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Figure 1. Levels of CD133 expression in human pancreatic tissues and cell lines are shown. (A) Levels of CD133 expression in pan-
creatic cancer tissues and normal pancreatic tissues as determined by flow cytometry are shown. (B) Levels of CD133 mRNA
expression were assessed by guantitative reverse transcriptase polymerase chain reaction and normalized to the level of 18S
rRNA in each sample. Data represent the mean £ standard deviation of triplicate measurements. (C) Levels of CD133 expression
in pancreatic cancer cell lines were assessed by flow cytometry. Data represent triplicate measurements.
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Figure 2. Cell proliferation and cell survival of pancreatic cancer cells are shown. The propidium iodide assay was used to com-
pare cell proliferation and cell survival between CD133* and CD133~ cefis. Two kinds of pancreatic cancer celi lines, SUIT-2 and
KP-2, were used and sorted by CD133 expression. (A) In anchorage-dependent conditions, there was no significant difference in
proliferation between CD133* and CDi133" cells. (B) In anchorage-independent conditions (floating culture), cell survival of
CD133™ cells was significantly increased compared with CD133~ cells in both SUIT-2 and KP-2 cells (P=.004). Each value repre-
sents the mean + standard deviation of triplicate measurements. N.S. indicates not significant.
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effective (Fig. 5A), and no morphological differences
between these transfected cells were observed.

Down-regulation of CXCR4 significantly decreased
cell migration and invasion only in CD133™ cells cocul-
tured with pancreatic stromal cells (CAF-3) (Fig. 5B-E).
These data suggest that the CXCR4/SDF-1 pathway
strongly affects the migration and invasion ability of
CD133™ cells. We also evaluated several invasion-related
genes, and found that CDI133™" cells expressed slightly
increased levels of FOXM1, MMP-9, and VEGF-A
mRNA (data not shown). These results suggest that
CD133™ cells may have several pathways influencing cell
invasion in addition to the CXCR4/SDF-1 axis.

DISCUSSION

In the present study, we have evaluated the biological
functon of CD133" cells in pancreatic cancer, and
obtained the first data regarding the specific relationship
between CD133™ cells and primary pancreatic stromal
cells. We found that CD133 expression was increased in
pancreatic cancer tissue compared with normal pancreatic
tissues as well as in cancer cell lines compared with normal
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pancreatic epithelial cells, and that CD133" was a marker
of high proliferative potential in floating cultures, migra-
tion, and invasion. In particular, migration and invasion
of CD133™ cells cocultured with primary pancreatic stro-
mal cells was greatly enhanced.

Recently, CD133 expression has been shown to be a

‘prognostic marker for poor survival in patients with colon

cancer,?>** and brain tumors.?>?® Maeda et al.? also
reported that CD133 expression is correlated with lymph

node metastasis, vascular endothelial growth factor-C

expression, and poor prognosis in pancreatic cancer. As
well as these previous studies, our data also suggest that
CD133™ cells are involved in pancreatic tumor progres-
sion, through processes such as invasion and migration.

In a further step, we evaluated the relationship
between CD133" cancer cells and stromal cells, focusing
on the CXCR4/SDF-1 axis. Previously, some studies
reported that CXCR4/SDF-1 contributed to tumor pro-
gression. The CXCR4/SDF-1 axis promotes migration
and invasion in breast cancer.”® We have also previously
reported that DNA methylation influenced CXCR4
expression in pancreatic cancer.?” It is possible that these

findings provide new insights into the role of CXCR4/
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Figure 3. Cell migration and invasion of CD133* and CD133™ cells in pancreatic cancer are shown. (A) Migration of SUIT-2 CD133*
cells increased slightly compared with CD133" cells in monoculture conditions (P=.0028), and increased markedly when cocul-
tured with pancreatic stromal cells (P=.0002). (B) Migration of KP-2 CD133"* cells increased slightly compared with CD133" cells
in monoculture conditions (P=.035), and increased markedly when cocultured with pancreatic stromal cells (P <.0001). (C, D) A
comparison of invasive ability of CD133* and CD133~ cells is shown. (C) The invasive ability of SUIT-2 CD133" cells increased
slightly compared with CD1337 cells in monoculture conditions (P=.12), and increased markedly when cocultured with pancreatic
stromal cells (P < .0001). (D) The invasive ability of KP-2 CD133" cells increased slightly compared with CD133~ cells in monocul-
ture conditions (P=.035), and increased markedly when cocultured with pancreatic stromal cells (P < .000D.
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Figure 3. (Continued).
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Figure 4. Levels of chemokine-related receptor-4 (CXCR4) and ¢c-Met mRNA in pancreatic cancer are shown. (A) CXCR4 mRNA was
assessed, and a significant difference between CD133™ and CD133™ cells in both SUIT-2 and KP-2 cells was found (P=.0003 and .001,
respectively). However, there was no significant difference in c-Met mRNA expression. (B) Stromal cell-derived factor-1 (SDF-1) and
hepatocyte growth factor (HGF) mRNA were expressed in the pancreatic stromal cells used in this study. N.S. indicates not significant.

SDEF-1 interaction in tumor progression. Other studies have
demonstrated that the CXCR4/SDF-1 axis is involved in
tumor progression, influencing cell invasion, metastasis,
and neoangiogenesis, in acute myeloid leukemia,®® gli-
oma,®' breast cancer,’” and others.
CXCR4 expression is associated with poor survival in colon
cancer,”® malignant melanoma,®® and sarcoma.®®®” In this
study, we found that CD133 expression correlated with
CXCR4 expression, and that CD 1337 cells exhibited mark-
edly increased cell invasiveness compared with CD133™
cells when cocultured with pancreatic stromal cells secreting
SDE-1. The data suggest that CD133™ cells increase tumor

ovarian czmcer,33
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progression via the CXCR4/SDF-1 axis through tumor/
stromal cell interaction in pancreatic cancer. There were no
differences in the expression of c-Met mRNA between
CD133™ cells and CD1337 cells (Fig. 4A), suggesting that
the differences in stomal cell-enhanced invasion between
CD133™ cells and CD1337 cells is not dependent on the
differences in activation of c-Met/HGF pathway. However,
there may be contribution of other signaling molecules,
which were not examined here. '

Although some studies have demonstrated that high
expression levels of specific adenosine triphosphate-bind-
ing cassette drug transporters increase resistance of

3365
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Figure 5. The effect of chemokine-related receptor-4 (CXCR4) on cell migration and Matrigel invasion in CD133" cells cocultured
with pancreatic stromal cells is shown. (A) Levels of CXCR4 mRNA in CD133" and CD133" cells transfected with CXCR4-siRNA or
control-siRNA at 24 hours (Day 1) and 120 hours (Day 5) in KP-2 and SUIT-2 cells are shown. Transfection with CXCR4-siRNA led
to 0.3-fold lower levels of CXCR4 mRNA than the cells transfected with control-siRNA in both CD133* and CD133"~ cells. (B, C)
Down-regulation of CXCR4 significantly decreased cell migration in CD133* cells cocultured with pancreatic stromal cells in KP-2
celis and SUIT-2 cells (*P < .05, **P < .01). (D, E) CXCR4 down-regulation decreased Matrigel invasion, especially in CD133" cells
cocultured with pancreatic stromal cells in KP-2 cells and SUIT-2 celis(*P < .05, **P < .01, ***P < .001).

CD133 cancer stem cells to chemotherapeutic agents in
hepatocellular carcinoma' and brain tumors, ' we found
no difference in chemoresistance between CD133" cells
and CD1337 cells (data not shown). Collectively, our
data suggest that CD133™ cells possess more aggressive
behavior, such as increased cell proliferation, migration,
and invasion, especially when cocultured with pancreatic
stromal cells. The targeting therapy for the interaction
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berween CD133™ cancer cells and stromal cells may be a
new approach to the treatment of pancreatic cancer.
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To overcome the limited clinical efficacy of conditionally replicative adenoviruses (CRAds),
we investigated the effects of combination therapy with' gemcitabine (GEM) and the
hTERT-promoter-dependent CRAd (hTERT-CRAd), Ad5/3hTERTE1. This combination ther-
apy exhibited enhanced cytotoxic effects on pancreatic cancer both in vitro and in vivo. Fur-

thermore, we revealed that this enhancement effect was due to the multiple bidirectional

Keywords:
Gemcitabine
Pancreatic cancer
CRAd

Telomerase
Virotherapy

interactions between hTERT-CRAd and GEM. The GEM-sensitizing effect of E1 expression
derived from hTERT-CRAd, and the enhancement effect by GEM on hTERT promoter activ-
ity which led to the increase of adenovirus E1 and viral infectivity. This combination ther-
apy may be a promising therapeutic approach for pancreatic cancer.

© 2010 Elsevier Ireland Ltd. All rights reser?ed.

1. Introduction

Pancreatic cancer is among the most lethal of all com-
mon gastrointestinal cancers, with an overall 5 year sur-
vival rate of approximately 3-5% [1]. Gemcitabine (GEM)
is a deoxycytidine analog, and is widely accepted as the
first-line treatment for patients with advanced pancreatic
cancer [2]. However, the median overall survival of GEM-
treated patients with advanced pancreatic cancer is still
only 5-6 months [3]. To improve the prognosis of patients
with pancreatic cancer, GEM-based therapy combined

* Corresponding author. Address: Department of Surgery and Oncology,
Graduate School of Medical Sciences, Kyushu University, 3-1-1 Maidashi,
Fukuoka 812-8582, Japan. Tel.: +81 92 642 5440; fax: +81 92 642 5458.
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moto@med.kyushu-u.ac.jp (K. Mizumoto).

0304-3835/$ - see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.

doi:10.1016/j.canlet.2010.01.034

with radiotherapy or other chemotherapeutic agents has
been used, but with a few exceptions, no improvements
in the overall survival of patients with advanced pancreatic
cancer have been reported [3,4]. )

Conditionally replicative adenoviruses (CRAds) have
been used as a potent new approach for chemotherapy-
resistant solid cancers, including pancreatic cancer [5].
Ad5/3hTERTE1 is a human telomerase reverse transcrip-
tase (hTERT)-promoter-dependent CRAd (hTERT-CRAA),
with tumor-specific promoters to control the essential ele-
ments of viral replication, such as E1A and E1B. hTERT is
the core component of the telomerase, which is physiolog-
ically inactive in normal cells, but is highly active in 85-
90% of malignant human cells {6~-8]. Therefore, this virus
can infect, replicate and propagate selectively in hTERT-po-
sitive malignant cells [9]. In the field of adenovirus (Ad)
cancer therapy, Ad serotype 5 (Ad5) has been used as a
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promising Ad vector, but efficiency is sometimes limited
because the expression of its binding receptor, coxsackievi-
rus and adenovirus receptor (CAR) [10], is highly variable
and often low in certain cancer cells [11,12]. To overcome
this limitation of infectivity, we previously established a
chimeric Ad5 vector, Ad5/3, and reported the anti-tumor
effects of Ad5/3hTERTE1 in non-small cell lung cancer cell
lines [13]. The chimeric fiber consists of the tail and shaft
of Ad5 in combination with the knob of Ad3 [14] and binds
to the Ad3 receptor, CD46 [15], which has been shown to
be overexpressed in some human cancer cells [16], includ-
ing pancreatic cancer cells [17].

Although CRAds have demonstrated clinical efficacy in
cancer treatment [18], their efficacy is still low. Kirn [19]
reported that single agent efficacy using di11520 (ONYX-
015), a replication-selective adenovirus, was limited with
local tumor regression rates of 0-14%. To improve the effi-
cacy of treatment with CRAds, several researchers have re-
cently evaluated combination treatments with
chemotherapeutic agents and various types of CRAds,
which produced promising results [20-22]. Two recent re-
ports showed that adenovirus E1 derived from hTERT-
CRAd enhanced sensitivity to GEM in lung and pancreatic
cancer cells [23,24]. Shieh et al. demonstrated that etopo-
side enhanced telomerase-dependent adenovirus-medi-
ated gene therapy in bladder tumor [25], and we also
reported that etoposide increased telomerase activity in
pancreatic cancer [26]. These data suggest that chemother-
apeutic agents such as etoposide activate the hTERT pro-
moter. Therefore, we hypothesized that GEM also
activated the hTERT promoter and combination therapy
with GEM and hTERT-CRAd might provide enhanced anti-
tumor effects because GEM-induced activity of the hTERT
promoter may lead to an increase in E1 expression, thereby
enhancing sensitivity to GEM.

In the present study, we evaluated the effects of a
combination treatment with GEM and Ad5/3hTERTET,
at low doses, in pancreatic cancer in vitro and in vivo.
As well as the mechanism of the GEM-sensitizing effect
induced by hTERT-CRAd, we examined the low dose
GEM-induced change of hTERT promoter activation and
E1 expression, and viral infectivity. These results
showed that GEM enhanced Ad5/3hTERTET infectivity
and that GEM enhanced E1 expression derived from
hTERT-CRAd and the enhanced E1 expression addition-
ally increased El-induced sensitivity to GEM, suggesting
that combination therapy with hTERT-CRAd and GEM is
a promising and reasonable approach for pancreatic can-
cer therapy.

2. Materials and methods
2.1. Cells and reagents

Four human pancreatic cancer cell lines were used:
SUIT-2 and KP-2 (a generous gift from Dr. H. Iguchi, Na-
tional Shikoku Cancer Center, Matsuyama, Japan), MIA
PaCa-2 (Japanese Cancer Resource Bank, Tokyo, Japan)
and NOR-P1 (established in our laboratory) [27]. One pri-
mary culture of pancreatic fibroblasts derived from pa-
tients with invasive pancreatic cancer was used

(established in our laboratory) [28]. Cells were cultured
in DMEM medium supplemented with streptomycin
(100 pg/ml), penicillin (100 U/ml) and 10% fetal bovine
serum (FBS) at 37 °C in a humidified 90% air and 10% CO2
environment. GEM (2/,2'-difluorodeoxycytidine) was
kindly provided by Eli Lilly and Company (Indianapolis,
IN, USA).

2.2. Construction of recombinant adenovirus

The luciferase gene driven by the hTERT promoter was
recombined with an E1 (early region 1)-deleted adenoviral
backbone vector expressing a chimeric fiber with a sero-
type 3 adenoviral knob, named pAd5/3Easyl, to generate
pAd5/3hTERTLuc. Ad5/3hTERTE1 was also constructed as
described previously [13,14,29]. Viruses were propagated
in HEK 293 cells. Adenovirus titer was determined by pla-
que assays on HEK 293 cells. The multiplicity of infection
(MOI) was defined as the ratio between the total number
of plaque forming units (pfus) used in a particular infection
and the total number of cells to be infected.

2.3. Treatment with adenovirus in combination with GEM

Cells were cultured on plates in DMEM supplemented
with 10% FBS overnight. They were infected with Ad5/
3hTERTE1 or Ad5/3hTERTLuc for 1 h and the culture med-
ium was replaced with fresh medium. GEM was dissolved
in phosphate buffered saline (PBS) and added to the fresh
medium at the indicated concentrations. The culture med-
ia were not replaced after GEM treatment.

2.4. Cell viability assay

Cell viability was evaluated by measuring the fluores-
cence intensity of propidium iodide (PI) as described previ-
ously [30]. Cells were counted using a particle distribution
counter, PDA-500 (Sysmex, Kobe, Japan). Cells were plated
at 2 x 10* cells/well in 24-well tissue culture plates (Bec-
ton Dickinson Labware, Bedford, MA, USA) and cultured
overnight. The cells were infected with Ad5/3hTERTE1
with or without GEM. PI (30 uM) and digitonin (600 uM)
were added to each well to label all nuclei. The fluores-
cence intensity, corresponding to total cells, was measured
with a CytoFluor II multi-well plate reader (PerSeptive Bio-
systems Inc., Framingham, MA, USA) using 530 nm excita-
tion and 645 nm emission filters. Cell viability was defined
as the ratio between the fluorescence intensity at a specific
point and that measured at the beginning of the experi-
ment. All experiments were performed in triplicate wells
and repeated at least three times.

2.5. Quantitative analysis of E1A and CD46 mRNA levels by
one-step quantitative RT-PCR (qRT-PCR)

Total RNA was extracted from cultured cells using a High
Pure RNA Isolation Kit (Roche Diagnostics, Mannheim, Ger-
many) with DNasel (Roche Diagnostics) treatment, accord-
ing to the manufacturer’s instructions. We designed
specific primers as follows: EI1A forward, 5-AAC CAG TTG
CCG TGA GAG TTG-3' and reverse primer, 5-CTC GTT AAG
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CAA GTC CTC GAT ACA-3'; CD46 forward, 5'-GGA TIG TTG
CGT CCC ATA TC-3' and reverse primer, 5-GCG GAA GAC
GCT GTT ATT TC-3'; 18S rRNA forward, 5-GTA ACC CGT
TGA ACC CCA TT-3' and reverse primer, 5-CCA TCC AAT
CGG TAG TAG CCG-3'. We performed BLAST searches to en-
sure the specificity of these primers. The qRT-PCR was per-
formed wusing a QuantiTect SYBR Green Reverse
Transcription-PCR kit (Qiagen KK, Tokyo, Japan) and a
Chrom4 Real-Time PCR Detection System (Bio-Rad Labora-
tories, Hercules, CA, USA) 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.

2.6. Quantitative analysis of hexon DNA levels using
quantitative PCR

Total DNA was extracted with a DNeasy Blood & Tissue
Kit (Qiagen, Tokyo, Japan). We designed specific primers as
follows: hexon forward, 5'-TGC CTT TAC GCC ACC TIC TTC-
3’ and reverse primer, 5-CGG GTA TAG GGT AGA GCA TGT
TG-3'. Quantitative PCR was done using a SYBR Premix Ex
Taq (TaKaRa Bio Inc,, Japan) and Chrom4 Real-Time PCR
Detection System (Bio-Rad Laboratories, Hercules, CA,
USA). Each sample was run in triplicate and the relative
expression of the hexon gene was given as the ratio be-
tween the expression of hexon gene DNA and that of 18S
DNA.

2.7. In vitro analysis of hTERT promoter activation

The activity of the hTERT promoter in an Ad context was
analyzed by luciferase assay as reported previously [13].
Briefly, cells were transfected with 2 pl pAd5/3hTERTLuc
using a Cell Line Nucleofector kit V (Amaxa Biosystems)
and were cultured in triplicate in 6-well plates at a density
of 1 x 10° cells/well overnight, then treated with GEM. The
cells were harvested and treated with 100 pl lysis buffer
(Promega, Madison, WI, USA) on the indicated days. A
luciferase assay was performed using a Luciferase Assay
System according to the manufacturer’s instructions (Pro-
mega, Madison, W1, USA) and a GENE LIGHT 55A lumino-
meter (Microtec Nition, Tokyo, Japan) was used for
quantitation of the luminescence. Luciferase activities
were normalized to the protein concentration in the cell ly-
sate, which was determined using a NanoDrop spectropho-
tometer (NanoDrop Technologies Inc., Wilmington, DE,
USA).

2.8. Analysis of viral infectivity

The viral infectivity was determined by the amount of
virus hexon DNA in infected cells. SUIT-2 cells (1 x 10°)
were seeded in 60 mm dishes and treated with 1 nM
GEM at 1, 6, 12, 24, 48 and 72 h before Ad5/3hTERTLuc
infection at an MOI of 10. At 48 h post-infection, the in-
fected SUIT-2 cells were rinsed, the virus hexon DNA was
extracted from the cells and qPCR was performed.

2.9. Treatment with Ad5/3hTERTE1 in combination with GEM
in vivo

Six-week-old female nude mice (BALB/c nu/nu) were
obtained from Japan SLC (Hamamatsu, Japan). Single-cell
suspensions (5 x 10% SUIT-2 cells/200 pl) were injected
subcutaneously into the backs of mice. Seven days later
(day 0), mice were administered nothing (control),
5 x 107 pfu Ad5/3hTERTE1 around the periphery of tumors
(p.t.) (Ad5/3hTERTE1 only), GEM 10 mg/kg into the perito-
neum (i.p.) (GEM only) or both Ad5/3hTERTE1 and GEM
(combination), followed by weekly injections. Five mice
were used in each group. The size of the tumors was mea-
sured weekly, starting on day 0, and the tumor volume was
calculated according to the following formula: tumor vol-
ume = gh?/2, (a: the longest diameter, b: the shortest
diameter).

2.10. In vivo analysis of E1IA mRN

Six-week-old female nude mice were subcutaneously
injected in their backs with 5 x 10% SUIT-2 cells/200 pl.
Six mice were used in each group. Seven days later
(day 0), they were administered 5 x 107 pfu of Ad5/
3hTERTE1 p.t. and 0, 10, 20 or 40 mg/kg GEM i.p. Seven
days after administration, mice were sacrificed and tu-
mors excised. Total RNA was extracted using an RNeasy
Mini Kit (Qiagen, Tokyo, Japan). Quantitative analysis of
E1A mRNA was performed as described above. All animal
procedures were approved by the Ethics Committee of
Kyushu University.

2.11. Statistical analysis

Statistical significance was evaluated using the non-
parametric Mann~-Whitney U test. Statistical significance
was defined as P<0.01 or P<0.05, based on a two-tailed
test.

3. Results

3.1. Combination treatment with GEM and Ad5/3hTERTE] enhances the
cytotoxic effect in pancreatic cancer cell lines in vitro

To investigate the cytotoxic effect of GEM and Ad5/3hTERTE1, we
measured their inhibitory effects on the viability of telomerase-positive
pancreatic cancer cells (SUIT-2, KP-2, MIA PaCa-2 and NOR-P1) [31] using
PI [30]. Firstly, we investigated the cytotoxic effects of GEM or Ad5/
3hTERTE1 treatment alone, 5 days after treatment. Above a certain con-
centration, both GEM and Ad5/3hTERTE1 inhibited the viability of all pan-
creatic cancer cell lines in a dose-dependent manner. However, no
inhibition was observed at concentrations below 1nM for SUIT-2,
10 aM for KP-2, 5nM for MIA PaCa-2 and 10 nM for NOR-P1 of GEM,
and below a MOI of 0.05 for SUIT-2, 0.1 for KP-2, 0.1 for MIA PaCa-2
and 0.01 for NOR-Plof Ad5/3hTERTE1 (data not shown). We then mea-
sured the effects of combined treatment with GEM and Ad5/3hTERTE1
at doses which did not affect cell viability when administered alone
(SUIT-2: GEM 1 nM, Ad5/3hTERTE1 0.01 MO}; KP-2: GEM 10 nM, Ad5/
3hTERTET 0.1 MOI; MIA PaCa-2: GEM 1 nM, Ad5/3hTERTET 0.1 MOI;
NOR-P1: GEM 10 nM, Ad5/3hTERTE1 0.01 MOI). As shown in Fig. 1A-D,
combination treatment significantly inhibited cell viability in all four pan-
creatic cancer cell lines 5 days following treatment. This combination ef-
fect was not seen in primary-cultured normal pancreatic fibroblasts,
which had no hTERT expression (Fig. 1E). SUIT-2 cell showed the highest
therapeutic gain in the four pancreatic cancer cell lines and we used
mainly SUIT-2 cells in the following experiments.
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Fig. 1. Combination treatment with GEM and Ad5/3hTERTE1 enhances the cytotoxic effect in pancreatic cancer cells (A, SUIT-2; B, KP-2; C, Mia PaCa-2; D,
NORP-1) but not in normal pancreatic fibroblasts (E) in vitro. A~E, Control (diamond), no treatment; GEM (square); Ad5/3hTERTE1 (triangle); combination
(cross) treated with Ad5/3hTERT and GEM. Cell viability was determined by PI assay on days 1, 3 and 5. Each value represents the mean + SD of three

independent samples.

3.2. GEM-induced E1 expression regulates GEM sensitivity in SUIT-2 cells

The E1A gene, which is a component of the E1 gene, has the ability
to induce chemo- and radio-sensitivity [32-37]. Studies have shown
that some chemotherapeutic agents affected telomerase activity
{25,26] that was correlated with hTERT expression [8]. Ad5/3hTERTE1
encodes the E1A and E1B genes directly downstream of the hTERT pro-
moter [13]. Therefore, we investigated the effect of GEM on E1 expres-
sion derived from hTERT-CRAd and the activity of the hTERT promoter
in hTERT-CRAd as well as the effect of adenovirus ET expression on sen-
sitivity to GEM.

First, we investigated the effect of GEM on E1A expression in SUIT-2
cells transfected with pAd5/3hTERTE1, which was a plasmid encoding
E1A and E1B under the control of the hTERT promoter, before treatment
with or without a low dose of GEM (1 or 10 nM), to exclude any effects
of GEM on adenovirus infectivity. EIA mRNA levels were significantly in-
creased in cells treated with GEM, compared with those in untreated cells
in a dose-dependent manner (Fig. 2A, P < 0.01). EIA mRNA expression was
increased 24 and 48 h after treatment, which was the time taken before
newly-replicated virus to be released from relapsed cells re-infected cells
again. These data suggest that GEM increases E1A expression in an infec-
tivity-independent manner.
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To investigate the effects of GEM on hTERT promoter activity, which
controls ET expression, we investigated changes in hTERT promoter activ-
ity in cells treated with GEM. We transfected SUIT-2 cells with a plasmid
expressing luciferase, under the control of the hTERT promoter (pAd5/
3hTERTLuc), and measured the luciferase activity in cells 1, 2 and 3 days
after treatment with GEM. As shown in Fig. 2B, the luciferase activity was
significantly higher in cells treated with GEM than in control cells
(P<0.01). The enhancement of luciferase activity by GEM was dose
dependent, and this result is consistent with the results presented in
Fig. 2A. This finding suggests that GEM enhances hTERT promoter activity
in a dose-dependent manner, and this enhancement might result in a
dose-dependent increase in the expression of adenovirus E1.

Next, we investigated if the increase in E1 expression affected the
sensitivity of SUIT-2 cells to GEM. To exclude the effect of adenovirus rep-
lication, we used cells transfected with adenovirus plasmid, pAd5/
3hTERTE1 (E1(+) plasmid) and pAd5/3hTERTLuc (E1(-) plasmid). We
determined the cell viability of parental E1(+) plasmid-transfected and
E1(—) plasmid-transfected SUIT-2 cells treated with or without GEM
(1 nM). As shown in Fig., 2C there was no difference in cell viability of
transfected cells with and without E1 in the absence of GEM, When these
cells were treated with GEM, there was a significant cytotoxic effect in

E1(+) plasmid-transfected cells, compared to E1(—) plasmid-transfected
cells (Fig. 2C, P < 0.01), suggesting that adenovirus E1 increased the sen-
sitivity of SUIT-2 cells to GEM as previously reported [23].

3.3. GEM increases infectivity of adenovirus

Adenoaviral infectivity, which is important for the infection of neigh-
boring cancer cells by Ad5/3hTERTET, is one of the major factors in the
viral cytotoxic effect. Therefore, we investigated the effect of GEM on
adenoviral infectivity. To exclude the effect of adenovirus replication,
we used Ad5/3hTERTLuc, which has both the hTERT promoter and chime-
ric 5/3 fiber as well as Ad5/3hTERTE1, but which had no ability to repli-
cate, and we performed quantitative analyses of viral DNA in cells
infected with Ad5/3hTERTLuc. SUIT-2 cells were treated with GEM
(1 nM) for 1, 6, 12, 24, 48 and 72 h before infection with Ad5/3hTERTLuc
at an MOI of 10. At 48 h after infection, we measured the Ad5/3hTERTLuc
DNA content of infected cells, which was quantified by measuring adeno-
virus hexon DNA. As shown in Fig. 3A, the Ad5/3hTERTLuc DNA content of
cells treated with GEM was significantly higher than that of the controls
(P<0.01). This increase was particularly apparent more than 48 h after
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GEM treatment, which coincided with the time at which newly formed
Ad5/3hTERTET was released from cells killed by the first round of Ad5/
3hTERTE1 infection, thereby infecting neighboring cells in our present
experiment (Fig. 1). These data indicate that GEM increases the efficiency
of adenovirus infection, especially in the time Ad5/3hTERTE1 re-infected
neighboring cells.

It has been reported that the infectivity of adenovirus may closely cor-
relate with the cell surface density of its receptors, such as CAR or integrins
[38,39]. CD46 is also considered to bind to the knob domain of the chime-
ric Ad 5/3 fiber [15]. Therefore, we measured CD46 mRNA expression in
SUIT-2 cells after GEM (1 nM) treatment, but GEM did not alter the expres-
sion levels of CD46 mRNA, suggesting that the increase of adenoviral infec-
tivity induced by GEM might occur in a CD46-independent way (Fig. 3B).

3.4. Ad5/3hTERTEI1, in combination with low doses of GEM, suppresses tumor
growth in vivo

To evaluate the combined therapeutic effect of GEM and Ad5/
3hTERTE1 on pancreatic cancer in vivo, we examined the growth of tumors
derived from SUIT-2 cells implanted subcutaneously into nude mice. To
evaluate the therapeutic effect of GEM alone, three mice per group were -
treated with 5, 10, 20 or 40 mg/kgfweek GEM by i.p. administration for
4 weeks, from 7 days after SUIT-2 cell implantation. We observed
0+4.08%, 9.4 +14.2%, 35.9 + 6.67% and 41.2 + 21.4% growth inhibition of
SUIT-2 tumors in the four different treatment groups compared to un-
treated ones. Because there was no inhibitory effect at doses less than
10 mg/kg GEM, 10 mg/kg GEM was used in the following experiment.

Mice were randomly assigned to four treatment groups (n=35 each
group). As shown in Fig. 4A and B, combination treatment significantly
suppressed tumor growth (94.2 +4.9% growth inhibition of tumors 8
weeks after initial treatment, compared with controls). Treatment with
either GEM alone or Ad5/3hTERTE1 alone also suppressed tumor growth
gradually, on days 21 and later but the inhibitory effect was small (GEM
alone, 29.6 + 6.1%; Ad5/3hTERTE1 alone, 41.2 + 16.6%). This result demon-
strated that Ad5/3hTERTE1, in combination with low doses of GEM, sig-
nificantly enhanced the anti-tumor effect in vivo as well as in vitro.

We also measured the expression levels of EIA mRNA within im-
planted SUIT-2 tumors. Seven days after implantation, three mice per
- group were treated with 0, 10, 20 or 40 mg/kg ip. GEM and Ad5/
3hTERTE? (5 x 107 pfu). Seven days later, we excised the tumors and
measured them. As shown in Fig. 4C, the expression of E1A mRNA was in-
creased by GEM in a dose-dependent manner. This result indicated that
the in vivo anti-tumor effects of combination therapy were enhanced by
the same mechanisms as the in vitro effects.

4. Discussion

A few earlier reports showed enhancing effects of com-
bination therapy with GEM and various types of CRAds.

Raki et al. showed the improved efficacy of GEM in combi-
nation with Ad5/3-A24 in ovarian cancer [40]. Liu et al. re-
cently reported that hTERT-CRAd enhanced anti-tumor
effects of GEM in human lung cancer, and that this
enhancement was due to the chemo-sensitizing effects
by adenovirus E1 [23]. In the present study, we also
showed enhanced anti-tumor effects of GEM and Ad5/
3hTERTE1 in pancreatic cancer cells both in vitro and
in vivo. Furthermore, we revealed that this effect was not
only due to CRAd-derived Elexpression, which induces
cells more sensitive to GEM, but was also due to the effect
of GEM on hTERT-CRAd, with enhancement of hTERT pro-
moter activity leading to the increase of adenovirus ET
and viral infectivity. These data suggest that the killing ef-
fects of this combination therapy are enhanced via multi-
ple bidirectional interactions between hTERT-dependent
CRAds and GEM.

E1A gene transfer has been reported to result in in-
creased cell sensitivity to paclitaxel in breast cancer [35],
adriamycin in colon and liver cancers [41], cisplatin and
etoposide in sarcoma [42], and gemcitabine in hepatocellu-
lar carcinoma [33]. Telomerase has been reported to repair
broken chromosomes and maintain genomic integrity dur-
ing cytotoxic stresses due to DNA damage caused by che-
motherapeutic agents [26,43,44]. Several studies have
reported the effects of chemotherapeutic agents on telo-
merase activity, but there has been no report to date
regarding the effects of GEM on telomerase activity. The
present data suggests that GEM increases expression levels
of adenovirus E1, possibly through enhancement of hTERT
promoter activity, which controls E1 expression of Ad5/
3hTERTE1.

Adenovirus E1 consists of E1A and E1B. However, these
viral genes have opposing functions. E1A works as an apop-
totic gene, but E1B works as an anti-apoptotic gene. Leitner
et al. reported that oncolytic adenoviral mutants with
E1B19K gene deletions enhanced GEM-induced apoptosis
[24], but we observed that the cells transfected with
pAd5/3hTERTE1 (E1(+) plasmid), which was an adenovirus
plasmid encoding the full-length of E1A and E1B under the
control of the hTERT promoter, were also sensitized to
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GEM, similar to the case of the E1B19K-deleted adenovirus
reported by Leitner et al. [24]. This finding is consistent
with the report of Liu et al. {23]. These data suggest that
GEM-enhanced hTERT promoter activity may lead to an in-
crease in adenovirus E1, and renders pancreatic cancer
cells more sensitive to GEM.

We also found that GEM enhanced Ad5/3hTERTE1
infectivity. We used Ad5/3hTERTE1 that binds and enters
through receptors such as CD46 to increase tropism. We
found that the Ad5/3hTERTLuc content in cells pre-trea-
ted with GEM was increased. Furthermore, this increase
in infectivity was most notable 48-72 h after GEM treat-
ment. This timing is coincident with the time at which
the adenovirus begins to re-infect neighboring cancer
cells. These data suggest that GEM-enhanced infectivity
in neighboring target cells increases the number of re-in-
fected cells, leading to the main cytotoxic effects of

combination therapy. With respect to the receptor of
the Ad5 vector, CAR, Hemminiki et al. reported that the
effects of chemotherapeutic agents on CAR mRNA was
variable depending on the specific combination of agents
and cells, and that increased CAR expression allowed in-
creased virus entry into cells [45]. In this study, we used
the chimeric Ad5 vector, Ad5/3, which is considered to
bind to CD46, but not to CAR. Therefore, we investigated
whether GEM enhanced infectivity of Ad5/3hTERTE1 via
an increase in CD46 expression. However, the present
data revealed that CD46 mRNA expression in pancreatic
cancer cells was not altered after GEM treatment and
suggested that the increase in efficiency of infection
might be independent of the expression level of CDA46,
unlike the case of CAR. We need to conduct further re-
search to determine the effect of GEM on the infectivity
of adenovirus with chimeric fiber 5/3.
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In conclusion, our present data demonstrates that a
combination of a low dose of GEM and a low dose of
hTERT-promoter-dependent CRAd produces enhanced
anti-tumor effects in vivo as well as in vitro. Although pre-
vious studies have demonstrated that combination treat-
ment with chemotherapy and oncolytic virotherapy
demonstrated promising efficacies due to the ability of
adenovirus E1 to sensitize cells to chemotherapeutics
[23,33,35], this is the first report describing that even at
a low dose, GEM contributes to the enhanced cytotoxic ef-
fects of this combination therapy via enhancement of E1
expression derived from hTERT-CRAds and an increase in
infectivity of CRAdSs. In clinics, a maximal therapeutic effect
with minimal side effects is the best approach to attacking
cancers, and this combined therapy may fit these require-
ments. Furthermore, a phase I/1I trial of intratumoral endo-
scopic ultrasound (EUS) injection of therapeutic
adenovirus, with intravenous injection of GEM in unresec-
table pancreatic carcinoma showed a feasible result and
suggested that transgastric EUS-guided injection was a
practical method for delivering biological agents to pancre-
atic cancer [22]. Our present study indicates that combin-
ing hTERT-promoter-dependent CRAds and GEM has the
potential to be an ideal therapeutic approach for pancreatic
cancer.
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Gemcitabine synergistically enhances the effect of adenovirus
gene therapy through activation of the CMV promoter in
pancreatic cancer cells
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Adenovirus-mediated gene therapy shows remarkable promise as a new strategy for advanced pancreatic cancer, but satisfactory
clinical results have not yet been obtained. To improve this gene therapy, we investigated the effects of gemcitabine (GEM) on
transgene expression by adenoviral vectors and their biological effects. We used Ad-lacZ and adenoviral vector-expressing NK4
(Ad-NK4) as representative adenoviral vectors. These vectors express B-galactosidase (B-gal) and NK4 (which inhibits the invasion
of cancer cells), respectively, under the control of the CMV promoter. Cells were infected with the individual adenoviruses and then
treated with GEM. GEM increased B-gal mRNA expression and -gal activity, and increased NK4 expression in both culture media
and within infected cells, in dose-dependent manners. The increased expression of NK4 delivered by Ad-NK4 had biological effects
by inhibiting the invasion of cancer cells. GEM also enhanced NK4 expression in SUIT-2 cells transfected with an NK4-expressing
plasmid, suggesting that GEM enhanced CMV promoter activity. In in vivo experiments, NK4 expression ‘within subcutaneously
implanted tumors was increased in GEM-treated mice compared with control mice. These results suggest that adenovirus-mediated
gene therapy with GEM may be a promising approach for treating pancreatic cancer, and that this combination therapy may
decrease the risks of side effects.

Cancer Gene Therapy (2010) 17, 541-549; doi:10.1038/cgt.2010.9; published online 16 April 2010
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Although adenovirus-mediated gene therapy is one
of the promising approaches for Cdncex treatment because
of the high transduction efficiency,® the great results
demonstrated at the laboratory level are not always
obtained in clinical settings.® Therefore, it is still necessary
to develop devices for improving the efficiency of the gene
introduction.

‘We earlier reported that gene therapy with an
adenoviral vector-expressing NK4 (Ad-NK4), which acts
as a hepatocyte growth factor (HGF) antagonist and an
angiogenesis inhibitor, inhibited the in vitro invasion
and in vivo growth of human pancreatic cancer cells.'” We
also reported that Ad-NK4 combined with gemcitabine
(GEM), which is now the first-line chemotherapeutic
agent for pancreatic cancer, remarkably suppressed the
growth and metastasis of human pancreatic cancer cells. "'
In the latter study, however, we did not examine the

Introduction

Pancreatic cancer is highly lethal, and associated with
an annual incidence almost equal to its annual death
rate owing to late diagnosis, aggressive tumor growth,
invasion and metdstdms and a high rate of relapse after
adjuvant therapy.'™ Even among patients with resectable
pancreatic cancer, nearly all die from the disease within
7 years after surgery, and conventional chemotherdpy and
radiotherapy show limited effectiveness.** Therefore, new
strategies for pancreatic cancer, such as molecular target
therapies and gene therapies, are needed and beginning
to show remarkable promise.®’
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detailed mechanism of the enhanced suppression of tumor
growth, such as the interaction between GEM and
adenovirus-mediated gene therapy. On the other hand,
we recently reported that radiation could enhance
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a4 human HGF ELISA kit IMMUNIS HGF EIA;
Institute of Immunology, Tokyo, Japan), dCCOldan to
the manufacturer’s recommendations.

Cell viability assay
Cell viability was evaluated by the ﬂuo1escence intensity

of propidium xod:de (PI) as described earlier.?” Cells were
plated at 2 x 10% cells per well in 24-well tissue culture
plates (Becton Dickinson Labware, Bedford, MA) and
cultured overnight. After determination of the initial cell
numbers, the cells were infected with Ad-NK4 at various
MOIs for 1h and then treated with GEM at various
concentrations for 24 h as described above. PI (30 uM) and
digitonin (600 M) were added to each well to label all
nuclei with PI. The fluorescence intensity, corresponding
to the total cells, was measured using a CytoFluor II
multi-well plate reader (PerSeptive Viosystems Inc.,
Framingham, MA) with 530-nm excitation and 645-nm
emission filters. Cell viability was defined as the ratio of
fluorescence intensity at each time point to that measured
at the beginning of the experiment. All experiments
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 then treated with 0, 1, 10, or 100 nM GEM for 24h
as described above. 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) as described earlier.?' Briefly, fresh
untreated SUIT-2 cells were seeded in 24-well plates at a
density of 5 x 10 cells per cm? in 100 ul of DMEM mixed
with 150l of conditioned culture media in the inner
chamber, and cultured with 150 pl of conditioned culture
media in the outer chamber. After 48 h of incubation in
the presence of 3ng ml™! HGF, cells that had invaded to
the lower surface of the Matrigel-coated membrane were
fixed with 70% ethanol, stained with hematoxylin and
eosin, and counted in five randomly selected fields under
a light microscope (leon ECLIPSE TE2000, Tokyo,

Japan).

In vivo analysis of NK4 expression levels in tumors
Six-week-old female nude mice were . subcutaneously
injected with §x 10° SUIT-2 cells (200 ) in the back.
Six mice were used in each experimental group. Afte1
7 days (day 0), the mice were administered 2 x 10° pfu
Ad-NK4 pertumorally, with mtldpentoneal administra-
tion of GEM (0, 10, 20, 40, and 80 mgk . At 3 days
after the administration, three mice in each group were
killed and their tumors were excised for protein extrac-
tion. On day 7, the other three mice in each group were
administered the same treatment. These mice were killed
on day 10, and their tumors were also excised for protein
extraction. The tumors were homogenized in ice-cold lysis
buffer, and NK4 was measured by ELISA as described
above.

GEM and Ad gene therapy for pancreatic cancer
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Statistical analysis

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

Results

GEM enhances the transgene expression of f-gal
delivered by Ad-lacZ

First, to investigate the effects of GEM on the transgene
expression of a target gene delivered by an adenoviral
vector, we measured the expression levels of B-gal
delivered by Ad-lacZ with or without GEM. SUIT-2 cells
were infected with Ad-lacZ at an MOI of 10 for 1 h. After
the infection, the cells were cultured with or without
GEM for 24h at various concentrations. The culture
media were then replaced with fresh DMEM supplemen-
ted with 10% fetal bovine serum without GEM. We
evaluated the P-gal mRNA levels by qRT-PCR and the
B-gal activities by X-gal staining. The B-gal mRNA
expression level increased in the GEM-treated cells in a
dose-dependent manner (Figure la, P=0.002 and 0.008
for 10 and 100 nM GEM, respectively, on day 3), and the
number of cells with positive X-gal staining also increased
in a dose-dependent manner (Figure 1b, P=0.03, 0.03,
and 0.001 for 1, 10, and 100nM GEM, respectively, on
day 3). These results indicate that GEM enhances
the expression of B-gal delivered by Ad-lacZ in a dose-
dependent manner.

GEM enhances the transgene expression of NK4
delivered by Ad-NK4 in both culture media and within
adenovirus-infected cells

Next, we investigated the effects of GEM on the
expression levels of NK4 delivered by Ad-NK4. SUIT-2
cells were infected with Ad-NK4 at an MOI of 10 and
cultured with or without GEM as described above for
Ad-lacZ. After replacement of the GEM-containing
media with fresh media without GEM, we measured the
NK4 expression levels in culture media and among
intracellular proteins extracted from the infected cells on
days 1, 2, and 3. GEM significantly increased the NK4
expression level in culture media in a dose-dependent
manner (Figure 24, P=10.045, 0.0014, and <0.0001 for 1,
10, and 100 nM GEM, respectively, on day 3), similar to
the case for Ad-lacZ. In particular, the increase in
expression was remarkable for 100 aM GEM. GEM also
significantly increased the intracellular NK4 expression
level in infected cells in a dose-dependent manner
(Figure 2b, P<0.001 and 0.001 for 10 and 100nM
GEM, respectively, on day 1). In the presence of 100 nM
GEM, the intracellular NK4 expression level peaked on
day | and then decreased on days 2 and 3. It was possible
that NK4 proteins accumulated within Ad-NK4-infected
cells were released into the culture media when the cells
were killed by the high dose of GEM, thereby leading to
the increased NK4 expression level in the culture media.
We investigated the viability of GEM-treated SUIT-2
cells, and found that cells treated with 100nmM GEM
showed a slight decrease in viability on day 2 and a
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