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Abstract

The presence of radioresistant hypoxic cells in human
brain tumors limits the overall effectiveness of conven-
tional fractionated radiation therapy. Tumor-specific
therapies that target hypoxic cells are clearly needed.
We have investigated the expression of suicide genes
under hypoxia by a hypoxia-responsive element (HRE),
which can be activated through hypoxia-inducible
factor-1 (HIF-1). We transfected plasmids containing
multiple copies of HRE into U-87 MG and U-251 MG-NCI
human brain tumor cells and tested their ability to
induce LacZ gene expression under anoxia. Gene
expression under anoxia versus oxia was increased
about 12-fold for U-87 MG cells and about fourfold for
U-251 MG-NCI cells. At intermediate hypoxic condi-
tions, increased LacZ gene expression in U-87 MG cells
was induced by the plasmid that contained three HREs,
but not by the plasmid with two HREs. Lastly, when we
placed a suicide gene BAX under the control of HREs,
cells transfected with the BAX plasmids were preferen-
tially killed through apoptosis under anoxia. Our studies
demonstrate that HRE-regulated gene expression is
active in brain tumor cells, and that the amount of
increased gene expression obtained is dependent on
the cell line, the HRE copy number, and the degree of
hypoxia.
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Introduction

Therapy for central nervous system malignancies, in
particular malignant intracranial gliomas, currently relies
on a multimodality approach using surgery, radiation
therapy and chemotherapy. After surgery, radiation therapy
is the most effective treatment for patients with malignant
gliomas [1], and efficacy of the treatment increases with
increasing radiation dose [2]. However, the dose-limiting
tissue is the normal brain that surrounds the tumor, and the
pivotal issue in the radiation therapy of gliomas is clearly a
matter of therapeutic ratio — doses of radiation that are
tolerable to the patient are insufficient to control the tumor.
This dilemma will persist until we devise strategies that
markedly improve the therapeutic ratio. To achieve greater
efficacy, we need to exploit differences between normal
and malignant tissues.

One important abnormal characteristic of almost all
solid tumors, including human brain tumors, is the
presence of regions with reduced oxygen concentrations
(hypoxia) [3,4]. Chronic hypoxia can result from an
insufficient blood supply, partly because tumor cells grow
faster than the endothelial cells that make up the blood
vessels, and partly because the newly formed vascular
supply is disorganized [5]. Acute hypoxia in tumors is
caused through transient, intermittent changes in blood
flow [6,7]. Both conditions result in areas of acidosis and
nutrient deprivation, as well as hypoxia. Hypoxia impacts
on proliferation of cancer cells and on their sensitivity
toward radiation therapy, because anoxic cells (pO,<0.5
mm Hg) require approximately three times the radiation
dose needed to kill oxic cells (pO>,>20 mm Hg) [8]. Cells
at intermediate oxygen levels (0.5 mm Hg<pO,<20 mm
Hg) display intermediate sensitivities to radiation and
therefore also play an important role in the overall efficacy
of radiation therapy [9].

Studies have shown that regulation of gene expression by
oxygen is an important feature of many biologic processes,
and hypoxia is a powerful modulator of gene expression
[10,11]. Therefore, it may be possible to target hypoxic cells
by a gene therapy that uses plasmids containing suicide
genes that are selectively expressed under hypoxic condi-
tions. Genes that are regulated by oxygen include glycolytic
and gluconeogenic enzymes in energy metabolism, vascular
growth factors, transcription factors, glucose transporters,
tyrosine hydroxylase, and erythropoietin (Epo), a hormone
that regulates erythropoiesis in accordance with the oxygen-
carrying capacity of the blood [10]. An important mediator of
hypoxia-regulated gene expression is the interaction of a
transcriptional complex termed hypoxia-inducible factor-1
(HIF-1) with its cognate DNA recognition site, the hypoxia-
responsive element (HRE). HIF-1 is a heterodimeric basic
helix—loop—helix (bHLH)-PAS domain transcription factor
containing « and 3 subunits that is unigue among mammalian

Abbreviations: Epo, erythropoietin; 3-gal, /3-galactosidase; HIF-1, hypoxia-inducible
factor- 1; HRE, hypoxia-responsive element; TUNEL, terminal deoxynucleotidyl transfer-
ase - mediated dUTP nick - end labeling.
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transcription factors with respect to demonstrated specificity
and sensitivity of induction by hypoxia [12]. Expression of
the HIF -1« subunit, which is unique to HIF-1, is precisely
regulated by cellular O, concentration such that levels of
HIF -1« protein and HIF-1 DNA-binding activity increase
exponentially as O, concentration decreases [13]. Gene
knockout studies indicate that HIF-1a is essential for
embryonic development, for solid tumor formation, and for
tumor vascularization [14—16]. In contrast to the specificity
of HIF-1«, the HIF-13 subunit, which was identified
previously as the aryl hydrocarbon receptor nuclear translo-
cator [17], heterodimerizes with several other mammalian
bHLH-PAS proteins including the aryl hydrocarbon receptor
[18—-20].

One example of hypoxia-regulated gene expression is
provided by Epo [21]. Here, HIF-1 is activated in cells
exposed to hypoxia and binds to the HRE consensus
sequence in the 3’ enhancer region of the Epo gene,
resulting in a significant increase of transcription [22]. In
the present study, we show that the HRE of the human Epo
gene can be used to regulate the expression of the LacZ
reporter gene in response to hypoxia. However, the increase
in HIF -1 regulated gene expression was cell line dependent.
We also show that the responsiveness of HRE to different
levels of hypoxia is dependent on the number of HRE copies
incorporated in the plasmid.

BAX is a member of the Bcl-2 family of proteins that
can initiate apoptotic cell death in cell cultures [23,24]
and in animals [25]. Overexpression of BAX protein is
associated with loss of the mitochondrial membrane
potential and with events typical of apoptosis, including
cytosolic accumulation of cytochrome ¢, caspase activa-
tion, cleavage of poly (ADP-ribose)-polymerase, and DNA
fragmentation [26,27]. Because of the strong apoptosis-
triggering properties of the BAX protein, we decided to
employ the BAX gene as a suicide gene under the
regulation of the HIF-1/HRE system described above.
We show here that activation of BAX gene expression
under anoxia produced more than one log of cell killing in
U-87 MG human glioma cells compared to oxia. We also
show that the effect of cell killing was mainly mediated
through apoptosis, consistent with the pro-apoptotic
properties of BAX protein.

Materials and Methods

Plasmid Construction

Based on the published HRE sequence from the 3
enhancer region of the Epo gene [28], we designed two
pairs of oligonucleotides that contain either two or three
tandem repeats of the HRE (consensus sequence 5'-
TACGTGCT-3'). These oligonucleotides were inserted
into the multiple cloning sites of the mammalian expression
vector pSgal-promoter (Clontech, Palo Alto, CA), which
contains an enhancerless SV40 promoter situated up-
stream of the LacZ gene. The resulting constructs were
named pH2LacZ and pH3LacZ, respectively. To construct

pH2BAX and pH3BAX plasmids, the LacZ gene was
deleted using Hindlll and Ndel enzymes and replaced with
a murine pro-apoptotic BAX cDNA fragment flanked by
Hindlll and Ndel sites.

Cell Culture

Human glioblastoma cell lines U-251 MG-NCI and U-
87 MG were maintained in complete growth medium
(CMEM), which consists of Eagle’s minimum essential
medium (MEM) supplemented with nonessential amino
acids, glutamine and 10% fetal calf serum. Cultures were
incubated in an humidified atmosphere containing 5% CO,
at 37°C.

Transient Transfection

Cells (4x10°) were plated into 6-cm glass Petri
dishes and grown for 16 to 18 hours until cell growth
reached log phase and cell density was ~50% confluent.
Multiple sets of dishes in either duplicate or triplicate
were prepared for each plasmid sample. Transfections
were performed using 6 ul of lipofectamine (2 mg/ml,
Gibco-BRL Life Technologies, Gaithersburg, MD), 5 ug
of pH2LacZ or pH3LacZ plasmid and 0.5 pg of DNA
containing the luciferase reporter gene (to correct for
transfection efficiency) in 2 ml of serum-free CMEM for
5.5 hours. Then, the transfection solution in each dish
was replaced with 4 ml of fresh CMEM and incubated at
37°C for 24 hours. One set of dishes was grown under
normal oxic conditions and the other set(s) were
subjected to different hypoxic conditions for 16 hours.
Cells were then harvested and assayed for (3-galactosi-
dase ((3-gal) activity by the enzymatic method de-
scribed below.

Induction of Hypoxia in Tumor Cells

To achieve hypoxia, glass Petri dishes were placed into
gas-tight aluminum gassing jigs. The jigs were subjected to
five rounds of evacuation and flushing with either 95% air and
5% CO, (oxic conditions) or 95% N, and 5% CO, (anoxic
conditions) on a shaking platform at room temperature.
Other hypoxic conditions were produced by using known
mixtures of 95% air/5% CO, and 95% N»/5% CO, (Nellcor
Puritan Bennett, Pleasanton, CA). After the last round of
evacuation and flushing, the jigs were placed in a 37°C
incubator and incubated for 16 hours.

(B-Gal and Luciferase Assays

Transfected cells were washed with phosphate - buffered
saline (PBS), removed from the glass surface using a
rubber policeman and transferred into Eppendorf tubes.
Cells were lysed using the “freeze—thaw” method, centri-
fuged and the supernatants were collected. The super-
natants were assayed for [(-gal activity using a
chemiluminescent method according to manufacturer's
instructions (Clontech). Briefly, an aliquot of supernatant
was incubated with substrate at room temperature for 1 hour
and the light intensity was measured using a Model 20e
luminometer (Turner Designs, Sunnyvale, CA). The co-
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Figure 1. The HRE/LacZ and HRE/BAX constructs. In pH2LacZ and
pH3LacZ, either two or three tandem repeats of HRE were inserted into the
multiple cloning sites in front of the SV40 minimal promoter in the mammalian
expression vector psgal-promoter. In pH2BAX and pH3BAX, the LacZ gene
was replaced with a murine BAX cDNA.

transfected luciferase activity of the extract was determined
using a kit from Promega (Madison, WI). Briefly, an aliquot
of the supernatant was incubated with the luciferase
substrate luciferin, and the light intensity emitted by the
sample was measured using the Model 20e luminometer. 3-
Gal activity was normalized to the cotransfected luciferase
activity to standardize the efficiency of transient transfec-
tions. In some transfections, 3-gal activity was normalized to
cellular protein level, which was measured using the
Bradford method (Bio-Rad, Hercules, CA).

Colony-Forming Efficiency Assay

To assay for clonogenic cell survival, cells were plated,
transfected and held under either oxic or anoxic conditions
for 16 hours as described above. On the day before
assay, SF-126 cells were irradiated with 40 Gy and
plated in six-well plates at a density of 5x10* cells/well
to serve as a feeder layer. On the following day, we
seeded the test cells to assay for clonogenic survival.
Briefly, cells were trypsinized with 0.05% trypsin, counted,
and plated into wells containing the irradiated feeder layer.
Dishes were then incubated for 14 days. The colonies
were stained with methylene blue (0.66% solution in 95%
ethanol), and colonies containing at least 50 cells were
counted. Plating efficiency was calculated as the ratio of
the number of colonies formed to the number of cells
seeded.

TUNEL Staining Assay

To detect apoptosis, we stained cells with the terminal
deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) method using the fluorescein in situ
cell death detection kit (Boehringer Mannheim, Indiana-
polis, IN). Cells were then counterstained with fluoro-
chrome 4', 6-diamidino-2-phenylindole and visualized
under fluorescent microscopy. The TUNEL method labels
cells containing fragmented DNA, a hallmark of apoptosis.
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Cells undergoing apoptosis were recognized by an
intensely fluorescent nucleus.

Results

HRE Mediates Reporter Gene Expression in Glioblastoma
Cells under Anoxic Conditions

To evaluate the general feasibility of using the HIF-1/
HRE system in human glioblastoma cells, we first
determined whether HRE could initiate efficient transcrip-
tion in human glioblastoma cells under hypoxia. Plasmids
were constructed by inserting oligonucleotide pairs contain-
ing either two or three tandem repeats of HREs upstream
of the enhancerless SV40 minimal promoter in a mamma-
lian expression vector that contained the LacZ gene
(Figure 1). We transiently transfected these plasmids into
U-87 MG human glioblastoma cells using lipofectamine
(Gibco-BRL, Gaithersburg, MD). To correct for variation in
the efficiency of transfections, we included in the DNA/
liposome complex a control plasmid containing the
luciferase reporter gene. Twenty-four hours after transfec-
tion, cells were made anoxic for 16 hours. At the end of the
16-hour period, we collected protein extracts from trans-
fected cells and assayed them for -gal activity. The 5-gal
activity in cells that were maintained under oxic conditions
served as a control. The -gal activity was normalized by
the cotransfected luciferase activity as described above.
The luciferase activity was not affected by the reduced
oxygen concentration. Compared with oxic control cells,
lacZ gene expression in anoxic cells was increased 11.0-
and 10.4-fold from plasmids pH2LacZ and pH3LacZ,
respectively (Table 1). As a control, we also measured
gene expression in cells that had been transfected with a
plasmid containing the human (-actin promoter, pAcLacZ.
This plasmid produced efficient (3-gal expression under
both oxic and anoxic conditions, indicating that the
increased LacZ gene expression seen in the HRE-
containing plasmids was specifically mediated through
HREs. We repeated this experiment two additional times
and consistently observed about a 13-fold increased LacZ
gene expression from both pH2LacZ and pH3LacZ
plasmids under anoxic conditions, compared to oxic
conditions (Table 2).

Table 1. Increased LacZ Gene Expression in Anoxic U-87 MG Cells.

Treatment  Plasmid Normalized 3-gal Activity*,’ Fold of Increase
(Relative Light Units) (Anoxic/Oxic)

Oxic pH2LacZ 86.0+23.5

pH3LacZ 77.2+29.6

pAcLacZ 7558 +2887
Anoxic pH2LacZ 948.1+67.5 11.0

pH3LacZ 799.8+38.9 10.4

pAcLacZ 10075+ 1905 1.3

*Normalized to the cotransfected luciferase activity.
Average + SD of three independent samples.
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Table 2. Summary of Independent Transfection Experiments in U-87 MG
and U-251 MG-NCI Cells.

Plasmid Fold of Increase (Anoxic/Oxic)

U-87 MG* U-251 MG-NCI'
pH2LaczZ 12.6+25 45+3.2
pH3LacZ 13.1£25 4.1+0.6

*Average + SD from three independent experiments.
fAverage + SD from two independent experiments.

We next investigated whether activation of HRE under
anoxia represents a general phenomenon in human
glioblastoma cells by transiently transfecting pH2LacZ
and pH3LacZ plasmids into another human glioblastoma
cell line, U-251 MG-NCI. Transfected cells were then
either made anoxic or left oxic for 16 hours, and g-gal
activity was determined. We performed this experiment
twice and observed an increase in 3-gal expression from
pH2LacZ and pH3LacZ under anoxia. Compared with
control cells, anoxic treatment of transfected U-251 MG-
NCI cells increased LacZ expression in both pH2LacZ and
pH3LacZ plasmids about four- to fivefold (Table 2). As a
control, (-gal expression from the control pAcLacZ
plasmid remained constant under both oxic and anoxic
conditions (data not shown).

Gene Expression at Intermediate Oxygen Levels Depends
on HRE Copy Number

Previous studies have suggested that low radiation doses
that are typical of those delivered in a daily radiotherapy
protocol (1.8 to 2 Gy) produce a tumor response that is
highly dependent on the tumor’s oxygenation status [9]. In
particular, hypoxic cells at oxygen levels intermediate
between anoxia and full oxygenation are strong determi-
nants of tumor response because many tumor cells fall within
this range [7]. Therefore, in addition to killing anoxic cells,
effective therapeutic agents aimed at hypoxic cells must
have the ability to sensitize or kill cells at intermediate levels
of oxygen. To determine the responsiveness of HRE under
intermediate oxygen tensions, we measured (3-gal expres-
sion at 0.3% and 1% oxygen levels in U-87 MG cells (Figure
2). Although the expression of LacZ from both pH2LacZ and
pH3LacZ could be activated to similar extents under anoxic
conditions, the fold of activation from these two plasmids
showed a significant difference at intermediate oxygen
tensions. Compared to the oxic condition, two copies of
HRE showed almost no activation at either 1% or 0.3%
oxygen levels. In contrast, when three copies of HRE were
present, the expression of LacZ showed about a fivefold
increase at 1% oxygen and a 7.5-fold increase at 0.3%
oxygen.

Expression of BAX in Anoxic U87-MG Cells Produced
Significant Cell Killing through Apoptosis

One objective of the present study was to determine
whether expression of a suicide gene through the HIF-1/
HRE pathway would be effective at specifically killing hypoxic
tumor cells. For this purpose, we selected the mammalian
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Figure 2. Differential responsiveness of HREs under intermediate levels of
oxygen tension. U-87 MG cells were transfected with either pH2LacZ (-O - )
orpH3LacZ (- A - ), and then subjected to various oxygen levels for 16 hours
as described in the Materials and Methods section. The relative level of LacZ
expression in oxic cells was designated as 1.0. The error bars at anoxic
conditions represent the standard deviations of three independent experi-
ments. The actual values obtained from two independent experiments at 0.3%
oxygen level are shown.

pro-apoptotic BAX gene as the candidate gene. The
pH2BAX and pH3BAX plasmids (Figure 1) were transfected
into U-87 MG; transfection with lipofectamine alone was
used as the control. In the initial experiments, the efficiency
of transfection in U-87 MG cells was about 70% to 80%
(data not shown), therefore we transfected U-87 MG cells
and assayed the transfectants for cell survival without
selecting for stably transfected clones. Following transfec-
tion, cells were grown for 16 hours in either oxic or anoxic
conditions. Transfected cells were then collected and
assayed for cell survival using a colony-forming efficiency
assay. As shown in Figure 3, control U-87 MG cells were
inherently sensitive to anoxia; the 16-hour exposure

100

—1 Control
pH2BAX

SR pH3BAX

Plating Efficiency
s

Oxic Anoxic

Oxygen Level

Figure 3. Clonogenic survival of oxic and anoxic U-87 MG cells transfected
with pH2BAX and pH3BAX. U-87 MG cells were transfected with either
pH2BAX and pH3BAX, followed by exposure for 16 hours to either oxic or
anoxic conditions. Cells were then collected and assayed for cell survival
using a colony - forming efficiency assay as described in the Materials and
Methods section.
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produced about 50% cell killing. However, induced expres-
sion of BAX under anoxia in U-87 MG cells that had been
transfected with either plasmid produced more than one
additional log of cell killing. Furthermore, under oxic
conditions, BAX-transfected U-87 MG cells survived as
well as control cells. We have repeated this experiment and
obtained similar results (data not shown). Taken together,
these results demonstrated that HRE -regulated expression
of BAX could specifically kill hypoxic cells in vitro. To
determine whether this BAX-mediated cell kiling was

triggered through cell apoptosis, we measured apoptosis in
BAX-transfected U-87 MG cells under either oxic or anoxic
conditions using the TUNEL assay. As shown in Figure 4,
anoxia-induced expression of BAX in both pH2BAX- and
pH3BAX-transfected U-87 MG cells caused a significant
amount of apoptosis, as manifested by the intense
fluorescent labeling of fragmented DNA (Figure 4, panels
d and f). In contrast, control U-87 MG cells and BAX-
transfected cells under oxic conditions showed little, if any,
evidence of apoptosis (Figure 4, panels a—c and e).

Figure 4. Apoptosis in oxic and anoxic U-87 MG cells transfected with pH2BAX and pH3BAX. Cells were transfected with either pH2BAX or pH3BAX and grown in
either oxic or anoxic conditions as described in the Materials and Methods section. The TUNEL assay revealed fragmented DNA as intensely fluorescent, which is
characteristic of apoptosis. Panels a and b are U-87 MG cells under oxic and anoxic conditions, respectively. Panels c and d are pH2BAX - transfected U-87 MG
cells under oxic and anoxic conditions, respectively. Panels e and f are pH3BAX - transfected U-87 MG cells under oxic and anoxic conditions, respectively.
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Discussion

Solid tumors are heterogeneous and typically composed of
physiologically distinct subpopulations. Over 40 years ago,
the pioneering work by Thomlinson and Gray demonstrated
that the sensitivity of tumor cells to radiation damage
depended on the presence of oxygen in the tumor micro-
environment [29]. Since their discovery, many subsequent
studies have confirmed the presence of radioresistant
hypoxic cells in tumors, including brain tumors [3,4].
Radiation therapy can effectively kill the oxic tumor cells;
however, the hypoxic cells pose an obstacle in attempts to
cure brain tumors with radiation. Clearly, we need to devise
new therapeutic strategies to selectively target these hypoxic
tumor cells.

The presence of hypoxic cells in solid tumors can also
provide a means for selectively targeting cancer for treat-
ment because normal tissues are well oxygenated [30,31].
One study by Dachs et al. [32] tested the ability of hypoxia to
selectively control gene expression and increase cell killing.
They placed a CD2 marker gene or a gene that produces the
enzyme cytosine deaminase under the control of HRE, and
showed that CD2 was induced in vitro only when oxygen
concentrations were <2%. These investigators also showed
that activation of cytosine deaminase under hypoxic condi-
tions caused significant cell kiling when the prodrug 5-
fluorocytosine was present. Recently, Shibata et al. used
multiple copies of HRE derived from the human vascular
endothelial growth factor gene to achieve hypoxia-specific
expression of therapeutic genes. When cells were trans-
fected with an Escherichia coli nitroreductase gene (which
can activate an anticancer prodrug CB1954) under the
regulation of HRE, marked growth inhibition was specifically
achieved under hypoxic conditions [33]. Other studies on
the molecular mechanisms of hypoxia-regulated gene
expression provide strong evidence that hypoxia induces
gene expression through the cis-acting DNA sequence
HRE, which interacts with a transcriptional activator HIF-1
[21]. Our current work demonstrates that such an HRE is
functional under hypoxia in at least two human glioblastoma
cell lines.

Our studies on the response of HREs under hypoxia
reveal several interesting findings. First, although both two
and three copies of HREs can activate gene expression to
the same extent under anoxia (Table 1), gene expression
under intermediate hypoxic conditions occurs only when the
HRE copy number is three (Figure 2). This could have
important implications for HRE-mediated gene therapy of
human tumors, which contain cells under a wide range of
oxygen concentrations. Further experiments are needed to
determine the optimal HRE copy number that engenders
sufficient levels of activation of suicide genes at intermediate
levels of oxygen to result in effective cell killing, yet still does
not cause significant cytotoxicity in well-oxygenated cells. In
addition, it may be important to compare different HRE
sequences, such as those from the vascular endothelial
growth factor gene [34] and the phosphoglycerate kinase - 1
gene [35], to determine an optimal choice for the suicide
gene therapy.

Our results also indicate that the magnitude of gene
expression that occurs under hypoxic conditions is different
for the two brain tumor cell lines used in our studies.
Whereas anoxic U-87 MG cells produce more than a 10-fold
increase in gene expression, the increase in gene expres-
sion in anoxic U-251 MG-NCI cells is only about fourfold.
Such differences may reflect differences in HIF-1 activity
among cell lines, although we have not yet tested this
possibility. Because of differences in hypoxia-induced gene
expression among different brain tumor cells, the efficacy of
the hypoxia-targeted gene therapy will be dependent on the
responsiveness of the particular brain tumor cells under
hypoxia. Therefore, a successful strategy will probably rely
on the ability of the gene therapy to kill tumor cells despite
their different responsiveness under hypoxia. One require-
ment for such gene therapy may be to select an efficient
suicide gene that becomes active and causes selective cell
killing at low levels of hypoxia -induced expression. A therapy
employing such a suicide gene may result in the same
degree of cell killing among different brain tumor cells with
various levels of responsiveness under hypoxia.

One candidate suicide gene is BAX, a member of the
BCL-2 gene family. We have shown that BAX can be used
as a suicide gene to trigger cellular apoptosis in U-87 MG
cells under hypoxia when regulated by HREs (Figure 3). It
should be noted that the extent of cell killing by BAX under
hypoxia may be an underestimate in our experimental
system because only 70% to 80% of the cells were
transfected with the BAX construct. Therefore, BAX may
be more effective in killing cells than we have determined. In
addition, it will be interesting to examine whether BAX can kill
U-251 MG-NCI cells under hypoxic conditions, despite the
decreased amount of hypoxia -induced gene expression that
occurs compared to U-87 MG cells. A positive result will
indicate that BAX is functional in cell killing even when
increase of expression of BAX in U-251 MG-NCl is as low
as four- to five-fold.

In gene therapy, it is unlikely that all tumor cells in vivo will
be transfected with the suicide gene. Therefore, the
bystander effect may play an important role in determining
the outcome of the gene therapy. A bystander effect has
often been observed in the traditional enzyme/prodrug
system (e.g., thymidine kinase/gancyclovir). This effect is
generally attributed to the metabolic cooperation between
cells and/or the release of toxic compounds from dead cells
into neighboring cells [36]. However, there is increasing
evidence to indicate that the immune system plays an
important role in the bystander effect in vivo [37]. Although it
is unlikely that the cell killing caused by BAX will exert any
significant bystander effect through metabolic cooperation or
release of toxic compounds, BAX may elicit a bystander
effect in vivo through an immunologic component. We have
not yet tested this possibility.

In conclusion, the presence of hypoxic cells in solid tumors
is an important factor leading to resistance to radiation
therapy and these cells form a major obstacle in attempts to
cure brain tumors with radiation. Recently emerging results
have clearly demonstrated hypoxia-targeted gene therapy
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as an exciting innovative strategy for targeting hypoxic cells
in tumors. Potential application of this gene therapy,
especially when combined with radiation, could greatly
improve the therapeutic outcome for brain tumors. Our
studies have a number of implications for cancer gene
therapy. First, in agreement with the earlier reports [32,33],
our results support the notion that the HIF-1/HRE system
might be useful in gene therapy to provide a selective means
of controlling gene expression based on the lower oxygen
levels in solid tumors compared with normal tissues. In
addition, our results point out that the ultimate use of the HIF -
1/HRE system will depend on the ability to obtain appropriate
levels of induced gene expression at all levels of reduced
oxygenation. Finally, our results demonstrate that BAX can
be used as a suicide gene to trigger cell apoptosis under
anoxia, providing the potential for the BAX gene to be used in
gene therapy as a new class of “efficient” suicide genes.
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