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Abstract In this study, we demonstrated that survivin

downregulation with TRAIL expression greatly enhanced

the cytotoxic death of pancreatic cancer cells after gemc-

itabine treatment. Using real-time RT-PCR, we analyzed

five survivin shRNAs to identify the best target sequence

for suppression of human survivin, with the goal of treating

gemcitabine-resistant pancreatic cancer cells. Survivin

shRNA 5, corresponding to target 5, showed the greatest

reduction in survivin mRNA levels. Furthermore, com-

bined treatment with survivin shRNA-expressing aden-

ovirus with gemcitabine plus TRAIL decreased uncleaved

PARP and increased consequent PARP cleavage, which

was correlated with the greatest levels of survivin down-

regulation and cell death. These results indicate that sur-

vivin functions as a common mediator of gemcitabine- and

TRAIL-induced cell death. Using a nude mouse model

implanted with MiaPaCa-2 pancreatic cancer cells, we

observed tumor regression induced by an oncolytic aden-

ovirus expressing survivin shRNA and TRAIL plus gem-

citabine. Together, our findings provide a strong rationale

for treating pancreatic cancer patients with both gemc-

itabine and oncolytic adenovirus armed with survivin

shRNA and TRAIL.
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Abbreviations

RT-PCR Reverse-transcription polymerase chain

reaction

TRAIL Tumor necrosis factor-related apoptosis-

inducing ligand

MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-

2H-tetrazolium
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FLIP FLICE-inhibitory protein

IAP Inhibitor of apoptosis protein

BIR Baculovirus IAP repeat

FACS Fluorescence-activated cell sorter

FITC Fluorescein isothiocyanate

PI Propidium iodide

XIAP X-linked inhibitor of apoptosis protein

HEK-293 Human embryonic kidney-293

PARP Poly (ADP-ribose) polymerase

Introduction

Gemcitabine has been used as an anticancer drug to treat

advanced pancreatic cancer patients. Although it has pro-

ven effective as a standard chemotherapy agent, the

response rate remains at 5.4 %, and the 5-year survival rate

is extremely poor due to the development of intrinsic or

acquired resistance of pancreatic cancer to gemcitabine [1–

4]. Currently, agents that either enhance the effects of

gemcitabine or overcome chemoresistance to the drug are

urgently needed to treat pancreatic cancer. Recently, nab-

paclitaxel plus gemcitabine was reported to significantly

improve overall survival, progression-free survival, and

response rates in patients with metastatic pancreatic cancer

[5, 6]. Nevertheless, overall prognosis remains poor for

pancreatic cancer patients, which motivates us to provide

more effective therapeutic modalities. In the present study,

we show that survivin downregulation, with the help of

TRAIL, counteracts gemcitabine-induced acquired resis-

tance by enhancing cancer-cell death.

Survivin, a structurally-unique IAP (inhibitor of apop-

tosis protein)-family protein, contains a single baculovirus

IAP repeat (BIR) domain and lacks a carboxy-terminal

RING finger motif [7]. Survivin is a bifunctional protein

that regulates cell division and suppresses apoptosis with-

out direct suppression of caspase activity [8, 9]. Most

importantly, survivin is expressed in the majority of can-

cers and developing fetal tissue, though it is rarely

expressed in normal healthy adult tissue [7, 8, 10–12],

making it a potential target for anticancer therapy [13, 14].

To date, there are many reports using antisense oligonu-

cleotides, ribozymes, or siRNA to attenuate survivin

expression and inhibit tumor-cell growth in vitro and

in vivo [8, 12, 15–20]. For therapeutic applications, aden-

oviral vectors are efficient gene delivery systems for

delivering siRNA. Oncolytic adenovirus, which originated

from E1B-55 kDa-deleted adenovirus, has been used to

mediate survivin knockdown in colon cancer [20]. How-

ever, use of this adenovirus for pancreatic cancer cells has

not been reported. Moreover, survivin inhibition by gem-

citabine treatment is not sufficient for pancreatic cancer-

cell death, as less than 70 % cytotoxicity is observed using

survivin siRNA plus gemcitabine in both PANC-1 and

BxPC3 cells [12]. On the other hand, less than 40 %

cytotoxicity is observed when survivin is downregulated in

YM155 in MiaPaCa-2 cells [13]. Agents that either

enhance the effects of gemcitabine or overcome

chemoresistance to the drug are needed for pancreatic

cancer treatment [2, 21].

Meanwhile, TRAIL has been identified as a tumor-se-

lective, apoptosis-inducing cytokine with minimum toxic-

ity to normal cells [22]; however, cancer cells frequently

develop resistance to TRAIL by overexpressing either

FLIP, Bcl2/Bcl-xL, or survivin [23–27]. Intriguingly,

TRAIL also causes G2/M arrest and an increase of survivin

levels in HepG2 as an acquired resistance mechanism,

whereas treatment with a survivin antisense oligonu-

cleotide causes S-phase arrest and significantly enhances

TRAIL-induced apoptosis [28]. Previously, TRAIL was

shown to induce apoptotic cell death in pancreatic cancer

cells, and gemcitabine synergistically increased the anti-

tumor effect of TRAIL [29]. Although the synergistic

antitumor effect of TRAIL-expressing oncolytic aden-

ovirus with gemcitabine was recently reported in bladder

cancer cells [30], the effect has not been established for

pancreatic cancer cells. As indicated, in spite of much of

data published regarding survivin knockdown plus gemc-

itabine or survivin knockdown plus TRAIL [13, 31, 32],

the triple combination of survivin knockdown with gemc-

itabine and TRAIL as well as oncolytic adenovirus was

attempted for the first time in pancreatic cancer cells. In

this study, oncolytic adenovirus treatment inducing both

survivin silencing and TRAIL expression significantly

increased the anti-tumorigenic activity in gemcitabine-re-

sistant pancreatic cancer cells, which indicates greater

clinical feasibility in pancreatic cancer patients.

Material and methods

Cell culture

The cancer-cell lines MiaPaCa-2, HPAC (human pancre-

atic cancer-cell lines), and Panc02 (murine pancreatic

cancer-cell line), in addition to 293A, a subclone of the

human embryonic kidney 293 cell (Invitrogen, Carsbad,

CA, USA), were cultured in Dulbecco’s modified Eagle’s

medium with 10 % fetal bovine serum (HyClone, Logan,

UT, USA). Human normal pancreatic cells (Cat. No.

T0199, Applied Biological Materials, Richmond, BC,

Canada) was cultured in Prigrow II medium (Cat. No.

TM002, Applied Biological Materials) with 10 % fetal

bovine serum. All cells were maintained at 37 �C in a

humidified atmosphere containing 5 % CO2.
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Reagents

Antibody to PARP was purchased from Cell Signaling

Technology (Beverly, MA, USA). Antibodies for survivin,

TRAIL, and actin were purchased from Santa Cruz

Biotechnology (Santa Cruz, CA, USA). The antibody for

hexon was purchased from Abcam (Cambridge, MA,

USA). For immunohistochemistry, TRAIL was detected

using a different antibody made from BD Biosciences

(Franklin Lakes, NJ, USA). All other chemicals were

purchased from Sigma-Aldrich (St Louis, MO, USA).

Construction of survivin shRNA

To construct human survivin shRNA, we screened five

candidate sequences. Target selection was performed using

an algorithm developed by Genolution Pharmaceuticals

Inc. (Seoul, South Korea). We screened five candidate

sequences after transfection of survivin shRNA into HeLa

and validated them after 24 h of transfection using real-

time RT-PCR. The forward primer for the real-time RT-

PCR of survivin was 50-CCTGGCAGCCCTTTCTCAA-30,
and the reverse primer was 50- AGCAGAAGAAACAC

TGGGCC-30. The selected target sequence was 50-GGCC
CCTTAGCAATGTCTTAGGAAA-30, and the loop

sequence was 50-TCTC-30. To express human survivin

shRNA in the adenovirus, the top strand sequence (50-GA
TCCGGCCCCTTAGCAATGTCTTAGGAAATCTCTTT

CCTAAGACATTGCTAAGGGGCCTTTTA-30) and the

bottom strand sequence (50-AGCTTAAAA GGCCCC

TTAGCAATGTCTTAGGAAAGAGATTTCCTAAGAC

ATTGCTAAGGGGCG-30) were annealed and subcloned

into the pSP72DE3-U6, an E3 shuttle vector, and then

digested with BamH I and Hind III. The resulting ade-

noviral shuttle vector, pSP72DE3-U6-shsurvivin, was

linearized by Xmn I digestion. The adenoviral vector

dl324-IX was linearized by Spe I digestion, and the two

linearized vectors were co-transformed into E. coli

BJ5183 cells in order to undergo homologous recombi-

nation. The recombined adenoviral plasmids, dl324-IX-

DE3-U6-NC (Ad-NC) and dl324-IX-DE3-U6-shsurvivin
(Ad-shSurvivin), were then digested with Pac I and

transfected into HEK-293 cells to generate the replica-

tion-incompetent adenovirus. The infectious titer of the

adenovirus was determined by a limiting dilution assay

in 293A cells.

Generation of oncolytic adenovirus expressing

TRAIL and survivin shRNA

First, the adenoviral vector dl324-BstB I-DE3-U6-shSur-
vivin was constructed through the homologous recombi-

nation of dl324-BstB I and pSP72DE3-U6-shSurvivin.

Then, the resulting plasmid, dl324-BstB I-DE3-U6-shSur-
vivin, was linearized with Bsp1191, while pCA14-3484-

CMV-DE1B55-TRAIL was linearized with Drd I for a

second round of homologous recombination in E. coli

BJ5183 cells. To construct the shuttle vector for the

oncolytic adenoviral plasmid expressing TRAIL, pEGFP-

TRAIL (Addgene #10953) was cleaved by EcoR I and Sma

I, and the resulting full-length TRAIL gene was subcloned

into pCA14, which was digested with Hind III and blunted

before EcoR I digestion (pCA14-TRAIL). Then, the

TRAIL gene from pCA14-TRAIL was inserted into

pCA14-3484-CMV-DE1B55KDa, which was previously

described in detail [33]. Briefly, PCR was performed using

a sense primer flanked at the 50 end with an MfeI site (50-C
CGCAATTGCTAATTCCCTGGCATTATGCCC-30) and

an antisense primer flanked at the 50 end with a Bgl II site

(50-GGAAGATCTTCGATGCTAGACG-30). The resulting

TRAIL PCR product was digested with Mfe I and Bgl II,

subcloned into pCA14-3484-CMV- DE1B55KDa, and

digested with EcoRI and Bgl II (pCA14-3484-CMV-

DE1B55KDa-TRAIL). Finally, homologous recombination

of dl324-BstB I-DE3-U6-shSurvivin, the adenoviral vector,
pCA14-3484-CMV-DE1B55KDa-TRAIL, and the shuttle

vector was performed to produce dl324-3484-CMV-

DE1B55KDa-TRAIL-DE3-U6-shsurvivin. For the produc-

tion of survivin shRNA-expressing oncolytic adenovirus

and scrambled shRNA (negative control [NC])-expressing

oncolytic adenovirus, dl324-BstB I-DE3-U6-shSurvivin or

dl324-BstB I-DE3-U6-shNC was recombined with pCA14-

3484-CMV-DE1B55. All viruses were amplified for

purification according to standard methods. Titration

was performed in 293A cells using a limiting dilution assay

to estimate the number of infectious viral particles

produced.

MTS viability assay

The CellTiter 96� Aqueous Assay kit (Promega, Madison,

WI, USA) was composed of solutions containing a novel

tetrazolium compound (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,

inner salt;MTS) and an electron coupling reagent (phenazine

ethosulfate; PES). MTS was bioreduced by cells into a for-

mazan product that was soluble in tissue culture media.

MiaPaCa-2 and HPAC cells were treated in a 6-well format

with either gemcitabine treatment (10 lM) for 48 h or ade-

noviral infection (dl324-IX-DE3-U6-shNC or dl324-IX-

DE3-U6-shsurvivin) at an MOI of 50 for 1 day, followed

either by gemcitabine treatment (10 lM) for 48 h or TRAIL

treatment (200 ng/ml) for 4 h. After treatment, 50 ll of

supernatant from eachwell was transferred into a newwell of

a 96-well flat-bottom plate. Absorbance of formazan at

490 nmwas measured directly from the 96-well assay plates
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without additional processing. Formazan concentration was

directly proportional to the number of living cells in each

culture.

Production of recombinant TRAIL

A human TRAIL cDNA fragment (amino acids 114–281)

was cloned into pET-23d [34] (Novagen, Madison, WI).

His-tagged TRAIL protein was expressed and purified

using the Qiaexpress protein purification system (Qiagen,

Valencia, CA).

Protein extracts and polyacrylamide gel

electrophoresis

Cells were lysed with 19 Laemmli lysis buffer (62.5 mM

Tris, pH 6.8, 2 % sodium dodecyl sulfate (SDS), 10 %

glycerol, 0.002 % bromophenol blue) and boiled for

10 min. Protein concentration was measured using BCA

Protein Assay Reagent (Pierce, Rockford, IL, USA).

Samples were diluted with 19 lysis buffer, and b-mer-

captoethanol was added to a final concentration of

350 mM. Equivalent amounts of protein were loaded into

each well of 10 % SDS polyacrylamide gels. SDS–poly-

acrylamide gel electrophoresis (PAGE) was performed

using a Hoefer gel apparatus.

Immunoblot analysis

After SDS-PAGE, proteins were electrophoretically trans-

ferred to nitrocellulose membranes. Each nitrocellulose

membrane was blocked with 5 % nonfat dry milk in PBS-

Tween-20 (0.1 %, v/v) at room temperature for 1 h. The

membranewas then incubated with primary antibody (diluted

according to the manufacturer’s instructions) for 2 h. Horse-

radish peroxidase-conjugated anti-rabbit or anti-mouse IgG

was used as a secondary antibody. Immunoreactive proteins

werevisualizedwith a chemiluminescent detectionkit (ELPIS

biotech, Taejon, Korea). For imaging, a ChemiDoc system

(Syngene, Frederick, MD, USA) was used.

FACS analysis

An FITC Annexin V Apoptosis Detection Kit II was pur-

chased from BD PharmingenTM (BD Biosciences, Franklin

Lakes, NJ, USA) to conduct Annexin V-PI staining. After

(1) adenoviral infection (dl324-IX-DE3-U6-shNC or dl324-

IX-DE3-U6-shSurvivin) at an MOI of 50 or TRAIL treat-

ment (200 ng/ml) for 4 h, (2) adenoviral infection (dl324-

IX-DE3-U6-shNC or dl324-IX-DE3-U6-shSurvivin) at an

MOI of 50 for 1 day followed by gemcitabine treatment

(10 lM) for an additional 1 day, or (3) adenoviral infection

(dl324-IX-DE3-U6-shSurvivin) at an MOI of 50 for 1 day

followed by gemcitabine treatment (10 lM) for an addi-

tional 1 day and TRAIL treatment (200 ng/ml) for 4 h,

trypsinized MiaPaCa-2 or HPAC cells were washed with

cold PBS and then resuspended in 19 Binding Buffer at a

concentration of 1 9 106 cells/ml. After transferring100 ll
of the solution (1 9 105 cells) to a 5-ml culture tube with

5 ll FITC Annexin V and 5 ll PI, gently vortexed cells

were incubated for 15 min at room temperature in the dark.

Then, cells were analyzed by flow cytometry after adding

400 ll of 19 Binding Buffer to each tube.

Animal studies

The animal protocol (2013-0357) used in this study was

reviewed and approved by the Institutional Animal Care

and Use Committee in Yonsei University Health System.

To generate a xenograft tumor model, 8 9 106 MiaPaCa-2

tumor cells were injected into the subcutaneous abdominal

region of male BALB/c athymic nude mice. When the

tumors reached an average size of 60–80 mm3, the nude

mice received intratumoral injections of 1 9 109 plaque-

forming units (pfu) of one of three oncolytic adenoviruses

diluted in 50 ll PBS or PBS alone. The oncolytic aden-

oviruses used were oncolytic control adenovirus (Ad-3484-

shNC), survivin shRNA-expressing oncolytic adenovirus

(Ad-3484-shSurvivin), and survivin-shRNA- and TRAIL-

expressing oncolytic adenovirus (Ad-3484-TRAIL-shSur-

vivin). Intratumoral injection was repeated every other day

for a total of three injections. gemcitabine (10 mg/kg) was

co-injected intratumorally on the last day of viral injection

(Ad-3484-shNC, Ad-3484-shSurvivin, Ad-3484-TRAIL-

shSurvivin). Intratumoral injection of gemcitabine was

done rather than intravenous injection for the purpose of

proof of the concept. Tumor growth was measured using a

caliper every 2 days for 29 days, and tumor volume

(V) was calculated using the following formula:

V (mm3) = 0.52 9 length (mm) 9 width (mm)2.

Immunohistochemistry

After 7 days of subcutaneous injection of MiaPaCa-2 cells

(8 9 106) into the abdominal region of male nude mice,

one of three oncolytic adenoviruses (Ad-3484-shNC, Ad-

3484-shSurvivin, or Ad-3484-TRAIL-shSurvivin, 1 9 109

pfu/50 ll) was infected intratumorally every other day for

a total of three injections, and gemcitabine (10 mg/kg) was

intratumorally co-injected on the last day of viral injection

(Ad-3484-shSurvivin, Ad-3484-TRAIL-shSurvivin). Seven

days after the last viral injection, tumor tissues were

extracted, fixed for 24 h in 10 % formaldehyde, and

paraffin embedded for immunohistochemical (IHC) stain-

ing. IHC was performed as described below. Tissue section
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slides were deparaffinized twice with xylene for 10 min

each, and slides were then rehydrated using a graded

alcohol series. After removing endogenous peroxidases

using 0.1 % H2O2, slides were washed three times with

PBS. Antigen retrieval was performed using 10 mM citrate

buffer (pH 6.0; DAKO, Glostrup, Denmark) and a micro-

wave oven. Tissues were permeabilized with 0.5 % PBX

(0.5 % Triton X-100 in PBS) for 30 min. After blocking

for 1 h with 5 % BSA, the primary antibody was added and

incubated overnight at 4 �C. For detection of specific

proteins, antibodies of hexon, TRAIL (human CD253), or

survivin were used respectively. Additionally, both Pri-

mary Antibody Enhancer (Thermo Fisher Scientific, Wal-

tham, MA, USA) and HRP Polymer (Thermo Scientific)

were used for signal amplification. To develop the colored

product, a mixture of DAB (3,30-diaminobenzidine) Plus

Chromogen and DAB Plus Substrate (Thermo Fisher Sci-

entific) was added for 5 min. After washing with PBS,

20 % hematoxylin counterstain was added for 2–5 min to

stain the nuclei. Finally, tissue slides were dehydrated in a

graded alcohol series. After clearing twice in xylene, tis-

sues slides were coverslipped with mounting media

(xylene:mount = 1:1) for microscopy.

TUNEL assay

To measure in situ apoptosis, a terminal deoxynucleotidyl

transferase-mediated dUTP nick end labeling (TUNEL)

assay was performed using tumor tissue sections prepared

as described for immunohistochemistry. The TUNEL assay

was carried out according to the manufacturer’s instruc-

tions (Promega, Madison, WI, USA).

Statistical analyses

Data are presented as the mean ± standard error of mean

(S.E.M.). Differences between groups were examined

using unpaired two-tailed t tests. P values were calculated

using GraphPad Prism version 6.0. P\ 0.05 was consid-

ered statistically significant. All experiments were per-

formed three times independently.

Results

Pancreatic cancer cells were resistant to gemcitabine

Similar to previous results of gemcitabine-induced resis-

tance, over 40–60 % cell viability was maintained in

pancreatic cancer-cell lines tested in the presence of

gemcitabine, even up to 50 lM for 48 h, whereas Panc02

was sensitive to gemcitabine treatment with a broad range

of concentrations (Fig. 1a, b).

Gemcitabine increased survivin expression,

and survivin shRNA-expressing adenovirus

effectively downregulated survivin expression

in pancreatic cancer cells

As previous studies indicate that survivin downregulation

enhances gemcitabine chemosensitivity in pancreatic can-

cer [12, 13], we designed a survivin shRNA-expressing

oncolytic adenovirus as a potential therapeutic agent for

pancreatic cancer. First, we confirmed that survivin, a

negative regulator of apoptosis, was upregulated by gem-

citabine treatment in pancreatic cancer cells (Fig. 2a).

Next, we used real-time RT-PCR to analyze five survivin

shRNAs, thereby identifying the best target sequence for

suppression of human survivin. We found that survivin

shRNA 5 corresponding to target 5 showed the greatest

reduction in survivin mRNA levels (over 91 %) when

expressed in HeLa cells (Supplementary Fig. 1). Survivin

levels were also specifically decreased by survivin shRNA-

expressing adenovirus (Fig. 2b).

A defective adenovirus expressing survivin shRNA 5

(diagrammed in Fig. 2c along with other constructs used in

this study) was delivered to pancreatic cancer cells, and the

cellular levels of survivin were determined.

Survivin shRNA-expressing adenovirus

in combination with gemcitabine, TRAIL,

or gemcitabine/TRAIL increased apoptotic/necrotic

cell death

Next, we investigated the effect of survivin downregulation

on cellular apoptosis in both MiaPaCa-2 and HPAC pan-

creatic cancer cells. However, combined treatment with

survivin shRNA-expressing adenovirus and gemcitabine or

gemcitabine plus TRAIL did not increased apoptotic cell

death compared to single TRAIL treatment in both cancer-

cell lines (Fig. 3a). To directly determine whether cell

death was really increased by survivin downregulation with

gemcitabine or TRAIL, an MTS viability test was per-

formed. Indeed, survivin downregulation combined with

gemcitabine or TRAIL more effectively decreased cell

viability than gemcitabine with TRAIL alone. Furthermore,

the greatest cell death occurred with survivin downregu-

lation was combined with gemcitabine plus TRAIL

(Fig. 3b). This phenomenon was also confirmed by annexin

V-PI analysis to demonstrate the involvement of necrotic

cell death. Briefly, survivin downregulation greatly

induced apoptotic/necrotic cell death with a combination of

gemcitabine or gemcitabine plus TRAIL (Fig. 4a, b).

Taken together, these results also imply that survivin

downregulation functions as a common mediator of gem-

citabine and TRAIL-induced cell death.
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Oncolytic adenovirus expressing TRAIL

and survivin shRNA increased tumor regression

with gemcitabine in a mouse model

To examine the potential of a survivin-shRNA- and

TRAIL-expressing oncolytic adenovirus as a new thera-

peutic in combination with gemcitabine, we treated nude

mice with MiaPaCa-2 cell grafts. After confirming TRAIL

expression and survivin downregulation following treat-

ment with an oncolytic adenovirus expressing both survivin

shRNA and TRAIL in vitro (Fig. 5a), and insignificant

toxicity of various oncolytic adenoviruses in normal pan-

creatic cell (Fig. 5b), various oncolytic adenoviruses (ex-

pressing survivin shRNA, survivin shRNA and TRAIL, or

negative control [NC]) were tested in nude mice with or

without gemcitabine for suppression of tumor growth and

compared to PBS or gemcitabine alone or shRNA survivin-

expressed adenoviral infection only. As expected, tumor

suppression was greatest when treated with oncolytic

shSurvivin/TRAIL plus gemcitabine. Other treatments

suppressed tumor growth in the following order: oncolytic

shSurvivin plus gemcitabine and oncolytic shSurvivin plus

TRAIL (Fig. 5c). But, most groups except of oncolytic

shSurvivin/TRAIL plus gemcitabine were expired due to

the tumor burden (Fig. 5d). Expression of adenovirus,

survivin, and TRAIL in tumor tissue after infection fol-

lowed by gemcitabine treatment was determined by

immunostaining, and levels were as expected (Fig. 6a).

Apoptotic including necrotic events were also increased by

combined treatment with oncolytic adenovirus armed with

survivin shRNA and TRAIL plus gemcitabine, oncolytic

survivin shRNA and TRAIL, or oncolytic survivin shRNA

Fig. 1 Pancreatic cancer cell

viability after gemcitabine

treatment. a Cell viability was

tested using MTS viability

assays in three different

pancreatic cancer cell lines after

gemcitabine treatment (10 lM)

for 48 h. Error bars represent

the standard error from three

independent experiments

calculated using GraphPad

Prism version 6.0. b After the

treatment described in (a),
morphological changes were

examined by microscopic

analysis
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plus gemcitabine compared to gemcitabine or oncolytic

survivin shRNA only when using TUNEL assay (Fig. 6b,

c).

Discussion

In this study, we examined whether virotherapy with armed

oncolytic adenovirus synergistically potentiated the anti-

tumor effect of gemcitabine in gemcitabine-resistant pan-

creatic cancer cells. Survivin expression was

downregulated, greatly increasing gemcitabine and

TRAIL-induced cell death. As expected, gemcitabine

alone, or in combination with survivin shRNA, was not

sufficient to make a meaningful cytotoxicity in pancreatic

cancer cells. Instead, combining TRAIL expression with

survivin shRNA and gemcitabine effectively killed pan-

creatic cancer cells (Figs. 1, 3, 4, 5). However, the

underlying mechanism of synergistic pancreatic cancer-cell

death by gemcitabine and TRAIL is not yet fully under-

stood, although DR5 induction by gemcitabine may be

enough to implicate TRAIL involvement [35, 36]. Fur-

thermore, core signaling molecules related to innate and

acquired resistance induced by gemcitabine are also related

Fig. 2 Induction of survivin after gemcitabine treatment and con-

struction of adenovirus expressing-survivin shRNA or scrambled

shRNA. a Two pancreatic cancer-cell lines (MiaPaCa-2, HPAC) were

treated with gemcitabine (10 lM) for 48 h, and the remaining cells

were examined for survivin levels by immunoblotting. b After two

pancreatic cancer-cell lines (MiaPaCa-2, HPAC) were infected with

Ad-NC or Ad-shSurvivin adenovirus at 50 MOI, cellular survivin

levels were examined by immunoblotting. c Schematic of adenoviral

vectors expressing either survivin shRNA or both TRAIL and

survivin shRNA. dl324-DE1A-DE1B-DE3-IX-U6-NC (Ad-NC) ade-

novirus: a replication-incompetent adenovirus used as the negative

control. It contains the scrambled DNA sequence for shRNA, which is

under the control of the U6 promoter. Oncolytic-E1A-DE1B-IX-DE3-

U6-NC adenovirus: a replication-competent adenovirus used as a

control. It contains E1A controlled by the CMV promoter, although it

lacks the E1B region, and the remaining structure is identical to the

dl324-DE1A-DE1B-DE3-U6-NC adenovirus. dl324-DE1A-DE1B-
DE3-IX-U6-shSurvivin (Ad-shSurvivin) is a replication-incompetent

adenovirus expressing human survivin shRNA. Oncolytic-E1A-

DE1B-IX-DE3-U6-shSurvivin is a replication-competent adenovirus

expressing human survivin shRNA. dl324-DE1ADE1B-TRAIL-IX-
DE3-U6-shSurvivin is a replication-incompetent adenovirus express-

ing TRAIL and human survivin shRNA. Oncolytic-E1A-DE1B-
TRAIL-IX-DE3-U6-shSurvivin is a replication-competent adenovirus

expressing TRAIL and human survivin shRNA. NC, negative control
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to TRAIL-induced resistance (e.g., survivin, XIAP, and

Bcl-xL) [25, 26, 37, 38]. Our present findings also suggest

that survivin functions as a mediator of gemcitabine and

TRAIL-induced acquired resistance, as downregulation of

cellular survivin levels synergistically increased gemc-

itabine plus TRAIL-induced cell death in vitro and in vivo

(Figs. 3, 4, 5, 6). While these results are promising, the

xenograft nude mouse model used here does not accurately

mimic pancreatic cancer. Thus, we are currently develop-

ing a syngenic pancreatic-cancer animal model to accu-

rately evaluate the potential of an oncolytic adenovirus

expressing both survivin shRNA and TRAIL in combina-

tion with gemcitabine treatment, as well as targeted

delivery of oncolytic adenovirus [39–41]. In fact, we have

already established a mouse melanoma model system for

the oncolytic adenovirus [42].

Fig. 3 Enhanced cell death and decreased cell viability of gemc-

itabine-treated pancreatic cancer cells with survivin downregulation

and subsequent TRAIL treatment. a Two pancreatic cancer cell lines

(MiaPaCa-2, HPAC) were either treated with gemcitabine (10 lM)

for 48 h or infected with defective adenovirus expressing survivin

shRNA or TRAIL treatment (200 ng/ml) for 4 h or survivin shRNA-

expressed adenoviral infection followed by gemcitabine treatment

(10 lM) for 48 h either with or without subsequent TRAIL treatment

(200 ng/ml) for 4 h. After treatment, cell lysates were immunoblotted

for PARP. b Cell viability was quantified using MTS viability assays

in MiaPaCa-2 or HPAC cells after infection with adenovirus

expressing survivin shRNA (50 MOI) or scrambled shRNA as a

negative control (50 MOI), followed by either gemcitabine treatment

(10 lM) for 48 h, TRAIL treatment (200 ng/ml) for 4 h, or treatment

with both. Error bars represent the standard error from the three

independent experiments. P values lower than 0.01 indicate a very

significant difference of gemcitabine and/or TRAIL-combined Ad-

shSurvivin compared to the control (Ad-shSurvivin) in all given

conditions. P values were calculated using the program GraphPad

Prism version 6.0. NC, negative control
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Fig. 4 Enhanced cell death and decreased cell viability of gemc-

itabine-treated pancreatic cancer cells with survivin downregulation

and subsequent TRAIL treatment. FACS analysis by Annexin V/PI

staining in MiaPaCa-2 (a) or HPAC cells (b) was performed for the

determination of apoptosis after (1) adenoviral infection (Ad-NC or

Ad-shSurvivin) at an MOI of 50 for 2 days or TRAIL treatment

(200 ng/ml) for 4 h, (2) adenoviral infection (Ad-NC or Ad-shSur-

vivin) at an MOI of 50 for 1 day followed by gemcitabine treatment

(10 lM) for an additional 1 day, or (3) adenoviral infection (Ad-

shSurvivin) at an MOI of 50 for 1 day followed by gemcitabine

treatment (10 lM) for an additional 1 day and TRAIL treatment

(200 ng/ml) for 4 h
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Fig. 4 continued
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Fig. 5 Antitumor effect of

oncolytic adenovirus in

MiaPaCa-2 tumors grown in

male athymic nude mice.

a After infection of MiaPaCa-2

cells with oncolytic shSurvivin/

TRAIL adenovirus,

immunoblotting was performed

on cell lysates using either a

TRAIL antibody or a survivin

antibody. TRAIL expression

and survivin downregulation

occurred upon infection with an

oncolytic adenovirus armed

with shSurvivin and TRAIL.

b Cell viability was quantified

using MTS viability assays in

pancreatic primary cell after

infection with adenovirus

expressing survivin shRNA or

survivin shRNA and TRAIL or

scrambled shRNA as a negative

control (50 MOI) (left, upper

panel). Cell viability was also

quantified using MTS viability

assays in pancreatic primary cell

(right, upper panel), MiaPaCa-2

(left, bottom panel) or HPAC

(right, bottom panel) after

infection with adenovirus

expressing survivin shRNA and

TRAIL followed by

gemcitabine treatment (10 lM)

for 48 h, or gemcitabine

treatment only (10 lM) for

48 h. Error bars represent the

standard error from the three

independent experiments.

c Tumors were established and

various viral injections with or

without gemcitabine were

performed according to the

Animal studies of ‘‘Material and

methods’’. Tumor growth was

measured every 2 days for

almost 30 days. Error bars

represent the standard error

from the five mice in each

experimental group. The

asterisk indicates a significant

difference between the group of

oncolytic adenovirus expressing

survivin shRNA plus

gemcitabine and oncolytic

adenovirus expressing survivin

shRNA and TRAIL plus

gemcitabine (P\ 0.05).

d Kaplan–Meier survival curves

was generated by the same

experimental condition

described in the Animal studies

of ‘‘Material and methods’’
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Fig. 6 Immunohistochemical analysis after oncolytic adenovirul

infection expressing various combinations of survivin shRNA,

TRAIL with or without gemcitabine or single gemcitabine treatment.

Experimental conditions are described in detail in the ‘‘Material and

methods’’ section. a After established tumors were subjected to

infection with oncolytic adenovirus expressing survivin shRNA or

survivin shRNA and TRAIL plus gemcitabine treatment, tumor tissue

sections were prepared. b The TUNEL assay was performed on tissue

sections to quantify apoptotic cell death as described in the ‘‘Material

and methods’’ section. c The percentage of TUNEL-positive cells

were determined by counting the TUNEL-positive cells under 10 non-

continuous low-power fields (magnification 9100)
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