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Hypoxia and nutrient deprivation are environmental stresses governing the survival and adaptation of
tumor cells in vivo. We have identified a novel role for the Rb tumor suppressor in protecting against
nonapoptotic cell death in the developing mouse fetal liver, in primary mouse embryonic fibroblasts, and in
tumor cell lines. Loss of pRb resulted in derepression of BNip3, a hypoxia-inducible member of the Bcl-2
superfamily of cell death regulators. We identified BNIP3 as a direct target of pRB/E2F-mediated transcrip-
tional repression and showed that pRB attenuates the induction of BNIP3 by hypoxia-inducible factor to
prevent autophagic cell death. BNIP3 was essential for hypoxia-induced autophagy, and its ability to promote
autophagosome formation was enhanced under conditions of nutrient deprivation. Knockdown of BNIP3
reduced cell death, and remaining deaths were necrotic in nature. These studies identify BNIP3 as a key
regulator of hypoxia-induced autophagy and suggest a novel role for the RB tumor suppressor in preventing
nonapoptotic cell death by limiting the extent of BNIP3 induction in cells.

Programmed cell death plays an important role in normal
developmental processes and in eliminating potentially patho-
logical cells from the organism, and increased resistance to
apoptotic cell death is a hallmark of cancer (13). The role of
nonapoptotic cell death, including autophagic cell death and
programmed necrosis, in cancer is less clear (24, 30, 56). Au-
tophagy is a well-conserved mechanism activated in response
to nutrient deprivation, and it involves the catabolic degrada-
tion of macromolecules and organelles by autophagosomes to
regenerate metabolites for energy and growth (24, 30). Excess
or prolonged autophagy can lead to autophagic cell death (29,
40), whereas inhibition of autophagy appears to promote ne-
crotic cell death (7, 12). In contrast to processes of apoptosis or
autophagic cell death that have tumor suppressor functions,
necrosis promotes tumor progression through induction of in-
flammatory responses that initiate regenerative proliferation
and invasion (50). Thus, the factors determining whether a cell
undergoes a specific type of cell death (apoptotic, autophagic,
or necrotic) in response to a given stress are significant for
understanding the progression of cancer.

The RB tumor suppressor functions as a negative regulator
of the cell cycle through inhibition of E2F transcription factors
(49), but it plays other less well defined roles in promoting cell
survival (5). In particular, loss of pRB has been shown to
sensitize tumor cells to apoptosis induced by chemotherapeutic
agents, and certain viral oncoproteins promote apoptosis

through the inactivation of pRB (5). However, pRB previously
has not been implicated in the regulation of nonapoptotic cell
death.

Mice lacking the function of pRb die in midgestation and
exhibit various developmental defects, including increased cell
death in the nervous system, lens, and liver (5). Although cell
death in the lens and peripheral nervous system likely is due to
intrinsic defects in cell cycle exit during terminal differentia-
tion, apoptotic cell death in the central nervous system appears
to be the consequence of hypoxia resulting from abnormalities
outside the nervous system (11, 33). Hypoxia in the Rb null
mouse has been attributed to the combined effects of defective
red blood cells (33, 46) and abnormal placental development
(52).

The apoptotic mechanisms underlying cell death in the lens
and central nervous system of Rb null mice are well character-
ized, but the extensive cell death that becomes apparent in the
Rb null fetal liver (FL) from embryonic day 13.5 (E13.5) on-
wards is not well understood. In the present study, we exam-
ined cell death in the Rb null FL and determined that hypoxia-
associated cell death in the FL was nonapoptotic. In addition,
we observed that RB-deficient tumor cells and Rb null mouse
embryonic fibroblasts (MEFs) also were hypersensitive to non-
apoptotic cell death in vitro. Loss of RB resulted in derepres-
sion of BNIP3, a Bcl-2-related BH3-only protein that is in-
duced by hypoxia in cultured cardiomyocytes (15, 26) and
ischemic regions of tumors (38, 45). Here, we have demon-
strated that BNIP3 is essential for hypoxia-induced autophagy
and that BNIP3 is a direct RB/E2F target gene. Knockdown of
BNIP3 inhibited autophagy and promoted necrotic cell death
of RB-deficient tumor cells. These results have significance for
understanding the roles of pRB and BNIP3 in responses to
hypoxia and in determining the type of cell death induced by
nutrient deprivation.
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MATERIALS AND METHODS

Mice and TUNEL assays. All mice were maintained in a specific-pathogen-
free barrier facility. Timed matings of Rb heterozygous mice were set up to
generate MEFs from E13.5 embryos. Embryos were fixed in 10% neutral buff-
ered formalin and sagittally sectioned for terminal deoxynucleotidyltransferase-
mediated dUTP-biotin nick end labeling (TUNEL) assays as described previ-
ously (31).

Electron microscopy. Whole FLs or cultured cell pellets were fixed in 2.5%
glutaraldehyde, and sections were analyzed by using a Philips CM120 transmis-
sion electron microscope.

Cell culture, green fluorescent protein (GFP)-light chain 3 (LC3) staining,
and other cell death assays. Tumor cell lines and MEFs were grown in high-
glucose Dulbecco’s modified Eagle’s medium, 2 mM L-glutamine, and penicillin-
streptomycin in either 10% or 0.1% fetal calf serum. Passage 1 to 4 MEFs were
used for all experiments. Hypoxia studies were carried out at 0.5% oxygen;
desferroxamine (DFO) was used at a final concentration of 260 �M, and di-
methyl-oxallyl glycine (DMOG) was used at a final concentration of 1 mM. The
caspase inhibitor Boc-D-FMK was used at a final concentration of 20 �M.
Tumor necrosis factor alpha (TNF-�) was used at a final concentration of 1,000
U/ml. Flow cytometric analysis of FLs was carried out as described previously
(46). Flow cytometric analysis of tumor cell lines was carried out after cells were
stained in the culture dish with 10 �g/ml propidium iodide (PI), which was added
15 min prior to harvesting. All cells (adherent and floating) were harvested and
washed once in cold phosphate-buffered saline for analysis of PI uptake. Cells
were transfected with pGFP-LC3 (a kind gift from T. Yoshimori, Japan) prior to
visualization by fluorescence microscopy.

In situ hybridization and RNase protection assay. In situ hybridization was
carried out as described previously (31), using full-length BNip3 cDNA as a
template to generate an antisense probe. For RNase protection assays, approx-
imately 100 ng of gel-purified antisense template linearized to BNip3 or to an
acidic ribosomal phosphoprotein PO (ARPPO) control was transcribed using a
riboprobe in vitro transcription kit (Promega) incorporating [32P]CTP (Amer-
sham). Specific RNA transcripts were detected using the RPAII RNase protec-
tion assay kit (Ambion, Austin, TX).

Quantitative real-time PCR. Relative quantitation of real-time PCR products
was performed using QuantiTect SYBR Green PCR and the Applied Biosystems
7900 fast real-time PCR system, followed by analysis with the associated SDS 2.3
software. Samples were amplified in triplicate and normalized by subtracting
threshold cycle values for 18S rRNA.

Western blotting and gel shift procedures. Whole-cell protein extracts were
prepared in radioimmunoprecipitation assay buffer (1% sodium deoxycholate,
0.1% sodium dodecyl sulfate [SDS], 1% Triton X-100, 10 mM Tris, pH 8.0, 0.14
M NaCl, and inhibitors). Samples were separated by SDS–13% polyacrylamide
gel electrophoresis. Membranes were incubated overnight at 4°C in primary
antibody to BNip3 (Abcam) at 1:500 in a mixture of Tris-buffered saline, 0.1%
Tween 20, and 5% milk.

Gel shifts to measure E2F DNA binding activity were carried out as described
previously (31), except that nuclear extracts were used instead of whole-cell
lysates. The sequences of oligonucleotides used for the E2F site probes were the
following: E2F consensus forward, ATT TAA GTT TCG CGC CCT TTC TCA;
E2F consensus reverse, TGA GAA AGG GCG CGA AAC TTA AAT; BNip3
E2F site forward, GCC GCC CTC CCG CGC ACT CCT; BNip3 E2F site
reverse, AGG CAG GAG TGC GCG GGA GGG; mutant BNip3 E2F site
forward, GCC GCC CTC CTG CGT ACT CCT; mutant BNip3 E2F site reverse,
AGG CAG GAG TAC GCA GGA GGG.

Hypoxia-inducible factor 1� (HIF-1�) gel shifts were carried out using nuclear
lysates. Protein samples were in incubated in sample buffer [20 mM HEPES-
KOH, pH 7.9, 100 mM KCl, 6 mM MgCl2, 0.5 mM EDTA, 5% glycerol, 1.5 �g
poly(dI-dC)] in the absence or presence of a 100-fold excess of cold probe or
anti-HIF-1� antibody (NB 100-123; Novus Biologicals) for 30 min at 4°C. Ra-
diolabeled probes were added and incubated for a further 5 min at 4°C. Com-
plexes were separated by nondenaturing polyacrylamide gel electrophoresis
(4.4% acrylamide, 0.5� Tris-borate-EDTA) for 2 h 45 min at 4°C. The se-
quences of oligonucleotides used for the HIF gel shift probes were the
following: HIF consensus forward, AAA GGG AAA GAA CTA AAC ACA
CAG C; HIF consensus reverse, CAA CTT GAA TAC ATT GAC CAT ATC
G; BNip3 HIF site forward, GCG CCG CAC GTG CCA CAC; BNip3 HIF
site reverse, GGA GCG TGT GGC ACG TGC; mutant BNip3 HIF site
forward, GCG CCG CAG TTG CCA CAC; mutant BNip3 HIF site reverse,
GGA GCG TGT GGC AAC TGC.

Chromatin immunoprecipitation assays (ChIPs). Cells were harvested follow-
ing cross-linking with 1% (vol/vol) formaldehyde, which was stopped by addition

of glycine to a final concentration of 125 mM. Cells were washed and harvested,
and isolated nuclei were lysed in nuclear lysis buffer (50 mM Tris-HCl, pH 8.1,
10 mM EDTA, 1% [wt/vol] SDS). DNA was sheared by sonication on ice, and
cleared supernatant was incubated with antibody (1 �g of one of the following
antibodies: for E2F-1, sc-193; E2F-3, sc-878; E2F-4, sc-1082 [all from Santa
Cruz]; pRb, G3-245 [Pharmingen]; and HIF-1�, NB 100-123 [Novus Biologi-
cals]) overnight at 4°C. Immune complexes were collected with 50% protein
A-Sepharose for 1 h at 4°C.

Complexes were washed, and antibody-DNA-protein complexes were released
with elution buffer (1% SDS, 0.1 M NaHCO3). Cross-links were reversed, and
DNA was recovered by phenol-chloroform extraction and precipitated in the
presence of glycogen. Immunoprecipitated DNA or input DNA was amplified by
30 cycles of PCR using the following primer sequences: for the BNip3 promoter,
BNIP3P-FOR (5� CCT AGC TAG CCG GTC CAC TTC TGC ATT AGA CC)
and BNIP3P-REV (5� CGG AGG ATC TTG CGC CGC TCA GTT CTG AGG
CCA GG3�); for the luciferase reporter plasmid, pGL1-FOR (5� TGT ATC TTA
TGG TAC TGT AAC TG 3�) and pGL2-REV (5� CTT TAT GTT TTT GGC
GTC TTC CA 3�).

Reporter constructs and luciferase assays. Site-directed mutagenesis of the
mouse BNip3 promoter cloned into the pGL2 vector (Promega) was carried out
as described previously (32) with primers for the E2F and HIF binding sites
carrying the mutations described above for gel shift analysis. Cells (1.3 � 105)
were transfected with 1 mg of plasmid DNA using Lipofectamine 2000 according
to the manufacturer’s protocol. Cells were harvested for luciferase assays 20 h
later. Light emission was immediately measured using a Monolight 2010 lumi-
nometer (Analytical Luminescence Laboratory).

Immunofluorescence. BNIP3 immunofluorescence was determined using a
1:1,000 dilution of primary antibody to BNip3 (Abcam). HMG-B1 antibody
(Abcam) was used to stain cells as described previously (43).

ATP assay. For the ATP assay, cells were treated for 24 h, counted, harvested
at 4°C, and resuspended at 1,000 cells/�l in sterile double-distilled H2O. Cells
were boiled for 10 min, cooled on ice for 30 s, and spun at 10,000 � g for 5 min
at 4°C. Cleared supernatant was used to determine the ATP concentration by
using an ATP determination kit (Molecular Probes).

Knockdown of BNip3. For transient knockdown experiments, Saos2 cells were
transfected with specific short interfering RNA (siRNA) for BNip3 or with
control, nonsilencing siRNA (Dharmacon) using HiPerFect transfection reagent
(QIAGEN). The medium was changed 5 h after transfection, and cells were
exposed for 48 h to 0.5% oxygen or were treated with DMOG 48 h after
transfection.

RESULTS

Nonapoptotic cell death in the Rb null FL. Cell death in the
Rb null FL previously was shown to be independent of the apop-
tosome (18). However, the mechanistic basis of this cell death was
not further explored. We set out to determine the nature of cell
death in the developing FLs of Rb null mice (Fig. 1). The pattern
of TUNEL staining seen for E13.5 FLs was markedly different
between wild-type and Rb null embryos. Individual TUNEL-pos-
itive cells were dispersed throughout the wild-type FL at E13.5
(Fig. 1A; also see Fig. S1D in the supplemental material),
whereas in the Rb null mouse, large clusters of TUNEL-positive
cells were localized to the ventral end of the FL (Fig. 1B; also see
Fig. S1F in the supplemental material), and little or no cell death
was apparent in proximal regions of the Rb null FL (Fig. 1B; also
see Fig. S1E in the supplemental material). The localized nature
of cell death in peripheral regions of the Rb null FL that are
farthest from the hepatic vasculature is consistent with ischemia
as the causative agent (46, 52).

Surprisingly, more annexin V staining was seen with wild-
type FL (13.4% annexin V-positive cells) (Fig. 1C) than with
Rb�/� FL (3.1% annexin V-positive cells) (Fig. 1D). However,
this may be explained by phosphotidylserine externalization
during erythroblast enucleation (53) that normally takes place
in wild-type FL but that is blocked in Rb null embryos (46) and
not by increased apoptosis. Nevertheless, failure of Annexin V
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to stain Rb�/� FL cells was consistent with nonapoptotic cell
death.

We observed higher numbers of highly vacuolated cells with
the Rb null FL (Fig. 1F and G) than with the wild-type FL (Fig.
1E). There was no evidence of nuclear condensation, mem-
brane blebbing, or reduced cell size in dying cells of the Rb null
FL; rather, affected cells had enlarged nuclei and highly vacu-
olated cytoplasm (Fig. 1F, G, I, and J), consistent with non-
apoptotic cell death. Vacuolation and cell death was detected
primarily in large cells with prominent nucleoli and not in
smaller electron-dense cells of the Rb null FL (Fig. 1F and G),
indicating that hepatocytes, as opposed to erythroblasts (both
of which make up the FL at this stage of development), were
specifically affected (Fig. 1I and J).

The ultrastructural features of the vacuoles observed in Rb
null FL were consistent with swollen mitochondria (Fig. 1I and
J; also see Fig. S1K, L, N, and O in the supplemental material).
We observed a gradual increase in mitochondrial volume and
disruption of mitochondrial cristae in Rb null FL, progressing
from the healthier end of the liver (Fig. 1I; also see Fig. S1K
and N in the supplemental material) to the most badly affected
distal tip (Fig. 1J; also see Fig. S1L and O in the supplemental
material). Increased organelle and cell volume in the absence
of chromatin condensation is most consistent with necrotic cell
death, and we observed increased numbers of inflammatory
cells in the regions of the greatest cell death (see Fig. S1I in the
supplemental material). However, in addition to swollen mi-
tochondria, we also observed double-membrane-bound vesi-

FIG. 1. Nonapoptotic cell death in the midgestational FLs of Rb null mice. (A and B) TUNEL assays to detect cell death in wild-type and Rb
null E13.5 FLs. (C and D) Flow cytometric analysis of annexin V-fluorescein isothiocyanate-stained FL cells. (E to G) Light microscopic analysis
of protein-blue-stained FL sections showing increased vacuolation in Rb null FL (F and G, arrows) compared to the level of vacuolation in
wild-type FL (E). Dark-staining erythroblasts (F, ery) were not overtly affected. Cellular debris is evident in distal regions of Rb null FL (G). (H
to J) Electron microscopic analysis of wild-type (H) and Rb null FLs (I and J). Extensive vacuolation in Rb null hepatocytes (hep) is associated
with increased mitochondrial swelling (I and J, black arrows). Double-membrane-bound vesicles also are seen in Rb null hepatocytes (I and J, red
arrow).
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cles that resembled autophagosomes (Fig. 1I), suggesting that
cell death in parts of the FL was autophagic. Thus, cell death
in the Rb null FL is nonapoptotic, occurs preferentially in fetal
hepatocytes, is localized to regions of the liver most distant
from the hepatic vasculature, and exhibits features of both
autophagic and necrotic cell death.

BNip3 expression is derepressed in the Rb null FL. To
determine whether increased cell death observed in the Rb null
FL was associated with hypoxia, we compared the expression
of four characterized HIF response genes (encoding BNIP3,
hexokinase 2, heme oxygenase, and vascular endothelial
growth factor [VEGF]) between wild-type and Rb null E13.5
FLs by quantitative real-time PCR (Fig. 2A). We observed that

all four HIF target genes were expressed at significantly higher
levels in the Rb null FL than in the wild-type FL, consistent
with increased hypoxia in the Rb null embryo, as previously
reported (33, 52). BNip3 was of particular interest, since it is
one of the few Bcl-2 family members implicated in nonapop-
totic cell death (3, 51). We confirmed by Northern blotting that
BNip3 mRNA was expressed at increased levels in Rb null FL
(Fig. 2B, lane 3) compared to the level of expression in either
wild-type (Fig. 2B, lane 1) or Rb heterozygous (Fig. 2B, lane 2)
FL. Expression of VEGF similarly was elevated in Rb null FL
(Fig. 2B, lane 3) compared to expression in wild-type FL (Fig.
2B, lane 1). Other BH3-only proteins, such as Noxa and Nix
(BNip3L), also are reported to be hypoxia inducible (23, 45),

FIG. 2. BNip3 expression is up-regulated in the Rb null FL. (A) Quantitative real-time PCR for known HIF target genes (encoding BNIP3,
hexokinase 2, heme oxygenase, and VEGF) and two known E2F target genes (encoding Apaf-1 and cyclin E2 [CycE]) carried out on cDNA derived
from E13.5 wild-type and Rb null FLs. (B) Total RNA from FLs from wild-type (lane 1), Rb heterozygous (lane 2), or Rb null (lane 3) E13.5 mice
was examined by Northern blotting for expression of BNip3, Nix, Noxa, VEGF, and ARPPO (a control for loading). (C) Northern blot analysis
of BNip3 mRNA expression in wild-type (lanes 1 and 4), Rb heterozygous (lanes 2 and 5), and Rb null (lanes 3 and 6) FLs at E11.5 (lanes 1 to
3) or E12.5 (lanes 4 to 6). (D) BNip3 protein expression in wild-type (lane 1), Rb heterozygous (lane 2), and Rb null (lane 3) FLs determined by
Western blotting. (E to H) BNip3 mRNA was detected in wild-type (E and F) or Rb null (G and H) E13.5 mouse embryo sections by in situ
hybridization. BNip3 mRNA was visualized at 100� magnification by bright-field (E and G) and by dark-field (F and H) microscopy on toluidine
blue-counterstained sections.
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but our analysis revealed that Noxa was not expressed in either
wild-type or Rb null FL (Fig. 2B) and that Nix levels were the
same in Rb null FL and wild-type FL (Fig. 2B). BNip3 failed to
be repressed during FL development in Rb null mouse em-
bryos (Fig. 2B), in contrast to wild-type FL, in which BNip3
mRNA expression was silenced between E11.5 and E12.5 (Fig.
2C). Increased levels of BNip3 mRNA in E13.5 Rb null FL
were reflected in increased BNip3 protein levels (Fig. 2D).

On examining the expression of BNip3 mRNA by in situ
hybridization, we observed that while BNip3 is barely detect-
able in wild-type FL at E13.5 (Fig. 2E and F), there is high-
level expression in the Rb null FL (Fig. 2G and H). Further-
more, we noted that the expression of BNip3 was greatest in
peripheral areas of the Rb null FL (Fig. 2G and H), where we
detected the highest levels of cell death (Fig. 1B). These ob-
servations implicate BNip3 in the nonapoptotic cell death ob-
served in the Rb null FL.

Functional repression of the BNIP3 promoter by pRB/E2F.
Other BH3-only proteins previously have been shown to be
up-regulated by overexpression of E2F-1 (17). To determine
whether BNip3 was a direct target of RB/E2F-mediated re-
pression, we mapped the transcriptional initiation site of the
mouse BNip3 promoter by RNase protection (Fig. 3A) and
then aligned the mouse and human promoter sequences to
determine what transcriptional regulatory elements were con-
served between species (Fig. 3B). We observed a high degree
of homology in the proximal 200 bp, with a conserved HIF
response element (HRE) mapping to �94 bp (relative to the
start site of transcription) in the mouse and human promoters
(Fig. 3B). In addition, we observed a conserved E2F binding
site mapping 48 bp upstream of the HRE in the mouse pro-
moter and 61 bp upstream of the HRE in the human promoter
(Fig. 3B).

We cloned 500 bp of proximal BNIP3 promoter sequence
upstream of the firefly luciferase reporter gene and compared
the effect of E2F-1 overexpression on BNIP3 promoter activity
to its effect on the activity of a characterized E2F target gene
promoter, the dhfr promoter (Fig. 3C). Overexpression of
E2F-1 increased BNIP3 promoter activity by approximately
2.5-fold over basal BNIP3 promoter activity in U2OS cells,
similar to what was seen with the induction of the dhfr pro-
moter, a characterized E2F target gene (Fig. 3C).

By electrophoretic mobility shift assays (EMSA) (Fig. 3D),
we observed strong E2F binding to the mouse BNip3 promoter
E2F site (lane 1) in nuclear extracts from U2OS cells that
could be competed out with excess cold oligonucleotide en-
coding either the E2F consensus DNA binding site (lane 2) or
the BNip3 E2F site (lane 3). Binding to this site was super-
shifted with antibodies to E2F-1 (lane 4), pRB (lane 6), and
E2F-4 (lane 7) but not with antibody to E2F-3 (lane 5). The
complex that supershifted with antibodies to E2F-1 and pRB
(lanes 4 and 6) was distinct from the complex that supershifted
with antibody to E2F-4 (lane 7). When U2OS cells were
treated with the prolyl hydroxylase (PHD) inhibitor DFO to
stabilize HIF, we observed increased overall binding activity in
nuclear lysates (lane 8) of the complex that supershifts with
antibodies to E2F-1 (lane 11) and pRB (lane 13) and reduced
levels of the E2F-4-containing complex (lanes 8 and 14) com-
pared to the binding activity and levels of E2F-4-containing
complex in lysates from untreated U2OS cells (lane 1).

Although EMSA is a particularly sensitive method to detect
protein-DNA complexes, it does not always reflect complex
formation in vivo in the context of whole chromatin. To deter-
mine whether the BNIP3 promoter binds E2Fs and pRB in
vivo, we carried out ChIPs on live cells before and after HIF
stabilization (Fig. 3E) by using antibody to E2F-1 (lane 1),
E2F-3 (lane 2), E2F-4 (lane 3), pRB (lane 4), or HIF-1� (lane
5). We failed to observe any BNIP3 promoter sequence immu-
noprecipitating with antibody to E2F-3, pRB, or HIF-1� in
untreated U2OS cells (lanes 2, 4, and 5 in the top panel), and
only a very weak signal was observed with antibody to E2F-1
(lane 1 in the top panel). However, we observed a strong PCR
product generated from E2F-4 immunoprecipitates (lane 3 in
the top panel), indicating that, in untreated U2OS cells, E2F-4
was bound to the BNIP3 promoter and that E2F-3, pRB, and
HIF-1� were not, while E2F-1 was bound in limited amounts.
By contrast, on repeating ChIPs with lysates from DFO-treated
U2OS cells, we observed a loss of the E2F-4 interaction (Fig.
3E, lane 3 in the bottom panel) but increased association of
pRB and HIF-1� with the BNIP3 promoter (lanes 4 and 5 in
the bottom panel). These results suggested that in untreated
U2OS cells, where BNIP3 is transcriptionally silent, E2F-4 is
bound at the promoter and may be involved in its repression
but that, following induction of BNIP3 transcription by treat-
ment of U2OS cells with DFO, we observe increased binding
of pRB and HIF-1� at the BNIP3 promoter. Thus, the results
of ChIPs (Fig. 3E) were largely consistent with data from
EMSA (Fig. 3D), showing reduced E2F-4 binding and in-
creased pRB bound at the BNIP3 promoter following DFO
treatment.

The proximity of the E2F site and HRE in the mouse and
human BNIP3 promoters, combined with the effect of RB loss
on BNIP3 expression, suggested that there might be a func-
tional interaction between pRB/E2F-1 and HIF in regulating
BNIP3 transcription. To test this, we carried out site-directed
mutagenesis of the E2F and HIF binding sites in the mouse
BNip3 promoter (Fig. 3F). Overexpression of E2F-1 attenu-
ated BNip3 promoter activity following DFO treatment (Fig.
3G), supporting our hypothesis that pRB/E2F-1 complexes
limit HIF-mediated induction of the BNIP3 promoter. Muta-
tion of the E2F site increased the basal activity of the BNIP3
promoter but caused a much more substantial increase in pro-
moter activity following DFO treatment of U2OS cells, con-
firming that the complex bound to the E2F site is an effective
repressor of HIF-mediated induction of BNIP3. As expected,
mutation of the E2F site reduced induction of the BNIP3
promoter brought about by E2F-1 overexpression (Fig. 3G).
Intriguingly, mutation of the E2F site did not prevent E2F-1
overexpression from inhibiting DFO-induced activity of the
BNIP3 promoter, suggesting that E2F-1 influences promoter
activity both in cis and in trans.

Further support for a functional interaction between the
E2F site and the HRE in the BNIP3 promoter came from our
observations that mutation of the HRE resulted in increased
E2F-1 responsiveness of the BNIP3 promoter (Fig. 3G). How-
ever, this effect was independent of DFO treatment, indicating
that it may be mediated by factors other than HIF. We noted
that the BNIP3 HRE generates a much more complex banding
pattern by EMSA (see Fig. S2A, lanes 1 to 6, in the supple-
mental material) than does the HIF consensus (see Fig. S2A,
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lanes 13 to 14, in the supplemental material), which points to
binding of the BNIP3 HRE by other factors in addition to
HIF-1�. Specifically, binding to the BNIP3 HRE by these fac-
tors is not competed out with the HIF consensus oligonucleo-
tide competitor (see Fig. S2A, lanes 2 and 8, in the supple-
mental material) or supershifted with antibody to HIF-1� (see
Fig. S2A, lanes 5 and 11, in the supplemental material) or
HIF-2� (see Fig. S2A, lanes 6 and 12, in the supplemental
material), suggesting that these factors are unrelated to
HIF-1� or HIF-2�. The effect of mutating the BNIP3 HRE for

regulation of the BNIP3 promoter by E2F-1 overexpression
therefore may be mediated through altered binding of these
additional factors.

Given that the E2F site mediates repression of the BNIP3
promoter under basal conditions but that this repressive activ-
ity is potentiated by DFO treatment, we explored the possibil-
ity of a direct physical interaction between HIF-1�, E2F-1,
and/or pRB. Previous reports have suggested that pRB directly
interacts with HIF-1� (4), but as shown in Fig. S2B in the
supplemental material, we have been unable to demonstrate

FIG. 3. The BNIP3 promoter contains a functional E2F binding site that interacts functionally with the HRE. (A) Transcriptional initiation sites
in the mouse BNIP3 promoter were determined by RNase protection assays using RNA from untreated (lane 1) or DFO-treated (lane 2) MEFs
and wild-type (lane 3) FL (Wt), Rb null (lane 4) FL, or control yeast (lane 5) RNA. A diagrammatic representation of the two major initiation
sites in the mouse BNIP3 promoter is shown. (B) Sequence alignment of the proximal regions of the mouse and human BNIP3 promoters
highlighting conserved regulatory elements that include an HRE (blue) at �94 bp relative to the start site of transcription and an E2F site (pink)
at �142 bp (mouse) and �155 bp (human). (C) The proximal 500 bp of the mouse BNIP3 promoter was cloned upstream of the luciferase reporter
gene and tested for its activity in U2OS cells in response to overexpression of E2F-1, and its activity then was compared to that of the control
reporter construct pGL2 lacking a promoter and that of the characterized E2F-responsive mouse dhfr promoter. (D) The binding activity of the
BNIP3 promoter E2F site was tested by EMSA using nuclear lysates from untreated (lanes 1 to 7) or DFO-treated (lanes 8 to 14) U2OS cells in
the presence or absence of excess cold oligonucleotide competitor encoding either the consensus E2F recognition sequence (lanes 2 and 9) or the
BNip3 E2F site (lanes 3 and 10). The effect of supershifting antibodies to E2F-1 (�-E2F1) (lanes 4 and 11), E2F-3 (�-E2F3) (lanes 5 and 12), pRB
(�-pRB) (lanes 6 and 13), or E2F-4 (�-E2F4) (lanes 7 and 14) on DNA-protein complex migration also was examined. (E) The identity of E2Fs
bound to the endogenous BNIP3 promoter in untreated (top panel) or DFO-treated (bottom panel) U2OS cells was examined by ChIPs using
antibodies to E2F-1 (�-F1), E2F-3 (�-F3), E2F-4 (�-F4), pRB (�-pRB), or HIF-1� (�-HIF-1�) and compared to results with no-antibody negative
control samples (No Ab) or to those with input positive control samples (Input). (F) Diagrammatic representation of mutations introduced into
the mouse BNIP3 promoter to test the functional interaction between E2F and HIF in regulating BNip3 transcription. (G) Reporter (luciferase)
gene assay for BNIP3 promoter activity in U2OS cells following DFO treatment, E2F-1 overexpression, or mutation of either the E2F site, the
HRE, or both sites in the context of the proximal 500 bp of the mouse BNIP3 promoter. UT, untreated. (H) Schematic representation of the
proposed interaction between pRB, E2F family members, and HIF at the BNIP3 promoter.
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such an interaction under basal conditions or after DFO treat-
ment. Furthermore, mutagenesis of the E2F site abolished the
association of pRB with the BNIP3 promoter, but mutation of
the HRE had no significant effect on pRB association with the
promoter under either basal or DFO-induced conditions.
Thus, we conclude that the association of pRB with the BNIP3
promoter is dependent on the E2F site and that the functional
interaction between the E2F site and the HRE is mediated by
other unidentified factors.

In summary, our results demonstrate a direct role for pRB/
E2F in repressing the induction of BNIP3 promoter activity by
HIF (Fig. 3H).

RB-deficient cells show increased sensitivity to cell death
induced by PHD inhibitors. Given our observations that loss of
Rb in the developing FL induced high levels of BNip3 and was
associated with increased nonapoptotic cell death, we set out
to determine whether loss of Rb in other contexts also led to
increased BNip3 levels and cell death. We examined the effect
of treating primary wild-type and Rb null MEFs, or a range of
human tumor cell lines that differed in their RB statuses, with
the PHD inhibitor DFO, which mimics aspects of hypoxia by
promoting HIF stabilization (16). We observed a complete
correlation between RB status and the extent of cell death
induced by 48 h of treatment with DFO (Fig. 4A). Wild-type
MEFs were resistant to DFO, whereas Rb null MEFs showed

a substantial increase in cell death. Similarly, tumor cells with
functional pRB (U2OS, MDA-MB-231, HepG2, and MCF-7)
were resistant to DFO-induced cell death, while RB-deficient
tumor cells (Saos2 and MDA-MB-468) were sensitive to cell
death induced by DFO (Fig. 4A). Furthermore, BNIP3 protein
was induced by hypoxia, DFO, or DMOG (an alternative PHD
inhibitor) to much higher levels in RB-deficient Saos2 cells
(Fig. 4B, lanes 2 to 4) than in U2OS cells (Fig. 4B, lanes 6 to
8). The level of BNIP3 induction in Saos2 cells exposed to
hypoxia (Fig. 4B, lane 2) was similar to that detected in cells
treated with either DFO (Fig. 4B, lane 3) or DMOG (Fig. 4B,
lane 4). Similarly, we observed that BNip3 was induced to
higher levels in Rb null MEFs treated with DFO (Fig. 4C, lane
5) or exposed to 0.5% oxygen (Fig. 4C, lane 6) for 48 h than in
wild-type MEFs (Fig. 4C, lanes 2 to 3). These results are
consistent with a role for pRB in repression of BNIP3 expres-
sion.

Reintroduction of pRB into RB-deficient Saos2 cells re-
duced the overall levels of cell death in DFO-treated cultures
to those observed for untreated control cultures (Fig. 4D).
Furthermore, overexpression of pRB in Saos2 cells attenuated
induction of the BNIP3 promoter by DFO in a dose-dependent
manner, as determined by reporter gene activity (Fig. 4E), and
reduced the levels of BNIP3 protein induced by DFO treat-
ment (Fig. 4G). These results show that the sensitivity of Saos2

FIG. 4. RB status and BNIP3 expression correlate with cell death. (A) The incidence of cell death of primary MEFs and different human tumor
cell lines was assessed after 48 h of treatment with DFO by measuring uptake of PI, which was taken up only by dying cells. Wt, wild type.
(B) Western blot analysis of BNIP3 induction in Saos2 and U2OS cells by hypoxia, DMOG treatment, or DFO treatment. (C) Western blot analysis
of BNip3 induction in wild-type and Rb null MEFs by DFO treatment or hypoxia. UT, untreated. (D) Saos2 cells were transiently transfected with
pIRES-GFP or pRB-IRES-GFP and treated with DFO for 48 h. The incidence of cell death was determined by flow cytometric analysis of PI
uptake. (E) The effect of pRB overexpression for BNIP3 promoter activity was determined for Saos2 cells by a luciferase assay for reporter gene
expression. Results presented are the averages of at least three independent experiments. RLU, relative luciferase units. (F and G) The effect of
pRB expression on the levels of BNIP3 protein was determined by immunofluorescent staining for BNIP3 (red) in cells that expressed GFP by
virtue of transfection with either pIRES-GFP (F) or pRB-IRES-GFP (G). DAPI, 4�,6�-diamidino-2-phenylindole.
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cells to PHD inhibition could be abrogated by pRB and was
associated with increased BNIP3 levels due to derepression of
the BNIP3 promoter.

Cell death induced by PHD inhibition is nonapoptotic and is
associated with ATP depletion. We set out to determine
whether the cell death taking place in Rb null MEFs (Fig. 5) or
RB-deficient Saos2 cells (Fig. 6) treated with PHD inhibitors
was nonapoptotic, as was the case with the developing FL. Rb
null MEFs were markedly more sensitive to cell death induced
by treatment with DFO (Fig. 5A) than were wild-type MEFs,
but when we examined whether this death could be blocked by
pretreatment with a generic caspase inhibitor (z-vad-fmk) we
failed to block death, indicating that death was not caspase
dependent (Fig. 5B). Control cultures of Rb null MEFs in-
duced to undergo apoptosis by treatment with TNF-� were
protected by pretreatment with z-vad-fmk (Fig. 5B). When we
examined the morphology of DFO-treated Rb null MEFs by
electron microscopy (Fig. 5C), we observed that dying cells
showed increased levels of vesicle formation compared to
those of wild-type MEFs, and we also observed features of
autophagic cell death. Redistribution of LC3 from diffuse ex-
pression into a punctate pattern that colocalizes with autopha-
gosomes is widely used as a marker of autophagy (12, 22), and

on examining the pattern of GFP-LC3 staining in untreated
and DFO-treated MEFs, we observed that DFO induced punc-
tate LC3 focus formation much more extensively in DFO-
treated RB null MEFs than in wild-type untreated MEFs (Fig.
5D). These results suggest that Rb null MEFs undergo auto-
phagic cell death in response to DFO treatment.

Similarly, we observed that cell death induced by DFO treat-
ment of Saos2 cells was not blocked by the generic caspase
inhibitor Boc-D-FMK, unlike death induced by treatment with
TNF-� and cycloheximide (Fig. 6A). Similarly, DMOG-in-
duced cell death was resistant to caspase inhibitors (data not
shown). Saos2 cells exhibited extensive cytoplasmic vacuola-
tion following 48 h of treatment with either DFO or DMOG
(Fig. 6B), an enlarged nucleus, and increased cell volume in
the absence of chromatin condensation (Fig. 6B), consistent
with nonapoptotic cell death, such as that observed with the Rb
null FL (Fig. 1). Interestingly, DFO-induced death of Rb null
MEFs also was accompanied by cytoplasmic vacuolation and
other features of nonapoptotic cell death (Fig. 5C). In contrast,
hypoxic Saos2 cells did not show evidence of abnormal vacu-
olation (Fig. 6C), and surprisingly, hypoxic Saos2 cells did not
undergo cell death (Fig. 6D), again in contrast to the effects of
DFO or DMOG. At a higher magnification, double-membrane

FIG. 5. Nonapoptotic cell death of Rb null MEFs. (A) Wild-type and Rb null MEFs were cultured in the presence of 260 �M DFO for 48 h,
and the viability of MEFs was compared to that of untreated controls as determined by flow cytometric analysis of PI uptake. (B) DFO-induced
cell death of Rb null MEFs is resistant to the pancaspase inhibitor z-vad-fmk, in contrast to death induced by TNF-� and cycloheximide.
(C) Electron microscopy of untreated and DFO-treated Rb null MEFs reveals small double-membrane-bound vesicles in hypoxic cells (red arrow),
indicative of autophagy. (D) GFP-LC3 staining of untreated and DFO-treated (48 h) wild-type and Rb null MEFs reveals increased punctate
GFP-LC3 staining in Rb null MEFs, consistent with increased autophagy.
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vesicles were apparent in hypoxic Saos2 cells (Fig. 6C), sug-
gesting that Saos2 cells induced autophagy in response to hyp-
oxia. These observations indicate that Saos2 cells undergo au-
tophagy in response to hypoxia but undergo nonapoptotic cell
death in response to DFO or DMOG.

To determine whether the vesicles observed in hypoxic cells
(Fig. 6C) were likely to be autophagosomes, we examined the
effect of hypoxia on the localization of LC3 (Fig. 6E). Exposure
of Saos2 cells to 0.5% oxygen or treatment with DMOG in-
duced punctate GFP-LC3 staining in the cytoplasm (Fig. 6E)
that was potentiated by serum starvation (Fig. 6F) and blocked
by 3-methyladenine (Fig. 6E and F), consistent with cells un-
dergoing autophagy in response to both hypoxia and PHD
inhibition. Quantitative analysis of GFP-LC3 puncta con-

firmed that hypoxia and DMOG treatments induced autoph-
agy to similar extents, and they did so in a manner that syner-
gized with serum starvation (Fig. 6F).

Nonapoptotic cell death is associated with ATP depletion,
resulting in apoptosome inhibition and reactive oxygen species
(ROS) accumulation (56). When we measured ATP levels in
Saos2 cells exposed to either 0.5% oxygen or 1 mM DMOG,
we observed a much more dramatic depletion of ATP in
DMOG-treated cells than in cells grown under hypoxic condi-
tions (Fig. 6G). Thus, nonapoptotic cell death induced by PHD
inhibition is associated with increased ATP depletion.

These results indicated that hypoxia and PHD inhibition
have similar effects in terms of BNIP3 induction and the inci-
dence of autophagy. However, PHD inhibition had the added

FIG. 6. Nonapoptotic cell death induced by PHD inhibition. (A) DMOG-induced cell death of Saos2 cells is resistant to the pancaspase
inhibitor Boc-D-FMK, in contrast to death induced by TNF-� and cycloheximide. (B) Electron microscopy of Saos2 revealed extensive vacuolation
in DFO- and DMOG-treated cells (red arrow) compared to the level of vacuolation seen with untreated Saos2 cells. (C) Electron microscopy of
Saos2 cells revealed small double-membrane-bound vesicles in hypoxic cells (black arrow), indicative of autophagy. The vacuolation observed with
DMOG (B) is not apparent. (D) Viability of Saos2 cells exposed to 260 �M DFO, 1 mM DMOG, or 0.5% oxygen (hypoxia) for 48 h was
determined by flow cytometric analysis of PI uptake. (E) GFP-LC3 staining of untreated Saos2 cells or Saos2 cells exposed to 0.5% oxygen, 1 mM
DMOG, or 1 mM DMOG plus 3-methyladenine (3MA). (F) The incidence of autophagy in either hypoxic or DMOG-treated Saso2 cell cultures
was quantified microscopically by counting the number of cells that exhibited punctate GFP-LC3 staining and expressing that as a percentage of
the total number of cells that expressed GFP-LC3 (punctate and diffuse). (G) ATP levels in Saos2 cells were determined after treatment with
DMOG or exposure to 0.5% oxygen for 24 h.
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effect of promoting ATP depletion and nonapoptotic cell death
of RB-deficient cells.

BNIP3 is required for hypoxia-induced autophagy and is not
sufficient for cell death induced by DFO/DMOG. Given the
ability of hypoxia, DFO, and DMOG to induce BNIP3 (Fig.
4B) and to promote autophagy (Fig. 5D and 6E), we sought to
determine whether BNIP3 was required or was sufficient for
the induced autophagy. BNIP3 overexpression (Fig. 7A) in-
duced a marked increase in the amount of LC3 puncta in
BNIP3-expressing cells following serum starvation (Fig. 7C;
also see Fig. S3B in the supplemental material) compared to
that in control transfected cells (Fig. 7B; also see Fig. S3A in
the supplemental material). Consistent with the role of serum
deprivation in promoting hypoxia-induced autophagy (Fig.
6F), the ability of BNIP3 to promote autophagy required se-
rum deprivation. Furthermore, knockdown of BNIP3 expres-
sion (Fig. 7D and F) inhibited punctate LC3 staining following
exposure to 1 mM DMOG treatment (Fig. 7F) or to 0.5%
oxygen (see Fig. S3D in the supplemental material). These
results demonstrate that BNIP3 is essential for autophagy in-
duced by either hypoxia or DMOG treatment.

Previous reports have presented evidence that overexpres-
sion of BNIP3 was sufficient to induce cell death (14, 25), while

others demonstrated that BNIP3 was not sufficient to kill cells
without further posttranslational modifications (15, 26, 39).
The fact that hypoxia and PHD inhibitors induced BNIP3
expression and autophagy to equivalent levels (Fig. 4B and C
and 6E) but that DFO/DMOG additionally promoted non-
apoptotic cell death (Fig. 4A and 6D) suggested to us that
BNIP3 primarily was involved in regulating autophagy as a
survival mechanism, as opposed to regulating cell death. When
we overexpressed BNIP3 in cells in the presence or absence of
serum (Fig. 8A and B), we failed to observe any decrease in
viability compared to that of control transfected cells. Similar
results were obtained with U2OS and MCF-7 cells (see Fig. S4
in the supplemental material), which previously had been
reported to be sensitive to cell death induced by BNIP3 over-
expression (25). Thus, our results demonstrate that BNIP3
expression is not sufficient to induce cell death.

To determine whether BNIP3 was required for DMOG-
induced cell death, even if it was not sufficient to cause cell
death by itself, we examined the effect of knocking down
BNIP3 expression in Saos2 cells, as depicted in Fig. 7D. We
observed that knockdown of BNIP3 reduced the level of cell
death induced by DMOG treatment (18.8%) compared to that
of the controls (27.7%). Given that previous research found

FIG. 7. BNIP3 is required for hypoxia-induced autophagy. (A) Western blot analysis of BNIP3 in lysates from Saos2 cells that had been
transfected with the control plasmid (pIRES-GFP) or with the BNIP3 expression plasmid (pBNIP3-IRES-GFP) under conditions of low-
concentration (0.1%) or high-concentration (10%) serum. (B and C) The effect of BNIP3 overexpression (C, red) for the incidence of punctate
GFP-LC3 staining (green) was assessed in Saos2 cells (grown in low-concentration serum) and compared to that observed in control cultures
transfected with empty vector (B). (D) Western blot analysis of BNIP3 in lysates from Saos2 cells that had been transfected with either control
siRNA or BNIP3 siRNA from untreated cells or cells treated with DMOG for 48 h. (E and F) Knockdown of BNIP3 (F, red) in hypoxic,
serum-starved Saos2 cells blocked autophagy, as determined by loss of punctate GFP-LC3 staining (green), whereas no effect was observed with
control siRNA.
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that inhibiting autophagy promoted necrosis (7, 12), we spec-
ulated that the reason knockdown of BNIP3 was not achieving
a more dramatic rescue of cell death was that the loss of BNIP3
and autophagy (Fig. 7F), while preventing autophagic cell
death, was now inducing necrotic cell death. To determine if
blocking autophagy by knocking down BNIP3 (Fig. 7F) had
switched the type of cell death taking place to necrotic cell
death, we examined the cellular localization of the nuclear
protein HMG-B1. Under conditions of apoptosis or autoph-

agy, HMG-B1 remains tightly associated with chromatin and
localized to the nucleus (43). However, under conditions of
necrosis, HMG-B1 is released from the nucleus and exhibits
increased cytoplasmic and extracellular staining (55). When we
examined Saos2 cells that had been treated with DFO for 48 h
for release of HMG-B1, we observed that cultures in which
BNIP3 had been knocked down showed higher numbers of
cells that had released HMG-B1 from the nucleus (Fig. 8E,
arrows) than DFO-treated cultures that had been transfected

FIG. 8. BNIP3 is necessary, but not sufficient, for cell death induced by DFO or DMOG. (A and B) The effect of BNIP3 overexpression on
the incidence of cell death induced by 48 h of DFO treatment, in the presence or absence of serum, was determined by flow cytometric analysis
of PI uptake. (C) Flow cytometric analysis of the effect of BNIP3 knockdown on cell death induced by PHD inhibition, as determined by PI uptake.
(D and E) Immunofluorescent staining for HMG-B1 release from DFO-treated cells that had been transfected with either control siRNA (D) or
BNIP3 siRNA (E) reveals increased release of the nuclear protein HMG-B1 from cells in which BNIP3 is knocked down (E, arrows). (F) Model
summarizing the role of RB and BNIP3 in responses to hypoxia and the chemical inhibitors of PHDs (DFO and DMOG).
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with the control siRNA (Fig. 8D). These results suggested that
the reason knockdown of BNIP3 did not appear to protect cells
completely from death was due to the requirement for BNIP3
and autophagy to prevent necrotic death. Thus, BNIP3 levels
appear to modulate the balance between autophagy and auto-
phagic cell death and also between autophagy and necrosis.
Too much BNIP3, such as that observed in cells lacking RB,
causes autophagic death, whereas too little BNIP3, such as that
observed in cells in which BNIP3 is knocked down, leads to
necrosis.

In summary, we have shown that BNIP3 is superinduced by
hypoxia in RB-deficient cells, that BNIP3 is a direct target for
transcriptional repression mediated by pRB/E2F, and that
pRB acts to attenuate induction of BNIP3 by HIF. BNIP3 was
required for autophagy induced by hypoxia or PHD inhibition,
and knockdown of BNIP3 switched the type of cell death
induced by treatment with PHD inhibitors from autophagic to
necrotic.

DISCUSSION

We previously demonstrated a critical role for the Rb tumor
suppressor in protecting against apoptotic cell death in the
developing nervous system (31), and here we identify a novel
function for pRb in protecting against nonapoptotic cell death
in the developing FL. We identify BNIP3 as a direct target of
transcriptional repression by pRB/E2F and show that BNIP3 is
required for autophagy induced by hypoxia and PHD inhibi-
tion and that loss of BNIP3 resulted in necrotic cell death,
consistent with previous reports that inhibiting autophagy pro-
moted necrosis (7, 12).

The role of pRb in protecting against apoptosis has been
attributed to its role in repressing expression of critical cell
death regulatory genes, such as those encoding Apaf-1,
caspases, and p73 (19, 35, 37). We have identified a novel role
for pRb in regulating nonapoptotic cell death and identify
BNip3 as a target gene involved in promoting autophagy and
nonapoptotic cell death. Various reports have commented on
the difficulty of detecting pRB bound to E2F target gene pro-
moters in vivo (48), and we speculate that pRB may associate
only with E2F-regulated promoters under specific stress con-
ditions, such as hypoxia, oxidative stress, and DNA damage.
Our data show that E2F-1, and not E2F-3, is associated with
the BNIP3 promoter under stress conditions, and previous
studies have pointed to a unique role for E2F-1 in promoting
cell death in response to certain stresses (9, 10, 27). We have
shown that E2F-1 displaces E2F-4 as the major E2F bound to
the BNIP3 promoter under such conditions and that recruit-
ment of pRB to the BNIP3 promoter is associated with E2F-1
binding (Fig. 3H). Intriguingly, displacement of E2F-4 from
the p73 promoter by E2F-1 in response to DNA damage was
reported to be dependent on E2F-1 acetylation (41). Similarly,
selective phosphorylation of E2F-1 by ATM (28) and Chk2
(47) may explain aspects of its unique role in cell death in-
duced by DNA damage. Thus, E2F-1 and pRB may play
unique roles in cell death due to posttranslational modifica-
tions induced by specific stresses that target them to stress
response genes, such as BNIP3.

We have demonstrated that pRB/E2F interacts functionally
with HIF-1� to regulate the BNIP3 promoter. Specifically,

pRB/E2F-1 bound to the E2F site acted to reduce the level of
induction of BNIP3 transcription promoted by HIF-1� inter-
action with the HRE in the BNIP3 promoter. Similarly,
HIF-1� bound at the HRE appeared to limit the responsive-
ness of the promoter to E2F-1 overexpression. We were unable
to detect any direct interaction between HIF-1� and either
pRB or E2F-1. Furthermore, the ability of pRB to interact with
the BNIP3 promoter was dependent on the E2F site and was
not blocked by mutation of the HRE. Thus, we speculate that
other factors, possibly chromatin remodeling enzymes, act as
intermediaries in the functional interaction between pRB/
E2F-1 and HIF-1� in the BNIP3 promoter (Fig. 3H).

We also postulate that the functional interaction between
pRB/E2F and HIF that occurs at the BNIP3 promoter is a
conserved transcriptional motif that may explain the attenu-
ated expression of other hypoxia-regulated genes in normal
cells that is not seen in tumor cells. Interestingly, E2Fs recently
have been implicated in the hypoxia-induced down-regulation
of BRCA1 and Rad51 expression (1, 2). Our preliminary anal-
ysis of published array-based data for the purpose of finding
E2F-regulated genes (42) that are also known HIF target genes
(44) has identified other genes that also may be coordinately
regulated by E2Fs and HIF, including the genes encoding
VEGF, the transferrin receptor, Stra-13/Dec-1, telomerase re-
verse transcriptase, heme oxygenase, and others (K. Tracy,
B. J. C. Dibling, and K. F. Macleod, unpublished data). The
significance of this is not clear, although several of those genes
that we predict to be regulated in this manner have character-
ized functions in tumorigenesis, such as the VEGF gene (16).

The role of BNIP3 in cell death, autophagic or necrotic, is
controversial, with several groups proposing a role for BNip3
as an inducer of cell death (25, 51) but others showing that
BNIP3 expression was not sufficient to kill cells; our data agree
with the findings of the latter studies (26, 39). How might the
differences in the reported activity of BNIP3 be reconciled?
We noted that the methods used to measure cell viability in
earlier studies consisted of counting nuclei that stained positive
with acridine orange (25) or involved clonogenic assays (34),
but given that autophagy promotes uptake of acridine orange
by acidic vesicles and induces growth arrest, these assays may
reflect increased autophagy as opposed to cell death. The BH3
domain of BNIP3 is highly divergent, with only 3 out of 11
amino acids conserved, in contrast to BIM, for example, in
which 6 out of 11 amino acids in its BH3 domain are conserved
relative to those in other Bcl-2 family members (54). This
divergence in primary sequence may explain the inability of
BNIP3 to kill cells when overexpressed. Thus, additional sig-
nals may be required to induce the killing potential of BNIP3.
For instance, acidosis was required to activate BNIP3 protein
to kill ischemic cardiomyocytes (26), although the mechanistic
basis of this still is not understood.

Autophagy has been proposed to inhibit tumor progression
by promoting growth arrest, by preventing ROS and DNA
damage through elimination of oxidized molecules and or-
ganelles (particularly mitochondria), and by preventing necro-
sis and associated inflammatory responses (6, 12, 24). BNIP3
expression is induced during early stages of human cancer (36,
38, 45) and is down-regulated at late stages, coincident with
progression to metastasis (34, 38, 45). In addition to inhibiting
tumor progression through the prevention of DNA damage
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associated with accumulation of oxidized proteins and dam-
aged organelles or through its ability to promote growth arrest
and autophagic cell death (24), we suggest that autophagy also
may have a role in blocking tumor progression by preventing
necrotic cell death (Fig. 8F). Our data show that inhibition of
autophagy associated with BNIP3 expression resulted in ne-
crosis. Thus, we predict that autophagy in vivo will delay the
onset of necrosis and inflammation that promote metastasis
(50). Our work shows that the RB tumor suppressor modulates
the levels of BNIP3 in cells, and we propose that this allows the
cell to engage in effective autophagy in response to hypoxia
and nutrient deprivation. In other words, by attenuating the
induction of BNIP3 by HIF, pRB is maintaining BNIP3 levels
within a range that promotes autophagy and prevents both
autophagic cell death (too much BNIP3) and necrotic cell
death (too little BNIP3). This is consistent with its role as a
tumor suppressor, since autophagy promotes reduced growth
rates as well as the elimination of oxidized molecules and
organelles that promote DNA damage (8, 20, 21).

In summary, our work has identified a key role for BNIP3
downstream of the RB tumor suppressor in regulating the
levels of autophagy induced by hypoxia and nutrient stress.
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