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Hypoxia contributes to the resistance of tumors to con-
ventional therapies. We hypothesized that their replication 
in hypoxic environments like brain or oral mucosa would 
make oncolytic herpes simplex viruses (HSVs) such as G207 
(which has undergone clinical trials) replicate to a greater 
extent in hypoxic tumors like glioblastoma. Hypoxic cul-
tured U87 cells yielded 4% more wild-type HSV (P = 0.04) 
and 3.6-fold more G207 (P = 0.001) after 48 hours of 
infection when compared with normoxic cells. Real-time 
RT-PCR confirmed a fivefold hypoxia-induced U87 upreg-
ulation of GADD34 mRNA, a factor complementing the 
γ34.5 gene deletion in G207. The viral yield under condi-
tions of hypoxia, as against normoxia, in GADD34 siRNA-
treated U87 cells was 65% of that in control siRNA-treated 
cells. Treating subcutaneous U87 tumors in athymic mice 
with erythropoietin lowered the tumoral hypoxic fraction 
from 57.5 to 24.5%. Tumoral hypoxia dropped to 2.5% 
during 4  hours/day of hyperbaric chamber treatment. 
Each tumor-oxygenating maneuver reduced the G207 
yield fourfold (P = 0.0001). Oncolytic HSV G207 exhibited 
enhanced replication in hypoxic environments, partly on 
account of increased GADD34 expression in hypoxic cells. 
The unique tropism of oncolytic HSVs for hypoxic envi-
ronments contrasts with the hypoxia-mediated impair-
ment of standard (radiation, chemotherapy) and other 
experimental therapies, and enhances HSV’s appeal and 
efficacy in treating tumors like glioblastoma.
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28 October 2008. doi:10.1038/mt.2008.232

IntroductIon
The theory that hypoxia is prevalent in human tumors was first 
postulated by Thomlinson and Gray 50 years ago,1 and was con-
firmed in several studies on tumors in the 1990s, after the intro-
duction of the Eppendorf oxygen electrode.2 Since then, several 
investigators have demonstrated that hypoxia causes resistance of 
tumor cells to radiation therapy3 and chemotherapy.4

Ionizing radiation produces free radicals around DNA, and 
these can be stabilized into additional free radical species in 

the presence of oxygen or reduced into nontoxic compounds 
by free sulfhydryl groups in the absence of oxygen.3 Hypoxia 
 mediates chemotherapy resistance through multiple mecha-
nisms: (i) hypoxic cells are distant from blood vessels, lead-
ing to reduced exposure to systemically administered agents;5  
(ii) hypoxia decreases cellular proliferation, a requirement for 
most  chemotherapy agents;6 (iii) hypoxia selects for cells that 
have lost sensitivity to p53-mediated apoptosis, a common 
mechanism of chemotherapy-mediated cell death;7 (iv) some 
chemotherapies resemble radiation in that hypoxia decreases 
the cytotoxicity of the free radical-induced DNA lesions that 
they cause;8 and (v) hypoxia upregulates genes involved in drug 
resistance, such as P-glycoprotein.4

Oncolytic viruses with natural selectivity for tumor cells or 
viruses such as herpes simplex virus (HSV) or adenovirus engi-
neered in the laboratory to replicate selectively in tumor cells 
have generated considerable interest based on laboratory data 
in experimental cancer models.9,10 Phase I and II clinical trials 
confirmed the safety of these agents but failed to show definitive 
efficacy.10–13 This could be because of failure to reach a maximum 
tolerated dose or the presence of deficiencies in the  delivery 
methods.10,13

While it will be important to continue studying these agents in 
further clinical trials given the verification of their safety in initial 
trials, it will also be important to go further and understand how 
oncolytic viruses might be affected by the tumor microenviron-
ment, in the context of differences between the tumor microen-
vironment and the natural milieu of the virus. For example, data 
from recent studies showing that hypoxia inhibits adenoviral 
replication by reducing translation of adenoviral E1A and fiber 
proteins14,15 are causing concern in the light of the profound 
hypoxia demonstrated in human tumors, such as glioblastomas 
(PO2 = 5 mm Hg), pancreatic cancers (PO2 = 2.7 mm Hg), and 
prostate cancers (PO2 = 2.4 mm Hg).16

We hypothesized that, unlike adenovirus, oncolytic HSVs, such 
as the virus G207 that has undergone clinical trials in glioblastoma 
patients,12 would exhibit increased replication in hypoxic tumor cells. 
This hypothesis was based on two features of HSV. First, wild-type 
HSV normally replicates in environments such as the brain or oral 
mucsoa, whose oxygen tensions of 34 mm Hg17 and 40.5 mm Hg18, 
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respectively, better approximate the 2.4 to 18 mm Hg oxygen ten-
sion of human tumors16 rather than the 150 mm Hg oxygen tension 
found in the respiratory epithelium in which wild-type adenovirus 
normally replicates.14 Second, DNA damage, which can be induced 
by free radicals formed in a hypoxic environment, and the resulting 
cellular DNA repair response have been shown to stimulate HSV 
replication19,20 while inhibiting adenoviral replication.20

results
Hypoxia enhances the replication of G207  
in cultured cells
To determine the effect of hypoxia on oncolytic HSV replica-
tion, the rates of production of infectious wild-type HSV strain 
F and strain F-derived oncolytic HSV G207 were evaluated in 
cultured U87 human glioma cells infected under normoxic or 
hypoxic (1% oxygen) conditions. At a multiplicity of infec-
tion of 0.4, the yield of G207 after 24 hours was 8% higher in 
hypoxic conditions than in normoxic conditions (P = 0.01), 
while there was no difference in the yield of strain F in hypoxic 
conditions as compared to normoxic conditions. At 48 hours 
after a multiplicity of infection of 0.4, the viral yield of strain F 
in plaque forming units (pfu) was 4% higher in hypoxic condi-
tions than it was in normoxic conditions (Figure 1), while the 
yield of G207 was 3.6-fold higher in hypoxic conditions than 
in normoxic conditions (Figure 1). These enhancements of 
replication under hypoxic conditions for the viruses, and the 
relative degrees of such enhancement, were much greater for 
G207 than strain F. The results were reproducible (experiment 
repeated three times) and statistically significant (P = 0.04 for 
strain F, P = 0.001 for G207 by Student’s t-test). By 72 hours, 
U87 cells under hypoxic conditions began to exhibit signs of 
early cell death, consistent with data from earlier studies that 
had used this cell line,21 and therefore the viral yield could no 
longer be assessed. Lowering the multiplicity of infection to 0.1 
and infecting for 48 hours led to a slightly more robust fivefold 
increase in the yield of G207 in hypoxic cells relative to nor-
moxic cells, and a 7% increase in the yield of strain F in hypoxic 
cells relative to normoxic cells (P = 0.02 for strain F and P = 
0.0007 for G207, by Student’s t-test).

Hypoxia induces GAdd34 expression, not 
mammalian ribonucleotide reductase expression
G207 carries mutations in viral genes γ34.5 and ribonucleotide 
reductase (RR), which enables its selective replication in tumor 
cells, because these express mammalian proteins GADD34 and RR 
which complement the respective viral mutations.22 We have previ-
ously shown that chemotherapy-induced upregulation of GADD34 
and mammalian RR can enhance G207 replication.19 In this study, 
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Figure 1 Yield of oncolytic HsV is greater in hypoxic cultured u87 
cells than in normoxic u87 cells. U87 cells (7 × 105) were infected with 
strain F and oncolytic HSV G207 at a multiplicity of infection (MOI) of 
0.4 for 48 hours in normoxic and hypoxic conditions, after which the 
yield of infectious virus was measured in terms of plaque-forming units 
(pfus) by plaque assay on Vero cells. The results shown are the mean 
values, with the error bars representing standard deviations (triplicate 
plates used for each grouping of virus and oxygen concentration) from 
a representative experiment. The experiment was repeated three times, 
each time showing similar results.
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Figure 2 Hypoxia upregulates GAdd34, not the M2 subunit of ribo-
nucleotide reductase. U87 cells were cultured in hypoxic or normoxic 
conditions for 48 hours. (a) mRNA levels were measured under hypoxic 
conditions as compared to normoxic conditions, by relative quanti-
fication real-time RT-PCR. The bar labeled “RR” represents the mRNA  
levels for the M2 subunit of ribonucleotide reductase, and a similar lack 
of induction was seen with the M1 subunit of RR. Error bars represent 
standard deviations. (b) GADD34 and the M2 subunit of ribonucleotide 
reductase were also assessed by western blot in normoxic and hypoxic 
U87 cells.
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Figure 3 GAdd34 sirnA blocks hypoxia-mediated enhancement 
of G207 replication. U87 cells were transfected with siRNA targeting 
GADD34, the M2 subunit of ribonucleotide reductase (RR), and control 
sequences. (a) western blot showing siRNA knockdown of GADD34 (left)
and the M2 subunit of ribonucleotide reductase protein expression (right) 
under hypoxic and normoxic conditions. (b) The cells were then infected 
with G207 at an multiplicity of infection (MOI) of 0.4, and cultured under 
hypoxic and normoxic conditions for 48 hours. The viral yield was then 
measured. The data show the ratio of G207 yields in hypoxic cells to 
those in normoxic cells transfected with siRNA targeting GADD34 or RR, 
normalized to the hypoxic-to-normoxic G207 yield ratio of cells trans-
fected with control siRNA. Error bars represent standard deviations.
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therefore, we investigated whether the hypoxia-mediated enhance-
ment of G207 replication that we observed was caused by hypoxia-
induced expression of GADD34 or RR. While real-time RT-PCR 
identified only a slight, statistically insignificant (P = 0.5) 30% 
increase in the mRNA of RR, it demonstrated a significant (P = 
0.008) fivefold increase in GADD34 mRNA in hypoxic U87 cells 
relative to normoxic ones (Figure 2a), and western blot identified 
elevated levels of GADD34 protein, and not RR M2 subunit pro-
tein, in hypoxic U87 cells relative to normoxic ones (Figure 2b).

GAdd34 induction contributes to hypoxia-enhanced 
G207 replication
To determine whether hypoxia-induced GADD34 expression con-
tributes to hypoxia-induced enhancement of G207 replication, U87 
cells were treated with siRNAs targeting GADD34, mammalian 
RR, or control sequences not present in the mammalian genome 
prior to G207 infection. The siRNAs reduced the expression of the 
proteins corresponding to the transcripts they targeted (Figure 3a). 
Control siRNA-treated cells exhibited the same 3.6-fold more G207 
yield in hypoxic cells as compared to normoxic cells. However, the 
viral yield under hypoxic conditions (relative to normoxic condi-
tions) in GADD34 siRNA-treated cells was 65% that in control 
siRNA-treated cells, representing a significant reduction (P = 0.01). 
In contrast, in RR siRNA-treated cells the relative viral yield was 

95% that in control siRNA-treated cells, an insignificant reduction 
(P = 0.8) (Figure 3b). Taken together, these data suggest that the 
elimination of GADD34 mRNA blocks more than one-third of the 
hypoxia-enhanced G207 replication in cultured cells.

decreasing the hypoxia of tumors in vivo  
reduces G207 yield
We determined the difference in G207 replication in athymic 
mice bearing subcutaneous tumors derived from the U87 human 
glioblastoma cell line. Although this is an ectopic anatomic loca-
tion, it causes severe tumor hypoxia that better approximates the 
hypoxia of human glioblastomas than do orthotopic intracranial 
murine tumors derived from human glioma cell lines.16 Further, 
the hypoxia of these subcutaneous tumors can be experimentally 
reduced by one of two different methods: erythropoietin admin-
istration or hyperbaric oxygen treatment. The administration of 
erythropoietin daily, starting from tumor implantation and con-
tinuing throughout the period of tumor growth (28 days, until 
tumors became large enough to require that the animals be killed), 
reduced the mean hypoxic fraction in subcutaneous U87 tumors, 
as determined by pimonidazole staining, from 57.5 to 24.5% 
(Figure 4a). The administration of hyperbaric oxygen for 4 hours 
a day (the maximum tolerated duration), starting 14 days after 
tumor implantation and continuing throughout the  remaining 
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Figure 4 Increasing the oxygenation of subcutaneous u87 or t98 
tumors in athymic mice lowers oncolytic HsV yield in vivo. (a) Athymic 
mice with subcutaneous tumors derived from U87 or T98 glioma cells 
underwent daily erythropoietin treatment starting from tumor implan-
tation and continuing until the tumor size required that the animals 
be killed (28 days after implantation) or hyperbaric oxygen treatment 
for 4 hours/day from day 14 through day 28 after tumor implantation. 
The graph shows the tumor hypoxic fraction for animals treated with 
erythropoietin (red) or hyperbaric oxygen (black). At the right are rep-
resentative immunohistochemical micrographs in which hypoxic areas 
(detected using antibodies targeting the adducts formed by pimonida-
zole) are blue. The picture at the top represents hypoxic tumors that 
were not treated or prior to hyperbaric treatment; the picture in the 
middle represents tumors in erythropoietin-treated mice; and the pic-
ture at the bottom represents the nonhypoxic tumors seen after hyper-
baric treatment. For the experiments in b, G207 was inoculated 23 days 
(552 hours) after T98 or U87 tumor implantation. Scale bars, 50 µm. (b) 
Athymic mice with subcutaneous T98 or U87 tumors either underwent 
no treatment (pink or purple squares, “NO RX”), or underwent one of 
two treatments that increased tumor oxygenation: hyperbaric cham-
ber treatment for 4 hours per day (brown or blue circles, “HYPER”) or 
daily treatment with human dose erythropoietin (green or red triangles, 
“EPO”). Viral yields were measured 3 and 5 days after G207  inoculation. 
Both tumor-oxygenating treatments lowered viral yields 5 days after 
G207 inoculation, fourfold in U87 tumors (P = 0.00003–0.00004) and 
four- to fivefold in T98 tumors (P = 0.00001–0.00002). Error bars rep-
resent standard deviations but are smaller than the symbols. (c) The 
growth of subcutaneous U87 tumors expressed as a multiple, plotted 
against days after U87 implantation, for tumors treated with saline (blue), 
hyperbaric oxygen (HYPER, brown), erythropoietin (EPO, purple), G207 
(green), G207 plus erythropoietin (G207+EPO, red), and G207 plus 
hyperbaric oxygen (G207+HYPER, pink). Error bars represent standard 
deviations. (d) Western blot showing GADD34 protein expression in sin-
gle subcutaneous U87 tumors grown for 28 days in mice that were left 
untreated, or treated with erythropoietin, or treated in the hyperbaric 
chamber. Similar protein expression differences were found within five 
tumors in each treatment group, and the GADD34 protein expression 
did not vary during or between the final hyperbaric oxygen treatments 
(the blot shown is from a representative experiment performed between 
the hyperbaric oxygen treatments on days 27 and 28).
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14 days of tumor growth, reduced the mean hypoxic fraction to 
2.5% immediately after treatment, with a gradual escalation to 
baseline values of 57.5% during the 20 hours of absence of treat-
ment (Figure 4a). Neither erythropoietin nor hyperbaric oxygen 
treatment affected tumor growth (Figure 4c). Treatment of U87 
or T98 human glioma cell line-derived subcutaneous tumors with 
either hyperbaric oxygen or erythropoietin lowered the yield of 
G207 to an extent of four- to fivefold 5 days after viral inocula-
tion (the virus was inoculated 23 days after tumor implantation), 
which is a statistically significant difference (P = 0.00001–0.00004) 
(Figure 4b). At the conclusion of the experiment (42 days after 
tumor implantation), subcutaneous U87 tumors treated with  
5 × 106 pfu G207 for 23 days after tumor implantation exhib-
ited an average sevenfold growth, which is much less than the 
79-fold growth exhibited when tumors were treated with saline 
alone (P = 0.0002) (Figure 4c). U87 tumors treated with hyper-
baric oxygen or with erythropoietin-plus-G207 exhibited 22-fold 
and 25-fold growth, respectively, 42 days after tumor implanta-
tion, which is greater than the sevenfold growth seen with G207 
 treatment alone at the same time point (P = 0.0004–0.0007). These 
findings confirm that artificial correction of the tumor hypoxia 
lowers the inhibitory “oncolytic” effect of G207 on tumor growth 
(Figure 4c). U87 tumors in mice treated with either hyperbaric 
oxygen or erythropoietin exhibited reduced GADD34 protein  
levels (Figure 4d). This finding supports our hypothesis that 
hypoxia-induced GADD34 expression contributes to hypoxia 
increased G207 viral yield in vivo.

dIscussIon
Hypoxia is a well characterized feature of solid tumors, and the 
hypoxic environment has a detrimental effect on the response of 
tumors to radiation3 and chemotherapy.4 Oncolytic viruses that 
selectively replicate in tumor cells have made the transition from 
bench to bedside over the past decade. Data from recent studies, 
showing reduced adenoviral replication in hypoxic cells,14,15 raise 
concerns that, much like the effects of chemotherapy and radia-
tion, hypoxic conditions in cells could also diminish the efficacy 
of oncolytic viruses.

We found that the oncolytic HSV G207 exhibited increased 
replication in hypoxic cells, while wild-type HSV strain F  exhibited 
a smaller increase in replication in such cells. The reproducible 
half-log enhancements in G207 replication that we describe after 
48 hours of viral replication under hypoxic conditions (as com-
pared to normoxic culture conditions) in culture, and after 5 days 
under hypoxic conditions (as compared to normoxic conditions) 
in vivo may seem small, but are actually significant in the light of 
several studies showing that relatively small increases in viral yield 
in vivo, comparable to the increase we observed under hypoxic 
conditions, can have large impacts on inhibition of tumor growth. 
For example, ionizing radiation was shown to increase oncolytic 
HSV yield in vivo by approximately threefold, and yet it increased 
the tumor cure rate from 14 to 56%.23 We have shown that temo-
zolomide increases G207 yield in vivo by two- to sixfold, and yet 
the combination increases long-term survival from 10 to 100%.13

In addition, our in vivo observations held true not only in  
“glucose sensitive” glycolytic-dependent U87 cells, which are 
less tolerant of low glucose concentrations because of cellular 

 expression of the LDH-B isoform alone,24,25 but also in “glucose 
resistant” T98 cells, which can tolerate low glucose concentra-
tions26 and which rely on oxidative phosphorylation (aerobic  
respiration) for survival, probably as a result of expression of both 
the LDH-A and the B isoforms. The in vivo data presented here, 
therefore, suggest that hypoxia can enhance oncolytic HSV repli-
cation in glioma cell lines, whether these are glycolytic-dependent 
or independent.

The enhanced replication in wild-type strain F in hypoxic 
cells relative to normoxic cells, which was much smaller than the 
hypoxia-related enhancement of oncolytic HSV G207 replication 
but still statistically significant, might reflect the natural tropism 
of HSV for cells with reduced oxygen tension and the stimulation 
of HSV replication by DNA damage induced by oxygen-derived 
free radicals. Indeed, if hypoxia naturally enhances HSV replica-
tion, this could reflect HIF-1α-mediated transcription of cellular 
factors that enhance HSV replication or direct HIF-1α effects on 
the HSV genome, given the recent demonstration that the genome 
of Kaposi’s sarcoma-associated herpesvirus contains hypoxia-
 responsive elements that can be specifically activated by HIF-1α.27

However, the larger hypoxia-mediated enhancement of G207 
replication shows that the viral gene deletions in G207 dramati-
cally enhance the slight hypoxia-related enhancement of HSV 
replication that is intrinsic to strain F. A portion of the hypox-
ia-mediated enhancement of G207 replication may reflect our 
finding of hypoxia-mediated upregulation of GADD34 and our 
further finding that blocking of the GADD34 expression impairs 
one-third of the hypoxia-mediated upregulation of viral replica-
tion. GADD34 is a mammalian gene whose product complements 
the replication of HSVs such as G207 that are deficient in the viral 
gene γ34.5.22 This finding is consistent with previous demonstra-
tions that GADD34 is expressed in response to cellular stressors 
such as hypoxia,28 and suggests that, in addition to HSV’s natural 
tropism for hypoxic environments, the specific viral gene deletion 
found in G207 may cause an even greater augmentation of viral 
replication in hypoxic environments. In addition to the explana-
tion relating to hypoxia-mediated GADD34 upregulation, other 
potential explanations for the finding that hypoxia upregulates 
G207 replication far more than strain F does could be: (i) hypoxia, 
which upregulates protein phosphatase 1 expression,29 causes 
protein phosphatase 1 levels to rise high enough that protein 
phosphatase 1 causes some dephosphorylation and activation of 
eIF-2α in a γ34.5-independent fashion, thereby promoting viral 
protein synthesis; and (ii) hypoxia upregulates the expression of 
other GADD proteins to sufficient levels as to make them achieve 
a degree of complexing with proliferating-cell nuclear antigen 
(PCNA), similar to the action of GADD34 in cells infected with 
γ34.5-deficient HSVs.

A review of the literature shows that oncolytic HSV, which 
was investigated in this study, is the fourth oncolytic virus to 
be studied by investigators to characterize how hypoxia affects 
viral  replication. Also, this is the first study to report hypoxic 
 upregulation of oncolytic viral replication. An earlier study found 
that hypoxia impairs replication of oncolytic adenovirus,14 a DNA 
virus. Another study found that hypoxia has no effect on  adenoviral 
uptake or exogenous gene expression, and therefore does not affect 
gene delivery by replication-incompetent  adenoviruses; however, 
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hypoxia impairs adenoviral replication by reducing E1A levels  
and thereby affects the propagation of oncolytic adenoviruses.15 
While one study showed that GADD34 expression (induced by 
hypoxia in our study) impairs replication of vesicular stomatitis 
virus,30 an RNA virus, another study argued that hypoxia does 
not affect vesicular stomatitis virus replication, using indirect 
 evidence in the form of viral replication in hypoxic areas of a 
tumor.31 Hypoxia has also been shown to inhibit the replication of 
the oncolytic DNA virus, Minute virus of mice.32 Further, hypoxia 
has been demonstrated to inhibit the replication of other DNA 
viruses that have not yet been used as oncolytic viruses, such as 
simian virus 40 (ref. 33). These reports from earlier studies under-
score the fact that the hypoxia-mediated upregulation of onco-
lytic HSV replication, as identified by us in this study, is a unique 
 feature among viruses in general.

Importantly, our study is the first to find an oncolytic virus 
(oncolytic HSV) that demonstrates an increase in replication in 
hypoxic environments. Other researchers have attempted to use 
HIF-1α-driven promoters to regulate the expression of essential 
viral genes in oncolytic adenovirus34 or oncolytic HSV.35 However, 
before embarking on these viral engineering approaches that are 
designed to increase the safety of these viruses by limiting their 
replication to hypoxic areas, it is important to keep in mind the 
direct effects of hypoxia on the oncolytic virus itself. In other 
words, hypoxia-driven promoters in the virus might not over-
come the ability of hypoxia to limit the translation of proteins 
from adenoviruses14 and might not improve upon the intrinsic 
hypoxia-mediated upregulation of viral replication that we found 
with the HSV G207.

Further, in this study we not only showed replication in 
hypoxic areas in vivo but also used manipulations of tumor oxy-
genation in vivo to demonstrate that there is greater viral replica-
tion in tumors that are more hypoxic. Such preclinical data, along 
with other considerations such as the ability to generate large titers 
and the rate of viral replication relative to the rate of tumor migra-
tion and growth, will likely need to be considered when choos-
ing which oncolytic viruses warrant further clinical study. Given 
the high levels of hypoxia found in most human solid tumors,16 
and the recent demonstration that oncolytic viruses such as  
vaccinia virus and vesicular stomatitis virus eventually cause 
reduced blood supply to the tumor36 thereby potentially worsen-
ing tumoral hypoxia, the ability of oncolytic HSVs to not only  
tolerate hypoxia but to benefit from it may provide these viruses 
with a key intrinsic therapeutic advantage.

MAterIAls And MetHods
Cell lines and culture. U87 and T98 human glioblastoma cells were  
obtained from American Type Culture Collection (Manassas, VA). The cells 
were cultured under either normoxic conditions (5% CO2, 21% O2, 74% N2) 
in a humidified incubator at 37 °C, or under hypoxic conditions (5% CO2, 
1% O2, 94% N2) at 37 °C, in an ESPEC triple gas-sealed incubator (Tabai-
Espec, Osaka, Japan) kindly provided by O. Iliopoulos (Massachusetts 
General Hospital). The incubator contained only the U87 cells under study 
and was never opened during the duration of incubation.

Viruses. Wild-type HSV-1 strain F (obtained from B. Roizman, University of 
Chicago, Chicago, IL) and strain F-derived γ34.5−ICP6−LacZ+ G2079 were 
grown, purified, and titered by plaque assay on Vero cells, as described.9

Quantitative real-time RT-PCR. U87 cells were grown in hypoxic or nor-
moxic environments for 48 hours. RNA was extracted from cells using Trizol 
(Invitrogen, Carlsbad, CA). A high-capacity cDNA archive kit (Applied 
Biosystems; Foster City, CA) was used for generating cDNA. Real-time 
RT-PCR was performed on an ABI Prism 7000 (Applied Biosystems) machine 
using human GADD34 (forward: 5′ GGAGGAAGAGAATCAAGCCA 
3′; reverse: 5′ TGGGGTCGGAGCCTGAAGAT 3′) primers (Invitrogen) 
combined with SYBR Green Master Mix (Applied Biosystems) or prim-
er-probe combinations for RR subunits M1 and M2 (Applied Biosystems 
Part Nos. Hs00357247_g1 and Hs00168784_m1) and 18S rRNA (Applied 
Biosystems Part No. 4308329) combined with TaqMan Master Mix (Applied 
Biosystems). Relative quantification was performed using 18S rRNA as 
an endogenous control. All reactions began with 10 minutes at 95 °C for 
AmpliTaq Gold activation, followed by 40 cycles at 95 °C for 15 seconds for 
denaturation, and then 60 °C for 1 minute for annealing/extension.

Western blot. Total protein from cultured cells or homogenized subcuta-
neous tumors suspended in an equal volume of phosphate buffered saline 
was extracted by RIPA buffer, and 30 µg of protein was separated on a 8% 
SDS-PAGE gel, transferred to PVDF membrane, and incubated with anti-
bodies to GADD34 (Imgenex Corp.; San Diego, CA) or RR M2 subunit 
(GenWay Biotech; San Diego, CA) at 4 °C overnight. The membranes were 
incubated with peroxidase-conjugated secondary antibodies for 40 min-
utes the next day. Protein was visualized using the enhanced chemilumi-
nescence kit (Amersham Biosciences; Piscataway, NJ).

siRNA. To silence gene expression, duplex RNA targeting human GADD34 
(5′ GGACACUGCAAGGUUCUGA), the M2 subunit of human RR 
(5′ UGCUGUUCGGAUAGAACAG), and control siRNA with medium 
GC content (comparable to the other siRNAs used) targeting no known 
vertebrate sequences were synthesized with d(TT) at the 3′ terminus of 
each strand (Invitrogen). siRNA was transfected into U87 cells using 
Lipofectamine 2000 in accordance with the manufacturer’s protocol 
(Invitrogen). The levels of GADD34 and RR M2 subunit mRNA relative to 
mock-transfected cells were assessed at 24, 48, and 72 hours after transfec-
tion using real-time RT-PCR, and were found to be reduced to 27–30%, 
3–7%, and 25–28% of baseline values, respectively. Control siRNA main-
tained GADD34 and RR MR subunit mRNA levels at 95–100% of non-
transfected cells 24–72 hours after transfection. Knockdown of protein 
levels by siRNA was confirmed by western blot analysis.

Animals. Athymic mice (20 g) were inoculated subcutaneously with 106 
U87 or T98 cells. Some of the mice were treated with recombinant human 
erythropoietin (Amgen; Thousand Oaks, CA) at human-equivalent dose 
(150 IU/kg) thrice per week intraperitoneally (i.p.) from the day of tumor 
cell implantation until the conclusion of the experiment. Two weeks after 
the treatment, the mice with 12–36 mm3 tumors were assigned to three 
different groups (10 mice per group), each group having the same mean 
tumor volume. One group continued to receive erythropoietin for the 
remainder of the experiment; a second group was treated for 4 hours/day 
(maximum tolerated amount) in a hyperbaric chamber (Seachirst; Santa 
Monica, CA) with 100% O2 at two absolute atmospheres, translating to an 
arterial PO2 of 1,500 mm Hg for the remainder of the experiment; and a 
third group received no tumor oxygenation promoting treatments.

The tumors were measured biweekly using calipers to calculate 
length, width, and height, with the measurer blinded as to each animal’s 
treatment group. Tumor volume was calculated as the product of these 
three dimensions, and growth was expressed as a multiple relative to 
the volume on treatment day one. Each mouse tumor continued to be 
measured up to the time point when the animal was killed because of 
excess tumor burden (2.1 cm maximal dimension).

For assessing viral replication in these subcutaneous tumors, 5 × 106 
pfu G207 was inoculated intratumorally into each tumor at the time point 
of 23 days after subcutaneous U87 cell inoculation, when tumors had 
achieved volumes of 90–140 mm3. The animals were killed and the tumors 
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were excised at 3 and 5 days after G207 inoculation (five mice per group 
per time point). To measure tumor oxygenation, some mice received 
60 mg/kg pimonidazole (Chemicon) i.p. 1 hour before they were killed. 
The tumors were weighed, cut into small pieces, suspended in a volume 
of phosphate buffered saline twice the tumor volume, homogenized 
manually, sonicated, and centrifuged. The supernatant was isolated, 
freeze-thawed three times, and titered on Vero cells.

Immunohistochemistry. The tumors were removed and frozen in liquid 
nitrogen-cooled N-methylbutane, and the entire tumor was sectioned 
coronally by cryostat to 8 µm-thick slices. Every third tumor-containing 
slide was immunostained for hypoxyprobe-1 adducts (mouse; Chemicon). 
Secondary staining was carried out using Jackson ImmunoResearch  
antibodies. A Nikon Eclipse TE2000-U inverted microscope was used 
for imaging five fields from five animals per tumor type. The images were  
captured using a Retiga EXi CCD digital camera (Qimaging, Surrey, British 
Columbia), and Metavue imaging software (version 6.2r4; Molecular 
Devices; Downington, PA) was used to calculate tumoral hypoxia, defined 
as the percentage of tumor tissue that stained positive for the hypoxy-
probe-1 adduct.
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