DNA was extracted at the indicated
time after co-infection. Ad-NK4 DNA was measured by qPCR and
normalized by the corresponding levels of 18S DNA. Each value
represents the mean ± SD of three independent samples. *P < 0.05,
**P < 0.01. (B) Co-produced Ad-NK4 particles were released into the
culture media and allowed the bystander effect. SUIT-2 cells were
infected with Ad-NK4 (10 MOI) and either Ad5 ⁄ 3hTERTLuc (0.01 MOI
or 0.1 MOI) or Ad5 ⁄ 3hTERTE1 (0.01 MOI or 0.1 MOI). After 48 h, each
media was collected. Then, fresh SUIT-2 cells were infected with each
collected media, and after 48 h, the levels of NK4 expression in the
new collected supernatants were measured using ELISA. Each value
represents the mean ± SD of three independent samples. **P < 0.01.

Onimaru et al.
However, the media from combination on day 3 inhibited inva-
sion of cancer cells remarkably compared with the control media
(Fig. 3B). These findings suggest that hTERT-CRAd-increased
NK4 transgene also had the biological effects of NK4 on cancer
cell invasion.
Cancer Sci | March 2010 | vol. 101 | no. 3 | 739
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Fig. 4. Combination with Ad5 ⁄ 3hTERTE1 sustained the expression levels of NK4 delivered by Ad-NK4 in tumors and enhanced the therapeutic
efficacy in vivo. Six-week-old female nude mice were used in the in vivo study. (A) Mice were injected subcutaneously with SUIT-2 cells. The
control-combination group mice were administered Ad-NK4 and Ad5 ⁄ 3hTERTLuc peritumorally, and the CRAd-combination group mice were
administered Ad-NK4 and Ad5 ⁄ 3hTERTE1 on day 1. Five mice in each group were sacrificed and their tumors were excised for protein extraction
on days 5, 8, and 10. NK4 was measured by ELISA. Each value represents the mean ± SD of three independent samples. **P < 0.01. (B) Seven
mice in each group were subcutaneously implanted with SUIT-2 cells in the back. Each group was administered weekly peritumoral injections on
days 1, 8, and 15 as follows: control group, Ad-LacZ+Ad5 ⁄ 3hTERTLuc; Ad-NK4 group, AdAd-NK4 + Ad5 ⁄ 3hTERTLuc; CRAd group,
Ad-LacZ + Ad5 ⁄ 3hTERTEl; and CRAd-combination group, Ad-NK4 + Ad5 ⁄ 3hTERTEl. The size of the tumors was measured weekly, and the volume
of the tumors was calculated. (C) Five mice in each group (control group, Ad-LacZ + Ad5 ⁄ 3hTERTLuc; Ad-NK4 group, AdAd-
NK4 + Ad5 ⁄ 3hTERTLuc; and CRAd-combination group, Ad-NK4 + Ad5 ⁄ 3hTERTEl) were treated the same way, and on day 21, tumors were
excised for immunohistochemical staining. Microvessels were determined by anti-CD31 antibody and the microvessel density (MVD) was counted.
Arrows indicate microvessels. Data are expressed as mean ± SD. **P < 0.01.

740 doi: 10.1111/j.1349-7006.2009.01445.x
ªª 2009 Japanese Cancer Association



Ad5 ⁄ 3hTERTE1 sustains the expression levels of NK4 delivered
by Ad-NK4 in tumors in vivo. We have shown that Ad5 ⁄
3hTERTE1 enhances the transgene expression of NK4 delivered
by Ad-NK4, leading to the enhancement of inhibitory effects of
Ad-NK4 on cancer cell invasion in vitro. Therefore, we investi-
gated whether the same enhanced effect was observed in in vivo
settings.

We administered Ad-NK4 and either Ad5 ⁄ 3hTERTE1
(CRAd-combination group) or Ad5 ⁄ 3hTERTLuc (control-com-
bination group) peritumorally on day 1. The subcutaneously
implanted tumors were excised and examined for their NK4
expression levels on days 5, 8, and 10. As shown in Figure 4(A),
the levels of NK4 expression in the tumors gradually decreased
in the control-combination group, whereas the levels of NK4
expression in the CRAd-combination group were sustained for
10 days at the level attained on day 3 (P < 0.01, day 10).

Combination with Ad5 ⁄ 3hTERTE1 enhances the therapeutic
efficacies of Ad-NK4 in tumors in vivo. To investigate the anti-
tumor effects of the combination therapy in vivo, we used a
subcutaneously implanted pancreatic cancer mouse model and
assessed the effect on tumor growth and angiogenesis within
tumors. As shown in Figure 4(B,C), mice treated with
Ad-NK4 + Ad5 ⁄ 3hTERTE1 (CRAd-combination group)
significantly suppressed tumor growth and angiogenesis
(P < 0.01). In addition, in an intrasplenic-implanted pancre-
atic cancer model, metastatic tumors in the liver were identi-
fied at the following rates: control group, 3 ⁄ 7; Ad-NK4
group, 1 ⁄ 7; CRAd group, 1 ⁄ 7; and CRAd-combination group,
0 ⁄ 7. These results also indicate that combination with
hTERT-CRAd enhances the therapeutic effects of Ad-NK4
in vivo, as well as in vitro.

Discussion

The results of the present study revealed that the combination
with Ad5 ⁄ 3hTERTE1 enhances NK4 expression delivered by
Ad-NK4 and the inhibitory effect on in vitro cancer invasion.
In addition, our in vivo studies demonstrated that this combi-
nation therapy has remarkable antitumor effects on tumor
growth and angiogenesis within tumors in subcutaneously
implanted models and on liver metastasis in the intrasplenic-
injected models. These results are consistent with previous
reports describing that transgene expression delivered by ade-
novirus vectors is enhanced when combined with replication-
competent adenovirus.(19–22) Several studies have reported
that combination with hTERT-CRAd also enhances the func-
tions of replication-defective adenovirus vectors.(23,24) In the
present in vitro analysis, the CRAd-combination group signif-
icantly increased NK4 transgene expression levels both in
Onimaru et al.
culture media and within infected cells, and this enhanced
effect was due to the in-trans replication of Ad-NK4by ade-
novirus E1 derived from co-infected hTERT-CRAd. Our data
suggest that replication of Ad-NK4 DNA began immediately
after co-infection with hTERT-CRAd. We also observed that
intracellular NK4 expression in infected cells began to
increase at day 1 after treatment. These findings are consis-
tent with the ‘in-trans replication’ mechanism described pre-
viously.(21,36) We also observed that the replicated Ad-NK4
particles were released when the infected host cells were
killed by hTERT-CRAd, possibly leading to the bystander
effect on neighboring cells.

Adenovirus cancer therapy has some problems that need to be
overcome before clinical use. In the clinical use of replication-
defective adenovirus vectors, their gene expression is too low
and transient, and sometimes the intratumoral dispersion of ade-
novirus vectors after intratumoral injection is limited to the
injection site. The present study revealed that CRAd enhanced
and sustained transgene expression levels of replication-defec-
tive adenovirus vectors and enhanced their biological effects. In
addition, it has been reported that CRAd improved the penetra-
tion of adenoviruses and target proteins within tumors by creat-
ing spaces through the cell-killing effect of CRAd.(38) However,
most CRAds are unable to carry a therapeutic gene because of
size constraints, and, even if they can carry a therapeutic gene,
transgene expression may be short because CRAds kill the host
cells before synthesizing target proteins adequately. Also, can-
cers consist of genetically heterogeneous cells leading to fre-
quent resistance to a single use of CRAd(39,40) because CRAds
replication is restricted to cells with specific characteristics, such
as mutant-p53 and telomerase.(41–45) Therefore, it is reasonable
to administer both adenovirus vectors carrying therapeutic genes
and CRAd separately at the same time, especially when target-
ing both cancer cells and tumor–stromal interactions for cancer
therapy.

In conclusion, in this study, we found that combination with
the hTERT-CRAd, Ad5 ⁄ 3hTERTE1, enhanced the transgene
expression and therapeutic effects of adenovirus vector
Ad-NK4. This strategy is promising in the targeting of both can-
cer cells and tumor–stromal interactions in pancreatic cancer.
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Supporting Information

Additional Supporting Information may be found in the online version of this article:

Fig. S1. Ad5 ⁄ 3hTERTE1 enhances transgene expression delivered by replication-defective adenovirus vectors in various cancer cell lines. We
used three cancer cell lines: (A) breast cancer cell line MCF7, (B) colon cancer cell line HCT116, and (C) gastric cancer cell line AGS. Control-
combination group cells were treated with Ad-NK4 (10 MOI) and Ad5 ⁄ 3hTERTLuc (0.01 MOI or 0.1 MOI), and CRAd-combination group cells
were treated with Ad-NK4 (10 MOI) and Ad5 ⁄ 3hTERTE1 (0.01 MOI or 0.1 MOI). The NK4 expression levels were measured in the culture
media on days 1, 2, and 3. Bars represent NK4 concentrations. Each value represents the mean ± SD of three independent samples. *P < 0.05,
**P < 0.01.

Fig. S2. Ad-NK4 was transduced at higher levels in E1-transfected SUIT-2 cells than in E1-non-transfected SUIT-2 cells. (A) SUIT-2 cells were
transfected with E1-expressing plasmid (pShuttle TERT E1) or E1-non-expressiong plasmid (pShuttle TERT Luc). After transfection, total RNA
samples were extracted on the indicated days. The expression levels of E1 mRNA (A) were measured by qRT-PCR and normalized by the expres-
sion levels of 18S rRNA. Bars represent relative expression levels of mRNA. (B) E1-transfected or E1-non-tranfected SUIT-2 cells were infected
with Ad-NK4 (5 MOI). After infection, the culture media were collected on days 1, 2, and 3, and NK4 protein expression levels were measured
by ELISA. Each value represents the mean ± SD of three independent samples. **P < 0.01.

Appendix S1. Materials and methods.

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.
doi: 10.1111/j.1349-7006.2009.01445.x
ªª 2009 Japanese Cancer Association


