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Reovirus, which possesses a 10-segmented double-stranded
RNA genome, mediates superior antitumor effects via not
only virus replication in a tumor cell-specific manner but also
other mechanisms distinct from virus replication. Several
groups, including ours, reported the reovirus-mediated down-
regulation of hypoxia inducible factor-1a (HIF-1a) following
infection in cultured tumor cells; however, it remained to be
clarified whether reovirus downregulates the expression of
HIF-1a and its target genes in tumor-bearing hosts. We found
that reovirus induced significant downregulation of protein
levels of HIF-1a and its target genes in the subcutaneous
tumors at 120 h post-systemic administration. Expression of
reovirus capsid proteins3 was found in the pimonidazole-pos-
itive hypoxic area in the tumor. Significant levels of tumor cell
apoptosis were not found in the tumors of reovirus-treated
mice at this time point, suggesting that reovirus-mediated
tumor cell killing did not largely contribute to the downregula-
tion of HIF-1a protein levels in the tumors. UV-inactivated
reovirus did not induce downregulation of HIF-1a expression
in the tumors, indicating that virus replication was indispens-
able for downregulation of HIF-1a expression in the subcu-
taneous tumors. This study provides important information
for the development of reovirus-mediated virotherapy against
various types of tumors.
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INTRODUCTION
Solid tumors contain hypoxic areas because tumor blood vessels are
structurally and functionally abnormal; i.e., they exhibit high perme-
ability, excessive tortuosity, branching, shunts, and lack of pericytes.1

Hypoxia inducible factor-1a (HIF-1a), which is a principal regulator
for the adaptive transcriptional responses to low-oxygen conditions,
is stabilized under hypoxic conditions, whereas HIF-1a is subjected
to ubiquitination and proteasome-mediated degradation under
normoxic conditions.2 HIF-1a translocates to the nucleus, forms het-
erodimers with HIF-1b, and binds to hypoxia-response elements
(HREs) in the promoters of target genes, leading to expression of
the target genes.3 HIF-1a target genes include various genes impor-
tant for the growth, survival, and metastasis of tumor cells, such as
solute carrier family 2 member 1 (SLC2A1), ATP binding cassette
subfamily B member 1 (ABCB1), and vascular endothelial growth
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factor (VEGF).4–6 HIF-1a regulates the tumor microenvironment,
which is increasingly recognized as a key factor for cancer therapy,
through the regulation of HIF-1a target gene expression.7 Moreover,
HIF-1a is involved in the maintenance of cancer stem cells and the
immune-suppressive environment in the tumors.8,9 Thus, HIF-1a is
a potential target for cancer therapeutics. A number of HIF-1a inhib-
itors have been synthesized and have proceeded to clinical trials.10

Recently, much attention has been focused on oncolytic viruses,
which show efficient infection in a tumor cell-specific manner, lead-
ing to efficient tumor cell lysis. Now more than 10 types of oncolytic
viruses, including adenovirus, herpesvirus, and vaccinia virus, have
been developed.11 Clinical trials, including phase III trials, using on-
colytic viruses are internationally going. In 2015, the US Food and
Drug Administration (FDA) approved the first oncolytic virotherapy,
talimogene laherparepvec (T-VEC), for the treatment of metastatic
melanoma that cannot be removed surgically.12 This virus was subse-
quently approved in Europe and Australia.13

Among various types of oncolytic viruses, mammalian orthoreovirus
type 3 Dearing (hereafter reovirus), which is a non-enveloped, non-
pathogenic RNA virus containing a 10-segmented double-stranded
RNA genome in the virion, has various unique properties as an onco-
lytic virus, in addition to efficient tumor cell lysis activity.14 First,
because reovirus can be intravenously administered to patients,15 it
has the potential to target both primary and metastatic tumor sites.
Second, reovirus efficiently activates antitumor immunity via various
mechanisms, including activation of innate immunity, release of tu-
mor antigens from dying tumor cells, and inhibition of immune-sup-
pressive cells.16,17 Combination therapy using reovirus and immune
checkpoint inhibitors has shown promising results.18 Third, reovirus
shows superior safety profiles. Clinical studies have reported minimal
side effects in reovirus-administered patients.19 Due to these unique
thor(s).
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characteristics, the FDA has granted fast track designation for the
reovirus variant Reolysin. In addition to these properties, reovirus
has recently been demonstrated to induce downregulation of HIF-
1a protein levels in cultured tumor cells.20,21 HIF-1a is involved in
the growth, survival, and malignancy of tumor cells in the hypoxic
tumor microenvironment, as described above, suggesting that
reovirus-mediated downregulation of HIF-1a contributes to the
in vivo antitumor effects of reovirus; however, it remains to be clari-
fied whether reovirus downregulates HIF-1a expression in tumor-
bearing hosts following systemic administration.

In this study, we examined whether systemic administration of
reovirus induced downregulation of the expression of HIF-1a and
its target genes in the subcutaneous tumors. Our results showed
that reovirus infected tumor cells not only in the normoxic area but
also the pimonidazole-positive hypoxic area, and that HIF-1a protein
levels in the tumors were efficiently reduced at 120 h following intra-
venous administration of reovirus. In addition, HIF-1a target gene
expressions in the tumors were also reduced following systemic
administration. On the other hand, UV-inactivated reovirus (UV-
Reo) failed to mediate downregulation of HIF-1a in the tumors. To
the best of our knowledge, this study is the first report showing onco-
lytic virus-induced downregulation of the expression of HIF-1a and
its target genes in solid tumors.

RESULTS
Reovirus Induced Downregulation of HIF-1a Target Genes in

Tumor Cells

Several groups, including ours, previously showed that reovirus
efficiently reduced the HIF-1a protein levels in cultured tumor
cells;20–22 however, it remained to be fully elucidated whether the
expression of HIF-1a target genes was really downregulated following
reovirus infection in the cells. In order to examine whether reovirus-
mediated downregulation of HIF-1a expression resulted in the tran-
scriptional suppression of HIF-1a target genes, the mRNA levels of
several HIF-1a target genes in H1299 and A549 cells were evaluated
24 h following treatment with reovirus. We previously demonstrated
that H1299 cells were susceptible to reovirus infection, whereas A549
cells were resistant to reovirus infection.23 Consistent with the previ-
ous studies,20–22 we found that HIF-1a protein levels were downregu-
lated in a dose-dependent manner in the tumor cells following
treatment with reovirus, although reovirus-mediated downregulation
of HIF-1a in A549 cells was less efficient, compared with that in
H1299 cells (Figure 1A). mRNA levels of SLC2A1, ABCB1, matrix
metalloproteinase 2 (MMP2), twist family bHLH transcription factor
1 (TWIST1), and VEGFA, which are well-known as HIF-1a target
genes, were dose dependently reduced in H1299 and A549 cells
following reovirus infection (Figure 1B). Moreover, reovirus infection
downregulated the SLC2A1 protein levels and glucose uptake (Fig-
ures 1C and 1D). Reduction in the viabilities of these cells at 24 h
post-infection was minimal, indicating that reovirus-mediated tumor
cell lysis did not significantly contribute to the downregulation of the
HIF-1a target genes at this time point (Figure 1E). These results indi-
cated that reovirus-mediated downregulation of HIF-1a expression
resulted in transcriptional suppression of HIF-1a target genes in tu-
mor cells.

Reovirus Induced Downregulation of HIF-1a in Subcutaneous

Tumors following Systemic Administration

In order to examine whether reovirus downregulated HIF-1a expres-
sion levels in subcutaneous tumors following systemic administra-
tion, we first generated an H1299 transformant expressing firefly
luciferase in a HIF-1a-dependent manner (H1299-5HRE-Luc) by
transfection with p5HRE/NLS-ODD-Luc.24 H1299-5HRE-Luc cells
expressed much lower levels of luciferase expression under normoxic
conditions; on the other hand, they showed approximately 10-fold
higher luciferase expression after 24 h of culture under hypoxic con-
ditions (Figure S1). We also generated an H1299 transformant stably
expressing firefly luciferase (H1299-EF-Luc) by transfection with
pEF-Luc, which constantly mediates firefly luciferase expression un-
der the EF-1a promoter, irrespective of oxygen levels. Reovirus infec-
tion induced significant downregulation of luciferase expression in
H1299-5HRE-Luc cells in a dose-dependent manner, whereas
reovirus-mediated downregulation of luciferase expression was not
induced in H1299-EF-Luc cells (Figure 2A).

We next examined luciferase expression in the subcutaneous tumors
of nude mice transplanted with H1299-5HRE-Luc and H1299-EF-
Luc cells following systemic administration of reovirus by in vivo im-
aging analysis. Luciferase expression in the H1299-5HRE-Luc tumors
gradually declined following systemic administration of reovirus (Fig-
ure 2B). A large reduction in luciferase expression in the tumor was
observed at 120 h after reovirus injection, whereas no reduction in
luciferase expression was apparent in the H1299-EF-Luc tumors (Fig-
ures 2B and 2C). In addition to in vivo imaging analysis, we examined
HIF-1a protein levels in the tumors by western blotting analysis of the
whole tumor lysates at 120 h post-systemic administration of
reovirus. HIF-1a protein levels in the tumors of reovirus-treated
mice were significantly lower than those in the tumors of PBS-treated
mice (Figure 2D). In order to examine whether reovirus-mediated tu-
mor cell killing played a major role in the downregulation of HIF-1a
following systemic administration, we examined the percentages of
apoptotic tumor cells by TUNEL staining of the tumor sections and
activation of caspase-3 by western blotting of the whole tumor lysates
following systemic administration of reovirus. The percentages of
TUNEL-positive tumor cells were comparable between PBS-treated
and reovirus-treated mice 120 h after administration (Figure 2E).
Only slight increases in caspase-3 activation in the tumors of
reovirus-injected mice were found at this time point (Figure 2F). In
addition, there were no statistically significant differences in the tu-
mor volumes between the reovirus-administered and PBS-adminis-
tered groups, at least at 120 h after administration (Figure 2G),
although we found significant regression of the tumor growth after
144 h post-administration in reovirus-treated mice (Figure S2). These
data indicated that reovirus-mediated tumor cell killing did not
largely contribute to the downregulation of HIF-1a levels in the sub-
cutaneous tumors, at least at this time point, following systemic
administration.
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Figure 1. Reovirus-Mediated Downregulation of HIF-1a Target Genes in Cultured Tumor Cells

H1299 and A549 cells were treated with reovirus at the indicated MOIs under hypoxic conditions for 24 h. (A) HIF-1a protein levels in the cultured tumor cells following reovirus

treatment. (B) mRNA levels of HIF-1a target genes in the cultured tumor cells following reovirus treatment. The data represent the mean ± SD (n = 4). *p < 0.05; **p < 0.01;

***p<0.001, compared with the mock group. (C) Protein levels of SLC2A1 in the cultured tumor cells following reovirus treatment. The band intensities were normalized by

those of b-actin. The bars represent the mean ± SD (n = 3). (D) Glucose uptake in the cultured tumor cells following reovirus treatment. Relative fluorescence intensities of

2-NBDG were measured 6 h after the addition of 2-NBDG. (E) Viabilities of cultured tumor cells 24 h after reovirus treatment. The data represent the mean ± SD (n = 4). **p <

0.01; ***p < 0.001, compared with the mock group. The experiments were repeated at least twice.
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Next, we examined whether reovirus infected tumor cells within the
hypoxic area of tumors and whether reovirus administration altered
the oxygen levels within tumors. Immunohistochemical analysis
demonstrated that reovirus outer capsid protein s3 was detected in
not only the normoxic area but also the pimonidazole-positive hyp-
164 Molecular Therapy: Oncolytics Vol. 12 March 2019
oxic area of tumors (Figures 2H and S3). Areas of the pimonida-
zole-positive cells were comparable between the tumors of reovirus-
treated and PBS-treated mice (Figure 2I). These results indicated
that reovirus infected the tumor cells within the hypoxic areas in
the tumors following systemic administration, and that reovirus



(legend on next page)
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infection did not appear to alter oxygen levels in the tumors, at least
not at 120 h after systemic administration. These findings collectively
indicate that, following systemic administration, reovirus infected the
tumor cells in the hypoxic areas and induced downregulation of HIF-
1a in the tumors before apparent induction of tumor cell killing.

VirusReplicationWas Indispensable for Reovirus-MediatedHIF-

1aDownregulation in Subcutaneous Tumors following Systemic

Administration

We previously demonstrated that UV-Reo efficiently induced down-
regulation of HIF-1a levels in cultured tumor cells,22 indicating that
virus replication was not necessary for reovirus-mediated downregu-
lation of HIF-1a in tumor cells. In the present study, in order to
examine whether reovirus replication was necessary for downregula-
tion of HIF-1a in subcutaneous tumors following systemic adminis-
tration, UV-Reo was intravenously administered to H1299-5HRE-
Luc tumor- and H1299-EF-Luc tumor-bearing mice, followed by
in vivo imaging analysis. The results showed that UV-Reo mediated
downregulation of luciferase expression at a level comparable with
that mediated by live reovirus in H1299-5HRE-Luc cells 24 h after
treatment, whereas no statistically significant reduction in luciferase
expression was found in H1299-EF-Luc cells following treatment
with live reovirus and UV-Reo (Figure 3A). These data indicated
that virus replication was not indispensable for HIF-1a downregula-
tion in cultured tumor cells. On the other hand, systemic administra-
tion of UV-Reo failed to reduce the luciferase expression in not only
H1299-EF-Luc subcutaneous tumors but also H1299-5HRE-Luc
tumors of the mice (Figures 3B and 3C). These results indicated
that, in contrast with reovirus-mediated downregulation of HIF-1a
in cultured tumor cells, virus replication was indispensable for the
downregulation of HIF-1a expression in the subcutaneous tumors
following systemic administration of reovirus.

Reovirus-Mediated Downregulation of HIF-1a Led to a

Reduction in HIF-1a Target Gene Expression in the Tumors

In order to examine whether reovirus-mediated downregulation of
HIF-1a led to a reduction in HIF-1a target gene expression in the
Figure 2. Downregulation of HIF-1a in Subcutaneous Tumors following Intrave

(A) Luciferase expression levels in H1299-5HRE-Luc and H1299-EF-Luc cells following

followed by a luciferase assay. The data represent the mean ± SD (n = 4). *p < 0.05; ***

expression in the tumors following intravenous administration of reovirus. Reovirus (1� 1

via the tail vein. Bioluminescence intensities were then measured at the indicated t

experiments. (C) Quantitative analysis of bioluminescence intensities in the tumors. Bio

istration. The data represent the mean ± SD (n = 5–9). *p < 0.05; ***p < 0.001, comp

administration. Tumor xenografts were surgically excised 120 h post-systemic administr

levels of HIF-1a target genes were measured by western blotting analysis. The band inte

**p < 0.01, compared with the PBS-administered group. (E) Apoptosis cells in the tum

sections of the tumor xenografts collected at 120 h post-systemic administration of reo

TUNEL-positive cells was carried out by counting the number of TUNEL-positive cells in

tumor xenografts following reovirus administration. Tumor xenografts were surgically ex

reovirus administration. Tumor volumes were measured following reovirus administratio

Pimonidazole and reovirus capsid protein s3-positive areas (H) and pimonidazole-positiv

anti-pimonidazole (green), anti-reovirus capsid protein s3 (red), and DAPI (blue) was c

systemic administration. Scale bars, 50 mm (H); 200 mm (I). The experiments were repe
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tumors, we determined the expression levels of HIF-1a target genes
in the tumors. mRNA levels of SLC2A1, TWIST1, and MMP2 in
the tumors were significantly reduced following systemic administra-
tion of reovirus (Figure 4A). Lower protein levels of the HIF-1a target
genes, including ABCB1, in the tumors were demonstrated by west-
ern blotting of the whole tumor lysates, although statistically signifi-
cant differences in the protein levels of SLC2A1 and VEGFA were not
found in the tumors of PBS- and reovirus-administered mice (Fig-
ure 4B). Protein levels of MMP2 were slightly but statistically signif-
icantly reduced in the tumors of reovirus-administered mice. More-
over, relatively strong correlations between the protein levels of
HIF-1a and those of ABCB1 (R2 = 0.9063) and MMP2 (R2 =
0.6624) were found in the tumors of PBS- and reovirus-administered
mice (Figure 4C). These results indicated that reovirus downregulated
the expression levels of not only HIF-1a but also its target genes in the
tumors following systemic administration.

DISCUSSION
Hypoxia is a feature of the tumor microenvironment. HIF-1a drives
the transcription of many target genes that are important for the
growth, survival, and malignant alteration of tumors, indicating
that HIF-1a is a crucial target of cancer therapy.7 Previous studies re-
ported that reovirus induced downregulation of HIF-1a in cultured
tumor cell lines,20–22 but it remains to be clarified whether reovirus
downregulates the expression of HIF-1a and its target genes in tu-
mor-bearing hosts following systemic administration. In this study,
we demonstrated that reovirus induced downregulation of HIF-1a
and its target genes in the subcutaneous tumors following intravenous
administration before apparent induction of tumor cell apoptosis.

Our major question before beginning this study was whether reovirus
infected tumor cells in the hypoxic areas, which are distant from
blood vessels, of tumors following systemic administration. Our
results showed that reovirus s3 protein was indeed present in the pi-
monidazole-positive hypoxic areas at 120 h following systemic
administration, indicating that reovirus infected the tumor cells in
the hypoxic areas. However, in vivo imaging analysis demonstrated
nous Administration of Reovirus

reovirus treatment. Cells were treated with reovirus at the indicated MOIs for 24 h,

p < 0.001, compared with the mock group. (B) In vivo imaging analysis of luciferase

08 PFU/mouse) or PBS was intravenously administered into the tumor-bearing mice

ime points. Data shown are representative images of at least three independent

luminescence intensities in the tumors were measured 120 h after reovirus admin-

ared with the PBS group. (D) HIF-1a protein levels in the tumors following reovirus

ation of reovirus. Total protein lysates were prepared from the whole tumors. Protein

nsities were normalized by those of b-tubulin. The bars represent the mean (n = 7–8).

ors following reovirus administration. TUNEL assay was carried out using frozen

virus. Scale bars, 50 mm. The quantitative statistical analysis of the percentages of

10 randommicroscopic fields. (F) Production of the cleaved form of caspase-3 in the

cised at 120 h post-systemic administration of reovirus. (G) Tumor growth following

n at the indicated time points. The data represent the mean ± SD (n = 6–9). (H and I)

e area (I) in the tumors following reovirus administration. Immunohistochemistry with

arried out using frozen sections of the tumor xenografts at 120 h following reovirus

ated at least twice.



Figure 3. The Effects of Intravenous Administration of UV-Reo on HIF-1a Expression in Subcutaneous Tumors

(A) Luciferase expression levels in H1299-5HRE-Luc and H1299-EF-Luc cells following treatment with UV-Reo. Cells were treated with UV-Reo at an MOI of 20 for 24 h,

followed by a luciferase assay. The data represent the mean ± SD (n = 4). (B) In vivo imaging analysis of bioluminescence intensities in the tumors following UV-Reo admin-

istration. UV-Reowas intravenously administered into the tumor-bearingmice via the tail vein at a dose of 1� 108 PFU/mouse. Imaging analysiswas carried out at the indicated

time points. Data shown are representative images of at least two independent experiments. (C) Quantitative analysis of bioluminescence intensities in the tumors. Biolumi-

nescence intensities in the tumorsweremeasured 120 h after reovirus administration. The data represent themean±SD (n = 3). The experiments were repeated at least twice.
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Figure 4. Downregulation of HIF-1a Target Genes in Subcutaneous Tumors following Intravenous Administration of Reovirus

Total RNA and protein were recovered from the whole tumors at 120 h post-intravenous administration of reovirus. (A) mRNA levels of HIF-1a target genes in the tumors at

120 h following reovirus administration. The data represent themean ±SD (n = 7–8). **p < 0.01; ***p < 0.001, compared with the PBS-administered group. (B) Protein levels of

(legend continued on next page)
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that it took 120 h to mediate downregulation of HIF-1a in the tumors
following systemic administration, whereas significant downregula-
tion of HIF-1a was observed at 24 h after addition of reovirus in hu-
man cultured tumor cells in vitro.22 In addition, UV-Reo did not
appear to induce downregulation of HIF-1a in the subcutaneous tu-
mors, although we previously reported that UV-Reo induced efficient
downregulation of HIF-1a at a level comparable with live reovirus in
the cultured tumor cells, and that double-stranded RNA virus
genome was involved in the induction of reovirus-mediated downre-
gulation of HIF-1a.22 In consideration of all these findings, we
conclude that systemically administered reovirus infected the tumor
cells in the non-hypoxic areas near the blood vessels, leading to pro-
duction of progeny virus. Subsequently, progeny virus released from
the infected tumor cells in the non-hypoxic areas infected the tumor
cells in the hypoxic areas, leading to efficient replication of the virus
genome and downregulation of HIF-1a in the tumor cells in the hyp-
oxic areas. Reovirus infection was not disturbed in the cultured tumor
cells under a hypoxic condition.25 Alternatively, double-stranded
RNA virus genome might be released from the infected cells and
taken up by tumor cells in the hypoxic areas, leading to downregula-
tion of HIF-1a. On the other hand, injected UV-Reo was also taken
up by tumor cells in the non-hypoxic areas, but progeny virus was
not produced. Therefore, UV-Reo did not infect the tumor cells in
the hypoxic areas or mediate downregulation of HIF-1a in the tu-
mors. In addition, compared with the in vitro condition, lower
amounts of reovirus infected the tumor cells in the subcutaneous tu-
mors following intravenous administration. We previously demon-
strated that infection of reovirus at more than MOI 5 was necessary
for efficient downregulation of HIF-1a in tumor cells.22 In the case
of our present experiments, it probably took 120 h for the production
of sufficient amounts of progeny virus, subsequent infection of prog-
eny virus, and virus genome replication in the tumor cells in the hyp-
oxic areas.

This study demonstrated that systemic administration of reovirus re-
sulted in downregulation of HIF-1a and its target genes in the solid
tumors before apparent induction of tumor cell apoptosis. HIF-1a
plays an important role in maintenance of the tumor microenviron-
ment, including suppression of antitumor immunity and mainte-
nance of cancer stem cells, indicating that inhibition of HIF-1a leads
to alteration of the tumor microenvironment.8,9 Previous studies
demonstrated that reovirus induced alterations of the tumor micro-
environment following administration.16,17 For example, reovirus
administration in tumor-bearing hosts resulted in the activation of
immune cells and induction of lymphocyte infiltration into tu-
mors.16,26,27 Reovirus-mediated downregulation of HIF-1a would
thus contribute, at least in part, to reovirus-mediated alteration of
the tumor microenvironment and subsequent antitumor effects of
reovirus.
HIF-1a target genes in the tumors at 120 h following reovirus administration. Band inte

b-tubulin are the same as those shown in Figure 2. The bars represent the mean (n = 7–8

of the protein levels of HIF-1a versus those of HIF-1a target genes (ABCB1 and MMP

repeated at least twice.
In this study, systemic administration of reovirus induced the down-
regulation of ABCB1 and MMP2 protein levels in the tumors,
whereas statistically significant differences in the protein levels of
SLC2A1 and VEGFA were not found in the tumors of PBS- and
reovirus-administered mice. Expression of HIF-1a target genes is
regulated by not only HIF-1a but also other transcriptional factors,
including NF-kB.28 Reovirus-mediated innate immune responses
and/or an inflammatory environment in the tumor would result in
activation of NF-kB, leading to upregulation of HIF-1a target genes.
Reovirus-mediated suppression of the expression of HIF-1a target
genes would be offset by NF-kB-induced upregulation of HIF-1a
target gene expression. Several HIF-1a target genes are also expressed
on normal cells. For example, SLC2A1 is highly expressed on acti-
vated CD4+ lymphocytes.29 In our present study, expression of
HIF-1a target genes in blood cells infiltrated into the tumors was de-
tected in the western blotting analysis.

The mechanism of reovirus-induced downregulation of HIF-1a re-
mains to be clarified. We previously demonstrated that reovirus
double-stranded RNA genomes were involved in the reovirus-medi-
ated downregulation of HIF-1a.22 In addition to reovirus, oncolytic
H-1 parvovirus, which contains a single-stranded DNA genome,
and Newcastle disease virus, which has a single-stranded RNA
genome, were also demonstrated to downregulate HIF-1a protein
levels in cultured tumor cells.30,31 On the other hand, other viruses,
including Epstein-Bar virus (EBV), Kaposi’s sarcoma-associated her-
pes virus (KSHV), hepatitis B virus (HBV), hepatitis C virus (HCV),
and human papillomavirus (HPV), induced upregulation of HIF-
1a.32–36 Thus, the effects of virus infection on the HIF-1a expression
levels and mechanism of virus-induced downregulation of HIF-1a
differ among the virus types.

In summary, this study demonstrated that reovirus downregulated
the expression of HIF-1a and its target genes in solid tumors before
its apparent induction of tumor cell apoptosis following systemic
administration. Virus replication was indispensable for reovirus-
mediated HIF-1a downregulation in the tumors. This study provides
important information for the clinical application of reovirus in can-
cer therapy.

MATERIALS AND METHODS
Cell Lines and Virus

Human and mouse cultured cells were maintained in an appropriate
culture medium containing 5% or 10% fetal bovine serum and antibi-
otics at 37�C in a 5% CO2 atmosphere. All cell lines were obtained in
the years from 2007 to 2013. All experiments were done using cells
passaged less than 20 times. The authentication was performed by
the vendor, but not by the authors. For hypoxic exposure, cells
were incubated in a hypoxic chamber (Veritas, Tokyo, Japan) in the
nsities were normalized by those of b-tubulin. Note that the images of HIF-1a and

). *p < 0.05; **p < 0.01, compared with the PBS-administered group. (C) Scatterplot

2) in the tumors at 120 h following reovirus administration. The experiments were
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presence of 1% O2, 5% CO2/balance N2 at 37�C. Reovirus was grown
in L929 cells (ATCC) and purified by CsCl ultracentrifugation, fol-
lowed by overnight dialysis. Biological titers of reovirus were deter-
mined by a plaque-forming assay using L929 cells. For inactivation
treatment, reovirus was irradiated with UV for 1 h. Inactivation of
reovirus was confirmed by the cytotoxic effects on L929 cells using
a cell counting kit-8 (Dojindo Laboratories, Kumamoto, Japan) ac-
cording to the manufacturer’s instructions.

Isolation of H1299 Transformants Expressing Firefly Luciferase

H1299 cells (ATCC) were transfected with p5HRE/NLS-ODD-Luc
(kindly provided by Dr. H. Harada, Kyoto University, Kyoto, Japan)24

using Lipofectamine 2000 (Thermo Fisher Scientific, San Jose, CA,
USA), followed by a 2-week culture in the culture medium containing
500 mg/mL G418 (Nacalai Tesque, Kyoto, Japan). Antibiotic-resistant
colonies were isolated, generating H1299-HRE-Luc cells. H1299-EF-
Luc cells, which constantly mediate firefly luciferase gene expression
under the control of the elongation factor-1a (EF-1a) promoter, were
similarly generated as described above using pEF-Luc. pEF-Luc was
constructed by insertion of the firefly luciferase gene derived from
pGL3-Control (Promega, Madison, WI, USA) into the multicloning
site of pEF/myc/nuc (Thermo Fisher Scientific).

Real-Time RT-PCR Analysis

H1299 and A549 cells (ATCC) were seeded on a 24-well plate at 4 �
104 cells/well. On the following day, reovirus was added to the cells at
the indicated MOIs. Cells were incubated under hypoxic conditions
for 24 h after the addition of reovirus. Total RNA was then recovered
using ISOGEN (Nippon Gene, Tokyo, Japan) according to the man-
ufacturer’s instructions. cDNA was synthesized using a Superscript
VILO cDNA synthesis kit (Thermo Fisher Scientific). Real-time
RT-PCR was performed using THUNDERBIRD SYBR qPCR Mix
(TOYOBO, Osaka, Japan) and a StepOnePlus System (Thermo Fisher
Scientific). The values were normalized by the mRNA levels of a
housekeeping gene, 18S rRNA. The primer sequences used in this
study are described in Table S1. For real-time RT-PCR analysis of
in vivo gene expression in the subcutaneous tumors, tumor xeno-
grafts were surgically excised 120 h post-systemic administration of
reovirus, followed by isolation of total RNA using ISOGEN (Nippon
Gene). mRNA levels of HIF-1a target genes were then measured as
described above.

Western Blotting Analysis

Cell lysates were prepared after a 24-h incubation with reovirus by us-
ing radioimmunoprecipitation assay (RIPA) buffer (Thermo Fisher
Scientific) containing protease inhibitor cocktail (Sigma, St. Louis,
MO, USA). The lysates were analyzed by SDS-PAGE, followed by
electro-transfer onto a polyvinylidene fluoride (PVDF) membrane.
Western blotting analyses were carried out by using anti-SLC2A1
monoclonal antibody (clone: SPM498, 1:5,000; Abcam, Cambridge,
MA, USA) and anti-b-actin monoclonal antibody (clone: AC-15,
1:10,000; Sigma) as primary antibodies and Chemi-Lumi One Super
(Nacalai Tesque). Images were captured using an LAS-4000 system
(Fujifilm, Tokyo, Japan). For western blotting analysis of the tumor
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lysates, tumor xenografts were surgically excised 120 h post-systemic
administration of reovirus. Total protein lysates were then prepared
from whole-tumor xenografts using RIPA buffer (Thermo Fisher Sci-
entific) containing protease inhibitor cocktail (Sigma), followed by
western blotting analysis as described above using anti-HIF-1a
monoclonal antibody (clone: 54/HIF-1a, 1:1,000; BD Biosciences,
San Jose, CA, USA), anti-reovirus s3 monoclonal antibody (clone:
4F2, 1:2000; Developmental Studies Hybridoma Bank, Iowa City,
IA, USA), anti-SLC2A1 monoclonal antibody (clone: SPM498,
1:5,000; Abcam), anti-VEGFA polyclonal antibody (1:1,000; Abcam),
anti-ABCB1 polyclonal antibody (1:1,000; Novus Biologicals, Little-
ton, CO, USA), anti-MMP2 polyclonal antibody (1:1,000; Abcam),
anti-caspase-3 polyclonal antibody (1:1,000; Cell Signaling Technol-
ogy, Danvers, MA, USA), and anti-b-tubulin polyclonal antibody
(1:50,000; Abcam) as primary antibodies.

Glucose Uptake Assay

Human tumor cell lines were seeded on a 96-well plate at 1 � 104

cells/well. Cells were incubated under hypoxic conditions for 72 h.
Reovirus was then added to the cells at the indicated MOIs. The cells
were incubated under hypoxic conditions for 24 h after the addition
of reovirus, then cultured for 6 h in glucose-free culture medium con-
taining 100 mg/mL 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)
amino]- D-glucose (2-NBDG) (Cayman Chemical, Ann Arbor, MI,
USA). The amounts of 2-NBDG taken up by cells were measured
according to the manufacturer’s instructions.

Luciferase Assay

Human tumor cell lines were seeded on a 96-well plate at 1 � 104

cells/well. On the following day, reovirus was added to the cells at
the indicated MOIs. The cells were then incubated under hypoxic
conditions for 24 h, followed by a luciferase assay using PicaGene
LT2.0 (Toyo Ink, Tokyo, Japan) according to the manufacturer’s
instructions.

In Vivo Imaging Analysis of Luciferase Expression in the Tumors

H1299-5HRE-Luc or H1299-EF-Luc cells were subcutaneously in-
jected into the abdomen of 5-week-old female nude mice (BALB/c
Slc-nu/nu; SLC, Hamamatsu, Japan). When the tumor volumes
reached approximately 800 mm3, reovirus was intravenously admin-
istered into the tumor-bearing mice via the tail vein at a dose of
1 � 108 plaque-forming units (PFUs)/mouse. The tumor volume
was calculated using the following formula: tumor volume
(mm3) = (width)2 � (length) � (1/2). For the in vivo imaging anal-
ysis, D-Luciferin solution (4 mg/mouse; FUJIFILM Wako Pure
Chemical Corporation, Osaka, Japan) was intravenously adminis-
tered into the tumor-bearing mice via the tail vein. Luciferase
expression was measured using NightOWL LB983 (BERTHOLD
Technologies, Tokyo, Japan). All experimental procedures were
approved by the Osaka University Institutional Animal Care and
Use Committee in accordance with Fundamental Guidelines for
Proper Conduct of Animal Experiment and Related Activities in
Academic Research Institutions under the jurisdiction of the Minis-
try of Education, Culture, Sports, Science and Technology of Japan.
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Immunohistochemistry of Tumor Tissue Sections

At 120 h after the systemic administration of reovirus, hypoxyprobe-1
(Hypoxyprobe, Burlington, MA, USA) was intravenously adminis-
tered into the tumor-bearing mice at a dose of 1.2 mg/mouse via
the tail vein. The tumor xenografts were surgically excised at 1 h after
the administration of hypoxyprobe-1. Frozen sections of the tumor
xenografts were prepared with O.C.T. Compound (Sakura Finetech,
Tokyo, Japan). Immunostaining was performed using anti-reovirus
s3 monoclonal antibody (clone: 4F2, 1:15; Developmental Studies
Hybridoma Bank) and anti-pimonidazole antisera (clone: PAb2627,
1:20; Hypoxyprobe) as primary antibodies. TUNEL assay was carried
out using an ApopTag Fluorescein In Situ Apoptosis Detection Kit
(Merck Millipore, Darmstadt, Germany) according to the manufac-
turer’s instructions.

Statistical Analysis

Statistical significance was determined using the Student’s t test. Data
are presented as the means ± SD.
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