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Newcastle disease virus harboring the PTEN gene
inhibits pancreatic cancer growth by inhibiting
PI3K/AKT/mTOR signaling and activating apoptosis
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Pancreatic ductal adenocarcinoma (PDAC) is a highly aggres-
sive and intractable cancer that requires more effective thera-
pies that can improve early detection, enhance treatment
efficacy, and provide better patient outcomes. Kirsten rat sar-
coma viral oncogene homolog (KRAS) mutations and reduced
phosphatase and tensin homolog (PTEN) protein expression
are key factors driving the proliferation and severity of
PDAC. To address this, a recombinant Newcastle disease virus
(rNDV) containing the PTEN gene (rNDV-PTEN) was created
to investigate its PDAC cell-killing and tumor-suppression ef-
fects in PDAC cells transplanted into mice. PTEN expression
induced by rNDV-PTEN virus infection in KRAS-mutated
PDAC cells lowered phosphatidylinositol 3-kinases (PI3K)/
protein kinase B (AKT)/mammalian target of rapamycin
(mTOR) signaling, promoted PDAC cell death, and suppressed
tumor growth. PTEN overexpression promotes apoptotic
signaling pathways in both PANC-1 cells and orthotopic xeno-
graft mice. Additionally, during virotherapy, rNDV-PTEN-
injected mice exhibited a mild immune response and no
abnormal responses in blood parameters such as glucose, tri-
glyceride, and total cholesterol levels. These findings support
the potential of rNDV-PTEN as a safe and effective therapy
for PDAC with highly activated PI3K/AKT/mTOR signaling
caused by KRAS and PTEN gene mutations. Thus, PTEN
gene-containing rNDV may be a promising candidate for
pancreatic cancer treatment.
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INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is one of the most serious
and aggressive forms of cancer, with an average 5-year survival rate of
less than 10%.1 PDAC originates from the cells lining the pancreatic
ducts and accounts for the majority of pancreatic cancer cases. Early
prognosis of PDAC is difficult due to the deep-seated location of the
pancreas and the absence of specific symptoms in the early stages of
the disease. The aggressive behavior of PDAC, with rapid growth and
high metastatic propensity, makes its control difficult even with
aggressive treatment approaches.2 Noninvasive diagnostic methods
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have not yet been established because there are no reliable early-stage
biomarkers. For these reasons, most patients are not diagnosed at an
early stage, do not receive surgical treatment, and depend only on
chemical treatment.3 Although chemotherapy and radiation therapy
may reduce disease severity and help manage symptoms, they do not
provide a cure. Therefore, development of more advanced and effec-
tive therapeutics and methods for early diagnosis are critical for
improving the prognosis of patients with pancreatic cancer.

Genetic investigations of numerous tumors have led to the discovery
of closely linked genes implicated in cancer occurrence and progres-
sion.4 Several oncogenes and tumor-suppressor genes have been iden-
tified and their genetic alterations are known to be a major cause of
cancer.

Kirsten rat sarcoma viral oncogene homolog (KRAS) mutations are
observed in more than 90% of patients with PDAC. These mutations
activate the phosphatidylinositol 3-kinases (PI3K)/protein kinase B
(AKT)/mammalian target of rapamycin (mTOR) signaling pathway,
promoting cancer cell growth and activating metastasis and angio-
genesis.5 The activation of the PI3K/AKT/mTOR signaling pathway
promotes cell survival and proliferation by inhibiting apoptosis and
promoting cell cycle progression. Additionally, activated AKT mod-
ulates other signaling pathways, contributing to the aggressive nature
of cancer cells.6

The phosphatase and tensin homolog (PTEN) protein plays crucial
roles in the development of cancer. Loss or reduced expression of
this protein can lead to the dysregulation of critical cellular processes,
promoting tumor growth, metastasis, and resistance to treatment.7 Ca-
nonical PTEN encodes a 403-amino acid peptide composed of five
structural-functional domains: an N-terminal phosphatidylinositol
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4,5-bisphosphate (PIP2)-binding domain with phosphatase activity
responsible for dephosphorylation of phospholipids, a C2 domain for
membrane targeting, a regulatory C-terminal tail with multiple phos-
phorylation sites (Ser362, Thr366, Ser370, Ser380, Ser382, Thr382,
Thr383, and Ser385), a PEST sequence (Pro, Glu, Ser, and Thr), and
aPDZ (PSD-95, Dlg1, and ZO-1) domain-binding motif involved in
the regulation of PTEN activity and stability.8

The phosphatase function of PTEN helps regulate the PI3K/AKT/
mTOR pathway, which is involved in cell proliferation, survival,
and metabolism.9 PTEN dephosphorylates phosphatidylinositol3–5-
trisphosphate (PIP3) to produce PIP2, resulting in the inhibition of
the AKT signaling pathway.10 Loss of PTEN function, through ge-
netic mutations, deletions, or reduced protein expression, can lead
to increased activation of the PI3K/AKT/mTOR pathway and uncon-
trolled cell growth, thereby increasing the risk of cancer develop-
ment.11 Analysis of samples from 41 patients with pancreatic cancer
showed that PTEN levels are closely related to proliferation, infiltra-
tion, and metastasis in human pancreatic cancer.12

Loss of PTEN occurs through various mechanisms, and, in specific
cancers, it is not caused by genetic alterations.13 PTEN is not mutated
in pancreatic cancers; however, lowering its expression may lead to
the occurrence and progression of pancreatic cancer.14 Several studies
are currently underway to investigate the reasons underlying low
PTEN levels in pancreatic cancer cells in the absence of mutations
or deletions. Wenzhe et al. showed that the interaction of metas-
tasis-associated protein 2 core subunit with the PTEN gene promoter
lowered PTEN expression and led to activated proliferation, migra-
tion, and invasion of pancreatic cancer cells.15 Ebert et al. demon-
strated that transcription and translation of PTEN are regulated by
transforming growth factor b 1 (TGF-b1). They showed that PTEN
mRNA levels were significantly decreased in PANC-1 cells treated
with TGF-b1, and PTEN expression significantly decreased in the
pancreas of TGF-b1 transgenic mice. These results also showed that
PTEN loss without mutations increased the proliferation and migra-
tion of pancreatic cancer cells.14 Jiachi et al. showed that PTEN sup-
pression in pancreatic cancer cells activated invasion and prolifera-
tion of the cells through the PI3K/AKT signaling pathway.16 They
also showed that small interfering RNA (siRNA)-mediated inhibition
of PTEN gene expression increased VEGF secretion and promoted
angiogenesis.17 Nimesulide, a selective COX-2 inhibitor, enhanced
PTEN expression and inhibited the proliferation of PANC-1 cells.17

Haoqiang et al. demonstrated that KRAS mutation and PTEN dele-
tion promoted the activity of nuclear factor kB (NF-kB), resulting
in stromal activation and immune cell infiltration through the activa-
tion of the cytokine network, which are characteristics of tumor-pro-
moting properties.18 Recently, several studies have revealed that
PTEN protein expression inhibits PI3K/AKT/mTOR signaling and
induces intestinal cancer cell death.19

Oncolytic viruses that harbor tumor-suppressive genes, based on the
genetic analysis of cancer cells, represent a new class of cancer thera-
pies that have the advantages of selective replication in tumor cells
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and the delivery of tumor-suppressor genes or immune-stimulating
genes leading to cancer cell death.20 Various strains of viruses,
including adenoviruses, herpesviruses, poxviruses, vaccinia viruses,
and animal infectious viruses, have been engineered to possess onco-
lytic properties and have been studied for their potential in cancer
treatment.21 Newcastle disease virus (NDV), as an intrinsic oncolytic
virus, exhibits cancer-cell-specific replication in the cytoplasm, distin-
guishing between cancer and normal cells without the need for ge-
netic modification.22,23 The highly pathogenic NDV has a strong on-
colytic effect, but it can pose a serious threat as an infectious disease
agent in birds such as chickens.24 Nevertheless, the virus not only has
an intrinsic oncolytic effect but also has the ability to induce cancer
cell death by transferring foreign genes to cancer cells and inducing
an immune response in cancer cells, resulting in various cancer-sup-
pressing effects.25 Upregulation or overexpression of PTEN, achieved
through a recombinant oncolytic virus or plasmid DNA vector, effec-
tively suppresses tumor cell growth and induces apoptosis in various
cancers, including PDAC.26 In a previous study, we investigated the
therapeutic efficacy of recombinant NDV (rNDV) and rNDV
harboring the PTEN gene (rNDV-PTEN) in xenograft mice trans-
planted with human brain tumor cells (T98G). rNDV-PTEN ex-
hibited a more effective cancer cell-killing and tumor-suppressive
effect than rNDV.

In this study, we evaluated the cancer cell-killing and growth-inhibi-
tory effects of PTEN overexpression by infecting PDAC cells with an
rNDV, rNDV-PTEN, using in vitro and PDAC cell-transplanted an-
imal models. We also investigated the mechanisms underlying the
cancer cell-killing and tumor-suppressive effects of PTEN overex-
pression and examined the immune and metabolic responses to
rNDV-PTEN to assess its safety.

RESULTS
mRNA expression profiling and change analysis

Genetic information plays a crucial role in cancer research and drug
development. We aimed to investigate mRNA alterations in pancre-
atic cancer tissue compared to normal tissue samples obtained from
pancreatic cancer patients. The mRNA microarray expression data
have been deposited in the National Center for Biotechnology Infor-
mation’s (NCBI) Gene Expression Omnibus (GEO: GSE183795) us-
ing the read count data of 22,465 genes from 131 pancreatic tumor
tissues, 102 adjacent non-tumor tissues and three normal pancreatic
tissues in humans. A multi-dimensional scaling (MDS) plot using the
R package edgeR3,27 confirmed the absence of batch effect in the RNA
sequencing data from 236 samples that had been re-sequenced owing
to high rRNA contamination (Figure S1A). We generated a volcano
plot (a type of scatterplot) using an R package edgeR,3 which showed
the obtained fold changes and p values (Figure S1B). These plots show
statistical significance (p value) versus magnitude of change (fold
change) after differentially expressed gene analysis. The most upregu-
lated genes are higher, while the most downregulated genes are to-
ward the bottom. A false discovery rate (FDR) threshold of <0.05
was applied to identify the significant change genes. We confirmed
that PTEN expression was the third most reduced gene out of



Figure 1. PTEN mRNA and PTEN, P-AKT, and

P-mTOR protein levels in normal and PDAC cell lines

(A) PTEN mRNA and (B) PTEN, (C) P-AKT, and (D)

P-mTOR protein levels in human normal pancreatic

(hTERT-HPNE) and PDAC cell lines (PANC-1, SNU-213,

and AsPC-1). (E) Cell viability assay for evaluating the

effect of rNDV and rNDV-PTEN on the viability of normal

and PDAC cell lines. The cells were infected with rNDV

or rNDV-PTEN at a multiplicity of infection (MOI) of

1.0. For negative control, the cells were grown in the

culture medium. After incubating for 96 h, cell viability

assay was performed using a Cell Proliferation Assay

kit. Data are presented as means ± standard deviation

for independent experiments. *p < 0.05, **p < 0.01,

***p < 0.001 vs. control.
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22,465 genes (first, Catenin Delta 2 [CTNND2]; second, glycine ami-
dinotransferase [GATM] genes are not related to pancreatic cancer)
in tissues of patients with pancreatic cancer, thereby confirming
that AKT expression was increased. Based on this, we sought to treat
pancreatic cancer by restoring decreased PTEN expression using
rNDV-PTEN treatment.

Expression of PTEN, P-AKT, and P-mTOR in various PDAC cells

and normal pancreatic cells

We conducted experiments to confirm the mRNA and protein
expression of PTEN in normal pancreatic cells (hTERT-HPNE)
and human pancreatic cancer cell lines (PANC-1, SNU213,
AsPC-1). This was done to compare the results with those obtained
from Figure S1, which shows the mRNA array data. PTEN mRNA
levels in normal pancreatic (hTERT-HPNE) and PDAC (PANC-1,
SNU-213, and AsPC-1) cell lines were determined using RT-qPCR
(Figure 1A). The levels were significantly downregulated in
PANC-1 cells. PTEN (Figure 1B), P-AKT (Figure 1C), and
P-mTOR (Figure 1D) protein levels were evaluated in these cell lines
using western blot analysis. PTEN protein levels were lower in
PANC-1 cells than in other PDAC cell lines (SNU-213 and
AsPC-1) or normal human pancreatic cells (hTERT-HPNE). The
Molecular
P-AKT and P-mTOR levels were highest in
PANC-1 cells (Figures 1C and 1D). These results
suggest that low PTEN protein expression influ-
ences the activation of the Akt/mTOR signaling
pathway.

PDAC cell-killing effect of rNDV and rNDV-

PTEN

We investigated the mechanism of cell death by
treating hTERT-HPNE, PANC-1, SNU213, and
AsPC-1 cell lines with oncolytic virus NDV,
rNDV, and rNDV-PTEN, which contains
PTEN cDNA, at a multiplicity of infection
(MOI) of 1. The cancer cell-killing effect of
rNDV-PTEN was 2.56-fold higher than that of
rNDV in PANC-1 cells (Figure 1E). In SNU-
213 and AsPC-1 cells, the killing effect of rNDV-PTEN was 2.04-
and 1.61-fold higher than that of rNDV, respectively. These results
suggest that PTEN induces a strong cancer cell-killing effect in
PDAC cells.

Growth kinetics and PANC-1 cell-killing effect of rNDV and

rNDV-PTEN

To investigate viral growth in PANC-1 cells, rNDV-PTEN and
rNDV were used to infect PANC-1 (Figure 2A) and DF-1 (Fig-
ure S2) cells. The virus titers gradually increased in a time-depen-
dent manner (Figure 2A). In PANC-1 cells, the viral titers of
rNDV-PTEN and rNDV peaked at 96 h post infection (hpi) to
105.25 and 106 tissue culture infective dose 50 (TCID50/mL),
respectively. In DF-1 cells, growth of rNDV-PTEN and rNDV
increased in a time-dependent manner and reached its highest titer
at 96 hpi to 106.25 and 106.50 TCID50/mL, respectively. rNDV rep-
licates more rapidly than rNDV-PTEN, but the difference was not
significant. Research has shown that, when PTEN expression is
low, the initial immune response (interferon [IFN]-b, IFN-a) to
viral infection in cells is reduced. These results suggest that
PTEN insertion did not significantly affect virus growth in normal
cell line such as the DF-1 cells and PANC-1 cells. The results of
Therapy: Oncology Vol. 32 December 2024 3
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Figure 2. rNDV-PTEN effectively induces cell killing,

upregulates PTEN, and downregulates P-AKT and

P-mTOR

(A) Kinetics of rNDV and rNDV-PTEN multiplication in

PANC-1 cells. The cells were infected with rNDV or rNDV-

PTEN at 0.5MOI. The supernatant was collected at 24, 48,

72, and 96 h post infection for TCID50 titration. The graph

depicts the mean log10TCID50/mL values. (B–D) MTT

assay for evaluating the effect of rNDV and rNDV-PTEN

on the viability of PANC-1 cells. PANC-1 cells were

infected with rNDV or rNDV-PTEN at different MOIs (0.1,

1.0, and 2.5). After incubating for 48, 72, or 96 h, cell

viability assays were performed using a Cell Proliferation

Assay kit. (E) Micrographs showing the cytopathic effect

of rNDV and rNDV-PTEN on PANC-1 cells at 36 h post

infection. (F–H) Effect of rNDV or rNDV-PTEN infection on

the levels of PTEN, P-AKT, and P-mTOR proteins.

PANC-1 cells were infected with rNDV or rNDV-PTEN

and harvested at 12, 24, and 36 h post infection. The

protein levels were analyzed via western blot analysis

using the respective antibodies. Data (A–D and F–H)

are presented as means ± standard deviation for

independent experiments. *p < 0.05, **p < 0.01,

***p < 0.001 vs. control; #p < 0.05, ##p < 0.01,
###p < 0.001 rNDV vs. rNDV-PTEN.
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tetrazolium-based colormetric (MTT) assay showed that the can-
cer cell-killing effect was directly proportional to the MOI
(Figures 2B–2D and S3A–S3C). The cancer cell-killing effect of
rNDV-PTEN was higher than that of rNDV at 48, 72, and
96 hpi at an MOI of 0.1. At 96 hpi, the cancer cell viability for
rNDV and rNDV-PTEN at 2.5 MOI was 57.86% and 28.80%,
respectively, in PANC-1 cells (p < 0.05). The cell viability
decreased in a time-dependent manner in PANC-1 cells infected
with rNDV or rNDV-PTEN at an MOI of 2.5. The cancer cell-
killing effect of rNDV-PTEN in PANC-1 cells was significantly
increased by 1.68-fold compared with that of rNDV infection.
The cytopathic effect (CPE) of rNDV- and rNDV-PTEN-infected
PANC-1 cells was observed under a microscope at 36 hpi (Fig-
ure 2E). PANC-1 cells infected with rNDV-PTEN showed the
most irregular cellular morphology compared with those infected
with rNDV. These results indicate that rNDV-PTEN exhibits a
significantly enhanced cancer cell-killing effect against PANC-1
compared to rNDV.

Effect of rNDV-PTEN infection on the expression of PTEN,

P-AKT, and P-mTOR in PANC-1 cells

PTEN was overexpressed in rNDV-PTEN-infected PANC-1 cells
(Figure 2F). The effect of PTEN overexpression on P-AKT and
P-mTOR levels was assessed using western blotting (Figures 2G
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and 2H). The increase in PTEN through
rNDV-PTEN treatment was found to reduce
AKT phosphorylation compared to the rNDV-
treated group as hpi time increased. However,
there was no significant difference in mTOR
phosphorylation between the rNDV-PTEN and rNDV treatment
groups.

Effect of rNDV-PTEN infection on apoptotic and autophagic

signaling pathways in PANC-1 cells

We investigated the effect of rNDV-PTEN on PANC-1 cell apoptotic
signaling. Cleaved caspase 8 is extrinsic pathway of apoptosis signaling
pathway, which upregulated in rNDV- and rNDV-PTEN-infected
PANC-1 cells (Figure 3A). PTEN overexpression downregulated AKT
and mTOR phosphorylation, which reduced BCL2 and increased Bcl-
2-associated X protein (BAX) expression, resulting in an increased
BAX/BCL2 ratio (Figure 3B). Increased levels of BAX protein are in-
serted into the mitochondrial membrane, which releases cytochrome c
(Figure 3C). APAF1, in combination with cytochrome c, forms apopto-
somesand initiates the bindingof cleavedprocaspase9 (Figure3D).Cas-
pase 9-binding apoptosomes activate caspase 3 (Figure 3A).The levels of
cleaved caspase 9 in PANC-1 cells infected with rNDV-PTEN were
higher than those in cells infected with rNDV. These results indicated
that rNDV-PTEN treatment induced both the intrinsic and extrinsic
pathway of apoptosis; however, the extrinsic pathway showed no differ-
ence between rNDV-PTEN and rNDV treatment in PANC-1 cells.

rNDV and rNDV-PTEN infections induced AMP-activated kinase
(AMPK) production (Figure 3E), and AMPK phosphorylated beclin



Figure 3. rNDV-PTEN induces tumor cell death via

activation of apoptosis and autophagy in PANC-1

cells

(A–D) PANC-1 cells were infectedwith rNDV or rNDV-PTEN

and harvested at 12, 24, and 36 h post infection. The rNDV-

or rNDV-PTEN-induced apoptosis was analyzed via

western blot analysis using antibodies against caspase 8,

caspase 3, caspase 9, BAX, BCL2, and cytochrome c.

(E–H) Effect of rNDV and rNDV-PTEN infection on

autophagy-related proteins. The levels of autophagy-

related proteins were analyzed via western blot analysis

using antibodies against P-AMPK, T-AMPK, P-Beclin 1,

T-Beclin 1, p62, and LC3 II. GAPDH expression was

used as a loading control. The intensities of bands

were analyzed by densitometry using ImageJ software,

normalized against GAPDH expression, and presented as

means ± standard deviation for independent experiments.

*p < 0.05, **p < 0.01, ***p < 0.001 vs. control; #p < 0.05,
##p < 0.01, ###p < 0.001 rNDV vs. rNDV-PTEN.
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1 (Figure 3F). The fusion (F) and hemagglutinin-neuraminidase
(HN) proteins of NDV trigger autophagy via the activation of the
AMPK-ULK1 pathway.28 Studies indicate that NDV F and HN pro-
teins can increase AMPK activation. rNDV and rNDV-PTEN treat-
ments show elevated P-AMPK levels without significant differences
between them, unlike beclin-1 phosphorylation. Based on the
AMPK and phosphorylated beclin 1 expression, we examined the
changes in p62 and LC3 II that participate in autophagosome forma-
tion. After NDV infection, p62 levels decreased (Figure 3G) but LC3
II levels increased (Figure 3H). The autophagy signaling pathway
increased in the rNDV-PTEN-treated group compared to the phos-
phate-buffered saline (PBS) group; however, there was no significant
difference when compared to the rNDV-treated group. Taken
Molecular
together, these results suggest that the restora-
tion of PTEN via rNDV-PTEN treatment, in
addition to the effects of rNDV such as extrinsic
pathway of apoptosis and autophagy activation,
induces the intrinsic pathway of apoptosis.

rNDV-PTEN suppresses tumor growth in

LTPA syngeneic mouse model

To investigate the antitumor effects of rNDV-
PTEN, a syngeneic mouse model was established
using LTPA cells derived frommouse pancreatic
cancer (Figure 4A). We aimed to demonstrate
the suppression of pancreatic tumor growth via
PTEN expression following rNDV-PTEN treat-
ment. The average tumor volume in all groups
was approximately 120 mm3 27 days after inject-
ing cancer cells. Figure 4B shows the changes
in tumor volume from 27 to 37 days during
virotherapy. Tumor volume decreased in
both the rNDV- and rNDV-PTEN-inoculated
groups, with the rNDV-PTEN-inoculated group
showing the highest reduction. Tumor changes during virotherapy
were monitored from 27 to 37 days and tumor tissue volume was
observed at 3 and 7 days post virotherapy (Figures S4A and S4B). Tu-
mor volume at day 7 post virotherapy was 78.95 mm3 in the rNDV-
PTEN group, 95.55 mm3 in the rNDV group, and 133.65 mm3 in the
PBS group.

PTEN expression was clearly observed in the tumor tissue in the
rNDV-PTEN-inoculated group, and HN protein was detected in
the tumor tissue of the rNDV- or rNDV-PTEN-inoculated group
(Figure 4C). Tumor-selective replication of rNDV and rNDV-
PTEN was validated using qPCR analysis based on the mRNA levels
of the M protein and PTEN. Significantly higher levels of NDV
Therapy: Oncology Vol. 32 December 2024 5
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Figure 4. rNDV-PTEN inhibits tumor cell proliferation

and metastasis in LTPA syngeneic model

(A) Syngeneic model construction and virus administra-

tion. Mice were subcutaneously injected with LTPA cells.

After 27 days of tumor cell injection, the mice were i.v.

inoculated with PBS, rNDV, or rNDV-PTEN, every 2 days,

a total of five times. (B) Tumor size was monitored via

caliper measurements every 2 days (C) Immunohisto-

chemical staining of PTEN and HN in tumor tissue in LTPA

syngeneic mice. Scale bar: 100 mm. (D and E) The mRNA

expression of PTEN and NDV-M (M gene of NDV) in the

tumor, spleen, liver, and lung was measured by using

qPCR. 18s was used as an internal control. (F) OD value

on measurement of NDV ELISA antibody in LTPA

syngeneic mice. (G) Measurement of serum cytokine

levels (TNFA, IFNA, IL2, and IL6) in LTPA syngeneic

mice. Data are presented as means ± standard

deviation. *p < 0.05, **p < 0.01, ***p < 0.001 vs. PBS-

injected mice.
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(Figure 4D) and PTEN (Figure 4E) mRNAs were detected in the tu-
mor, spleen, liver, and lungs. In particular, themRNA levels of rNDV-
PTEN were higher than those of rNDV. These results corroborated
the fact that rNDV-PTEN replicated more than rNDV did in
PANC-1 cells (Figure 2A).

Analysis of immune response to rNDV-PTEN in the LTPA

syngeneic mouse model during virotherapy

To investigate NDV HN enzyme-linked immunosorbent assay
(ELISA) antibody formation and changes in inflammatory cytokines
following intravenous administration of rNDV-PTEN in the LTPA
syngeneic mouse model. ELISA was performed to evaluate HN pro-
tein-specific antibody titers and cytokine levels generated by virother-
6 Molecular Therapy: Oncology Vol. 32 December 2024
apy. The NDV HN antibody test using blood
collected from day 0 to day 14 post virus injec-
tion was conducted to verify the formation of
antibodies against the virus, which was adminis-
tered five times every 2 days. Particularly, the
biodistribution results of the virus in mice sacri-
ficed at 14 days post inoculation (fifth 7 dpv-
days post virotherapy) showed that NDV-M
mRNA and PTEN were detected in tissues
(Figures 4D, 4E, 6B, and 6C). Fourteen days is
considered sufficient time for antibody forma-
tion due to the normal immune response of
C57BL/6 mice, as opposed to immunocompro-
mised nude mice. When the serum dilution
was adjusted to 1:50, ELISA detected antibodies
at levels comparable to those observed in mouse
vaccination experiments using NDV, which
were within the acceptable range (Figure 4F).
TNF-alpha (TNFA), interferon-alpha (IFNA),
interleukin (IL)2, and IL6, the primary cytokines
for the immune response against viral infections,
were monitored during the virotherapy (Figure 4G). The TNFA con-
centration increased in the rNDV (17.30 pg/mL) and rNDV-PTEN
(24.84 pg/mL) groups compared with that in the PBS group (14.69
pg/mL) 1 day after the first virotherapy. The level of TNFA in the
rNDV-PTEN group was slightly higher than that in the rNDV or
PBS group from the second virotherapy to the fifth virotherapy.
The level of IFNA was upregulated in the rNDV (51.33 pg/mL) and
rNDV-PTEN (63.45 pg/mL) groups 1 day after the first virotherapy.
However, the level of IFNA was restored from the second to fifth vi-
rotherapy. IL2 plays an important role in the activation of T cells dur-
ing virus infection.29 IL2 expression increased in the rNDV (143.11
pg/mL) and rNDV-PTEN (149.04 pg/mL) groups compared with
that in the PBS group (82.07 pg/mL) 1 day after the first virotherapy.
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IL2 levels decreased following virotherapy; nonetheless, the levels in
the rNDV and rNDV-PTEN groups were slightly higher than those
in the PBS group. IL6 levels increased slightly in the rNDV and
rNDV-PTEN groups compared with those in the PBS group. IL6 con-
centrations, measured on the day after the first virotherapy, were
17.31, 4.23, and 6.28 pg/mL in the rNDV-PTEN, rNDV, and PBS
groups. The average IL6 concentrations were 4.90, 2.77, and 5.31
pg/mL in the PBS, rNDV, and rNDV-PTEN groups, respectively.

rNDV-PTEN suppresses tumor growth in a xenograft mouse

model of PANC-1 cells

To demonstrate the tumor-suppressive effect of rNDV-PTEN, an
in vivo assay was performed using a PANC-1 xenograft mouse model.
rNDV, rNDV-PTEN, and PBS were intravenously (i.v.) injected into
tumor-bearing mice, every 2 days, for a total of 10 injections from day
15 to day 33 (Figure S5A). Figure S5B shows the changes in tumor
volume from 1 to 35 days after injecting tumor cells. Tumor growth
was suppressed upon injection of rNDV and rNDV-PTEN. After
completion of virotherapy, the tumor tissue from the rNDV-PTEN-
injected mice showed the smallest volume (Figure S5C). The tumor
volumes of 131.44 and 62.68 mm3 in the rNDV and rNDV-PTEN
groups were significantly smaller than those in the PBS-injected
group (376.78 mm3). Hematoxylin-eosin (H&E) staining revealed
greater necrosis in the rNDV-PTEN group than in the rNDV group
(Figure S5D). We investigated the mRNA expression of NDV matrix
genes (NDV-M) and PTEN using qPCR. The mRNA expression of
NDV-M and PTEN was significantly induced in the tumor tissue
but did not increase in the spleen, liver, or lung tissues compared
with that in the tumor (Figures S5E and S5F). These results indicate
that PTEN-harboring rNDV has a stronger tumor-suppressive effect
on PDAC than rNDV.

rNDV-PTEN suppresses tumor growth in an orthotopic mouse

model of PANC-1 cells

To determine whether PTEN overexpression significantly inhibits
the proliferation of PANC-1 cells in an in vivo orthotopic mouse
model, we orthotopically xenografted PANC-1-Luc2 cells into
BALB/c nude mice (Figure 5A). At 22 days after cell injection, we
initiated virotherapy using rNDV, rNDV-PTEN, and PBS adminis-
tered via intravenous injection. No significant differences were
observed in the body weights of the three groups (Figure 5B). The
timing of tissue harvest was based on the humane tumor endpoint
criteria, consisting of both tumor size (both width and length
more than 2 cm). Tumor-free weight increased in the rNDV-
PTEN group compared with that in the PBS group (Figures 5C
and 5D). These results indicated that a certain proportion of the
body weight of mice in the PBS group was due to the tumor cells.
To measure the in vivo efficacy of PTEN overexpression on tumor
growth in the PANC-1 mouse model, we detected in vivo imaging
system (IVIS)-luciferase activity in tumor scans, 3 (before virother-
apy) and 8 (18th virotherapy) weeks after tumor injection. The re-
sults of IVIS-luciferase activity showed significantly decreased tu-
mor growth in rNDV-PTEN-treated mice compared with that in
rNDV and PBS mice (Figure 5E). We investigated whether rNDV
effectively delivered PTEN mRNA to the tumor tissue as well as
the expression of HN and PTEN in pancreatic tumor tissues using
immunohistochemistry. As expected, the expression of HN and
PTEN was increased in the tumor tissues of rNDV-PTEN-treated
mice compared with that in PBS-treated mice (Figure 5F). H&E
staining of paraffin-embedded tumor sections from PBS-treated,
rNDV-treated, and rNDV-PTEN-treated mice revealed compact
and loose epithelial cells in rNDV-PTEN-treated mice (Figure 5F).
Staining of tumor sections using antibodies against Ki67, a marker
of tumor cell proliferation in various cancers, revealed lower prolif-
eration (lesser brown stain) in the rNDV-PTEN group than in the
PBS-treated group (Figure 5F). Tumor sections from rNDV-
PTEN-treated mice exhibited less neovascularization (CD31,
brown) and lower metastatic index (MMP9, brown) than in PBS-
treated mice (Figure 5F). To confirm that the virus had reached
the pancreatic cancer tissue, the sections were costained with
pancreatic cancer markers CA19-9 and HN, and the images were
merged. The patterns of reactivity with these virus markers in
pancreatic cancer were similar to those observed in rNDV-PTEN-
and rNDV-treated mice (Figure 6A). To investigate the side effects
of rNDV-PTEN and rNDV treatment in mice, we performed blood
analysis of PBS- and rNDV-PTEN-treated mice. The kidney and
liver functions were evaluated based on the measurement of creati-
nine (CREA), and aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) levels, respectively. No significant differ-
ences were observed among the three groups, and the values were
within the normal range (Figure S6). However, glucose (GLU) meta-
bolism disrupted by pancreatic cancer was restored by rNDV-PTEN
administration, and blood GLU and triglyceride (TRIG) levels were
significantly reduced. We also examined the mRNA expression of
NDV matrix gene (NDV-M) and PTEN using qPCR. Although
the mRNA expression of NDV-M and PTEN was significantly
induced in tumor tissues, there was no significant change in other
tissues (spleen, liver, and lung) (Figures 6B and 6C). The expression
of PTEN at the protein level was the same as its mRNA expression
(Figure 6D). These results indicated that rNDV-PTEN effectively
reached the tumor tissue, induced PTEN expression, and suppressed
tumor cell proliferation and metastasis.

rNDV-PTEN treatment attenuated PI3K/AKT/mTOR signaling

pathway via PTEN overexpression

Generally, AKT and mTOR activation are related to cellular ho-
meostasis, proliferation, and survival in several cells.30 We verified
the mechanism by which rNDV-PTEN induces apoptosis via regu-
lation of the PI3K/AKT/mTOR signaling pathway in the orthotopic
mouse model of PANC-1. As expected, rNDV-PTEN treatment
decreased the phosphorylation of AKT (S473) and mTOR
(S2448) but increased the phosphorylation of AMPK (Th172) (Fig-
ure 7A). Inhibition of the PI3K/AKT/mTOR pathway induced
autophagy through beclin 1 phosphorylation, decreased p62
expression, and increased LC3 I/II ratio (Figure 7B). In the tumor
tissue from rNDV-PTEN-treated mice, BCL2 expression was
decreased by beclin 1 phosphorylation. We also assessed the
changes in the levels of apoptotic protein markers and found a
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Figure 5. rNDV-PTEN inhibits tumor cell proliferation

and metastasis in PANC-1 orthotopic model

(A) Five-week-old female BALB/c nu�/nu� mice were

anesthetized using 250 mg/kg 2,2,2-tribromoethanol

(Avertin), and then 5 � 104 PANC-1-Luc2 cells were

injected as follows: an approximately 3-cm incision was

made on the left side of the abdomen, the spleen was

lifted to expose the pancreas, and 100 mL of the cell

suspension was injected using an insulin syringe. After

22 days of tumor cell injection, the mice were i.v.

inoculated with PBS or rNDV, or rNDV-PTEN, every

2 days, a total of 20 times. (B) Body weight of orthotopic

model mice. (C) Tumor-free weight of orthotopic model

mice after sacrifice at 60 days post tumor injection. (D)

Bioluminescent images of luciferase activity of PANC-1

cells. Bioluminescent images were taken with IVIS lumina

XR and analyzed using Living Image software (n = 6). (E)

Photographs of mice bearing tumors and tumor after

isolation from the mice. (F) Hematoxylin-eosin (H&E) and

immunohistochemical staining of PTEN, HN, Ki67

(proliferation marker), MMP9 (metastasis marker), and

CD31 (angiogenesis marker) in tumor tissue in the

pancreas of orthotopic model mice. Scale bar: 50 mm.

Data are presented as means ± standard deviation for

independent experiments. *p < 0.05 vs. PBS-injected

mice.
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significant induction of cleaved caspase 3 and 8, BAX, and cleaved
caspase 9 (Figure 7C). The autophagy signaling pathway and PI3K/
AKT/mTOR signaling pathway increased in the rNDV-PTEN-
treated group compared to the PBS group; however, there was
no significant difference when compared to the rNDV-treated
group. Taken together, these results were consistent with the find-
ings from in vitro experiment (Figures 2 and 3), which means that
the restoration of PTEN via rNDV-PTEN treatment triggers the
intrinsic pathway of apoptosis.

DISCUSSION
The development of cancer therapeutics that employ a gene-based
approach has spurred the realization that specific genes are closely
involved in the occurrence and progression of cancer.31 Several genes
8 Molecular Therapy: Oncology Vol. 32 December 2024
are simultaneously involved in the occurrence
and progression of cancer.32

PTEN is a multifunctional protein that regulates
cell growth, survival, and various signaling path-
ways. Its primary functions are often associated
with tumor suppression and control of cell pro-
liferation. PTEN has also been implicated in the
regulation of GLUmetabolism and maintenance
of metabolic homeostasis, although it is involved
in mitochondrial function. PTEN mutations are
rare in pancreatic cancer; however, low PTEN
expression levels affect pancreatic cancer devel-
opment. In this study, we used three types of
PDAC cells with KRAS mutations and low
PTEN expression. PTEN gene sequencing results did not show any
mutation in PTEN (Figure S7). PTEN expression was measured at
the mRNA and protein levels (Figures 1A and 1B). The mRNA levels
were not significantly different between normal cells and PDAC, with
the exception of Panc-1 cells, in which the expression was slightly
lower than that in normal cells. Nonetheless, Panc-1 cells had very
low levels of PTEN protein relative to that in normal cells, and the
PTEN protein levels in SNU-213 cells were half those in normal cells
without a difference at the mRNA level (Figure 1B). There are several
possible reasons why protein expression is reduced even in the
absence of a mutation in PTEN. All pancreatic cancer cell lines
used in our study have mutations in the p53 gene, as well as in
KRAS.33 Studies have shown that p53 mutations are related to
reduced PTEN expression, although their relationship with KRAS



Figure 6. rNDV-PTEN effectively infects the tumor

cells and overexpresses PTEN without affecting

other tissues in PANC-1 orthotopic model

(A) Immunofluorescence staining of CA19-9 (pancreatic

cancer marker) and HN in tumor tissue in the pancreas

of orthotopic model mice. Scale bar: 50 mm. (B and C)

mRNA expression of PTEN and NDV-M (NDV matrix

gene) measured using qPCR. The expression of 18S

was used as an internal control. (D) PTEN expression

in several tissues measured using immunoblotting.

GAPDH expression was used as an internal control. The

protein levels were quantified densitometrically using

ImageJ software (right panel). Data are presented

as means ± standard deviation for independent

experiments. *p < 0.05 vs. PBS-injected mice.
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mutations has not been elucidated.34 Low PTEN expression is linked
to the development of various cancers,35 including pancreatic cancer.
In addition to p53 mutations, identification of other factors related to
reduction in PTEN levels and its relation to development, progres-
sion, and severity of pancreatic and other cancers requires intensive
research.

In the present study, we demonstrated that restoration of PTEN in
pancreatic cells enhances cancer cell death and tumor suppression
Molecular
(Figures 2B–2D, 4B, and 5D). The PTEN gene
was transported by rNDV into PANC-1 cells,
resulting in cytoplasmic accumulation of the
protein, which blocked the PI3K/AKT/mTOR
signaling pathway and triggered the apoptotic
pathway. An increase in the levels of apoptotic
proteins was observed in vitro and in vivo
(Figures 3A–3D). It has been clearly revealed
that PTEN enhances the killing effect of pancre-
atic cancer cells through an apoptosis activation
mechanism. PTEN overexpression altered the
levels of autophagy-related signaling pathway
proteins to activate autophagy (Figures 3E–
3H). mTOR is a key component of this pathway
whose activation inhibits autophagy. In
contrast, autophagy is initiated when mTOR is
inhibited. AKT is a serine/threonine kinase
that acts downstream of PI3K. Activated AKT
inhibits the tuberous sclerosis complex 2
(TSC2), which normally inhibits mTOR. TSC2
inhibition leads to the activation of mTOR,
which suppresses autophagy.36 PI3K is an up-
stream activator of AKT. Inhibition of PI3K
can lead to decreased activation of AKT and
subsequent downregulation of mTOR, promot-
ing autophagy.37

PTEN inhibits AKT phosphorylation, leading
to AMPK activation, which in turn inhibits
mTOR and activates ULK1 and beclin 1, promoting autophagy
through a series of phosphorylation events.38 We propose that
NDV infection induces endoplasmic reticulum (ER) stress, forming
the ULK1/2 complex and inhibiting mTOR, thereby activating auto-
phagy. In NDV-infected cancer cells, ER stress disrupts the beclin
1-BCL2 complex, releasing beclin 1 to further activate autophagy.
Beclin1 phosphorylation prevents BCL2 expression, inducing
apoptosis, as BCL2 is an anti-apoptotic protein.39 While autophagy
typically activates when this pathway is inhibited, it can have both
Therapy: Oncology Vol. 32 December 2024 9
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Figure 7. rNDV-PTEN induces tumor cell death via

activation of apoptosis and autophagy in PANC-1

orthotopic model

(A) Expressionofproteins in thePI3K/AKT/mTORandAMPK

signaling, (B) autophagy, and (C) apoptosis pathways was

measured using immunoblotting in tumor tissues in the

pancreas of orthotopic model mice. GAPDH expression

was used as an internal control. The protein levels were

quantified densitometrically using ImageJ software (bottom

panel). Data are presented as means ± standard deviation

for independent experiments. *p < 0.05 vs. PBS-injected

mice.
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tumor-suppressive and tumor-promoting roles, depending on the
cancer type and its stage.

Our study showed that rNDV containing the PTEN gene enhanced
tumor inhibition in PDAC by activating autophagy-related signaling
proteins. NDV infection induces autophagy and increases apoptosis
in cancer cells. However, its specific effects on pancreatic cancer
remain underexplored. Although PTEN restoration plays a significant
role in triggering apoptotic pathways, it is also likely that the cytotoxic
response observed is influenced by factors beyond PTEN expression
alone. The infection efficiency and replication potential of rNDV
may vary across different PDAC cells, contributing to differences in
the overall tumor lysis effect. This suggests that rNDV’s ability to
target and kill cancer cells may depend not only on PTEN but also
10 Molecular Therapy: Oncology Vol. 32 December 2024
on the virus’s interaction with cellular factors
that affect its efficacy. We observed changes
in signaling proteins related to autophagy,
including P-Beclin1, LC3, and p62; however,
further research is needed to understand these
interactions and their implications for pancre-
atic cancer development.

Monitoring the immune response to rNDV car-
rying the PTEN gene in C57BL/6mice revealed a
weak humoral and cellular immune response.
An NDVHN antibody test using blood collected
from days 0–14 post virus injection was con-
ducted to verify the formation of antibodies
against the virus, which was administered five
times at 2-day intervals. In particular, the
biodistribution results of the virus in mice sacri-
ficed 14 days post inoculation (after fifth 7 dpv)
showed that NDV-M mRNA was more
frequently detected in tissues than in major or-
gans (Figures 4D, 4E, 6B, and 6C). A 14-day
period is generally sufficient for antibody forma-
tion in C57BL/6 mice, given their normal im-
mune response, unlike in immunocompromised
nude mice. Serum was diluted 1:50 according to
the kit’s sample preparation method. At this
dilution, the ELISA detected antibodies at levels
comparable to those observed in mouse vaccination experiments us-
ing NDV, which were within the acceptable range. The virus can be
translated into rNDV and replicated in tumor cells, but not in normal
cells. In addition, the levels of ALT, AST, CREA, and cholesterol in
the blood were not significantly different, while GLU and TRIG levels
were decreased in the rNDV-PTEN-injected group (Figure S4). We
established a pancreatic cancer xenograft model and an orthotopic
mouse model using luciferase-tagged PANC-1-Luc2 cells. In the or-
thotopic mouse model, we administered rNDV-PTEN via intrave-
nous injection and confirmed the presence of the HN protein and
the transferred PTEN gene in tumor tissues using qPCR and western
blotting. Additionally, changes in the luciferase activity of pancreatic
cancer cells were monitored using IVIS, which revealed significantly
improved antitumor effects in the rNDV-PTEN group compared
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with the rNDV and PBS groups. This indicates the potential of the
intravenous administration of rNDV-PTEN to achieve antitumor ef-
fects in pancreatic cancer, particularly where direct injection is not
feasible. Our in vivo results suggest that, while PTEN restoration
likely plays a key role in the observed antitumor effects, other factors,
such as the efficiency of viral infection and replication within tumor
cells, may also contribute to tumor shrinkage. These viral kinetics,
including the infection efficiency and replication rate, likely enhance
the therapeutic effect of rNDV-PTEN. Therefore, the combination of
PTEN expression and enhanced viral proliferation likely maximizes
the overall antitumor response.

Although we demonstrated that the rNDV-PTEN virus exhibited
an increased tumor-suppressive effect in the PDAC animal model,
we also identified significant challenges that need to be addressed
through further research. To explore effective pancreatic cancer
treatment strategies, we tested n intravenous injection route in
this study. Intravenous administration may lead to challenges
such as loss owing to incomplete virus delivery to cancer cells
and rapid viral clearance from the bloodstream. To maintain effec-
tive concentrations, we tested various injection frequencies: once
every 2 weeks, weekly, once every 3 days, and once every 2 days.
The most effective anticancer efficacy was observed when injec-
tions were administered every 2 days (data not shown). However,
these results solely depend on injection frequency, not considering
various virus concentrations per dose. Considering safety, virus
concentration needs to be determined through appropriate testing
for potency and toxicity evaluation to establish the optimal injec-
tion concentration, frequency, and interval. There are several refer-
ences to clinical trials for brain tumor treatment using NDV.40,41

These studies involved administering NDV to brain tumor patients
either every other day for 20 days or twice a week, following pro-
tocols where the amount of NDV-HUJ was gradually increased.
This was designed to ensure the sustained presence and activity
of the virus necessary to maintain therapeutic levels and prevent
virus clearance, in contrast to direct tumor injections. For instance,
in the study "Phase I/II Trial of Intravenous NDV-HUJ Oncolytic
Virus in Recurrent Glioblastoma Multiforme," patients were given
NDV-HUJ i.v. with dosages that escalated over time. This protocol
was implemented to ensure continuous viral presence and activity,
which is crucial for effectively targeting and eliminating cancer
cells. These protocols aim to maintain the virus in the bloodstream,
providing a consistent therapeutic level that maximizes the onco-
lytic effects against tumors. These clinical trials provide essential
insights into the potential of NDV as a therapeutic agent for
various cancer types, including glioblastoma multiforme.

Another shortcoming of this study is that the absence of significant
differences in apoptotic signaling proteins between rNDV-PTEN
and rNDV, despite observing significant differences in the PDAC
cell-killing effect and tumor-suppression effect in an animal model.
In the case of P-Akt (Figure 2G), P-mTOR (Figure 2H), and cleaved
caspase-8 (Figure 3A), extrinsic apoptosis pathway protein, there
were no notable changes observed. We consider that this is due to
the rNDV also having cancer cell-killing effect without the PTEN
gene. NDV infection and replication in the cancer cells stimulate can-
cer cell lysis as well as some of the proteins of NDV directly engaging
in several cancer cell-killing pathways.25 NDV infection stimulates
type I IFNs and it induces the p53-mediated intrinsic apoptosis
pathway. NDV infection induced ER stress and it activated caspase
12 and caspase 3, resulting in apoptosis. NDV structural proteins,
for example HN protein, were involved in stimulating apoptotic
signaling in cancer cells.42 Further studies on the mechanism of
cancer cell death at the molecular level should be well designed and
conducted. Nevertheless, the cancer cell-killing effect of lentogenic
(non-pathogenic) NDV strains is known to be less than that of path-
ogenic strains, and, as a complement to this, there is enough value and
usefulness to conduct research and development of oncolytic viruses
using recombinant NDV harboring a tumor-suppressor gene.

In conclusion, rNDV-PTEN demonstrated a strong tumor-suppres-
sive effect in PDAC, which was attributed to the abnormally activated
PI3K/AKT/mTOR signaling pathway resulting from KRAS muta-
tions and the loss of PTEN. Further studies using patient-derived
PDAC cells with the same genetic background, along with more
extensive animal safety tests, are required to fully assess the potential
of rNDV-PTEN as a therapeutic for PDAC. Therefore, PTEN gene-
containing rNDVmay be a promising candidate for pancreatic cancer
treatment.

MATERIALS AND METHODS
Experimental model and subject details

Cell lines and cell cultures

Human pancreatic (AsPC-1, PANC-1, and SNU-213) and African
green monkey kidney (Vero) cells were purchased from the Korean
Cell Line Bank (KCLB, Republic of Korea). Chicken embryonic fibro-
blast (DF-1), human larynx carcinoma (Hep-2), mouse pancreatic
adenocarcinoma (LTPA), PANC-1-Luc2, and pancreatic ductal cell
(hTERT-HPNE) cells were purchased from American Type Culture
Collection (ATCC, USA). AsPC-1 and SNU-213 cells were cultured
in RPMI1640 medium supplemented with 10% (v/v) fetal bovine
serum (FBS, Sigma-Aldrich), 1% (v/v) penicillin-streptomycin solu-
tion (10,000 units/mL of penicillin and 10,000 mg/mL of strepto-
mycin, PS, Gibco, Billings, MT, USA). hTERT-HPNE, PANC-1,
and Vero cells were cultured in Dulbecco’s modified eagle medium
(DMEM) supplemented with 10% FBS and 1% PS. Hep-2 cells were
cultured in MEM supplemented with 10% FBS and 1% PS.

Virus culture

Previously constructed rNDV and rNDV-PTEN were used in this
study.43 DF-1 cells (total 20 mL, 2.5 � 105.0 cells/mL) were seeded
in T75 flasks at 37�C and cultured in an atmosphere of 5% CO2.
For rNDV or rNDV-PTEN infection, a monolayer of DF-1 cells
was washed with PBS two times, and the virus was added at an
MOI of 0.5 in serum-free DMEM with 1% PS (5 mL). The cells
were washed with PBS to remove unbound virus at 1 hpi. The viruses
were harvested 2 days post infection and stored at �80�C for subse-
quent analysis.
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Animal ethics

The subcutaneous PANC-1 xenograft mouse model was approved by
the Animal Care and Use Committee of Libentech (LBT-IACUC-
AE-2021-04). Throughout the study, the mice were housed under
controlled conditions, with an ambient temperature of 22�C ± 1�C
and a light/dark cycle of 12 h. They were provided free access to ster-
ilized food and water and monitored regularly for signs of distress or
adverse effects. A body-weight reduction of 20% or more was consid-
ered a humane endpoint, at which the mice were sacrificed to mini-
mize potential suffering and ensure animal welfare during the exper-
imental period.

The subcutaneous LTPA syngeneic and PANC-1 orthotopic mouse
models used in this study were approved by the Institutional Animal
Care and Use Committee of Chungnam National University Hospital
(CNUH-022-A0042) and adhered to the guidelines. Mice were main-
tained under a controlled environment (ambient temperature, 22�C–
24�C; relative humidity, 50%–60%; 12-h light/dark cycle). A body-
weight reduction of 20% or more was considered a humane endpoint,
at which the mice were sacrificed in accordance with animal ethics.

Method details

Sample preparation for qPCR and western blotting

The normal (hTERT-HPNE, 1� 105 cells/mL) and PDAC (PANC-1,
SNU-213, and AsPC-1, 2 � 105 cells/mL) cells (total 2 mL) were
seeded in a six-well plate (SPL, Republic of Korea) and cultured over-
night at 37�C in an atmosphere of 5% CO2. The cells were washed
with PBS and centrifuged at 2,000 � g for 10 min at 4�C. Cell pellets
were used for RT-qPCR and western blot analyses.

Preparation of virus-infected PANC-1 cell samples

PANC-1 cells (total 20 mL; 2.5� 105.0 cells/mL) were seeded in a T75
flask (catalog #: 070075, SPL) and cultured overnight at 37�C in an
atmosphere of 5% CO2. The cells were infected with rNDV or
rNDV-PTEN at an MOI of 2.5. The virus-infected cells were har-
vested at 12, 24, and 36 hpi and centrifuged at 2,000 � g for
10 min at 4�C. The cell pellet was resuspended in 500 mL of 10% radio
immuno precipitation assay (RIPA) buffer (Sigma-Aldrich), and ho-
mogenized with an ultrasonic homogenizer (QSonica, USA). The cell
homogenate was used for western blot analysis.

Western blot analysis

Protein samples (400 mL) were mixed with 100 mL of 5� sample
buffer (250 mM Tris-HCl pH 6.8, 5% 2-mercaptoethanol, 10% so-
dium dodecylsulfate [SDS], 0.5% bromophenol blue, 50% glycerol).
The mixture was denatured at 100�C for 3 min and then subjected
to SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Subse-
quently, the separated proteins were transferred onto a polyvinyli-
dene difluoride membrane using a Power Blotter (catalog #:
PB0012, Thermo Fisher Scientific, Waltham, MA, USA) at 25 A for
15 min. Themembranes were blocked with 1% bovine serum albumin
for 1 h (25�C ± 1�C) and probed with the appropriate antibody.
The antibodies and their dilutions were as follows: anti-GAPDH
(sc-32233; 1:1,000, Santa Cruz Biotechnology, Santa Cruz, USA);
12 Molecular Therapy: Oncology Vol. 32 December 2024
anti-LC3 (NB100-2220; 1:1,000, Novos Bio, USA); anti-P-mTOR
Ser2448 (2971S; 1:1,000), anti-mTOR (2972S; 1:1,000), anti-P-AKT
Ser473 (9271S; 1:1,000), anti-AKT (9272S; 1:1,000), anti-cleaved
Cas3 (9664S; 1:1,000), anti-p62 (5114S; 1:1,000), anti-AMPK
(2532S; 1:1,000), anti-P-AMPK Thr172 (2535S; 1:1,000), anti-Beclin
1 (3738S; 1:1,000), and anti-P-Beclin 1 Ser15 (84966S; 1:1,000)
from Cell Signaling Technology (USA) and anti-Bcl-2 (ab182858;
1:500), anti-Bax (ab270742; 1:1,000), anti-cytochrome c (ab133504;
1:1,000), anti-caspase8 (ab220171; 1:500), anti-caspase-9 (ab202068;
1:1,000), and anti-PTEN (ab32199; 1:1,000) from Abcam (UK). After
incubation with the primary antibody, the membranes were treated
with appropriate horseradish peroxidase (HRP)-conjugated second-
ary antibodies and a 1:1 mixture of enhanced chemiluminescence
substrate solutions A and B. The images were of blots were captured
using the ChemiDoc MP Imaging System (catalog #: 17001402
Bio-Rad, Hercules, CA, USA), and the band densities were semiquan-
titatively analyzed using ImageJ V.1.8.0. Protein expression levels
were normalized to those of GAPDH, which was used as a loading
control.

Real-time qPCR analysis

Total RNA from cells or mouse tissues was extracted using TRIzol
(Invitrogen, USA). RNA concentration was measured using a spec-
trophotometer (Nano Drop 1000; Thermo Scientific). RNA samples
(1 mg) were reverse transcribed into cDNA using the SuperScript
III First-Strand Synthesis System (Invitrogen), following the
manufacturer’s protocol. The qPCR analysis was performed using a
StepOnePlus Real-Time PCR system (Bio-Rad) with the Power
SYBR Green PCRMaster Mix kit (Applied Biosystems). The thermo-
cycling conditions were as follows: initial denaturation at 95�C for 5 s,
followed by 35 cycles of denaturation at 94�C for 15 s, annealing at
55�C for 25 s, and extension at 70�C for 30 s. Primers specific for
the M gene of rNDV, PTEN gene, and 18S ribosomal RNA gene
were produced by a nucleotide synthesis company (Bioneer, Republic
of Korea). Relative expression of mRNA was calculated using the
2�DDCt method.44 The primer sequences were as follows: rNDV M,
forward 50-AGC TCA TGT GGT TGC AAG GT-30, reverse 50-CTG
CCT GAA ACT AGG CGG AA-30; PTEN, forward 50-CAA GAT
GAT GTT TGA AAC TAT-30, reverse 50-CCT TTA GCT GGC
AGA CCA CAA-30; 18S (control for mRNA), forward 50-GTA
ACC CGT TGA ACC CCA TT-30, reverse 50-CCA TCC AAT CGG
TAG TAG CG-30.

Cell viability assay

To investigate the viability of the selected pancreatic cancer cell lines,
the cells were seeded in 96-well plates at a density of 1 � 104

(PANC-1, SNU-213, and AsPC-1) or 5 � 103 (hTERT-HPNE)
cells/well, 1 day before virus infection. All the cell lines were infected
with rNDV or rNDV-PTEN at an MOI of 1.0. The experiments were
replicated in four wells for each group. After incubating for 96 h, the
MTT solution (CellTiter 96 AQueous One Solution Cell Proliferation
Assay, Promega, USA) was added to each well according to the man-
ufacturer’s protocol, and the plates were further incubated at 37�C for
1 h. Thereafter, the absorbance at 490 nm was measured using an
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iMark Microplate Reader (catalog #: 1681130EDU, Bio-Rad). The
relative cell viability (%) was calculated as described next.
Relative cell viability (%) = (optical density for experimental group/
optical density for control group) �100

PANC-1 cells were seeded in 96-well plates at a density of 1� 104 cells/
well. After 1 day, PANC-1 cells were infected with rNDV or rNDV-
PTEN at an MOI of 0.1, 1.0, and 2.5. The experiments were replicated
in four wells for each group. After incubating for 12, 24, and 36 h,MTT
solution (CellTiter 96 AQueous One Solution Cell Proliferation Assay,
Promega) was added to each well according to themanufacturer’s pro-
tocol, and the plates were further incubated at 37�C for 1 h. Thereafter,
the absorbance at 490 nm was measured using an iMark Microplate
Reader (catalog #: 1681130EDU, Bio-Rad). The relative cell viability
(%) was calculated as described above.

Growth kinetics of rNDV and rNDV-PTEN viruses

The viral growth kinetics of rNDV and rNDV-PTEN was assessed in
DF-1 and PANC-1 cells. DF-1 and PANC-1 cells were seeded in a
12-well plate and infected with a rNDV or rNDV-PTEN load of
0.5 MOI. Supernatants were collected at 24, 48, 72, and 96 h post
infection. The viral titer was calculated using the method described
by Muench and Reed using Vero cells.45

Construction of in vivo LTPA syngeneic mouse model

Five-week-old female C57BL/6 mice were purchased from Orient Bio
(Republic of Korea). LTPA cell is an epithelial cell that was isolated
from the pancreas of a 12-month female LT/Sy mouse with adenocar-
cinoma. For the syngeneic model, LTPA cells (1 � 107 cells/dose)
suspended in 100 mL of PBS were mixed with 100 mL of Matrigel
(catalog #: 354230, Corning, NY, USA) and injected into the left
flank of C57BL/6 mice. Tumor size was measured using a caliper
every 2 days, and the volume was calculated as 1/2 � (smallest
diameter)2 � (largest diameter). When the tumor volume reached
an average of 100–150 mm3, the mice were randomly divided into
the following groups and i.v. inoculated every 2 days, for a total of
five times. The three groups used were as follows: control group (in-
jected with 100 mL of sterile PBS; n = 5), rNDV group (injected with
1 � 107 TCID50/dose rNDV virus; n = 5), and rNDV-PTEN group
(injected with 1� 107 TCID50/dose rNDV-PTEN virus; n = 5). Blood
was collected 1 or 2 days post virotherapy and 3 or 7 days after the
fifth virotherapy stop. The blood samples were centrifuged at
1,500� g for 5min at 4�C, and the supernatant serumwas transferred
to 1.5-mL microcentrifuge tubes and maintained at �80�C until
NDV HN antibody and cytokine analysis using an ELISA. At the
end of the experiments, three and two mice per group were sacrificed
3 and 7 days after the fifth virotherapy stop, respectively, and the tu-
mors were collected for immunohistochemical assay.

Quantitation of HN antibody titers and cytokines using ELISA

Blood samples from LTPA syngeneic mice were centrifuged
(1,500 � g for 15 min), and serum samples, thus obtained, were
used for determining the NDV HN antibody titers using VDPro
NDV AB ELISA (MEDIAN, Republic of Korea), following the man-
ufacturer’s protocol. Then 100 mL of 1:50 diluted serum sample in
dilution buffer was added to a 96-well plate, and the plate was allowed
to stand for 30 min. The serum sample was discarded, and the plate
was washed three times with 300 mL of washing solution. Thereafter,
100 mL of anti-Chicken immunoglobulin (Ig)G HRP conjugate
was added to each well, and the plate was incubated for 30 min
(25�C ± 1�C). The washing was repeated, followed by the addition
of 100 mL of tetramethylbenzidine-hydrogen peroxide as a substrate
to each well and incubation (25�C ± 1�C) of the plate for 15 min
for color development. Thereafter, 100 mL of stop solution was added
to each well, and the absorption at 450 nm was read using an iMark
Microplate Reader (catalog #: 1681130EDU, Bio-Rad). The antibody
titer in the serum samples was calculated as the absorbance (optical
density [OD] 450 nm).

TNFA, IFNA, IL2, and IL6 concentrations in the serum of LTPA
syngeneic mice were measured using ELISA (TNFA, ab252352;
IFNA, ab208348; IL2, ab100706; and IL6, ab100712; Abcam),
following the manufacturer’s protocols. The absorbance was
measured at 450 nm using an iMark Microplate Reader (catalog #:
1681130EDU, Bio-Rad). All experiments were performed in
triplicates.

Construction of in vivo PANC-1 xenograft mouse model

Five-week-old female BALB/c nu�/nu� mice were purchased from
Orient Bio (Republic of Korea). For the xenograft assay, PANC-1 cells
(5� 106 cells/dose) suspended in sterile PBS were mixed with 100 mL
of Matrigel (catalog #: 354230; Corning) and injected into the
left flank of mice. Tumor size was measured using a caliper
every 2 days, and the volume was calculated as 1/2 � (smallest
diameter)2 � (largest diameter). When the tumor volume reached
an average of 100–200 mm3, the mice were randomly divided into
the following groups and i.v. inoculated every 2 days: control group
(injected with 100 mL of sterile PBS; n = 4), rNDV group (injected
with 1 � 107 TCID50/dose rNDV viruses; n = 4), and rNDV-PTEN
group (injected with 1 � 107 TCID50/dose rNDV-PTEN viruses;
n = 4). At the end of the experiments, the mice were sacrificed, and
tumors were collected for viral RNA analysis and H&E staining.

Construction of in vivo PANC-1 orthotopic mouse model

Five-week-old female BALB/c nu�/nu�mice were purchased from
Orient Bio (Republic of Korea). The mice were anesthetized using
250 mg/kg 2,2,2-tribromoethanol (Avertin), and then 5 � 104

PANC-1-Luc2 cells (luciferase sequence included in PANC-1 cells)
were injected as follows: an approximately 3-cm incision was made
on the left side of the abdomen, the spleen was lifted to expose the
pancreas, and 100 mL of the cell suspension was injected using an
insulin syringe. The mice were examined using an IVIS every
7 days. After 22 days, the mice were randomly divided into three
groups as follows: rNDV (injected with 100 mL of 107 TCID50/
dose every time; i.v.), rNDV-PTEN (injected with 100 mL of 107

TCID50/dose every time; i.v), and PBS as a negative control
(n = 6 per group).
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In vivo imaging

Mice were anesthetized with 2.5% isoflurane, and luciferase imaging
was performed 15 min after luciferin injection (100 mL; 30 mg/mL,
intraperitoneally [i.p.]) using a Lumina R IVIS (PerkinElmer, USA).
The images were captured, and the signals were displayed as radiant
efficiency (photons/s/cm2/steradian [sr] or mW/cm2). Finally, images
of the regions of interest were analyzed using the Living Imaging 4.4
software (Caliper Life Science, USA).

Immunohistochemical assay

Tumor tissue samples were fixed in 4% (w/v) paraformaldehyde and
embedded in paraffin. Paraffin sections were deparaffinized, rehy-
drated according to standard protocols, and stained with H&E. For
immunohistochemical analysis, tumor tissues were stained overnight
with the primary antibodies, anti-MMP9 (1:500; MA5-15886; Thermo
Fisher), anti-PTEN (1:750; 9559S; Cell Signaling Technology), anti-
NDV HN (1:750; sc-53562; Santa Cruz Biotechnology, USA), and
anti-Ki67 (1:500; MA5-14520; Thermo Fisher), at 4�C. HRP-conju-
gated anti-rabbit or anti-mouse IgGwas added, and the cells were incu-
bated for 60 min at 25�C ± 1�C. The stained sections were developed
for 10 s by incubating with 3,30-diaminobenzidine. The sections were
counterstained with hematoxylin and examined under a microscope
(Motic, Richmond, BC, Canada) at �100 magnification.

Immunofluorescence assay

Tumor tissue samples were fixed in 4% (w/v) paraformaldehyde and
embedded in paraffin. Paraffin sections were deparaffinized and rehy-
drated according to standard protocols. For immunofluorescence anal-
ysis, tumor tissues were stained overnight with the primary antibodies,
anti-CA19-9 (1:500; GTX635389; GeneTex) and anti-NDVHN (1:750;
sc-53562; Santa Cruz Biotechnology), at 4�C. The sections were then
incubated with rabbit anti-fluorescein isothiocyanate or mouse anti-
cyanine 3 (Cy3) antibody (1:500; Jackson ImmunoResearch) for
90 min at room temperature. The sections were counterstained with
DAPI and examined under a microscope (Motic, Richmond) at�100
magnification.

Mouse blood analysis

Blood parameters (GLU, TRIG, total cholesterol [CHOL], AST, ALT,
and REA) were analyzed using a Samsung LABGEOPT Biochemistry
Test 9 Kit (PR-PT05) with a Samsung LABGEO PT10 analyzer ac-
cording to the manufacturer’s instructions.

Statistical analysis

Statistical analyses were performed using the Prism 8 software
(GraphPad Software, La Jolla, CA, USA). Data are presented as
mean ± standard error of the mean. Statistical comparisons were per-
formed using the Student’s t test. Statistical significance was set
at p < 0.05.
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