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Abstract
It has been shown that oxygen deprivation results in apoptotic
cell death, and that hypoxia inducible factor 1 (HIF1) and the
tumor suppressor p53 play key roles in this process. However,
the molecular mechanism through which hypoxia and HIF1
induce apoptosis is not clear. Here we show that the
expression of pro-apoptotic gene BNIP3 is dramatically
induced by hypoxia in various cell types, including primary
rat neonatal cardiomyocytes. Overexpression of HIF1a, but
not p53, induces the expression of BNIP3. Overexpression of
BNIP3 leads to a rather unusual type of apoptosis, as no
cytochrome c leakage from mitochondria was detected and
inhibitors of caspases were unable to prevent cell death.
Taken together, these data suggest that HIF1-dependent
induction of BNIP3 may play a significant role during hypoxia-
induced cell death. Cell Death and Differentiation (2001) 8, 367 ±
376.
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Abbreviations: BNIP3, the E1B 19K/Bcl-2-binding protein Nip3;
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Introduction

Programmed cell death (apoptosis) is regulated by gene
products that either promote or suppress cell death. Bcl-2 and
Bcl-x, the prototype cell death suppressors which are related
to ced-9 of Caenorhabditis elegans, are key regulators of cell

survival.1 ± 3 Additional members of the Bcl-2-family with pro-
apoptotic activity, such as Bak, Bax, Bad, Bik, Bid, BNIP3 and
Nix etc. have been identified, as have anti-apoptotic
members, including MCL-1, A1, etc. (for a review, see4).
The ratio of anti- and pro- apoptotic molecules (such as Bcl-2/
Bax) determines the response to death signals.5,6 Indeed,
overexpression of pro-apoptotic genes induces programmed
cell death even in the absence of any other physiological or
pathological stimuli. Many Bcl-2 family proteins have a
COOH-terminal transmembrane domain that allows their
association with the outer mitochondrial membrane.7,8 There
is growing evidence that mitochondrial function is disturbed
early in the apoptotic response and may be important in
mediating apoptosis.9,10 This is often seen as the loss of
mitochondrial membrane potential and the release of
cytochrome c,11 ± 13 that leads to formation of a complex
consisting of APAF1, procaspase-9, cytochrome c, and ATP
or dATP.11,14 Possibly other components, including other
caspases, are recruited to this complex15 which ultimately
leads to the processing of procaspase-9 to the mature
enzyme. Activated caspase-9 in turn cleaves and activates
caspase-3, a protease that is involved in apoptosis induced by
various stimuli.16 The critical role of Bcl-2 family members in
regulating this pathway has been demonstrated by blockage
of cytochrome c release from mitochondria and prevention of
apoptotic cell death by overexpression of the anti-apoptotic
gene Bcl-2, and by induction of mitochondrial dysfunction and
apoptosis by overexpression of the pro-apoptotic gene
Bax.6,13,17

Tissue injury resulting from deprivation of oxygen is
involved in the development of various diseases, such as
stroke and myocardial infarction. It is believed that
apoptotic cell death plays a significant role in ischemia-
induced tissue injury.18,19 Hypoxia inducible factor 1 (HIF1),
a heterodimeric basic helix ± loop ± helix ± PAS domain
(bHLH-PAS) transcription factor regulates expression of
genes that are affected by hypoxia, such as those involved
in glycolysis, angiogenesis and erythropoiesis. Indeed,
HIF1 stimulates the expression of its downstream target
genes, such as vascular endothelial growth factor A
(VEGF-A), erythropoietin-1, heme oxygenase 1 (OX1),
glucose transporter 1 (GLUT1), and other enzymes
involved in glycolysis (for review, see20,21) by binding to
the hypoxia-response element (HRE) with the core
sequence 5'-CGTG-3', which is present in the promoter
regions of these genes. The expression of HIF1a, a subunit
of HIF1, is precisely regulated by the concentration of O2,
such that levels of HIF1a protein and HIF1 DNA-binding
activity increase exponentially as O2 concentration
decreases.22 A role for HIF1a in cell death was suggested
by the ability of hypoxia and hypoglycemia to increase
apoptosis in wild-type (HIF1a+/+) embryonic stem cells (ES),
but not in HIF1a7/7 ES cells.23 However, the molecular
mechanisms through which hypoxia and HIF1a induce
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programmed cell death were not clarified.24 It was shown
that HIF1 mediates increased activity of the tumor
suppressor gene p53 upon hypoxia as a result of
stabilization of p53,25 though the relevance of increased
p53 expression in hypoxia-induced cell death is not clear.
Recent results indicate that p53 stimulates proteasome-
mediated degradation of HIF1a,26 possibly representing a
negative regulatory feedback loop.

To understand the molecular mechanisms underlying
hypoxia-induced cell death, we generated a rat cardiomyo-
cyte subtracted cDNA library of hypoxia-induced genes and
interrogated this library by a cDNA microarray approach.
Our results reveal that mRNA and protein levels of BNIP3,
a pro-apoptotic gene, are dramatically increased during
hypoxia. Overexpression of HIF1a, but not of p53, induced
the expression of BNIP3, suggesting that the induction of
BNIP3 by HIF1 was direct and independent of p53.
Overexpression of BNIP3 resulted in cell death, through
mechanisms not involving activation of caspase 3 or 9 or
cytochrome c release. Our data suggest that increased
expression of the pro-apoptotic, mitochondria-anchored27

protein BNIP3 contributes to hypoxia- and HIF1- induced
cell death.

Results

Hypoxia dramatically induces the expression of
BNIP3

To investigate the effect of hypoxia on gene expression,
and particularly expression of genes involved in cell
death/survival, neonatal cardiomyocytes were subjected to
normoxia or hypoxia for 16 h, mRNA isolated, and a
subtracted cDNA library enriched for hypoxia-induced
transcripts prepared as described in Materials and Methods.
Minipreparations of plasmid DNA from 8000 colonies from the
subtracted library were generated, the cDNA inserts of these
were end-sequenced and BLAST analysis against GenBank
was performed. Strikingly, 120 clones were found to have high
homology to different regions (non-coding and open reading
frame) of mouse BNIP3 cDNA. Detailed analysis of these
sequences confirmed that all of them represent the rat
homolog of the pro-apoptotic E1B19K-binding protein
BNIP3,28 and this rat BNIP3 sequence has been deposited
in GenBank (Accession Number AF243515). The predicted
rat BNIP3 protein shares 99% identity with mouse BNIP3
protein, differing only by two conserved amino acid
substitutions (mouse residues 77 (thr) and 100 (val) are ser
and ile, respectively in rat BNIP3, Y Ivashchenko et al,
unpublished).

Microarray analysis of the hypoxia-enriched subtracted
library by hybridization with control and hypoxic probes
confirmed the strong upregulation of BNIP3 in the hypoxia-
treated cells (Figure 1). According to our microarray
analysis, BNIP3 was induced more than threefold,
(average 3.6+1.2) by hypoxia. In contrast, controls such
as actin and GAPDH cDNAs or arabidopsis DNA showed
equal or no signals, respectively (Figure 1). To further
validate this result, the expression of BNIP3 in neonatal
cardiomyocytes under normoxic and hypoxic conditions

was examined by Northern blot analysis. As shown in
Figure 2, the expression of BNIP3 was significantly induced
at both 8 and 24 h of hypoxia. To test whether the induction
of BNIP3 by hypoxia is specific to rat cardiomyocytes or
represents a more general phenomenon, the effect of
hypoxia on BNIP3 expression was tested in several other
cell types, including human HeLa cells and mouse
hepatoma cell line HePa1-6. Expression of BNIP3 was
induced by hypoxia in these cells similar to the induction
observed in neonatal cardiomyocytes (data not shown).

To investigate the time course of BNIP3 induction by
hypoxia, HeLa cells were subjected to hypoxia for various
lengths of time, and RNA was isolated for Northern blot
analysis. Hypoxia induced BNIP3 expression as early as
3 h (Figure 3A), which was very similar to the induction
pattern of VEGF-A (Figure 3B). At later time points, e.g. 12
and 24 h, BNIP3 mRNA levels further increased while
VEGF-A mRNA levels peaked at 6 ± 9 h and declined
thereafter. These data suggest that the induction of BNIP3
and VEGF-A by hypoxia may share some common
pathways, and further suggest that BNIP3 and VEGF-A
mRNAs may be differentially regulated post-transcription-
ally. VEGF-A mRNA is known to be extremely unstable, a
phenomenon which is due to destabilizing elements located
in various regions in the mRNA.29 Interestingly, the BNIP3
transcripts (human, mouse and rat) also contain multiple

Figure 1 Hybridization of Cy-dye labeled cRNA to an arrayed rat hypoxic
cardiomyocyte subtracted library. A mixture of Cy3-labeled (control) and Cy5-
labeled (hypoxia) cRNA probes in formamide hybridization buffer was
hybridized to an array of 3840 genes on aluminum-coated slides and
processed as described in Materials and Methods. A representative BNIP3
spot and actin and GAPDH controls are indicated by arrows. The ratio
(hypoxia:control) of normalized intensities are : BNIP3: 4.0; Actin: 1.0;
GAPDH: 1.0
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potential destabilizing AUUU elements in 3'UTR (Y
Ivashchenko, unpublished).

Hypoxia induces accumulation of the BNIP3
protein in cells

To study whether accumulation of the BNIP3 mRNA leads to
elevated levels of BNIP3 protein, immunoblotting analysis
was performed using total cell lysates from control HeLa cells
and cells subjected to hypoxia for 16 h (Figure 4). In control
cells, no BNIP3 protein was detected but after hypoxia a band
migrating at *28 kDa, was detected by immunoblotting with
specific anti-BNIP3 antiserum (see Materials and Methods). It
has been reported that even recombinant BNIP3 protein
expressed in transfected cells was rapidly degraded and that
proteasome inhibitors partially blocked BNIP3 proteolysis.30

We therefore examined whether the proteasome inhibitor,
lactacystin, could increase BNIP3 protein accumulation
during hypoxia. At concentrations of 10 and 20 mM,
lactacystin treatment during hypoxia significantly enhanced
the accumulation of BNIP3 protein (Figure 4). Thus, under
hypoxic conditions, BNIP3 protein is degraded at least
partially via a proteasome pathway. Pulse chase experi-
ments under conditions of hypoxia +/7 proteasome inhibitors
will be required to assess the half-life of BNIP3 protein and the
contribution of proteasome vs non-proteasome pathways to
BNIP3 protein stability. Rapid turnover of BNIP3 protein may
be an important cytoprotective mechanism. In contrast, no
BNIP3 protein was detected in cells incubated under
normoxic conditions, even in the presence of proteasome
inhibitor (Figure 4). This suggests that expression of
endogenous BNIP3 protein is negligibly weak under normal
oxygen conditions, in good agreement with the very low levels
of BNIP3 mRNA in normoxic cells (Figures 2 and 3).

HIF1a, but not p53 induces BNIP3 expression

Since the time course of induction of BNIP3 and VEGF-A
transcripts are quite similar (Figure 2), we tested whether, like
VEGF-A,31 the induction of BNIP3 was mediated via HIF1,

Figure 2 BNIP3 mRNA is upregulated by hypoxia in neonatal rat
cardiomyocytes. (A) Northern blot analysis of total RNA derived from control
(normoxic, lane 1) or hypoxic (lane 2, 8 h; lane 3, 24 h) cells. Details are
described in Materials and Methods. (B) Ethidium bromide staining of the RNA
samples is shown as a control for equal loading

Figure 3 Time course of BNIP3 and VEGF-A mRNA expression in hypoxia-
treated HeLa cells. Northern blot analysis of total RNA derived from control
(normoxic) or HeLa cells exposed to hypoxia for the indicated number of hours.
Each duplicate time point represents an individual RNA sample from a 10 cm
dish. One of the samples (9 h of hypoxia) was completely degraded. (A)
Hybridization with BNIP3 probe. (B) Rehybridization of blot with VEGF-A
probe, after stripping of BNIP3 probe. (C) Ethidium bromide staining of the
RNA samples is shown as a control for equal loading

Figure 4 Induction of upregulation of BNIP3 protein by hypoxia and the
proteasome inhibitor lactacystin. HeLa cells grown in 35 mm wells were
exposed to normoxic or hypoxic conditions for 16 h with or without lactacystin
(Biomol) at the indicated concentrations. (A). BNIP3 was detected by
immunoblotting as described in Materials and Methods. A lysate of HeLa
cells transfected with CMV-BNIP3 expression vector was used as positive
control. (B) As a control for equal loading of cell lysates, the same samples
were resolved by SDS ± PAGE and the gel stained with Coomassie blue
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and if so, whether this was a direct or indirect effect. HeLa
cells were infected with a recombinant adenovirus expressing
HIF1a (AV-HIF1a) and control cells were infected with a
recombinant adenovirus expressing b-galactosidase. Twenty-
four hours post infection, RNAs were isolated and the
expression of BNIP3 was examined by Northern blot
analysis. As shown in Figure 5, overexpression of HIF1a
strongly induced the expression of BNIP3 in HeLa cells,
similar to induction caused by hypoxia, while the control virus
was without effect on BNIP3 expression. This result
suggested that HIF1a is sufficient for induction of BNIP3. To
test whether HIF1a directly induces BNIP3, or whether BNIP3
induction by HIF1a is mediated by other components, such as
the hypoxia-induced tumor suppressor protein p53,32 HeLa
cells were infected with a recombinant adenovirus expressing
p53 (AV-p53), and 24 h postinfection, RNA was isolated and
the expression of BNIP3 was examined by Northern blot
analysis. As shown in Figure 5, infection of HeLa cells with
AV-p53 had little or no effect on the expression of BNIP3. On
the other hand, AV-p53, but not AV-HIF1a or hypoxia, induced
the expression of the pro-apoptotic gene Bax, presumably by
binding to the p53-DNA binding sites present within the
promoter region of the Bax gene.33 These data demonstrate
that p53 is not involved in the induction of BNIP3 by hypoxia or
HIF1a and indicate that BNIP3 induction by hypoxia is likely
directly mediated by HIF1a.

Caspase-9 and caspase-3 are not involved in
BNIP3 induced cell death

To investigate the molecular pathways through which BNIP3
induces apoptotic cell death,34 ± 36 a recombinant adenovirus
expressing BNIP3 (AV-BNIP3) was constructed. As ex-
pected, infection of HeLa cells with AV-BNIP3 led to dramatic
cell death, in a dose-dependent manner (Figure 6), while
infection of cells with a control b-galactosidase expressing
adenovirus, AV-b-gal, had no effect on cell viability at the
same multiplicity of infection (MOI=10). Even at 5 ± 10 times
higher multiplicity of infection, AV-b-gal did not cause
significant cytotoxicity and, therefore, cell killing induced by
AV-BNIP3 infection depends on expression of BNIP3 protein
and is independent of adenoviral general toxicity. Mitochon-
dria, particularly the mitochondrial protein cytochrome c, play
significant roles in regulation of apoptotic cell death. It has
been reported that apoptosis inducing factors, such as Bax,6

Figure 5 HIF1a, and not p53, induces expression of BNIP3 in HeLa cells.
Northern blot analysis of total RNA derived from control HeLa cells (lane 1) or
HeLa cells infected with the HIF 1a adenovirus (lane 2), b-galactosidase
adenovirus (lane 3) or p53 adenovirus (lane 4). RNA from non-infected cells
grown under hypoxic conditions for 16 h is shown in lane 5. (A) Hybridization of
Northern blot to BNIP3 probe. (B) Rehybridization of blot with Bax probe, after
stripping of BNIP3 probe. (C) Ethidium bromide staining of the RNA samples is
shown as a control for equal loading

Figure 6 Overexpression of BNIP3 in HeLa cells induces cell death which is
not prevented by caspase inhibitors. HeLa cells in 6-well plates were infected
with the control Ad-b-gal, 36107 viral particles per ml, vp/ml, MOI=10, (A) or
Ad-BNIP3 adenovirus (B and C) at 16107 vp/ml, MOI=10, (B) or 36107 vp/ml,
MOI=30. Twenty-four hours post infection, cells were photographed using an
inverted phase contrast microscope. Cells in additional wells were lysed and
processed for immunoblotting with anti-BNIP3 antibodies, (D) Lane 1: lysate
from Ad-b-gal infected cells; Lane 2: lysate from cells infected with 16107 vp/
ml Ad-BNIP3: Lane 3: lysate from cells infected with 36107 vp/ml Ad-BNIP3.
(E) HeLa cells were transfected with a plasmid expressing b-galactosidase,
treated with caspase inhibitors zVADfmk (20 mM) or LEHD (20 mM) and
infected with adenoviruses expressing either b-gal or BNIP3. As a control for
zVAD activity, cells were treated with anti-FAS antibodies to induce apoptosis
and untreated or treated with zVAD (10 mM). The percentage of apoptotic cells
was calculated as described in Materials and Methods
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induces cytochrome c leakage from mitochondria into cytosol,
thereby inducing the activity of caspase-9 and caspase-3,
proteolytic enzymes that are key executors of apoptosis
induced by various stimuli. Since BNIP3 was reported to be a
mitochondria-anchored protein,27 we were interested in
testing whether overexpression of BNIP3 causes mitochon-
dria damage and leakage of cytochrome c. To test this, cells
were infected with AV-BNIP3, and mitochondria and cytosol
were fractionated and the localization of cytochrome c was
examined by Western blot analysis. As a positive control, cells
were treated with staurosporine for 6 h ± a treatment known to
cause cytochrome c accumulation in cytosol. As shown in
Figure 7, the cytosol of cells treated with staurosporine
contained a significant level of cytochrome c, whereas no
cytochrome c was detected in the cytosol of cells infected with
Av-BNIP3 or the control, b-galactosidase adenovirus.

The activation of caspases, such as caspase-3, and 9, is
important for the execution of programmed cell death
induced by various agents. Inhibition of these caspases
by their specific tri/tetra-peptidic inhibitors, such as zVAD
(for caspase-3) and LEHD (for caspase-9) blocks apoptosis
induced by appropriate stimuli, for example by anti-Fas
antibodies.37 To investigate whether caspase-3 or caspase-
9 is involved in BNIP3 induced cell death, cells were
infected with AV-BNIP3 in the presence or absence of
20 mM zVAD or LEHD. These peptidic inhibitors had little or
no effect on cell death induced by overexpression of
BNIP3, though zVAD effectively blocked anti-Fas induced
apoptosis, even at as low as 10 mM concentration (Figure
6E). Taken together, these data demonstrate that the
release of cytochrome c from mitochondria to cytosol, and
the subsequent activation of caspase-9 and caspase-3 ± the
central components of apoptosis pathways in various
models ± are not involved in cell death induced by BNIP3
overexpression.

Discussion

Hypoxia is an essential physiological and pathological
stimulus which plays a key role in the development of
cancer, heart attack and stroke ± major causes of mortality.
Hypoxia induces a spectrum of responses, the majority of
which are adaptive in nature, including erythrogenesis,
angiogenesis and increased glycolysis. Genes that are
critical for the adaptation to hypoxia include erythropoietin
(EPO), vascular endothelial growth factor (VEGF-A), induci-
ble nitric oxide synthase (iNOS), heme oxygenase (HO1),
glucose transporter 1 (GLUT1), and glycolytic enzymes such
as aldolase A, enolase 1, lactate dehydrogenase A,
phosphofructokinase L, and phosphoglycerate kinase 1.21,31

Currently however, the mechanisms by which hypoxia
stimulates cell death are poorly understood. Hypoxia-
inducible factor 1 (HIF1), a heterodimeric basic helix ± loop ±
helix ± PAS domain (bHLH-PAS) transcription factor consist-
ing of HIF1a and HIF1b/ARNT, plays a key role in the
transcriptional induction of genes involved in adaptive
responses to hypoxia. Expression of the HIF1a subunit is
precisely regulated by the cellular O2 concentration, such that
the level of HIF1a and the DNA binding activity of HIF1
increases exponentially as the O2 concentration decreases.
By binding to the hypoxia-response element (HRE, with the
core sequence of 5' CGTG-3') present in the promoter/
enhancer region of target genes, HIF1 increases the
expression of these target genes in response to hypoxia.
Indeed, the induction of these genes by hypoxia is severely
impaired in cells derived from HIF1a7/7 mice.23

In an attempt to identify novel cellular responses to
hypoxia, we generated a neonatal rat cardiomyocyte
subtracted cDNA library enriched for hypoxia-upregulated
genes. The cDNA inserts of this library were sequenced,
annotated, and subjected to microarray analysis with
probes derived from normoxic and hypoxic rat cardiomyo-
cytes. One of the most strikingly upregulated genes
identified in this study was the pro-apoptotic gene BNIP3.
Additional studies revealed that upregulation of BNIP3 by
hypoxia was not unique to neonatal rat cardiomycytes, but
was also observed in various other cell types, such as
HeLa cells (Figures 3 and 4), human skeletal muscle cells,
and adult rat cardiomyocytes (data not shown).

BNIP3 was originally identified in a yeast two hybrid
screen for proteins which bind to the adenovirus E1B
19 kDa protein, a viral gene product which protects against
cell death induced by certain stimuli including viral
infection.28 BNIP3 is a 21 kDa protein capable of
homodimerization as well as heterodimerization with the
antiapoptotic protein Bcl-2.27,30,38 BNIP3 contains a
membrane-anchoring domain and a BH3 (Bcl-2 homology
3) domain, the former implicated in mitochondrial targeting
and the latter implicated in dimerization and induction of
cell death upon overexpression in some but not all39

studies. BNIP3 was one of eight apoptosis-related genes
significantly underexpressed in keloid tissues. Its de-
creased content may contribute to the continued produc-
tion of connective tissue which is the hallmark of this
disease.34 The genome of the nematode C elegans
contains a BNIP3 homolog, ceBBNIP3, whose product

Figure 7 Overexpression of BNIP3 does not cause cytochrome c leakage
from mitochondria. HeLa cells were either infected (36107 vp/ml) with
adenovirus expressing b-galactosidase (lane 1) or BNIP3 (lane 3), or treated
with 1 mM staurosporine (lane 2). Cells were lysed in SDS sample buffer after
24 h of adenovirus infection or 4 h of staurosporine treatment. Cytosolic (A)
and mitochondrial (B) fractions were prepared as described in Materials and
Methods and nitrocellulose blots were probed with anti-cytochrome c
monoclonal antibodies. Staurosporine treatment induced cytochrome c
leakage into cytosol, while expression of BNIP3, or the negative control, b-
galactosidase, did not
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induces apoptosis when co-expressed with CED-3, the C.
elegans homolog of caspase 3.35 Indeed, ceBBNIP3, CED-
3, and CED-9, the C. elegans homolog of Bcl-2, can exist
in a ternary complex.35

Since we found BNIP3 to be strongly upregulated by
hypoxia in neonatal rat cardiomyocytes, and BNIP3
overexpression induces apoptosis in a variety of cell
types, we investigated the mechanism and significance of
BNIP3 induction by hypoxia. It has been reported that the
expression of the tumor suppressor gene p53 is increased
upon hypoxia through a HIF1-dependent pathway.25 Thus,
we examined whether upregulation of BNIP3 by hypoxia
was p53 dependent or independent. Overexpression of
HIF1a but not p53 induced the expression of BNIP3. In
contrast, only overexpression of p53, as expected33 but not
HIF1a upregulated transcription of another pro-apoptotic
gene ± Bax. Thus, hypoxia directly upregulates BNIP3
expression, via a p53-independent mechanism.

The upregulation of BNIP3 by HIF1a but not p53 was
paralleled by their effects on apoptosis in HeLa cells, which
was observed in response to BNIP3 overexpression (Figure
6) but not in response to p53 overexpression (data not
shown). In our hands, HeLa cells and rat cardiomyocytes
are relatively resistant to hypoxia-induced cell death, which
is delayed as compared to the kinetics of hypoxia-induced
upregulation of BNIP3 (data not shown). The delayed
accumulation of BNIP3 protein and its apparent catabolism
by mechanisms at least partly involving proteasomes
(Figure 4) may be responsible for slow progression of
hypoxia/BNIP3-mediated cell death. Alternatively, hypoxia
may affect the expression of other pro- or anti-apoptotic
genes, in the context of which strong upregulation of BNIP3
by hypoxia may be insufficient to trigger apoptosis. Thus,
hypoxia-induced transcriptional upregulation of BNIP3
expression may represent an important component of the
pro-apoptotic influence of hypoxia, but by itself may be
insufficient to trigger apoptosis in this context. However,
under conditions of normal oxygen tension, adenovirus-
driven BNIP3 overexpression is clearly sufficient to evoke
cell death (Figure 6). Overexpression of BNIP3 using
conventional transfection with CMV-driven BNIP3 expres-
sion construct also causes significant cell death (data not
shown) though adenovirus-mediated BNIP3 expression
lead to more efficient cell killing as close to 100% of cells
are infected, in comparison with only 50 ± 60% efficiency of
transfection. Upon viral infection or BNIP3 cDNA transfec-
tion, level of BNIP3 expression was much higher than
induced by hypoxia that could explain why a killing effect of
BNIP3 adenovirus infection was stronger than hypoxia.

Mitochondrial damage and release of cytochrome c from
the mitochondria to the cytosol accompany apoptotic cell
death induced by various stimuli.11 ± 13,40 Together with
dATP, cytochrome c triggers the association of pro-
caspase-9 with Apaf-1. The formation of a cytochrome c/
dATP/caspase-9/Apaf-1 complex leads to the cleavage and
activation of caspase-9. Activated caspase-9, in turn,
cleaves and activates caspase-3, which is crucial for the
execution of apoptosis in various models. It has been
reported that pro-apoptotic factors which contain a BH3
domain, such as Bid and Bax, induce mitochondrial

damage and cause the release of cytochrome c into the
cytosol.41 Overexpression of anti-apoptotic factors, such as
Bcl-2 and Bcl-XL, blocks cytochrome c release from
mitochrondia and inhibits apoptosis.12,13 Since BNIP3 has
been demonstrated to be localized on mitochrondrial
membranes, we speculated that BNIP3 might induce
apoptotic cell death by causing cytochrome c release from
mitochondria, similar to Bid and Bax. In order to further
examine the mechanisms of BNIP3 induced cell death,
HeLa cells were infected with recombinant adenoviruses
expressing either BNIP3 or, as control, b-galactosidase and
the requirement for caspases-3 and -9 and the cellular
distribution of cytochrome c examined. Our data demon-
strate that although overexpression of BNIP3 led to
dramatic cell death, BNIP3 overexpression did not cause
detectable release of cytochrome c from the mitochondria
to the cytosol. Cell death induced by BNIP3 overexpression
was not blocked by LEHD and zVAD, specific peptidic
inhibitors of caspase-9 and caspase-3, respectively. This
result suggests that neither caspase is implicated in BNIP3-
induced cell death, which is somewhat unexpected, in light
of the ternary complex formed by the C. elegans homologs
of BNIP3, caspase 3 and Bcl-2.35 However, the literature is
divided with respect to the requirements for induction of
apoptosis by BNIP3, and the underlying molecular
mechanisms are unclear. Thus, Ray et al.39 identified the
transmembrane domain and excluded the BH3 domain of
BNIP3 as critical for interaction with Bcl-2 and induction of
cell killing. Their results also suggested that mitochondrial
targeting of BNIP3 was not strictly required for induction of
cell death. In contrast, mutational analysis by other
investigators demonstrated a requirement for the BNIP3
BH3 domain38,42 and mitochondrial targeting27,42 for
induction of cell death. BNIP3-induced apoptosis is
inhibited by an unknown mechanism by B5, a BH3
domain-containing cellular protein that interacts with both
BNIP3 and the adenovirus E1B 19 kDa protein.43 Our data
with peptidic caspase inhibitors indicate that BNIP3 induced
cell death does not involve either caspase 3 and 9, which
have otherwise been implicated in many apoptotic
cascades (reviewed in4,16,40). However, this result does
not rule out the possibility that other caspases may be
involved in BNIP3-induced cell death. Altogether, our data
and the literature is consistent in ascribing a pro-apoptotic
role to BNIP3, however the mechanisms and requirements
for BNIP3 induced cell death are presently unclear and will
require additional investigation. The most recent results
published by Vande Velde and co-authors36 indicate that
BNIP3 may cause necrosis-like cell death through the
mitochondrial permeability transition pores. Authors also
found that BNIP3-mediated cell death was independent of
APAF-1, caspase activation and cytochrome c release.

It had been previously demonstrated that hypoxia
induces programmed cell death in cell culture models
such as neonatal cardiomyocytes.44,45 However, the
molecular mechanism through which hypoxia induces
apoptosis is far from clear. Through microarray analysis
of a neonatal rat cardiomyocyte subtracted cDNA library,
we demonstrated that expression of the pro-apoptotic gene
BNIP3 is dramatically upregulated during hypoxia. This
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observation suggested that this gene may be at least
partially responsible for the induction of apoptosis during
oxygen deprivation. Our data show that the mechanism by
which hypoxia stimulates expression of BNIP3 is most likely
through direct activation of HIF1, similar to the mechanism
of hypoxic induction of EPO, VEGF-A, and glycolytic
enzymes.21 Whether BNIP3 transcripts are increased
primarily as a result of hypoxia-induced increased rate of
transcription, mRNA stabilization or both remains to be
determined. During revision of this manuscript, the
promoter of the BNIP3 gene was cloned and shown to
contain canonical HREs indispensible for BNIP3 induction
by hypoxia. Induction of BNIP3 by hypoxia was demon-
strated in six cell lines from three different species.46 Thus,
upregulation of BNIP3 expression by hypoxia is at least
partly due to increased BNIP3 transcription. In addition, a
good correlation was found between BNIP3 accumulation
and cell death progression, although no mechanistic
studies of cell killing were performed.46 Thus, these recent
results and ours are highly complementary.

HIF1 has been suggested as a potential regulator of
hypoxia induced apoptotic cell death.23 Cells derived from
HIF1a7/7 mice were shown to be more resistant to hypoxia
insult, compared to wild type HIF1a+/+ cells. Our data allow
speculation that the resistance HIF1a7/7 cells to hypoxia-
induced cell death may be due, at least partially, to inability
of hypoxia to upregulate BNIP3 in cells lacking HIF1a.

Multiple mechanisms determine whether an anti- or pro-
apoptotic program is active under every specific condition,
including hypoxia. Transcriptional regulation of apoptosis-
related genes enables cells to adapt their responses to a
particular stimulus, with the outcome either rendering the
cells more or less susceptible to programmed cell death.
Our data show that, in response to hypoxia, BNIP3 is
strongly upregulated in cardiomyocytes and other cell
types, and under these conditions, a pro-apoptotic
program is favored. Increased understanding of the
mechanisms of BNIP3 upregulation and induction of cell
death could help to design new therapeutic strategies in
stroke, ischemia, heart failure, and other pathologies in
which hypoxia contributes to cell death and loss of organ
function.

Materials and Methods

Tissue culture

HeLa cells were maintained in DME media supplemented with 10%
fetal bovine serum. Neonatal rat cardiomyocytes were isolated by
using Neonatal Cardiomyocyte Isolation System (Worthington
Biochemical Corporation, Lakewood, NJ, USA). Basically, minced
hearts were digested with trypsin at 48C overnight. The next morning,
after addition of trypsin inhibitor and warming to 378C, samples were
digested with collagenase at 378C with slow shaking. After gentle, up
and down pipetting (*10 times), samples were filtered to remove non-
digested materials. Cells were collected by centrifugation at 100 6 g
for 5 min, and washed with L-15 solution twice. Cells were
resuspended in plating media (DMEM:M199=4 : 1, 16Insulin-Trans-
ferrin-Selenium, 100 mM BrdU, 5% fetal bovine serium, 10% heat-

inactivated horse serum) and plated on collagen-l coated tissue
culture plates overnight at a density of 36106 cells/10 cm plate. Cells
were washed with 16PBS before switching to new media.

Hypoxia treatment Cells were incubated at 378C in oxygen free
conditions (85% N2, 5% CO2, 10% H2) for the indicated times using
the Anaerobic System (Forma Scientific).

RNA isolation

Cellular total RNA was isolated using Ultraspec RNA Isolation
reagents (Biotec Laboratories, Inc.) according to the manufacturer's
instructions. Basically, cells were briefly washed with 16PBS, and
1 ml of pre-warmed Ultraspec reagent was added to each 10 cm tissue
culture plate. Cells were scraped from plates and transfered to 1.5 ml
centrifuge tubes, 0.2 ml of chloroform added and samples vortexed
briefly. After centrifugation at 48C, the upper liquid phase was
collected and an equal volume of isopropanol added. RNA was
precipitated by centrifugation at 48C, and the RNA pellet was washed
with 75% ethanol. After brief drying by speed-vacuum, the RNA pellet
was dissolved in DEPC-treated water at 658C for 30 min.

Generation of hypoxic rat neonatal cardiomyocyte
subtracted cDNA library

Five hundred mg of total RNA from both normal and 24 h hypoxia
treated cells were oligo-dT selected. Two mg of the resulting mRNA
from each set was used to generate double stranded cDNA for use in
the PCR-SelectTM (Clontech) suppression subtractive hybridization
(SSH) method. Using the normal cardiomyocyte cDNA as driver and
the cDNA from the hypoxic cardiomyocytes as tester, a SSH library
was generated which is enriched for transcripts which are upregulated
in response to hypoxia. Prior to cloning, the final amplified library PCR
products were incubated with 5 units of Taq polymerase (Life
Technologies) and 500 nM dNTPs for 30 min at 688C to assure that
all cDNA ends included a dA tail for cloning into the T/A vector pCR2.1
(Invitrogen). The cDNA library was then ligated into pCR2.1 and the
ligation reaction was used to transform the competent E. coli strain
TOP10 (Invitrogen). Eight thousand individual colonies were picked,
plasmid DNA isolated, and cDNA inserts sequenced.

Fabrication of cDNA microarray

Plasmid DNA (8000 individual clones) from the rat hypoxic
cardiomyocyte library was amplified with Amplitaq Gold DNA
polymerase (Perkin-Elmer) using primers flanking the multiple cloning
site in pCR2.1. The PCR products were verified by agarose gel
electrophoresis and purified with Qiaquick 96-well purification kits
(Qiagen). The purified products were dried and resuspended in water/
DMSO (1 : 1 v/v) to a final concentration of 200 fmol/ml. PCR products
were spotted onto Type 7 aluminum-coated glass slides (Amersham
Pharmacia Biotech) using a Molecular Dynamics GenIII spotter. After
drying, the DNA on the slide was UV-crosslinked at 50 millijoules. The
cDNA inserts of 3840 genes from the library, together with positive and
negative control DNAs were spotted in duplicate on a typical slide.

Preparation of ¯uorescent cRNA probes,
hybridization and scanning

Double stranded cDNA was generated from total RNA (10 mg) by the
SuperScript Choice System (GibcoBRL) using an oligo-dT primer
containing the T7 promoter sequence for first strand cDNA synthesis.
Cy3- and Cy5-labeled cRNA probes were prepared by in vitro
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transcription of second strand cDNA using the T7 Megascript TM kit
from Ambion. The labeled cRNAs were purified with the RNAeasy mini
kit (Qiagen). Slides were hybridized to Cy3 or Cy5 labeled cRNA
probes (1 mg/slide) from control and hypoxic cells, in 38 ml of
hybridization buffer version 2 (Amersham Pharmacia Biotech)
containing 50% formamide at 428C for 16 h under a cover slip. At
the end of hybridization, cover slips were removed and slides were
washed at 558C sequentially in 16SSC/0.1% SDS, 0.16SSC/0.1%
SDS and 0.016SSC/0.1% SDS, rinsed in water, ethanol, and then
dried. Slides were scanned in a GeneIII Array Scanner (Molecular
Dynamics) and the intensity of the spots on the slide was quantified
with ArrayVision software (Imaging Research Inc.). In a typical
experiment, four replicate slides were used for each labeling condition
(Cy3 control, Cy5 hypoxia) and another four slides for the reversed
labeling condition (Cy5 control, Cy3 hypoxia). Thus, a total of eight
slides with 16 replicate spots were used for each analysis. For data
analysis, the ratio of the relative normalized signal intensities of control
and hypoxia samples was calculated for each spot. A 16standard
deviation filter was applied to the 16 replicate values to reject outliers.
The surviving replicate values within the 16standard deviation range
were then averaged.

Northern blot analysis

Radiolabeled probes were generated from 50 ng of the indicated
cDNA inserts by random priming, according to the manufacturer's
instructions (Boehringer Mannheim). Probes were purified by spin
column chromatography according to the manufacturer's instructions
(Bio-Rad). Blots were hybridized with probes in ExpressHyb
hybridization solution (Clontech) at 688C for 1 h. After hybridization,
blots were washed twice in 2XSSC, 0.05%SDS at room temperature
(20 min for each wash) followed by one wash at 508C for 30 min in
0.1% SSC, 0.1%SDS. After washing, blots were exposed to Kodak X-
ray film overnight at 7808C.

Construction of adenoviral vectors expressing
BNIP3, b-galactosidase, and p53

Recombinant adenoviruses were constructed by the method described
by Crouzet et al.47 Briefly, cDNAs of interest were subcloned into the
expression cassette in plasmid vector pXL2996 under the control of
the CMV promoter. Each expression cassette was subcloned into the
shuttle vector pXL3474. The resulting shuttle plasmids were
introduced into E. coli JM83 cells by electroporation. After double
homologous recombinations, plasmid DNA for recombinant virus was
purified by CsCl density gradient centrifugation. This DNA was
linearized by restriction enzyme digestion and transfected into 293
cells using LipofectAmine (Life Technologies). Two to three weeks
after transfections, recombinant adenovirus was harvested from the
conditioned media and amplified in 293 cells. The concentration of
recombinant adenovirus stocks was determined by standart plaque
assay method.

For the most of experiments the cells were infected with
adenoviruses at a multiplicity of infection (MOI) of 10 ± 30 viral
particles per cell for 12 h before media has been changed.

Generation of antibodies

Two peptides from human BNIP3 QHESGRSSSKSSHCDS (residues
51 ± 66, peptide 12/2) and RSQTPQDTNRASETDTHS (residues 69 ±
86, peptide 13/2) were synthesized, coupled to keyhole limpet
hemocyanin and used to produce polyclonal antibodies in rabbits

(Rockland Immunochemicals). Anti-BNIP3/12-2 and anti-BNIP3/13-2
were shown to recognize denatured BNIP3 from cells overexpressing
human BNIP3 (data not shown) and anti-BNIP3/12/2 was used for
immunoblotting as described below.

Immunoblotting analysis

Whole cell lysates Cells were grown in 6-well (35 mm) plates
(Corning) and after appropriate treatments (hypoxia, transfection,
etc.) washed once with phosphate-buffered saline (PBS) and lysed
in SDS sample buffer.

Fractionated cell lysates To separate cytosolic and mitochondrial
fractions, cells were grown in 10 cm plates and after appropriate
treatments, washed with PBS and scraped into buffer containing
50 mM HEPES, pH 7.4, 150 mM NaCl, 10 mM MgCl2, and a mixture
of protease inhibitors (Boehringer). After Dounce homogenization
(10 strokes), mitochondria, together with cytoplasmic membranes
were separated by centrifugation in a table-top centrifuge at
14,000 r.p.m. for 30 min. Pellets containing mitochondria and
cytoplasmic membranes were resuspended in PBS in a volume
equal to the supernatant (containing cytosol and endoplasmatic
reticulum) volume. Equal aliquots of resuspended pellets and
supernatant were mixed with 26SDS sample buffer. After boiling,
samples were fractionated by SDS-polyacrylamide gel electrophor-
esis (SDS ± PAGE) and electrotransferred to nitrocellulose mem-
branes. After blocking with Tris-buffered saline (TBS), pH 7.4, 0.2%
Tween 20, 5.0% non-fat dry milk (blocking solution) overnight at
48C, blots were incubated with primary antibodies (1 : 1000) at room
temperature in blocking solution. Following washing with blocking
solution three times, blots were incubated with a 1 : 2500 dilution of
HRP-conjugated goat anti-rabbit antibodies in blocking solution
(SantaCruz Biotechnology, CA, USA) for 2 h. Membranes were then
washed three times with blocking solution, three times with 1XTBS/
0.2% Tween20, and immunoreactive bands were visualized with the
enhanced chemiluminescence (ECL) Western blotting detection
system (Pierce).

Measurement of apoptosis

HeLa cells were seeded into 6-well plates and transfected on the
following day with 0.1 mg of pCMV-b-gal by the Lipofectamine method
(BRL). After 6 h, the cells were washed once with DMEM and infected
with the indicated amounts of adenoviruses in DMEM supplemented
with 10% fetal calf serum. Twenty-four hours later, cells were washed
with PBS, fixed for 5 min on ice with 4% paraformaldehyde in PBS,
washed three times and b-galactosidase-positive cells were stained
(in the dark) using X-gal solution (0.04% w/v) in PBS containing
potassium ferrocyanide (5 mM) and potassium ferricyanide (5 mM).
After overnight staining, cells were washed and blue cells were
counted at 2006magnification. The percentage of b-gal-positive cells
with apoptotic morphology (condensed or fragmented nuclei,
membrane blebbing) was calculated after counting 200 b-gal positive
cells per sample.
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