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The Oncolytic Activity of Newcastle Disease Virus
in Clear Cell Renal Carcinoma Cells in Normoxic

and Hypoxic Conditions: The Interplay
Between von Hippel-Lindau and Interferon-b Signaling

Wei-Choong Ch’ng,1 Eric J. Stanbridge,2 Khatijah Yusoff,1,3 and Norazizah Shafee1,3

Viral-mediated oncolysis is a promising cancer therapeutic approach offering an increased efficacy with less
toxicity than the current therapies. The complexity of solid tumor microenvironments includes regions of hyp-
oxia. In these regions, the transcription factor, hypoxia inducible factor (HIF), is active and regulates expression of
many genes that contribute to aggressive malignancy, radio-, and chemo-resistance. To investigate the oncolytic
efficacy of a highly virulent (velogenic) Newcastle disease virus (NDV) in the presence or absence of HIF-2a, renal
cell carcinoma (RCC) cell lines with defective or reconstituted wild-type (wt) von Hippel-Lindau (VHL) activity
were used. We show that these RCC cells responded to NDV by producing only interferon (IFN)-b, but not
IFN-a, and are associated with increased STAT1 phosphorylation. Restoration of wt VHL expression enhanced
NDV-induced IFN-b production, leading to prolonged STAT1 phosphorylation and increased cell death. Hypoxia
augmented NDV oncolytic activity regardless of the cells’ HIF-2a levels. These results highlight the potential of
oncolytic NDV as a potent therapeutic agent in the killing of hypoxic cancer cells.

Introduction

Most cancer cells are resistant to the antiproliferative
effects of interferons (IFNs) due to defects in their IFN

signal transduction pathway (Toth and Thomas 1992; Reu
and others 2006). This resistance makes these cells more
susceptible to infection with a variety of oncolytic viruses,
including Newcastle disease virus (NDV; Wong and others
2010; Mansour and others 2011). Due to their preferential
killing of tumor cells, these viruses are widely studied as
candidate agents in cancer virotherapy (Cassel and Garrett
1965; Reichard and others 1992; Elankumaran and others
2010; Alabsi and others 2011; Ali and others 2011; Mansour
and others 2011; Jamal and others 2012). NDV was first
identified and reported in Newcastle-upon-Tyne (United
Kingdom) during an outbreak in poultry (Alexander 1988). It
causes severe disease with high mortality in avian hosts
(Maclachlan and Edward 2011), but is nonpathogenic for
humans (Fiola and others 2006).

NDV stimulates the production of various cytokines, such
as IFNs and tumor necrosis factor (Sinkovics and Horvath
2000). IFNs, as well as other immunomodulatory proteins,
are known to activate the Janus kinase ( JAK) and signal
transducer and phosphorylation of the activator of tran-

scription (STAT; Aaronson and Horvath 2002) pathways.
The activated JAK/STAT signaling induces IFN-stimulated
gene expression, which leads to the establishment of antiviral
responses in infected cells (Rawlings and others 2004). One of
the outcomes of these activation events is triggering of cell
death pathways (Dranoff 2004). In NDV infection, induction
of cytokines leads to enhanced NDV oncolytic activity (Zorn
and others 1994). Recently, a local isolate of a viscerotropic-
velogenic strain of NDV (reviewed in Yusoff and Tan 2001),
designated AF2240, was shown to be oncolytic in several
cancer cell lines (Alabsi and others 2011; Ali and others
2011). This highly oncolytic NDV strain may represent an
unexplored avenue for developing a more potent cancer
virotherapy agent.

Renal cell carcinoma (RCC) accounts for *3% of adult
epithelial cancers and its worldwide incidence is on the rise
(Koul and others 2011). Due to the lack of characteristic early
warning signs, up to 30% of these cases are diagnosed at
advanced stages. RCC is a chemoresistant tumor and late-
stage cases are generally resistant to radiotherapy and che-
motherapy. Prior to 2006, the standard treatment for RCC
consisted of the use of cytokines (reviewed in Cowey and
Hutson 2010). However, due to its limited beneficial proper-
ties, new treatment modalities, involving novel molecularly
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targeted agents, were approved by the U.S. Food and Drug
Administration. Since then, agents that target angiogenesis
(sunitinib, bevacizumab, and pazopanib) and a mammalian
target of rapamycin (mTOR) inhibitor (temsirolimus) have
been used as front-line treatments in place of cytokine therapy
(Koul and others 2011). However, responses to these agents
are relatively short-lived and relapses inevitably occur.

Clear cell RCC is the most common form of RCC, and is
associated with loss of function mutations or silencing of the
von Hippel-Lindau (VHL) tumor suppressor gene. The VHL
protein is part of an E3 ligase complex that is critical for tar-
geting the a subunit of the heterodimeric hypoxia-inducible
factor (HIF) in normoxic conditions (Kaelin 2008). Under
hypoxic conditions, the HIF-a subunit is not degraded and
the heterodimeric HIF transcription factor transactivates
many genes, including those regulating cell proliferation,
angiogenesis, erythropoiesis, cellular pH, and glycolysis
(Semenza 2012). Recently, a number of oncolytic viruses
(Connor and others 2004) (Roos and others 2010) were
shown to have a higher capacity for infecting and killing
HIF-expressing cells. In contrast, another study (Hwang and
others 2006) showed that elevated HIF conferred enhanced
resistance to vesicular stomatitis virus (VSV)-mediated on-
colysis. These studies offered conflicting implications on the
potential use of oncolytic viruses in VHL disease such as
clear cell RCC. In the present study, we explored the onco-
lytic activities of NDV in clear cell renal cancer cell lines and
examined the mechanisms involved. Even though NDV has
been proposed as an agent in anticancer virotherapy, infor-
mation on its oncolytic activity, especially by a highly viru-
lent strain, and IFN induction in HIF-stabilized hypoxic
cancer cells is still lacking. To address this issue, we explored
the oncolytic properties of a velogenic NDV strain, AF2240,
on VHL-deficient, hence constitutively stabilized HIF-a and
active HIF, human renal carcinoma cells (RCCs), and their
variant wild-type (wt) VHL-reconstituted cells.

Materials and Methods

Cell lines and cell culture

The human renal clear cell carcinoma cell line 786-O,
which is defective for the tumor suppressor gene VHL, was
used in this study (Iliopoulos and others 1995). wt VHL
cDNA used in the development of 786-O cells stably ex-
pressing the wt VHL (786-VHL) was a kind gift from Dr.
Michael Ohh, University of Toronto (Hwang and others
2006). Both of the cell lines were maintained in Dulbecco’s
modified Eagle’s medium (PAA, Pasching, Austria) supple-
mented with 10% fetal bovine serum (PAA) and 1% antibiotic–
antimycotic (PAA) at 37�C with 5% CO2. For normoxic
cultures, cells were incubated in a humidified CO2 incubator
(Thermo Forma, Marietta, OH), while for hypoxic cultures
cells were incubated in a 0.3% O2 environment in a ProOx
in vitro chamber (BioSpherix, Redfield, NY), controlled by
ProOx model 110 (BioSpherix).

Newcastle disease virus AF2240

A Malaysian-isolated velogenic strain of NDV, designated
as AF2240 (reviewed in Yusoff and Tan 2001), was obtained
from the Veterinary Research Laboratory, Ipoh, Malaysia.
Virus propagation and purification were performed as pre-
viously described (Yusoff and others 1996). Time zero, or 0 h
post-infection (hpi) began after a 1-h virus absorption period.

Measurement of IFN levels

786-O or 786-VHL cells were cultured in 6-well plates at a
density of 5 · 104 cells per cm2 overnight and then treated
with 0.1 or 1.0 multiplicity of infection (MOI) NDV under
normoxic and hypoxic conditions. After 24 h, cell culture
supernatants were collected. Levels of IFN-a and -b in the
supernatants were determined using the VeriKine Human
Interferon-Alpha and Interferon-Beta enzyme-linked im-
munosorbent assay (ELISA) kits (PBL Interferon Source,
Piscataway, NJ), according to the manufacturer’s suggested
protocols. The concentrations of the relevant IFN in the test
samples were calculated from a standard curve that was
generated using a four-parameter fit.

Detection of late-stage apoptotic cells

Cells were seeded at a density of 5 · 104 cells per cm2,
incubated overnight, and subsequently treated with NDV
at 0.1 and 1 MOI for 24 h. To confirm that NDV-induced
cell death in RCC cells was also via apoptosis, we moni-
tored for the presence of DNA laddering, which is a hall-
mark of late-stage apoptosis (Collins and others 1997). At
the end of the treatment, the culture media containing any
floating cells were collected and subjected to centrifugation
at 1,780 g, for 5 min. Floating cells were harvested since
DNA laddering is readily detectable in floating (dead)
compared to attached (viable) cells (Cooray and others
2003). The pelleted cells were then subjected to the Dead-
End� Fluorometric terminal deoxynucleotidyl transferase
duTP nick end labeling (TUNEL) System (Promega, Madison,
WI) according to the manufacturer’s suggested protocols.
DNA was harvested from the cell pellets using a previously
described method (Strauss 1998). The purified DNA was an-
alyzed on a 2% agarose gel, stained with ethidium bromide,
and visualized using the Gel Doc imaging System (BioRAD,
Philadelphia, PA).

Cell viability assay

786-O or 786-VHL cells were seeded at 5 · 104 cells per cm2

in 6-well plates incubated overnight at 37�C and subse-
quently infected with NDV at MOI of 0.1 or 1.0 for 24 h
under normoxic and hypoxic conditions. At the time of
harvest, floating cells in the culture media were collected and
then combined with the attached cells that were trypsinized.
The cell mixtures were pelleted down at 1,780 g for 5 min.
The cell pellets were resuspended in 2 mL of BD FACSFlow
Sheath Fluid (BD Biosciences, Franklin Lakes, NJ) containing
1% fetal bovine serum (FBS), and stained with thiazole or-
ange (TO) and propidium iodide (PI) from BD Cell Viability
kit (BD Biosciences, San Jose, CA) for 5 min at room tem-
perature. TO stains all cells, while PI stains only dead cells.
The stained cells were then analyzed using a BD Accuri C6
flow cytometer (BD Biosciences, Ann Arbor, MI). Percent of
viable cells was determined by the BD Accuri C6 software to
represent the population of TO-positive/PI-negative cells in
a sample. For DNA content measurement, cells were har-
vested and subjected to fluorescence-activated cell sorting
(FACS) analysis using the BD Cycletest Plus DNA Reagent
Kit (BD Biosciences, San Jose, CA). Data were collected from
a minimum 50,000 gated events per sample to obtain the
percentages of sub-G1 populations.
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Immunodetection

Cells were lysed with 200 mL of radioimmuno-
precipitation assay (RIPA) buffer (Thermo Scientific,
Rockford, IL) containing ethylenediaminetetraacetic acid
(EDTA)-free protease inhibitor cocktail (Roche, Mannheim,
Germany) for 1 h at 4�C. Fifty micrograms of each sample
was then resolved by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE), electrotrans-
ferred, and probed with the required antibodies. Polyclonal
anti-NDV was obtained from the Universiti Putra Malaysia.
Other antibodies used were anti-hemagglutinin (anti-HA)
(Sigma Aldrich, St. Louis, MO), anti-VHL (BD Pharmingen,
San Diego, CA), and anti-b-actin (Sigma Aldrich). The
antibodies for STAT-1, p-STAT-1 (S727), and p-STAT-1
(Y701) were purchased from Cell Signaling Technology
(Danvers, MA). The blots were then probed with horse-
radish peroxidase-conjugated anti-mouse or anti-rabbit
immunoglobulin G (IgG). Protein bands were visualized
using the SuperSignal West Dura Extended Duration Sub-
strate kit or SuperSignal West Pico Chemiluminescent
Substrate kit (Pierce Biotechnology, Rockford, IL). Band
intensities were quantitated and normalized to the b-actin
control using the ImageJ software (Wayne Rasband, NIH,
Bethesda, MD). Values shown underneath each protein
band represent the fold difference of the band intensity
compared to the uninfected control for each cell line.

Statistical analysis

Student’s t-test was used to analyze the experimental
data throughout the study. The results were expressed as
mean – standard error of the mean of at least two independent
experiments with three technical replicates in each experi-
ment. Statistical significance was defined as p-value < 0.05. All
the tests were performed using Windows Microsoft Excel
2010 (Microsoft Corporation, Seattle, WA) or GraphPad
Prism 5 (GraphPad Software, Inc., LaJolla, CA).

Results

NDV infection is affected by the VHL
status of RCC cells

The expression status of the exogenous wt VHL in the
transfected 786-VHL cells was confirmed via detection of the
HA tag (Fig. 1A). Both 786-O and 786-VHL cells were sus-
ceptible to NDV infection, as evidenced by the detection of
the viral nucleocapsid protein (NP) after 24 hpi (Fig. 1A). The
pattern and intensities of the NP bands did not differ be-
tween the two cell lines at 0.1 MOI. However, at 1.0 MOI,
786-O has more NP protein than 786-VHL has at the similar
MOI. To test whether the difference in the intracellular viral
protein levels correlated with yield of released infectious
virions, a plaque assay was performed using the infected cell
culture media. The increase of intracellular viral proteins at
1.0 MOI did not correlate with the level of released infectious
viral progenies in 786-O cultures (Fig. 1B). An inverse cor-
relation was observed, where the increased levels of intra-
cellular NP (Fig. 1A) were associated with lower virus titers
(Fig. 1B). For 786-VHL, there was no difference in the level of
NP protein for either 0.1 or 1.0 MOI infection (Fig. 1A). A
slight but not statistically significant difference ( p > 0.05) in
the corresponding virus titers was noted (Fig. 1B).

NDV induced higher cytotoxicity in 786-VHL
than in 786-O cells

To investigate the level of cell death in the infected cul-
tures, we measured their viability and determined whether
the mechanism of cell death involved apoptosis. Cell via-
bility assays showed that NDV infection of 786-VHL resulted
in higher cell death compared to equivalent infection of 786-
O cells (Fig. 2A). FACS analyses to gate for the sub-G1
population (Fig. 2B) showed fractions that correlated with
the cell viability data in Fig. 2A. The dead cells were found to
be apoptotic, as measured by the TUNEL staining method
(Fig. 2C), and their DNA samples showed a laddering pat-
tern of degradation (Fig. 2D) that is typical of apoptosis. A
similar pattern of laddering was observed regardless of the
MOI used in the infection. Overall, our data indicate that
NDV induced apoptosis in both the 786-O and 786-VHL
cells. This induction, however, was higher in 786-VHL than
in 786-O. Since the specificity of NDV-mediated killing of

FIG. 1. Effects of Newcastle disease virus (NDV) infection in
786-O and 786 VHL clear cell renal cell carcinoma cells. (A)
Detection of the NDV nucleocapsid protein (NP) confirmed the
presence of NDV infection in the cells. Anti-hemagglutinin
(anti-HA) antibody was used to detect the presence of VHL
protein containing an HA tag. (B) The plaque assay method
was used to calculate the virus titers in the infected cell culture
media. The titers are representative of experiments performed
in triplicate. *p < 0.05, **p < 0.01.
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cancer cells has been proposed to be due to defects in the
type I IFN response of the cells (Stojdl and others 2000; Fiola
and others 2006), we tested whether the difference in NDV-
induced cytotoxicity in 786-O and 786-VHL was due to any
difference in their IFN responses.

Restoration of VHL enhances NDV-induced IFN-b
secretion and STAT1 phosphorylation

Type I IFNs (IFN-a/b) are commonly produced by cells in
response to the formation of viral double-stranded RNA in
the cytoplasm. To investigate the types of IFNs produced by

the infected 786-O and 786-VHL cells, ELISA for IFN-a/b
was performed using the infected culture media. Results
showed that only IFN-b was detected upon NDV infection
(Fig. 3A). The levels of IFN-b detected in the infected 786-
VHL cell culture media were significantly higher than in the
corresponding 786-O cultures. This higher IFN-b level may
contribute toward an increased antiviral response in 786-
VHL cells, leading to more cell death (Fig. 2A) and lower
virus production (Fig. 1B).

Since IFN-b was previously shown to affect mainly the
phosphorylation of STAT1 in the JAK/STAT antiviral re-
sponse pathway (Toshchakov and others 2002; Colonne and

FIG. 2. NDV induced higher cell
death through apoptosis in 786-
VHL than in 786-O cells. (A) Cell
viability assay following NDV in-
fection at 0.1 and 1.0 MOI. The
results represent experiments per-
formed in triplicate. (B) Percentage
of sub-G1 populations in cells in-
fected at 0.1 MOI correlate with the
degree of cell death observed in (A).
(C) terminal deoxynucleotidyl
transferase duTP nick end labeling
(TUNEL)-stained cell culture
showed intense fluorescent green
color in the nuclei of NDV-infected
cells but not in the control cells. All
the cells were counterstained with
propidium iodide. Images shown
are representative areas of each
sample on glass slides. Magnifica-
tion: 200 · . (D) DNA laddering
pattern of DNA samples purified
from the floating cells in the in-
fected culture media of both cell
lines. C, Mock-infected control. M,
DNA marker. *p < 0.05, **p < 0.01,
***p < 0.001.
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others 2011), we then tested the level of STAT1 phosphory-
lation in the cells following NDV infection. In the uninfected
cell lines, there is an increased level of total STAT1 protein in
786-VHL compared to 786-O (Fig. 3B). NDV infection in-
creases the level of this STAT1 in both cell lines. At 0.1 MOI,
we see a more dramatic increase than the MOI of 1.0.

Phosphorylation of STAT1 at tyrosine 701 (Y701) and serine
727 (S727) are required for homodimer formation and max-
imum induction of STAT1-mediated gene activation, re-
spectively. In the case of S727 phosphorylation, an increase is
seen at all MOIs in both cell lines, with a moderately higher
level in 786-VHL (Fig. 3B). In the case of Y701 phosphory-
lation (required for dimer formation), there is a dramatic
increase in 786-O cultures at the MOI of 0.1. Interestingly,
that level of phosphorylation disappears at the MOI of 1.0. In
786-VHL cells, the dramatic increase in Y701 phosphoryla-
tion is seen at both MOIs. The increase in STAT1 phos-
phorylation is observed to coincide with reduction in the
levels of the suppressor of cytokine signaling (SOCS) pro-
teins that are inhibitors of the JAK/STAT signaling pathway
(Kile and Alexander 2001). Nevertheless, our data demon-
strate for the first time that NDV-induced IFN-b production
is influenced by the VHL status of the RCC cells.

Since the difference between the two isogenic cell lines,
786-O and 786-VHL, is their wt VHL status, we wished to
determine whether activity of the transcription factor HIF-2,
which is constitutively active in 786-O cells (Maxwell and
others 1999) and active only under hypoxic conditions in
786-VHL (Hwang and others 2006) cells, is also involved.

Hypoxia enhanced NDV-induced oncolysis
of RCC cells

Having established that wt VHL status correlates with the
degree of NDV-mediated oncolysis in RCC cells, we asked
whether accumulation of HIF-2a in the 786-VHL cells under
hypoxic conditions recapitulates the phenomenon observed
in the 786-O cells where HIF-2a is stable under all conditions.
To achieve this, we repeated the infection experiment in the
presence of 0.3% O2 and compared the results to the nor-
moxic condition. For all control cells, viability was the same
under normoxic and hypoxic conditions (Fig. 4). For infected
786-O cells (stable HIF-2a under all conditions), there was a
moderate increase in cell death under the hypoxic condition.
For 786-VHL cells (stable HIF-2a under hypoxic condition
only), there was a more significant ( p < 0.05) increase in cell
death under hypoxic conditions. Thus, the increase in cell
death under hypoxic conditions for both 786-O and 786-VHL
is unlikely to be dependent on HIF-2 activity. To examine
this in more detail, we measured the levels of both VHL and
HIF-2a in the infected 786-O and 786-VHL cells.

NDV infection leads to a downregulation
of VHL in 786-VHL cells

In the normoxic condition, a basal level of HIF-2a ex-
pression was noted in uninfected 786-VHL cells (Fig. 5A)
despite the fact that subconfluent cultures were used for the
experiments. Previous studies have shown that HIF-2a is less
efficiently degraded via the prolyl hydroxylase domain
(PHD)-mediated proteasomal degradation pathway com-
pared to HIF-1a in physiological O2 conditions (Lofstedt and
others 2007). It was also present at a higher basal level
compared to HIF-1a in normoxic endothelial cells (Wiesener
and others 1998; Ahmad and others 2009). Interestingly,
NDV infection of 786-VHL cells induced downregulation of
HA-VHL and this led to a further accumulation of HIF-2a
(Fig. 5A). An even greater suppression of VHL was observed
when the NDV-infected cells were cultured in a hypoxic

FIG. 3. Effects of VHL reconstitution on interferon (IFN) se-
cretion, STAT1, and suppressor of cytokine signaling (SOCS)
protein levels in the NDV-infected and mock-infected 786-O
cells. (A) Enzyme-linked immunosorbent assay (ELISA) anal-
ysis, using the commercially available VeriKine Human Inter-
feron kits (PBL Interferon Source), revealed the secretion of
IFN-b but not IFN-a, which was dramatically higher in the
VHL-containing cells upon NDV infection. The results repre-
sent experiments performed in triplicate. (B) NDV infection
caused increased STAT1 phosphorylation, which was en-
hanced by VHL reconstitution. Values indicate fold difference
of band intensities (that were initially normalized to their re-
spective b-actin loading controls), compared to the uninfected
control for each cell line. SOCS1 protein level was reduced
following NDV infection, while SOCS3 protein was barely
detectable in 786-VHL. C, Mock-infected control. ***p < 0.001.
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condition. In this condition, the suppression of VHL by NDV
did not alter the hypoxia-induced stabilization of HIF-2a.
This is because, in limited O2 tension (hypoxia), prolyl-4-
hydroxylases that require O2 for their activities will be
unable to hydroxylate P405 and P531 within the HIF-2a O2-
dependent degradation domain (Keith and others 2012). The
absence of these hydroxylations results in the inability of VHL
to recognize and ubiquitinate HIF-2a for targeted proteasomal
degradation. This suggests that the increase in NDV-induced
cytotoxic activity in 786-VHL cells is dependent on the
expression of VHL during the early phases of NDV infection,
thereby increasing the levels of IFN-b but is independent
of HIF-2a levels and the corresponding HIF-2 activity.
Further support for this notion is given with the observa-
tion that hypoxia did not significantly alter the pattern of
STAT1 phosphorylation or IFN-b secretion in both cell lines
(Fig. 5A, B) despite the increased level of cell death (Fig. 4).

Discussion

Oncolytic virotherapy offers great promise as an alterna-
tive method for cancer treatment. Recently, several studies
have shown that a number of oncolytic viruses have higher
capacity to infect and kill HIF-expressing cancer cells (Con-
nor and others 2004; Roos and others 2010), while others
concluded that increased activity of HIF reduced the sus-
ceptibility of cancer cells to oncolysis (Hwang and others
2006). A recent addition to the armamentarium of the field of
oncolytic viruses is the viscerotropic-velogenic strain of
NDV, designated as AF2240 (Yusoff and Tan 2001), which
induces high levels of apoptosis in the infected cancer cells
(Alabsi and others 2011; Ali and others 2011).

FIG. 4. Hypoxia enhanced NDV-induced oncolysis of clear
cell renal cell carcinoma cells. Fluorescence-activated cell
sorting (FACS) analysis, using the BD Cell Viability kit, was
performed on the mock and infected cells after 24 h post-
infection. A moderate increase in cell death under the hypoxic
condition was observed for all the samples tested. The results
represent experiments performed in triplicate. C, Mock-
infected control. *p < 0.05, **p < 0.01, ***p < 0.001.

FIG. 5. Effects of hypoxia on the levels of VHL, HIF-2a,
STAT proteins, and IFN production in NDV-infected clear
cell renal cell carcinoma (RCC) cells. (A) NDV infection in
hypoxic condition did not drastically change the patterns of
VHL, HIF-2a, and STAT proteins compared to normoxic
condition. (B) Hypoxia also failed to exert any effect on the
level of NDV-induced IFN-b production by the infected
clear cell RCC cells. The results represent experiments
performed in triplicate. C, Mock-infected control. **p < 0.01,
***p < 0.001.
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The most common form of RCC is clear cell RCC (Lopez-
Beltran and others 2009). Clear cell RCC is associated with
loss of function mutations in the VHL gene or epigenetic
silencing, leading to constitutive HIF-a stabilization and HIF
activity, and increased angiogenesis. VHL is a tumor sup-
pressor protein that is responsible for rapid proteasomal
degradation of the HIF-a subunit under normoxic conditions
(Lu and Kang 2010). We were interested to determine whe-
ther the oncolytic NDV was capable of killing these cell types
under all conditions of O2 tension, that is, under the physi-
ological conditions of heterogeneity of O2 tension encoun-
tered in most solid tumors that are either wt or deficient for
VHL. To accomplish this we used a model of clear cell RCC
cells where VHL is defective (786-O) and the isogenic 786-
VHL cells, where the wt VHL function has been restored.

We found that NDV induced apoptosis in both 786-O and
786-VHL cells under both normoxic and hypoxic conditions,
irrespective of the MOI used. However, some quantitative
differences were seen. Infection using 1.0 MOI of NDV re-
sulted in higher NP viral protein production in 786-O than in
786-VHL. This increase correlated with less virus progeny
production and increased cell death. This pattern of virus-
induced cytotoxicity might be due to the finite ability of the
infected cells to produce viral proteins and release viral
progeny. Increasing the MOI can lead to higher levels of cell
killing, hence reducing virus yield (Flint and others 2008).
Regardless of the amount of viral proteins produced and
MOI used, NDV infection resulted in increased cell death in
786-VHL cells, particularly in a hypoxic environment. Im-
portantly, this indicates that NDV will be an effective on-
colytic agent for cancer cells in the hypoxic regions of
tumors. NDV has been shown to be a strong type-I IFN in-
ducer in susceptible cells (Fiola and others 2006; Elanku-
maran and others 2010). Since tumor cells have defects in
their IFN responses, NDV preferentially replicates and in-
duces cell death in these cells as compared to normal cells
(Reichard and others 1992). In the present study, both 786-O
and 786-VHL cells responded to NDV infection by produc-
ing only IFN-b but not IFN-a. This is consistent with a pre-
vious finding that NDV only induced IFN-b production in
cancer cells (Elankumaran and others 2010). A defect in IFN-
a secretion is thought to be essential for successful NDV
replication in these cells. This is because a defective IFN
system in tumor cells could lead to the loss of antiviral host
defenses and enhancement of NDV replication (Fiola and
others 2006; Schirrmacher and Fournier 2009). This is further
supported by the studies of Krishnamurthy and others
(2006), which demonstrated that neither naturally secreted
IFN-b from NDV-infected HT-1080 cancer cell lines nor ex-
ogenous IFN-b treatment was effective in preventing viral
infection and replication. Here, we demonstrate for the first
time that NDV AF2240 triggered only IFN-b production in
RCC cells. The level of IFN-b secretion, however, is more
prominent in VHL-expressing cells than in VHL-deficient
cells. Since IFN-b has been shown to preferentially induce
apoptosis (Chawla-Sarkar and others 2001), the increased
IFN-b production presumably contributed directly toward
an increased cell death in 786-VHL cells.

STAT1 is a type-I IFN intracellular signaling mediator that
is involved in the regulation of cellular proliferation, mod-
ulation of the immune response, and antiviral defense (Pensa
and others 2009). In this study, we examined whether the
secreted IFN-b affects STAT1 activity in RCC cells following

NDV infection. VHL expression in 786-VHL cells was re-
ported to cause a slight upregulation of STAT1 protein ex-
pression compared to the parental 786-O cells (Ivanov and
others 2007). However, they showed that this increase per se
did not significantly affect the level of IFN-induced STAT1
phosphorylation. Phosphorylation of Y701 in STAT1 initiates
its dimerization, leading to nuclear translocation and DNA
binding (Ihle and others 1994). We observed a high level of
phosphorylation at Y701 and S727 of STAT1 in both infected
786-O and 786-VHL cells. However, at 1.0 MOI, the phos-
phorylation was dramatically diminished in 786-O but not in
786-VHL. We propose that the high level of IFN-b in the
culture medium of 786-VHL perhaps led to a prolonged
STAT1 phosphorylation when a higher MOI was used. Our
proposal is further supported by a reduction of SOCS1 and
SOCS3, which are negative regulators of STAT1 (Song and
Shuai 1998), in 786-VHL at 1.0 MOI, but not in 786-O (1.0
MOI) where STAT1 phosphorylation was lowered. Pro-
longed STAT1 phosphorylation by IFN-b is also possible
since secreted IFN-b has been shown to further amplify its
own expression via a positive feedback mechanism through
an IFN-b-STAT1 feedback loop (Colonne and others 2011).
The actual function of STAT1 Y701 phosphorylation, in the
context of apoptosis, is somewhat controversial. However,
increasing evidence suggests that, in conjunction with IFN
type 1 responses, STAT1 phosphorylation enhances the ap-
optotic response (Zitzmann and others 2007). IFN-b was also
shown to induce STAT1 S727 phosphorylation, resulting in
apoptosis (Sanceau and others 2000). In the present study, an
increased IFN-b production in 786-VHL may contribute to-
ward a prolonged state of phosphorylation of STAT1 Y701,
leading to its activation and an increase in apoptosis. We are
currently investigating the detailed involvement of JAK/
STAT/SOCS pathway in this event. Nevertheless, our results
thus far clearly show the involvement of IFN-b signaling
pathways in NDV-induced apoptosis of RCC cells.

Our initial study was designed to determine whether
hypoxia, and also stable HIF-2 activity, would modulate
NDV-mediated cytotoxity. Earlier, it had been reported that
HIF stabilization was shown to cause resistance of RCC cells
to VSV oncolysis (Hwang and others 2006). However, our
results show that hypoxia enhanced NDV oncolysis in
both 786-O and 786-VHL. These data suggest that hypoxia-
induced stabilization of HIF-2a in 786-VHL cells failed to
inhibit NDV-induced oncolytic activities; instead it was en-
hanced. Further, infection with NDV caused a significant
decrease in the levels of exogenous wt VHL protein in the
786-VHL cells, regardless of O2 content. One consequence of
this is that significant levels of HIF-2a were present in both
cell lines, irrespective of the degree of hypoxia. Thus, it is
unlikely that HIF-2 activity per se is responsible for the
greater oncolytic activity of NDV under hypoxic conditions.

In summary, our data show that NDV AF2240 induced
apoptosis in RCC cells via the IFN-b signaling, leading to
STAT1 phosphorylation and perhaps the involvement of
SOCS proteins. VHL restoration led to an increase in NDV-
induced IFN-b signaling and apoptotic cell death. Im-
portantly, hypoxia enhanced NDV-induced oncolysis in both
786-O and 786-VHL cells. Overall, these findings highlight
the importance of our velogenic strain of NDV as a candidate
for anticancer virotherapy, targeting both normoxic and par-
ticularly hypoxic cancer cells, especially for renal cell cancers
that are refractory to most chemotherapeutic regimens.
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