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Abstract
Here, we investigated the specific roles of Bcl-2 family members in anoxia tolerance of malignant glioma. Flow
cytometry analysis of cell death in 17 glioma cell lines revealed drastic differences in their sensitivity to oxygen
withdrawal (<0.1% O2). Cell death correlated with mitochondrial depolarization, cytochrome C release, and trans-
location of green fluorescent protein (GFP)–tagged light chain 3 to autophagosomes but occurred in the absence
of caspase activation or phosphatidylserine exposure. In both sensitive and tolerant glioma cell lines, anoxia
caused a significant up-regulation of BH3-only genes previously implicated in mediating anoxic cell death in
other cell types (BNIP3, NIX, PUMA, and Noxa). In contrast, we detected a strong correlation between anoxia re-
sistance and high expression levels of antiapoptotic Bcl-2 family proteins Bcl-xL, Bcl-2, and Mcl-1 that function to
neutralize the proapoptotic activity of BH3-only proteins. Importantly, inhibition of both Bcl-2 and Bcl-xL with the
small-molecule BH3 mimetics HA14-1 and BH3I-2′ and by RNA interference reactivated anoxia-induced autophagic
cell death in previously resistant glioma cells. Our data suggest that endogenous BH3-only protein induction may
not be able to compensate for the high expression of antiapoptotic Bcl-2 family proteins in anoxia-resistant astro-
cytomas. They also support the conjecture that BH3 mimetics may represent an exciting new approach for the
treatment of malignant glioma.
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Introduction
Gliomas are the most common and malignant primary brain tumors
in humans and are among the most hypoxic tumors known [1–3].
Uncontrolled growth, irregularities in the architecture of blood ves-
sels, and tumor vessel occlusion through thrombosis are the main
causes of tumor hypoxia [4–8]. In human glioma, the severity of tu-
mor hypoxia is known to strongly correlate with malignancy and
World Health Organization grade [1,2]. Glioblastoma multiforme,
the highest-grade glioma, is characterized by large necrotic areas
within the tumor tissue, and the appearance of necrosis correlates
with enhanced therapy resistance, increased invasiveness, and a worse
prognosis for the patients [1,2,6]. Because hypoxia provides a selec-
tion pressure for cells more tolerant to low oxygen concentrations,
adaptive mechanisms to escape hypoxia-induced cell death likely play
a pivotal role in gliomagenesis and tumor resistance.

Activation of the transcription factor hypoxia-inducible factor is
known to play a central role in the transcriptional stress response to

hypoxia [8,9]. This stress response enables cells to adapt their energy
metabolism, to activate survival signaling pathways, to enhance vascular
blood flow, and to increase oxygen transport [8]. However, prolonged,
stringent hypoxia (anoxia) leads to mitochondrial dysfunction and
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the demise of cells, either by apoptosis or by nonapoptotic forms of
cell death [10–13]. Pro- and antiapoptotic members of the Bcl-2 fam-
ily are key regulators of hypoxia-induced cell death [13]. The Bcl-2
family proteins can be classified into three important subfamilies: 1)
the BH3-only proteins that have only one domain in common, that
is, the alpha helical BH3 domain; 2) the Bax-like proteins that con-
tain three such domains (BH1, BH2, and BH3); and 3) the Bcl-2–like
proteins that consist of four domains (BH1–4) [14,15]. Bax-like
proteins (Bax, Bak, and potentially Bok) trigger mitochondrial per-
meabilization, which is required for the release of proapoptotic fac-
tors from mitochondria and for the activation of caspase-dependent
and -independent cell death pathways [14,15]. In healthy cells, Bcl-
2–like proteins inhibit the activation of Bax and Bak. However,
BH3-only proteins can be induced in response to cellular or environ-
mental stress, which neutralize Bcl-2–like proteins, activate Bax and
Bak, and trigger cell death [16]. Among the diverse family of BH3-
only proteins, in particular, BNIP3, NIX, PUMA, and Noxa have
been implicated in hypoxia/anoxia–induced cell death [16–19].

It was previously proposed that glioma cell lines can be classified
into “hypoxia-resistant” and “hypoxia-sensitive” cell lines [3,20]. Pre-
servation of the clonogenic potential of glioblastoma cells after hyp-
oxia depended on maintenance of a stable mitochondrial membrane
potential and stable ATP levels [20]. However, the contribution of
deregulated apoptotic signaling pathways for enhanced hypoxia re-
sistance of malignant gliomas has not been investigated in detail. Here,
we characterized the sensitivity of a panel of human glioma cell lines
to anoxic stress and demonstrate that glioma cell lines exhibit a wide
range of anoxia tolerance with high resistance to anoxia stringently
correlating with enhanced expression levels of Bcl-2–like proteins
but not with the lack of induction of BH3-only proteins. Our data also
reveal that anoxia resistance can be efficiently overcome by silencing
expression of Bcl-2 and Bcl-xL and by application of small-molecule
Bcl-2 and Bcl-xL antagonists/BH3 mimetics.

Materials and Methods

Materials
The caspase substrate acetyl-DEVD-7-amino-4-methylcoumarin

was purchased from Bachem (Heidelberg, Germany). Tetramethyl
rhodamine methyl ester (TMRM) was purchased from MobiTec
(Goettingen, Germany). C2-ceramide and BH3 mimetics BH3I-2′
and HA14-1 were from Merck Biosciences (Darmstadt, Germany)
Lysotracker Red was from Invitrogen (Karlsruhe, Germany). All
other chemicals came in analytical grade purity from Sigma-Aldrich
(Deisenhofen, Germany).

Cell Lines and Culture
For this study, a panel of 17 human grade III to grade IV malig-

nant astrocytoma cell lines was used. Glioma cell lines A172, U87,
U251, U343, and U373, as well as the newly established glioma cell
lines MZ-18, MZ-51, MZ-294, MZ-257, MZ-226, MZ-54, MZ-
159, MZ-304, MZ-373, MZ-256, MZ-327, and MZ-348 [21],
were grown in DMEM with 10% heat-inactivated fetal calf serum,
100 U/ml penicillin, and 100 mg/ml streptomycin and were main-
tained in a humidified incubator at 37°C and 5% CO2. HeLa cells
were grown and maintained under the same conditions as described
for human glioma cell lines.

Anoxia Treatment
Cells were plated in 24-well plates at an optical density of approxi-

mately 40%. After 24 hours, cells were placed into an anoxic chamber
(GasPak 100; Becton-Dickinson, Heidelberg, Germany) that was sealed
and kept at 37°C. Severe hypoxic conditions (<0.1%O2), here referred to
as anoxia, were reached after approximately 60 minutes as indicated by a
methylene blue indicator (Becton-Dickinson) placed inside the chamber.

Construction and Transfection of Expression Plasmids
Total human cDNA was obtained from U87 glioma cells. Primers

5′-ATA TAT AGA TCT ATG TCG CAG AAC GGA GCG CCC 3′
and 5′-ATATATGAATTCTCAAAAGGTGCTGGTGGAGGT-
3′ were used to generate full-length cDNA encoding BNIP3 by poly-
merase chain reaction (PCR). In addition, a 5′- and 3′-end truncated
deletion mutant of BNIP3 (aa 49–164) lacking the N-terminus and the
C-terminal transmembrane region was generated as a negative control
with primers 5′-ATA TAT AGA TCT GCA CAG CAT GAG TCT
GGA CGG-3′ and 5′-ATA TAT GAA TTC TCA AAC TTT CAG
AAA TTC TGC AGA-3′. After restriction digestion with EcoRI and
BglII, the inserts were ligated in-frame into EcoRI/BglII–digested
pGFP-C1 expression vectors (Clontech, BD Biosciences, Heidelberg,
Germany). Expression plasmid green fluorescent protein (GFP)–light
chain 3 (LC3) was described elsewhere [22]. All expression constructs
used in this study were transfected into cells using Metafectene reagent
according to the manufacturer’s instructions (Biontex, Martinsried/
Planegg, Germany).

Fluorescence Microscopy
To allow efficient expression of GFP fusion proteins, cells were

incubated for 24 hours after transfection before any further treatments.
For microscopical analysis, cells were fixed and stained with the
chromatin-specific dye Hoechst 33258 at a concentration of 1 μg/ml.
For immunostaining of cytochrome C , a monoclonal anti–cytochrome
C antibody (clone 6h2.b4; BDBiosciences) and aTexas Red–conjugated
secondary antibody were used. Evaluation of the subcellular distribu-
tion of GFP fusion proteins (GFP-LC3 and GFP-Bnip3) and mito-
chondrial release of cytochrome C was performed by epifluorescence
microscopy using an Eclipse TE 300 inverted microscope and a 40×
objective (Nikon, Düsseldorf, Germany) equipped with the appro-
priate filter set (for GFP fluorescence: excitation of 465–495 nm, di-
chroic mirror of 505 nm, and emission of 515–555 nm; for Hoechst
fluorescence: excitation of 340–380 nm, dichroic mirror of 400 nm,
and emission of 435–485 nm; for Texas Red fluorescence: excitation
of 540–580 nm, dichroic mirror of 595 nm, and emission of 600–
660 nm). For analysis of the subcellular distribution of GFP-BNIP3,
a total number of 300 cells were analyzed in three subfields for each
culture. All experiments were performed at least three times with sim-
ilar results.

Real-Time Quantitative PCR
Extraction of total cellular RNA and reverse transcription was per-

formed as previously described [23]. Each PCR (performed in trip-
licate) contained 10 μl of TaqMan Universal PCR Master Mix, 1 μl
of 20× TaqMan Gene Expression Assay Mix (containing both prim-
ers and probes), and 7 μl of cDNA (30 ng) diluted in RNase-free
water. A typical standard protocol for quantitative PCR (qPCR) con-
sisted of incubating at 50°C for 2 minutes and 95°C for 10 minutes
followed by 40 cycles at 95°C for 15 seconds and 60°C for 40 seconds.
Data analysis was performed with the GeneAmp 5700 Sequence
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Detection System (Applied Biosystems, Darmstadt, Germany). Ex-
pression differences in anoxia-treated cultures compared to the nor-
moxic controls were considered significant when P < .05. Primer
sequences are available on request from the authors.

Gene Silencing Using Small Interfering RNA
The following annealed double-stranded small interfering RNA

(siRNA) from Dharmacon (Chicago, IL) were used: Bcl-2 siGenome
duplexes D-003307-01-0010 and D-003307-04-0010; Bcl-xL si-
Genome duplexes D-003458-01-0010 and D-003458-04-0010.
Scrambled siCONTROL Nontargeting siRNA #1 D-001210-01-
20 from Dharmacon was used as negative, nonsilencing control.
Cells were transfected with 250 nM siRNA using Oligofectamine
from Invitrogen as described by the manufacturer.

Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis
and Western Blot Analysis

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis and
Western blot analysis were performed as described elsewhere [23].
The resulting blots were probed with a mouse monoclonal anti-Bnip3
antibody diluted at 1:1000 (Abcam, Cambridge, UK), a rabbit poly-
clonal anti–Bnip3L/Nix antibody diluted at 1:500 (Calbiochem,

Merck Biosciences), a mouse monoclonal anti–Bcl-2 antibody diluted
at 1:50 (Santa Cruz Biotechnology, Heidelberg, Germany), a rabbit
polyclonal anti–Bcl-xL antibody diluted at 1:500 (BD Biosciences),
a rabbit polyclonal anti–Mcl-1 antibody diluted at 1:200 (Santa Cruz
Biotechnology), a rabbit polyclonal anti-Bax antibody diluted at 1:200
(Upstate, NY), a rabbit polyclonal anti-Bak antibody diluted at 1:200
(Santa Cruz Biotechnology), or a mouse monoclonal anti–α-tubulin
antibody diluted at 1:5.000 (clone DM 1A; Sigma).

Determination of Caspase-3–Like Protease Activity
Cells were lysed in 200 μl of lysis buffer [10 mM HEPES, pH 7.4,

42 mM KCl, 5 mM MgCl2, 1 mM phenylmethylsulfonyl fluoride,
0.1 mM EDTA, 0.1 mM EGTA, 1 mM dithiothreitol, 1 μg/ml
pepstatin A, 1 μg/ml leupeptin, 5 μg/ml aprotinin, 0.5% 3-(3-
cholamidopropyldimethylammonio)-1-propane sulfonate]. Fifty micro-
liters of this lysate was added to 150 μl of reaction buffer (25 mM
HEPES, 1 mM EDTA, 0.1% 3-(3-cholamidopropyldimethylammonio)-
1-propane sulfonate, 10% sucrose, 3 mM dithiothreitol, pH 7.5)
and 10 μM of the fluorigenic substrate acetyl-DEVD-7-amido-4-
methylcoumarin. Accumulation of AMC fluorescence was monitored
for 1 hour using a high-throughput screening fluorescent plate reader
(excitation of 380 nm and emission of 465 nm). Fluorescence of

Figure 1.Malignant glioma cell lines display a high variability in anoxia sensitivity. (A) Cell lines U87, U343, and U373 were seeded at an
optical density of approximately 40% confluence and were subjected to normoxia or anoxia for the indicated periods. Cell death was
quantified by flow cytometric analysis of PI uptake. Data are means ± SEM from n = 4 cultures. *P < .05 compared to normoxic con-
trols. Similar results were obtained in three separate experiments. (B) Cells of six cell lines with highly variable response to anoxia (see
Table 1) were seeded at an optical density of approximately 40% confluence. After 24 hours, the cells were cultured under anoxic or
normoxic conditions for 48 hours and were stained with Annexin V and PI. Cell death was determined using flow cytometry, summing
up the percentage of Annexin V–, Annexin V/PI–, and PI-positive cells. Data are means ± SEM from n= 4 cultures. *P< .05 compared to
normoxic controls. Similar results were obtained in three separate experiments.
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blanks containing no cell lysate was subtracted from the values. Protein
content was determined using the Pierce Coomassie Plus Protein Assay
reagent (KMF, Cologne, Germany). Caspase activity is expressed as
change in fluorescence units per microgram protein per hour.

Flow Cytometry
For cell death analysis, cells were stained with Annexin V–

FLUOS/propidium iodide (PI; Roche Applied Science, Mannheim,
Germany) after treatments according to the manufacturer’s instruc-
tions and flow cytometric analysis. For the analysis of ΔΨm, cells
were stained with 30 nM TMRM for at least 15 minutes followed
by flow cytometric analysis. To quantitatively detect changes in the
extent of autophagy, acidic vacuoles were stained with 25 nM Lyso-
tracker Red for 30 minutes followed by flow cytometric analysis. In
all cases, a minimum of 104 events per sample was acquired. Flow
cytometric analysis were performed on a FACScan (BD Biosciences)
followed by analysis using Cell Quest and WinMDI software.

Statistics
Data are given as means ± SEM. For statistical comparison, t test

or one-way analysis of variance followed by Tukey’s test were used

Table 1. Glioma Cell Lines Show a Highly Variable Response to Anoxic Stress.

Cell Line Fold Cell Death vs Control SEM

MZ-18 1 0.12
U343 1.2 0.14
MZ-348 1.3 0.17
MZ-290 1.5 0.13
MZ-256 1.7 0.2
MZ-373 1.7 0.24
MZ-159 2 0.3
MZ-294 2 0.28
MZ-327 2.1 0.31
MZ-257 2.4 0.08
MZ-304 2.6 0.31
U87 3 0.28
U251 3.4 0.41
U373 3.9 0.75
MZ-54 3.9 0.23
MZ-51 4.6 0.69
MZ-226 4.8 0.68

Cells were seeded at an optical density of approximately 30% confluence. After 24 hours, the cells
were exposed to anoxia or were cultured under normoxic conditions for 48 hours, stained with PI,
and dead cells were counted using flow cytometry. The amount of cell death for each cell line is
given as the ratio between the percentage of dead cells cultured under anoxic conditions (48 hours)
and the percentage of dead cells cultured under normoxic conditions. Cell lines marked in bold
letters were subsequently analyzed in more detail (Figure 1).
Data are means ± SEM from n = 4 independent cultures.

Figure 2. Anoxia induces a caspase-independent type of cell death inmalignant glioma. (A) Representative dot plots and (B) cell death quan-
tification of anoxia-resistant U343 and anoxia-sensitive MZ-54 cells. Cells were pretreated with zVAD (200 μM) for 2 hours. After 48 hours of
normoxia or anoxia incubation in the presence or absence of zVAD, apoptosis was quantified with Annexin V/PI staining and flow cytometry.
Data are means ± SEM from n = 4 independent cultures. *P < .05 compared to DMSO-treated cells. (C) After exposure to normoxia or
anoxia (48 hours), glioma cell lines U343, MZ-18, U251, U87, U373, and MZ-54 were subjected to caspase-3–like activity assays. As a posi-
tive control, HeLa cells were treated with vehicle (DMSO) or STS (3 μM, 6 hours). Data are means ± SEM from n= 4 independent cultures.
*P < .05 compared to normoxic controls. n.s. indicates not significant. Similar results were obtained in three separate experiments.
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using SPSS software (SPSS GmbH Software, Munich, Germany).
P values < .05 were considered to be statistically significant.

Results

Malignant Glioma Cells Exhibit a High Diversity in
Anoxia-Induced, Caspase-Independent Cell Death

To establish a paradigm to analyze the inherent resistance of ma-
lignant glioma to cell death induced by anoxia, we performed a series
of time course experiments in glioma cell lines U87, U343, and
U373 placed in an anoxic chamber (<0.1% O2) for 24, 48, and
72 hours, followed by flow cytometry analysis of PI uptake (Fig-
ure 1A). Propidium iodide uptake indicates loss of plasma membrane
integrity that occurs during necrosis and, in the absence of phagocy-
tosis, also as a secondary event after apoptosis. Forty-eight hours of
anoxia lead to significant cell death in two of the investigated cell
lines and was defined as the optimal time point for cell death quan-
tification. Subsequent exposure of a panel of 17 glioma cell lines to
anoxic stress for 48 hours revealed drastic differences in the sensitiv-
ity of the individual cell lines to anoxia-induced cell death (summa-
rized in Table 1). Six cell lines with a wide range of anoxia sensitivity
were selected for further investigation (Figure 1B). Cell lines U343
and MZ-18 were completely resistant to 48 hours of anoxia, whereas
cell lines U373 and MZ-54 were particularly vulnerable (Figure 1B).
Glucose deprivation (cultivation in glucose-free culture medium) and
acidosis (pH 5.0, in HEPES-buffered culture medium supplemented
with lactate) enhanced anoxia-dependent cell death but had no dis-
cernible effect on the pattern of sensitivity between the different cell
lines (data not shown).

Application of the general caspase inhibitor zVAD did not di-
minish anoxia-induced cell death in anoxia-sensitive MZ-54 cells
(Figure 2, A and B), which also was not associated with signifi-
cant Annexin V binding in those cells that retained their membrane
integrity (∼10%). Anoxia also did not induce detectable effector
caspase activity in anoxia-sensitive (or anoxia-resistant) cell lines,
indicating that anoxia-triggered cell death occurred in a caspase-
independentmanner (Figure 2C). Collectively, these data suggested that
anoxia did not induce classic apoptosis (type I cell death) in anoxia-
sensitive glioma cells [12]. In contrast, exposure to the apoptosis-
inducing kinase inhibitor staurosporine (STS) induced caspase activation
in HeLa cells that were used as a control. Interestingly, anoxia-induced
cell death was associated with cell shrinkage, chromatin condensation,
and vesicular localization of the autophagosomal marker GFP-LC3 in
MZ-54 cells (Figure 3A, arrows), suggesting that these cells activated
autophagic pathways that have been shown to contribute to cell death
in several paradigms (type II cell death) [24–26]. Quantitative analysis
revealed that ∼50% of MZ-54 cells displayed vesicular localization of
GFP-LC3 after 48 hours of anoxia, whereas the percentage of U343
cells undergoing autophagy remained stable (Figure 3B). Inhibition of
caspases with zVAD had no effect on the number of MZ-54 cells un-
dergoing autophagy (Figure 3B).

Bax Translocation and Mitochondrial Depolarization in
Anoxia-Sensitive Glioma Cells

Cells lacking expression of Bax and Bak display a potent resistance
against anoxia-induced cell death, suggesting the involvement of
the mitochondrial apoptosis pathway [11]. Activation of this pathway
involves mitochondrial membrane permeabilization and the release
of cytochrome C , an event that is accompanied by mitochondrial

depolarization [14]. To analyze the correlation between anoxia sen-
sitivity and mitochondrial dysfunction, we next investigated the
effect of anoxia on the mitochondrial membrane potential (ΔΨm)
by flow cytometry analysis of TMRM uptake (Figure 4A). HeLa
cells that were used as a positive control showed a complete loss of
ΔΨm after 48 hours of anoxia as well as after treatment with the pro-
tein kinase inhibitor STS that served as an additional control. In
all the investigated glioma cell lines, the ability to retain ΔΨm after
48 hours of anoxia directly correlated with their resistance to cell
death (Figures 4A and 1B), such that highly resistant U343 showed

Figure 3. Anoxia-induced cell death is associatedwith autophagy in
anoxia-sensitive glioma cells. (A) U343 cells (upper panel) and MZ-
54 cells (lower panel) were transfected with a plasmid encoding
GFP-LC3. Twenty-four hours after transfection, the cells were sub-
jected to anoxia for 48 hours. As a positive control for the induction
of autophagy, cells were also treated with 25 μM C2-Ceramide for
24 hours. After fixation, cells were stained with Hoechst 33258 and
analyzed by epifluorescence microscopy. Experiments were re-
peated two times with similar results. Scale bar, = 10 μm. (B) Quan-
titative evaluation of glioma cells containing GFP-LC3–positive
autophagosomes. Anoxia-resistant (U343) and anoxia-sensitive
(MZ-54) cell lines were transfected with a plasmid encoding GFP-
LC3. Twenty-four hours after transfection, cells were pretreated
with the caspase-inhibitor zVAD (200 μM) and were cultured for
an additional 48 hours under normoxic and anoxic conditions. Sim-
ilar results were obtained in two separate experiments. Data are
means±SEM from n=4 independent cultures. *P< .05 compared
to normoxic controls. n.s. indicates not significant compared to re-
spective treatment in the absence of zVAD.
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Figure 4. Anoxia induces mitochondrial dysfunction and Bax translocation in anoxia-sensitive glioma cells. (A) Glioma cell lines U343,
MZ-18, U251, U87, U373, and MZ-54 were exposed to normoxia, anoxia (48 hours), or were treated with 5 μM STS (24 hours) and
subsequently stained with TMRM after which TMRM fluorescence was measured by flow cytometry. HeLa cells served as controls.
Data are given as the percentage of fluorescence retained in comparison to the control of each respective cell line (normoxia). Data are
means ± SEM from n = 4 independent cultures. *P < .05 compared to normoxic control. Similar results were obtained in two separate
experiments. (B) Translocation of GFP-tagged Bax in anoxia-sensitive glioma cells under anoxic conditions. Twenty-four hours posttrans-
fection with GFP-Bax, U343 (upper panel) or MZ-54 cells (lower panel) were exposed to anoxia or were cultured under normoxic con-
ditions for 24 hours. After fixation, immunostaining of cytochrome C and staining of nuclei with Hoechst 3342 (1 μg/μl), cells were
analyzed by fluorescence microscopy. Scale bar, 10 μm. (C) Quantification of cells displaying cytochrome C release in U343 and
MZ-54 cultures during anoxia-induced cell death. Data are means ± SEM from n = 4 independent cultures. #P < .05 compared to
normoxic controls. n.s. indicates not significant.
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no mitochondrial depolarization and highly vulnerable MZ-54 cells
nearly complete mitochondrial depolarization.

Mitochondrial permeabilization and depolarization, as well as re-
lease of cytochrome C , are triggered by the posttranslational activation
of Bax and Bak, involving translocation to mitochondria (Bax), mem-
brane insertion, and oligomerization (both Bax and Bak). Transient
overexpression of GFP-tagged Bax [27] demonstrated translocation
and clustering of Bax during anoxia-induced cell death in the sensitive
MZ-54 cells, whereas U343 showed no evidence of Bax activation
(Figure 4B). In addition, MZ-54 cells with clustered Bax localization
displayed drastic cell shrinkage, chromatin condensation, and cyto-
chrome C release during anoxia-induced cell death (Figure 4B, arrow).
Quantitative analyses indicated that most of the MZ-54 cells had re-
leased their cytochrome C after 48 hours of anoxia (Figure 4C ).

Expression and Hypoxia-Dependent Induction of BNIP3 and
Nix Does Not Correlate with Anoxia Sensitivity of Glioma

Because the BH3-only genes BNIP3 and NIX have been reported
to play important roles in hypoxia-dependent cell death [19] and
because both genes might act as tumor suppressors [28], we asked
whether loss of expression and/or induction of these genes may

contribute to the observed resistance to cell death, mitochondrial
depolarization, and Bax translocation. Lack of expression and/or
anoxia-dependent induction of BNIP3 and NIX occurred only in a
small subset of the cell lines investigated (Figure 5A). Importantly,
there was no clear correlation between BNIP3 and NIX protein
expression and the previously observed sensitivity to anoxia in the
six cell lines that we had chosen to investigate in more detail (Fig-
ure 1B) or in the other glioma cell lines investigated (Table 1). In-
deed, robust induction of BNIP3 and/or NIX was detected in both
anoxia-sensitive (e.g., MZ-54 and U373) and -resistant (e.g., MZ-
18) cells. To analyze the potential contribution of BNIP3 and
NIX, as well as of PUMA and Noxa, two other BH3-only genes
known to be transcriptionally induced under hypoxic/anoxic con-
ditions [16–19], we performed additional real-time qPCR analysis.
All four genes were induced by anoxia both in MZ-54 and in
U343 cells (Figure 5B). BNIP3 and NIX were potently induced in
anoxia-resistant U343 cells and in anoxia-sensitive MZ-54 cells.
Noxa was induced ∼50-fold in anoxia-resistant, wild type p53–
expressing U343 cells [29]. The observed marginal induction of
Noxa in anoxia-sensitive MZ-54 cells may suggest that these cells do
not express functional p53 but retain the ability to potently induce

Figure 5. Induction of BH3-only genes in anoxia-sensitive and anoxia-resistant glioma cells. (A) Western blot analysis of BNIP3 and
BNIP3L/NIX induction after 48 hours of anoxia. The indicated glioma cell lines were cultured under normoxic (N) and anoxic (A) conditions
for 48 hours, and whole-cell lysates were probed with antibodies against BNIP3 and BNIP3L/NIX. α-Tubulin served as a loading control.
(B) Expression analysis of BH3-only genes by qPCR. U343 and MZ-54 cells were cultured for 24 hours under anoxic or normoxic condi-
tions, after which total RNA was analyzed by real-time qPCR. Expression analysis of BH3-only transcripts BNIP3, BNIP3L/NIX, Noxa, and
Puma was performed by 40 cycles each. TATA-binding protein served as an internal control (40 cycles). Data are means ± SEM from
n = 4 independent cultures. *P < .05 compared to normoxic controls. Similar results were obtained in three separate experiments.
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BNIP3, NIX, and PUMA in a p53-independent manner. Collectively,
the data obtained from the Western blot and real-time qPCR experi-
ments suggest that anoxia resistance of many glioma cell lines did not
result from a lack of activation of known BH3-only proteins that act as
upstream activators of the mitochondrial pathway of apoptosis.

High Levels of Antiapoptotic Bcl-2 Family Protein Expression
in Anoxia-Resistant Malignant Glioma: Failure to Reactivate
Cell Death by Ectopic Expression of BNIP3

Because malignant gliomas have been shown to overexpress anti-
apoptotic Bcl-2 family members [30], we next investigated the rela-
tive expression levels of Bcl-2, Bcl-xL, and Mcl-1 in glioma cells.
Interestingly, among the six cell lines investigated in more detail,
the anoxia-sensitive cells revealed low expression levels of Bcl-xL
(MZ-54, U373), Bcl-2 (MZ-54, U373, U87, U251), or Mcl-1
(U373; Figure 6, upper panel ). Conversely, the expression of Bcl-2,
Bcl-xL, and Mcl-1 was robust and at high levels in U343 and MZ-
18, the two cell lines showing the highest resistance to anoxia. In
contrast to antiapoptotic Bcl-2 family members, there was no clear
correlation between expression levels of proapoptotic Bcl-2 family
members, as lysates of both MZ-54 cells and U343 cells displayed
very similar protein levels of Bax and Bak (Figure 6, lower panel ).

We next addressed the question whether overexpression of the
hypoxia-inducible BH3-only protein BNIP3 was able to reactivate
cell death in the anoxia-resistant U343 cells. To this end, we ectop-
ically overexpressed GFP-tagged BNIP3 in U343 cells and in the
anoxia-sensitive MZ-54 cells. Expression of BNIP3 under normoxic
conditions had no major effects on cell death in both cell lines
(Figure 7A). Because additional hypoxia-induced mechanisms might
be required to activate overexpressed BNIP3 on the posttranslational
level, we also analyzed the effect of Bnip3 overexpression on cell
death under anoxic conditions that lead to a significant increase
over normoxic control transfections in anoxia-sensitive MZ-54 cells
but not in anoxia-resistant U343 cells (Figure 7A). Further analysis
revealed that GFP-BNIP3 was mostly retained in the nucleus of U343
cells [31] (Figure 7, B and C) but was translocated to the mitochon-
dria in a large fraction of MZ-54 cells subjected to anoxia, suggesting
that BNIP3-triggered cell death is controlled by additional steps dur-
ing anoxia. Because BNIP3 was previously implicated in the regula-
tion of autophagic pathways, we also analyzed the effects of BNIP3
overexpression on the cellular content of acidic vacuoles (Figure 7D).
Indeed, ectopically overexpressed BNIP3 lead to significantly in-
creased Lysotracker Red signals under both normoxic and anoxic
conditions in MZ-54 cells, whereas autophagy was only moderately
increased in anoxic but not in normoxic U343 cells (Figure 7,D and E).

BH3 Mimetics Reactivate Anoxia-Triggered Cell Death and
Autophagy in Otherwise Resistant Glioma

Because ectopic BNIP3 overexpression was not able to fully reac-
tivate anoxia-induced cell death in U343 cells, we next asked the
question whether pharmacological inhibition of antiapoptotic Bcl-2
family members would resensitize glioma cells to anoxia-triggered cell
death. To inhibit Bcl-2 and Bcl-xL pharmacologically, we used two
different cell-permeable small-molecule inhibitors. The BH3 mi-
metic BH3I-2′ was previously shown to bind to both Bcl-2 and
Bcl-xL [32,33], whereas HA14-1 has been described as a specific in-
hibitor of Bcl-2 [34]. Both BH3 mimetics were used at a subtoxic
concentration of 30 μM (data not shown) and were capable of sig-
nificantly potentiating anoxia-triggered cell death in anoxia-sensitive

MZ-54 cells (Figure 8, A and B). Interestingly, both BH3 mimetics
were also able to reactivate anoxia-triggered cell death in otherwise
anoxia-resistant U343 cells (Figure 8, A and B). We also analyzed
the effects of BH3 mimetics on the induction of autophagy under
normoxic and anoxic conditions (Figure 9, A and B). Both HA14-1
and BH3I-2′ were capable of enhancing anoxia-triggered autophagy
in MZ-54 cells and U343 cells (Figure 9B).

Specific Inhibition of Bcl-2 Family Members by
RNA Interference

To dissect the specific roles of protective Bcl-2 family members in
anoxia resistance of glioma, we performed a series of RNA interfer-
ence experiments (Figure 10, A and B). Western blot analysis re-
vealed that protein levels of both Bcl-2 and Bcl-xL potently could be
downmodulated in anoxia-resistant U343 cells and anoxia-sensitive
MZ-54 cells (Figure 10, A and B). Similar to the death-promoting ef-
fects of BH3 mimetics, knockdown of both Bcl-2 and Bcl-xL was able
to further enhance the sensitivity of MZ-54 cells to anoxic cell death
and to reactivate anoxia-induced cell death in U343 cells (Figure 10, A
and B). In contrast to RNA interference against Bcl-2 and Bcl-xL, si-
lencing of Mcl-1 did not enhance anoxia-induced cell death in U343
cells (data not shown). In addition to its effects on anoxia-induced
death, the knockdown of Bcl-xL also exerted significant cytotoxic ef-
fects under normoxic conditions in both glioma cell lines investigated.
Similar effects, albeit to a lesser degree, were observed after knockdown
of Bcl-2, suggesting that glioma cells might be addicted to the overex-
pression of protective Bcl-2 family members.

Discussion
Malignant gliomas are among the most hypoxic tumors known, and
the extent of tumor hypoxia correlates with increasing World Health

Figure 6. Analysis of expression levels of pro- and antiapoptotic
Bcl-2 family members in six glioma cell lines by Western blot anal-
ysis. Whole-cell lysates were probed with antibodies against Bcl-2,
Bcl-xL, and Mcl-1 (antiapoptotic members) and against Bak and
Bax (proapoptotic members). α-Tubulin served as a loading con-
trol. Similar results were obtained in two separate experiments.
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Organization grade and clinical outcome [35–37]. Oxygen with-
drawal exerts a negative selection pressure in tumor cells, and cel-
lular adaptation to prolonged hypoxic/anoxic conditions leads to
enhanced resistance to anoxia-triggered cell death [38]. Impor-
tantly, these adaptive mechanisms possibly represent a major driv-
ing force for the development of cross-resistance of tumor cells
against other death stimuli [37,39,40]. Despite the fact that gli-
oma cells, in general, are highly tolerant to hypoxic conditions

[41], our initial experiments in a set of 17 glioma cell lines demon-
strate that malignant gliomas nonetheless exhibit a wide range of an-
oxia resistance.

Members of the Bcl-2 family are key regulators of the mitochon-
drial pathway of apoptosis that encompasses the release of cyto-
chrome C from the mitochondria and plays a pivotal role in cell
death triggered by anoxia [10,11,13]. However, in line with previous
observations [12], anoxia induced a caspase-independent type of cell

Figure 7. Ectopic overexpression of GFP-tagged BNIP3 induces cell death in anoxia-sensitive MZ-54 cells. (A) Twenty-four hours post-
transfection with GFP-BNIP3, U343 and MZ-54 cells were exposed to anoxia or were cultured under normoxic conditions for another
24 hours, harvested, and stained with PI. Green fluorescent protein/PI–positive cells were identified with flow cytometric analysis. A
truncated GFP-BNIP3 lacking the N-terminus and the C-terminal transmembrane domain served as negative control. Data are means ±
SEM from n = 4 independent cultures. *P < .05 compared to normoxic control. #P < .05, difference from respective normoxic control.
(B) Quantitative analysis of cells with nuclear localization of GFP-BNIP3. Twenty-four hours posttransfection with GFP-BNIP3, U343 or MZ-
54 cells were exposed to anoxia or were cultured under normoxic conditions for 24 hours, stained with Hoechst 3342 (1 μg/μl), and
subjected to fluorescence microscopy. Data are means ± SEM from n = 5 independent cultures. *P < .05 compared to the normoxic
control. n.s. indicates not significant. (C) Mitochondrial translocation of BNIP3 during anoxia. U343 and MZ-54 cells were treated as
described previously. Scale bar, 10 μm. (D) Lysosomal induction by transient overexpression of GFP-BNIP3 during anoxia. Twenty-four
hours posttransfection with GFP-BNIP3 or tBNIP3 (control), U343 and MZ-54 cells were exposed to anoxia or were cultured under nor-
moxic conditions for 24 hours. Cells were trypsinized, stained with Lysotracker Red DND-99, and GFP-positive cells were analyzed by
flow cytometry. Data are given as fold change versus control-transfected, normoxic cultures of the respective cell line. Data are means ±
SEM from n = 4 independent cultures. *P < .05 compared to normoxic control. #P < .05, difference from cells transfected with the
tBnip3 control plasmid. Representative FACS profiles obtained after Lysotracker Red staining of MZ-54 cells are shown in (E).
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Figure 8. Inhibition of Bcl-2 and Bcl-xL reactivates anoxia-induced cell death in anoxia-resistant glioma cells. U343 and MZ-54 cells were
pretreated with 20 μM BH3I-2′ (A) and 30 μM HA14-1 (B) for 1 hour. Afterward, the cells were subjected to anoxia for 48 hours or were
cultured under normoxic conditions. Cells were stained with Annexin V and PI, and cell death was determined with flow cytometry. Data
are means ± SEM from n = 4 independent cultures. *P < .05 compared to normoxic control. Similar results were obtained in at least
two separate experiments.

Figure 9. BH3 mimetics increase the number of cells containing GFP-LC3–positive autophagosomes under anoxia. (A) Anoxia-resistant
(U343) and anoxia-sensitive (MZ-54) cell lines were transfected with a plasmid encoding GFP-LC3. Twenty-four hours after transfection,
cells were pretreated with 20 μM BH3I-2′ and 30 μM HA14-1 for 1 hour and were cultured for an additional 48 hours under normoxic and
anoxic conditions. Data are means ± SEM from n = 4 independent cultures. *P < .05 compared to normoxic control. #P < .05 com-
pared to the respective treatment without the addition of BH3 mimetics. Similar results were obtained in at least two separate experi-
ments. (B) Representative images of MZ-54 cells undergoing autophagy. Cells were treated as described previously, fixed, and
subcellular localization of GFP-LC3 was analyzed by fluorescence microscopy. Scale bar, 10 μm.
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death in glioma cells. Of note, MZ-54 cells are sensitive to caspase-
dependent apoptotic cell death induced by other proapoptotic stimuli
such as the death ligand TRAIL [21], indicating that these cells retain
the ability to induce effector caspases.

Although stimulation of autophagy may constitute a primordial
protective stress response, overactivation of autophagy may also lead
to autophagic type II cell death in many experimental paradigms
[24,25]. In line with these findings, anoxia-induced cell death in
glioma cells displayed characteristics of type II cell death, because
it was associated with nuclear condensation, cell shrinkage, and trans-
location of GFP-tagged LC3 to autophagosomal vacuoles in anoxia-
sensitive MZ-54 glioma cells. Additional experiments with ectopically
expressed GFP-tagged Bax revealed that Bax was activated and trans-
located to the mitochondria during anoxia-triggered cell death,
indicating that, under anoxic conditions, the intrinsic pathway of
apoptosis was triggered upstream of the mitochondria. There is in-
creasing evidence that both Bcl-2 and Bcl-xL play important roles in
inhibition of autophagy [42–47], whereas mitochondria undergoing
mitochondrial outer membrane permeabilization (MOMP) can stim-
ulate autophagy [48]. In addition to their role in the inhibition of
MOMP, Bcl-2 and Bcl-xL antagonize the activation of autophagy
by directly sequestering the autophagy regulator Beclin through
binding to its BH3 domain [44,46,47]. In light of these observa-
tions, the observed anoxia resistance in U343 cells and MZ-18 cells
may be causally related to the inhibition of autophagy by Bcl-2 and
Bcl-xL, both of which were strongly overexpressed in these cell lines.
In support of this notion, anoxia-dependent cell death could be po-
tently reactivated by BH3 mimetics and RNA interference against
Bcl-2 and Bcl-xL in otherwise resistant U343 cells. Our data clearly
indicate that induction of MOMP is a central step in anoxia-triggered
cell death in glioma cells and that high levels of Bcl-2 and Bcl-xL

might control several caspase-dependent and -independent pathways
in malignant glioma.

Our Western blot and qPCR analyses indicated that the BH3-only
genes PUMA, Noxa, BNIP3, and NIX were transcriptionally acti-
vated in anoxia-resistant U343 cells, thus providing evidence for
the functional integrity of anoxia-induced apoptotic signaling path-
ways upstream of the mitochondria in these cells. However, activa-
tion of BH3-only genes was not sufficient to induce cell death in the
presence of overexpressed Bcl-2 and Bcl-xL. Although ectopically
overexpressed Bnip3 was translocated to the mitochondria and en-
hanced autophagy in anoxia-sensitive MZ-54 cells, it was mostly re-
tained in the nucleus of anoxia-resistant U343 cells [31], indicating
that posttranslational mechanisms might further account for the po-
tent resistance to anoxia-dependent cell death in these cells.

Because our Western blot analyses had indicated a clear correlation
between expression levels of antiapoptotic Bcl-2 family members and
anoxia resistance, we asked the question whether inhibition of Mcl-1,
Bcl-2, and Bcl-xL would lead to the reactivation of anoxia-induced
cell death in otherwise anoxia-resistant glioma cells. Inhibition of Mcl-
1 that was expressed at very low levels in one of the anoxia-sensitive
cell lines (U373) had no discernible effect on anoxia-triggered cell
death in anoxia-sensitive MZ-54 cells and anoxia-resistant U343
cells, indicating that Mcl-1 might play a minor role in anoxia toler-
ance of malignant glioma (data not shown). In contrast, inhibition of
Bcl-2 and Bcl-xL by RNA interference was indeed capable of effi-
ciently reducing the anoxia tolerance of glioma cells. Although our
data indicate that both family members serve to protect glioma cells
against anoxic stress, the extent of anoxic cell death in both MZ-54
and U343 cells was slightly higher after silencing of Bcl-xL. Of note,
silencing of Bcl-xL and, to a lesser degree, of Bcl-2 also enhanced cell
death under normoxic conditions, suggesting that overexpression of

Figure 10. Specific knockdown of antiapoptotic Bcl-2 family members by RNA interference leads to increased cell death under anoxic
conditions. Anoxia-resistant (U343) and anoxia-sensitive (MZ-54) cell lines were transfected with scrambled control siRNA, Bcl-2 siRNA,
or Bcl-xL siRNA. Knockdown of Bcl-2 (A) and Bcl-xL (B) was confirmed by Western blot analysis, with α-tubulin serving as a loading
control. Knockdown of Bcl-2 and Bcl-xL leads to increased cell death in anoxia-sensitive MZ-54 cells and anoxia-resistant U343 cells
under anoxic conditions. Cell death was quantified after 48 hours of anoxia by flow cytometric analysis by Annexin V/PI staining. Data
are means ± SEM from n = 4 independent cultures. #P < .05 compared to scrambled siRNA control.
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protective Bcl-2 family members might be required to maintain the
mitochondrial integrity of glioma cells in the absence of metabolic
stress, thus resulting in oncogenic addiction.

To pharmacologically inhibit Bcl-2 and Bcl-xL, we used the BH3
mimetic BH3I-2′, which was previously shown to bind to both Bcl-2
and Bcl-xL [32,33], and the BH3 mimetic HA14-1, which has been
described as a specific inhibitor of Bcl-2 [34]. Interestingly, both
small-molecule inhibitors significantly potentiated anoxia-triggered
cell death in anoxia-sensitive MZ-54 cells. Importantly, both BH3
mimetics were also able to reactivate anoxia-triggered cell death in
otherwise anoxia-resistant U343 cells, suggesting that pharmacolog-
ical inhibition of both Bcl-2 and Bcl-xL might be an efficient strategy
to potentiate caspase-independent cell death in glioma. In this con-
text, it is worth mentioning that a potent resistance against classic
caspase-dependent apoptosis is a major hallmark of malignant glio-
mas [49], and the antitumorigenic effects of currently used antiglioma
therapies such as temozolomide and gamma irradiation are largely
based on the induction of caspase-independent cell death [50,51].

In conclusion, our data emphasize the fundamental role of Bcl-2 and
Bcl-xL in anoxia resistance of malignant glioma and highlight the enor-
mous therapeutic potential of BH3 mimetics for the treatment of tu-
mors highly resistant to caspase-dependent and -independent apoptosis.
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