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ABSTRACT

With no effective treatments available for most pancreatic cancer patients,
pancreatic cancer continues to be one of the most difficult malignancies to treat.
Oncolytic virus mediated-gene therapy has exhibited ubiquitous antitumor potential.
In this study, we constructed a novel oncolytic vaccinia virus harboring the inhibitor
of growth family member 4 gene (VV-ING4) to investigate its therapeutic efficacy
alone or in combination with gemcitabine against pancreatic cancer cells in vitro and
in vivo. ING4 expression was determined via quantitative real-time polymerase chain
reaction (qPCR) and western blot. The cytotoxicity of VV-ING4 was measured using a
cell proliferation assay. Both flow cytometry and western blot were applied to analyze
the cell cycle and apoptosis. Furthermore, the combination inhibitory effect of VV-
ING4 and gemcitabine was assessed using Chou-Talalay analysis in vitro and a BLAB/c
mice model in vivo. We found that VV-ING4 significantly increases ING4 expression,
displayed greater cytotoxic efficiency, and induced pancreatic cancer cell apoptosis
and G2/M phase arrest. Additionally, the combination of VV-ING4 and gemcitabine
synergistically effect in vitro and in vivo. Taken together, our data implicate VV-ING4
as a conceivable pancreatic cancer therapeutic candidate alone or in combination
with gemcitabine.

INTRODUCTION

Pancreatic cancer is an extremely lethal disease. It
is the fourth most prevalent cause of cancer death, with a
S-year survival rate of only 5% [1, 2]. Complete surgical
abscission remains the only curative treatment. Sadly, only
10% to 20% of pancreatic tumors are in a position in which
they can be surgically removed at the time of diagnosis
[3]. For patients with unresectable or metastatic pancreatic
tumors, chemotherapy with gemcitabine (Gem) is the first-
line therapy. However, acquired resistance to gemcitabine
has become an increasing challenge in treating pancreatic

tumors [4]. Thus, more potent treatments are needed to
improve the outcome of patients with pancreatic cancer.
Gene therapy represents a novel and promising
remedial modality for cancer treatment. Gene therapy
can be divided into monogene therapy [5] and multigene-
based combination therapy [6]. The ING tumor-suppressor
family (ING1-5) identified during the past decade act
as regulators of transcription, DNA repair, cell cycle
checkpoints, apoptosis, angiogenesis, and cellular
senescence [7]. ING4, a recently discovered protein,
inhibits angiogenesis by correlating with NF-xB subunit
p65 (RelA) [8], the loss of contact suppression evoked
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by MYCN or MYC [9], and the activation of hypoxia
inducible factor (HIF) [10]. In addition, substantial studies
have reported that ING4 displays pervasive antitumor
properties also by inducing apoptosis in a p53-dependent
way and significant G2/M cell cycle arrest in a spectrum of
cancer cells [6, 8, 11-13]. ING4 also increases cancer cell
sensitivity to chemotherapeutic drugs [14, 15]. Conversely,
deletion or down-regulation of ING4 is firmly associated
with high tumor grade, metastasis, and poor prognosis
in a number of cancers, including breast carcinoma [16],
glioblastoma [8] and gastric carcinoma [17]. According
to the Human Protein Atlas Database (HPA, http://www.
proteinatlas.org), ING4 expression is low in pancreatic
cancer, indicating its potential functions in transformation
and development of pancreatic cancer.

Vaccinia virus (VACV), a member of the poxvirus
superfamily, holds several inherent advantages as a vector
for cancer gene therapy. Specifically, the virus contains
the 7K gene which codes for a phosphotransferase that
enables viral replication. When the gene is disrupted, it
inhibits viral replication in normal, non-dividing cells
[18]. However, cancer cells have a high concentration of
functional nucleotides that enables VACV to selectively
replicate in tumor cells. The size of the VACV genome,
200 kb, is permissive to the introduction of foreign genes
up to 25 kb in length [19]. Other advantages include an
excellent safety profile [20], high capability of transgene
expression [21], and the capability to function under
hypoxia conditions [22]. VACV-based gene therapy has
been shown to significantly inhibit cancer cell growth
with low cytotoxic effects against healthy tissue in many
different tumor types including myeloma [23], pancreatic
carcinoma [24], hepatocellular carcinoma [25] and gastric
carcinoma [26]. Despite its potential as a cancer therapy,
the role of VACV-mediated /NG4 gene therapy for human
pancreatic cancer has not been reported.

In this study, we constructed a novel oncolytic
vaccinia virus expressing ING4 (VV-ING4), and evaluated
its therapeutic efficacy alone or in combination with
gemcitabine against pancreatic cancer cells in vitro and
in vivo. Our data implicate that VV-ING4 is a potential
candidate alone and in combination with gemcitabine for
pancreatic cancer therapy.

RESULTS

Construction and characterization of VV-ING4

We constructed an expression cassette consisting of
the ING4 gene and the gpt selection gene promoted by
the viral promoter Pse/L or P7.5k, respectively. These
genes were inserted into the viral 7K gene (Figure 1A).
VYV, a control virus, was constructed similarly but without
ING4 gene insertion. The whole expression cassette was
constructed into the pCB vector, which is a shuttle plasmid
for VV and VV-ING4 packaging. We verified significant

expression of ING4 gene in pancreatic cancer cells after
infection with VV-ING4 using qPCR (Figure 1B) and
western blot (Figure 1C).

The titer and replication rate of each virus was
measured. As shown in Table 1, VV and VV-ING4 grew
efficiently in HEK293A cells with expected and equivalent
titers. The two recombinant viruses have similar
replication rates (Figure 1D, P> 0.05).

Pancreatic cancer-specific cytotoxicity of VV-
ING4 in vitro

The cytotoxicity of VV-ING4 was evaluated in
three pancreatic cancer cell lines (PANC-1, BXPC-3
and SW1990) and a normal liver cell line (QSG-7701)
at 48 hrs post-infection using the MTS cell proliferation
assay. The results showed that growth of VV-ING4-
infected pancreatic cancer cells was inhibited in a dose-
dependent manner, with EC50 values lower than that of
VV (Figure 2A). However, growth of normal cells QSG-
7701 was not inhibited significantly (Figure 2B). These
findings indicate that VV-ING4 efficiently represses in
vitro pancreatic cancer cell growth with minimal influence
on normal cells.

VV-ING4 induced apoptosis in pancreatic cancer
cells in vitro

We then examined whether VV-ING4 inhibits cell
growth by inducing apoptosis by treating pancreatic
cancer cells with VV-ING4 for 48 hrs. As shown in
Figure 3A-3C, VV-ING4 induced significant apoptosis in
SW1990 cells, compared with VV- or PBS-treated cells.
Western blot analysis revealed activation of Caspase 8/9/3
and enhanced poly (ADP-ribose) polymerase (PARP)
cleavage, and Bax in VV-ING4-infected cells (Figure 3D).
Expression of pro-survival proteins Bcl-2 and XIAP was
remarkably decreased (Figure 3D). Taken together, these
observations indicate that VV-ING4 induces apoptosis in
pancreatic cancer cells.

VV-ING4 induced G2/M cell cycle arrest in
pancreatic cancer cells

To assess the effect of VV-ING4 on cell cycle
regulation, SW1990 cells were treated as indicated above.
The cells were then stained with Propidium Iodide (PI)
and analyzed by flow cytometry. VV-ING4-treated cells
contained a remarkably smaller S phase population and
a significantly larger G2/M phase population than VV-
or PBS-treated cells (Figure 4A). Western blot analysis
showed that expression of cyclin D1, cyclin D3, CDK2
and CDK4 in VV-ING4-treated cells was significantly
lower, whereas the expression of p21 was higher when
compared with VV- or PBS-treated cells (Figure 4B).
Taken together, these findings suggest that VV-ING4
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Table 1: Virus particle titers and vp/pfu ratios

Recombinant vaccinia virus Physical titer (vp/ml) Infectious titer (pfu/ml) Ratio (vp/pfu)
\'AY% 5.03 x 10° 1.61 x 108 31.2:1
VV-ING4 427 x10° 1.76 x 108 24.3:1

Note: vp, virus particle; pfu, plaque forming units.

inhibits pancreatic cancer cells in part through alteration
of cell cycle protein expression.

Combination therapy of gemcitabine and VV-
ING4 synergistically suppress pancreatic cancer
cell proliferation

To determine whether VV-ING4 enhances the
antitumor effects of gemcitabine, SW1990 and PANC-1
cells were treated as indicated in the MATERIALS AND
METHODS section. Cell viability was determined 2 days
later. As shown in Figure 5A, a negative dose-response effect
was evident in all cases. Combination treatment significantly
inhibited cell growth in both cell lines examined.

We evaluated the potential synergism between VV-
ING4 and gemcitabine by Chou-Talalay Combination
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Index (CI) analysis. At all the fractions considered, the
Chou—Talalay CI was less than one in both SW1990
(C1 0.903-0.633, log10 (CI) < 0) and PANC-1 cells (CI
0.538-0.439, logl0 (CI) < 0) (Figure 5B), indicating a
potentiation effect of gemcitabine when combined with
VV-ING4. Hence, the combined treatment of gemcitabine
and VV-ING4 synergistically represses pancreatic cancer
cell proliferation.

Combination therapy of gemcitabine and VV-
ING4 showed an enhanced tumor-killing effect
in vivo

To analyze the impact of the combined treatment

in vivo, animal experiments (BALB/c athymic nude
mice) were performed following the protocol described
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Figure 1: Characterization of VV-ING4. (A) Linear schematic of VV-ING4 structure. VV: oncolytic vaccinia virus. gpt works as a
screen gene. ,,,,, sites of anticipated homologous recombination. 5'TK and 3'TK, viral flanking sequences of the thymidine kinase gene.
ITR, inverted terminal repeat. (B—C) The expression of ING4. Cells were infected with VV or VV-ING4 at a MOI of 5 for 48 hrs. The ING4
expression was determined using qPCR and western blot. GAPDH (B) and B-actin (C) served as internal controls. Data are presented as
mean + standard deviation (SD) or the representative of three separate experiments (*** represents P < 0.001). (D) Replication profiles of
VV and VV-ING4 in HEK293A cells. Cells were infected at a MOI of 0.02. The titer at each time point is presented as mean + SD of at

least three separate experiments.
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in Figure 6A. We found that mean tumor volume rapidly
declined in animals treated with the combination therapy
when compared to tumors from animals treated with
either individual therapy (Figure 6B—6C). To affirm
the underlying mechanism, we evaluated the effect of
combined treatment on tumor cell apoptosis in vivo by
flow cytometry analysis. As shown in Figure 6D, the
percentage of apoptotic SW1990 cells was significantly
higher in the combination treatment group, compared with
either individual treatment group.

Hematoxylin and eosin (H&E) and
immunohistochemical (IHC) staining for Ki-67 were
applied to assess and compare tumor tissue histopathology.
Decreased Ki-67 expression and H&E staining revealed
that combination therapy had a more cytotoxic effect on
tumor proliferation than either treatment alone (Figure
6E). ITHC analysis using anti-ING4 antibody confirmed
expression of /ING4 in the tumor tissues following by
combined treatment (Figure 6E).

Apoptosis was further examined using the
terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) assay. Results from this
experiment showed significantly higher apoptosis rates
in the combination treatment when compared with either
individual treatment (Figure 6E).

DISCUSSION

In this study, we constructed an oncolytic vaccina
virus expressing tumor suppressor ING4 (VV-ING4)

PANC-1

(b)

BXPC-3

and revealed that /ING4 expression exhibits anti-tumor
effects alone and in combination with gemcitabine against
pancreatic cancer cells in vitro and in vivo.

ING4 expression induced significant apoptosis in
SW1990 human pancreatic cancer cells, consistent with the
findings of previous studies [12, 27, 28]. Chen ef al. showed
miR-214 inhibits apoptosis in pancreatic cancer tissues by
downregulating ING4 expression [29]. In this study, we
found that infection of VV-ING4 reduced the ratio of Bcl-2/
Bax and induced the activation of Caspase 8/9/3 and PARP
in SW1990 human pancreatic cancer cells (Figure 3D),
suggesting that Caspase-dependent apoptosis and the Bcl-
2 family is participated in VV-ING4-induced cytotoxicity.
This finding is in line with a previous study which identified
the Fas/Caspase-8 pathway as a mechanism of ING4-
induced apoptosis in human melanoma cells [30]. Another
potential mechanism by which ING4 induces apoptosis is
promotion of pS3. An earlier study by Shiseki ef al. reported
that ING4 induced apoptosis of RKO colon cancer cells via
enhancing the function of p53 [11]. The tumor suppressor
p53 is well known to have a pro-apoptotic function through
regulation of Bcl-2 and Bax expression [31, 32]. These
results support the involvement of Bcl-2 family proteins
in ING4-induced apoptosis [33]. ING4 may also induce
apoptosis through negative regulation of NF-«B signaling
[27] and via cooperating with other tumor suppressors
[34]. More research is needed to tease out the mechanism
underlying ING4 pro-apoptotic effects.

We also found that ING4 expression induces
significant cell cycle arrest in pancreatic cancer cells.
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Figure 2: Pancreatic cancer-specific cytotoxicity of VV-ING4. Cells were seeded in 96-well plates and infected with VV or VV-
ING4 at a series of MOIs. Cell viability was determined by MTS cell proliferation assay at 48 hrs post-infection. (A) Cytotoxicity and
EC50 of VV and VV-ING4 in three pancreatic cancer cell lines. (B) Cytotoxicity of VV and VV-ING4 in QSG-7701 cells. The results were
presented as mean + SD of three separate experiments (* represents P < 0.05, ** represents P < 0.01 and *** represents P <0.001, one-way

analysis of variance (ANOVA) and multiple comparisons).
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Figure 3: VV-ING4 induced apoptosis in pancreatic cancer cells in vitro. (A) Apoptosis analysis using Annexin V-FITC/PI
double staining. SW1990 cells were infected with VV or VV-ING4 (MOI = 5) for 48 hrs. The florescence was analyzed by flow cytometry
(Data are presented as mean + SD of three separate experiments; ** represents P < 0.01, *** represents P < 0.001). (B—C) Apoptosis
detection through measurement of DNA fragmentation. Cells were treated as indicated above, stained with TUNEL solution (B) or Hoechst
33258 (C). The arrows signify fragmented nucleic, scale bar: 500 um; average values of TUNEL+ cells rate were determined by flow
cytometry and expressed as mean + SD of three separate experiments; ** represents P < 0.01, *** represents P < 0.001. (D) Apoptosis
detection by Western blot. f-actin served as a loading control. Results are representative of three separate experiments.
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Figure 5: Evaluation of synergistic effect between gemcitabine and VV-ING4 in vitro. (A) Dose—response histogram of
cell viability. SW1990 and PANC-1 cells were seeded at 10,000 cells/well into 96-well plates. For synergism research, gemcitabine and
VV-ING4 were analyzed as a constant ratio of 2.5/1. Cell viability was measured 2 days later. Data shown are representative of three
independent experiments. (B) Synergism detection was conducted by Chou—Talalay Combination Index (CI) analysis using CalcuSyn
software (Biosoft, Cambridge Place, Cambrige, UK). The middle curve line stands for the simulated CI values, which were expressed as
the log10 (CI) + 1.96 SD. The log10 (CI) values represent an antagonism between the treatments when > 0, an additive efficiency when
equal to 0 and a synergism when < 0.
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This is consistent with previous studies that have shown
that ING4 promotes cell cycle arrest in other cancer cells
[14, 28]. It is well known that cyclins, cyclin-dependent
kinases (CDKs) and CDK inhibitors are crucial for cell
cycle progression. The activities of various cyclin/CDK
complexes are inhibited by the CDK inhibitors, such
as plo6, p21, and p27. It has been proved that ING4
upregulated p21 in a p53-dependent manner [14]. p21
restricts the activity of cyclin E-CDK2, cyclin D3-CDK4
and cyclin BI/CDC2 complexes leading to G2/M arrest
[35, 36]. p21 also inhibits cyclin D1 activity [37], which
can cause G2/M arrest [38, 39]. Interestingly, ING4 was
reported to connect with p300 [11] and NF-xB subunit
p65 (RelA) [8]. Whether ING4-induced upregulation of
p21 was related with these p53-independent signaling
pathways still needs to be further studied. In our study,

flow cytometry analysis showed VV-ING4 infection
altered the cell cycle with S-phase reduction and G2/M
phase arrest, which differs from the preceding report using
RKO colon cancer cells [11]. This may be due to the use
of different tumor cell lines with specific characteristics in
these studies. Further study indicated that ING4 expression
significantly decreased the expression of cyclin D1, cyclin
D3, CDK2 and CDK4, whereas the expression of p21 was
increased. Therefore, ING4-induced upregulation of p21
may contribute to the G2/M cell cycle arrest in VV-ING4-
treated human pancreatic cancer cells.

Finally, combination therapy of VV-ING4 and
gemcitabine synergistically promoted cell death in
pancreatic cancer cells in vitro and in vivo. Multiple
mechanisms may account for this improved anti-tumor
efficiency. Xu et al. reported that ING4 enhances the
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Figure 6: Combination therapy of gemcitabine and VV-ING4 showed an enhanced tumor-killing effect in vivo. (A)
Schematic of injections with experimental timeline. BALB/c athymic nude mice were intratumorally injected with PBS (100 ul), VV
(1 x 107 pfu) or VV-ING4 (1 x 107 pfu) every other day for a total of 6 times, or intraperitoneally injected with a single dose of gemcitabine
(40 mg/Kg) every other three days for 3 times or a combination therapy based on gemcitabine and VV-ING4. The tumor volume (B)
was determined. Mice were sacrificed at 4 weeks post-injection. Tumors were removed and weighted (C). Tumor cell apoptosis in vivo
was detected by flow cytometry (D) (*** represents P < 0.001. Results are presented as mean + SD of three separate experiments). (E)
Histopathological analysis. Tumor samples from different groups were subjected to H&E staining, immunohistochemical analysis and
TUNEL assay. Quantitative graph for percentage of Ki67, ING4 and TUNEL positive cells are given (5 random fields, 4 sections for each
sample, *** represents P < 0.001, scale bars: 500 um, 400x magnification).
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sensitivity of cells to chemotherapy by decreasing p-Stat3
expression [40]. In addition, cooperative regulation
of apoptosis pathways and the inhibition of tumor
angiogenesis between IGN4 and chemotherapy may also
contribute to the synergistic effect [15]. Gemcitabine
is a standard first-line treatment for pancreatic cancer.
However, one disadvantage to gemcitabine efficacy is its
disappointing penetration into tumor parenchyma [41].
VV-ING4 may selectively replicate in and lyse tumor
cells, which disrupt tumor architecture thus facilitating
gemcitabine penetration to generate a synergistic effect.
Additionally, gemcitabine has been shown to enhance
vaccine efficacy by obviating CD11b*/Gr-1* myeloid-
derived suppressor cells (MDSCs) in a murine model of
pancreatic carcinoma [42], and vice versa [43]. In addition,
suboptimal doses of gemcitabine invigorate viral uptake
in pancreatic cancer cell lines [44]. Furthermore, the
synergism in the combination therapy may also be caused
by unblocking host pathways, transporting viruses with
greater efficiency and/or increasing virus generation at the
tumor site [45]. In this study, flow cytometry analysis and
TUNEL assay indicate that the percentage of apoptotic
cells in the combined therapy group was significantly
higher compared with either individual sample, exhibiting
an apoptosis-induction synergism, which is consistent with
the previous study [15].

To our knowledge, this is the first study to show
that VV-ING4 can induce the death of pancreatic cancer
cells and in combination with gemcitabine shows a
synergistic effect in vitro and in vivo. However, there still
remain many obstacles to be conquered for in applying
VV-ING4 to clinical practice, such as efficient delivery
and expression of ING4, the cytotoxicity of viral vector,
or immune responses against viral antigens. Hence,
future studies aim to develop a tumor-specific delivery
system using carrier cells or nanotechnologies to promote
the transfection efficiency of VV-ING4 and weaken the
potential systemic toxicity in our future work.

In conclusion, our data suggest that VV-ING4 is
a conceivable candidate alone and in combination with
gemcitabine for pancreatic cancer therapy.

MATERIALS AND METHODS

Cell lines and vectors

The human embryonic kidney cell line 293A and
the liver cell line QSG-7701 were retained in our lab.
SW1990, BXPC-3 and PANC-1 human pancreatic cancer
cell lines were purchased from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). The cell
lines were authenticated by short-tandem repeat profiling.
Cells were cultivated in Dulbecco’s modified Eagle’s
medium (DMEM), supplied with 10% fetal bovine serum
(FBS), penicillin (100 U/ml), streptomycin (100 pg/ml),

and L-glutamine (2 mM, Gibco, Invitrogen), incubated at
37°C in a humidified 5% CO2 atmosphere in air. The wild-
type vaccinia virus (VACV) and pCB vector were kindly
offered by academician Xinyuan Liu.

Regents

Cell cycle and apoptosis detection kit and the
TUNEL kit were purchased from Beyotime biotechnology
company (Beyotime, Jiangsu, China). Tissue dissociation
kit was purchased from Miltenyi (Miltenyi, Bergisch
Gladbach, Germany). Antibodies against ING4 (1:1000),
Bax (1:1000), cyclin D1 (1:5000), cyclin D3 (1:5000),
CDK2 (1:5000) and CDK4 (1:5000) were purchased from
Abcam (Shanghai, China). Antibodies against Caspase
8 (1:1000), Caspase 3 (1:1000) and Bcl-2 (1:1000)
were obtained from the Bioworld Company (Minnesota,
USA). Caspase 9 (1:1000), XIAP (1:1000) and p21
(1:1000) antibodies were purchased from EMD Millipore
Corporation (Billerica, MA, USA). PARP antibody
(1:1000) was purchased from Sino Biological Inc.
(Beijing, China). B-actin (1:5000) antibody was obtained
from HuaAn Biotechnology Co., Ltd. (Hangzhou, China).
The primers used in this study were synthesized in
Generay Biotech Co.,Ltd (Shanghai, China).

Construction, identification and purification of
oncolytic vaccinia viruses

The entire ING4 cDNA sequence was PCR-amplified
with specific primer pairs: 5-GGCCTCGAGATGG
CTGCGGGGATGTATTTG-3" [forward] and 5'-GG
CGGTACCCTATTTCTTCTTCCGTTCTTGGGAG- 3’
[reverse]. The artificial DNA was digested with BglII and
ECORI (Takara, Japan), then inserted into pCB plasmid
to create pCB-ING4. After sequence confirmation, pCB
or pCB-ING4 homologously recombined with VACV in
HEK293A cells using Lipofectamine 3000 (Invitrogen,
Shanghai, China). After observing cytopathic effect,
cell culture medium was gathered to obtain recombinant
viruses. Mycophenolic acid, dioxopurine and hypoxanthine
were applied to get rid of VACV. Recombinant vaccinia
viruses were amplified in HEK293A cells and purified by
ultracentrifugation. OD260 assay and plaque formation
assay were used to determine viral titers.

Viral replication rate

Viral growth curves were determined as described
previously [46]. Briefly, HEK293A cells at a density of
62,500/cm? were infected with VV or VV-ING4 at a MOI
0f 0.02. At 12 hrs intervals post-infection, the supernatant
was collected and titered by plaque assay in HEK293A
cells at a density of 50,000/cm? Virus titers were
expressed as plaque forming units (pfu) per mL (pfu/ml).
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qPCR

RNA was extracted with Trizol reagent (Invitrogen,
Shanghai, China) following the manufacturer’s
instructions. cDNA was generated using the PrimeScript
RT reagent kit (Tokyo, Japan). The qPCR reactions were
conducted in a total volume of 20 pl by using the following
procedure: 1 cycle at 95°C (10 min), then 60°C (30 sec),
followed by 39 cycles at 95°C (10 sec), 60°C (30 sec).
PCR amplicons were determined based on SYBR Green
I detection (Roche Diagnostic, Indianapolis, USA), and
the authenticity was certified by melting curve analysis.
Quantitative PCR was operated using the CFX-96 qPCR
system and iQ SYBR Green Supermix (Bio-Rad). Relative
gene expression was determined via the 244 method.
The primers used are as follows: Gene: Sequence;
ING4: 5'-AGTATGGGATGCCCTCAGTG-3’ (forward),
5-GACCTGGTGACAAAGGCAAT-3' (reverse);GAPDH:
5'-CTTTGGTATCGTGGAAGGACTC-3' (forward), 5'-G
TAGAGGCAGGGGATGATGTTCT-3’ (forward).

Western blot analysis

Floating and adherent cells were harvested in lysis
buffer (Beyotime, Jiangsu, China) involving 1% Complete
Mini-Protease Inhibitor Cocktail (Roche Diagnosis,
Switzerland), and 5 mM NaF. Protein extractions were
quantified using the BCA kit (Thermo scientific, MA,
USA) and heated for 10 min at 100°C. 30 pg of protein
was resolved in 12% SDS-PAGE and transferred to
nitrocellulose membrane (Merk Millipore, Germany).
After blocked for 1 hour at 37°C, the membranes were
immunobloted with different antibodies overnight at 4°C.
Membranes were then washed with TBST and incubated
with HRP-conjugated goat anti-rabbit or anti-mouse
antibody (1:5000) for 1 hour at room temperature. Finally,
blots were detected using ChemiDoc™ MP Imaging System
(Bio-Rad) with a SuperEnhanced chemiluminescence
detection kit (Applygen, Beijing, China).

MTS cell proliferation assay

PANC-1, BXPC-3 and SW1990 cells and normal
liver cells QSG-7701 were dispensed in 96-well culture
plates at a density of 1 x 10* cells/well. After attachment,
cells were infected with VV or VV-ING4 at a MOI of
0.1, 1, 5, 10 or 20. The medium added with PBS was a
blank control. At 48 hrs post-infection, cells were further
incubated with 20 ul/well MTS reagent (Promega,
Madison, WI, USA) at 37°C for 4 hrs. After shaked for 1
min, plates were read at 490 nm using a Microplate Reader
Model 550 (Bio-Rad, Shanghai, China). Cell viability% =
[(experimental group OD - blank control OD)/(negative
control OD - blank control OD)] x 100%. The viral
MOIs required to kill 50% of cells (the median effective
concentration [EC50]) were determined.

Hoechst DNA staining

SW1990 cells at a density of 2 x 10* cells/
coverslip were treated with VV or VV-ING4 at a MOI
of 5. At 48 hrs post-infection, cells were fixed with 4%
paraformaldehyde, stained with Hoechst 33258 (Beyotime,
Jiangsu, China, 1 pg/ml) for 15 min at room temperature.
The chromatin changes were visualized under a Nikon
standard fluorescence microscope (Ti-U, Nikon, Japan)
with NIS-Elements BR 4.50.00 imaging software. Four
random microscopic fields (400x magnification) were
selected per sample. Three replicates were performed.

Flow cytometry analysis

At 48 hrs post-infection, SW1990 cells were
harvested at a density of 6 x 103 cells/ml. 2 ml collected
cells were centrifuged, incubated in 300 pl of 1X binding
buffer with 5 pl of Annexin V-FITC and 10 pl of PI for
10 min. For TUNEL assay, 2 ml collected cells were
fixed in 4% paraformaldehyde solution for 30 min and
permeabilizated in 0.1% Triton X-100 solution for 10 min.
Cells were incubated in TUNEL reaction mixture (50 pl)
for 60 min at 37°C, then transferred into a tube to a total
volume of 500 pl in PBS. The florescence was analyzed
by NovoCyte Flow Cytometer (ACEA Biosciences Inc.
San Diego, CA).

For cell cycle analysis, 1 ml collected cells were
centrifuged, fixed with cold 75% alcohol overnight,
incubated in 500 pl of staining buffer containing 25 pl of
PI and 10 pl of RNase A for 30 min. The florescence was
analyzed by flow cytometry.

Dose-response and combination index analysis

SW1990 and PANC-1 cells in 96-well plates were
treated with different doses of gemcitabine (uM) (Eli Lilly,
Indianapolis, USA) or VV-ING4 (MOI), or combination
with a constant ratio of gemcitabine/VV-ING4 of 2.5/1.
Cell viability was measured 48 hrs later, based on which
the synergism between gemcitabine and VV-ING4 was
analyzed with Calcusyn Software (Biosoft, Cambridge,
UK). For combination index plots, CI is expressed as the
log10 (CI) = 1.96 SD, the 95% confidence intervals are
shown where estimable. CI values were calculated over a
scope of levels of growth inhibition (GI) from 20% to 80%
of the fraction affected.

Animal studies

All animal experiments were approved by the
Institutional Animal Care and Use Commiittee, performed
according to the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health, and followed
the guidelines of the Animal Welfare Act. BALB/c
athymic nude mice (male, 5-week old and 17-20 g)
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were purchased from Shanghai Experimental Animal
Center (Shanghai, China). One week later, mice were
randomly grouped (7 mice per group) and subcutaneously
injected on the neck with 1 x 10° SW1990 cells. When
tumors grew up to about 200 mm?, mice were injected
following the schematic of injections in Figure 6A.
On day 7 post-intervention, xenografted tumors from
two mice per group were digested enzymatically for
apoptosis detection. Tumor volumes were calculated
every other three days. Mice were sacrificed at 4
weeks post-injection according to ethical instructions.
Tumors were separated, fixed by 4% paraformaldehyde,
imbedded in paraffin, finally cut into 4 um sections for
hematoxylin and eosin staining, immunohistochemistry
analysis and TUNEL assay according to manufacturers’
instructions. For immunohistochemistry analysis, slides
were incubated with primary antibodies: anti-Ki 67
(1:100, HuaAn, Hangzhou, China) or anti-ING4 (1:100,
Abcam, Shanghai, China) overnight at 4°C, then incubated
with biotinylated secondary antibody, further visualized
using a diaminobenzidine (DAB) Kit (Thermo scientific,
Waltham, MA).

Statistical analysis

An analysis of variance (ANOVA) was applied
for comparison of 3 or more groups. The analysis of the
combined effects was performed with CalcuSyn software
2.0 (Biosoft, Cambridge, UK). Data are expressed as mean
+ SD. Statistical analysis was performed with IBM SPSS
Statistics software version 20 (SPSS Inc., Chicago, IL).
Statistical significance was prescribed at P < 0.05.

Abbreviations

ING4: inhibitor of growth family member 4; VV:
oncolytic vaccinia virus; MOI: multiplicity of infection;
PBS: phosphate buffered saline.
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