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The transcription factor E2F-1 drives proliferation and death, but the
mechanisms that differentially regulate these divergent actions are
poorly understood. The hypoxia-inducible death factor Bnip3 is an
E2F-1 target gene and integral component of the intrinsic mitochon-
drial death pathway. The mechanisms that govern Bnip3 gene activity
remain cryptic. Herein we show that the transcription factor NF-�B
provides a molecular switch that determines whether E2F-1 signals
proliferation or death under physiological conditions. We show under
basal nonapoptotic conditions that NF-�B constitutively occupies and
transcriptionally silences Bnip3 gene transcription by competing with
E2F-1 for Bnip3 promoter binding. Conversely, in the absence of
NF-�B, or during hypoxia when NF-�B abundance is reduced, basal
Bnip3 gene transcription is activated by the unrestricted binding of
E2F-1 to the Bnip3 promoter. Genetic knock-down of E2F-1 or reti-
noblastoma gene product over-expression in cardiac and human
pancreatic cancer cells deficient for NF-�B signaling abrogated basal
and hypoxia-inducible Bnip3 transcription. The survival kinase PI3K/
Akt inhibited Bnip3 expression levels in cells in a manner dependent
upon NF-�B activation. Hence, by way of example, we show that the
transcriptional inhibition of E2F-1-dependent Bnip3 expression by
NF-�B highlights a survival pathway that overrides the E2F-1 tumor
suppressor program. Our data may explain more fundamentally how
cells, by selectively inhibiting E2F-1-dependent death gene transcrip-
tion, avert apoptosis down-stream of the retinoblastoma/E2F-1 cell
cycle pathway.

apoptosis � cardiac myocytes � gene transcription � hypoxia

In the postmitotic heart, the loss of cardiac cells by an apoptotic
process has been posited as an underlying cause of ventricular

remodeling and contractile failure after ischemic injury (1, 2).
NF-�B regulates a variety of cellular processes including inflam-
mation, immune cell maturation, and survival (3, 4). The underlying
mechanism that accounts for the diverse and varied properties of
NF-�B likely reflects its ability to impinge on multiple signaling
pathways within the cell (5, 6). NF-�B exists in nonstimulated cells
as an inactive heterodimeric complex comprised of p50 and p65
kDa protein subunits bound to its cytoplasmic inhibitor protein
I�B� (i.e., inhibitor of NF-�B). Classical NF-�B activation involves
the phosphorylation-dependent degradation of I�B� mediated by
the I�B kinase (IKK) signaling complex (7). Several kinases in-
cluding PI3K/Akt kinase signal through NF-�B for cell survival.
Despite this well established and accepted paradigm for signal-
induced NF-�B activation, there is growing evidence, including
data from our laboratory, that NF-�B can localize to the nucleus in
nonstimulated cells (8, 9). The significance of this finding is
unknown but raises the intriguing possibility that basal nuclear
levels may regulate the expression of certain genes required for cell
survival (9). This notion is largely substantiated by increased
sensitivity of p65 NF-�B-deficient cells to death signals (5, 6, 10). In
this context, much of the known biological properties of NF-�B,
including cell survival, have been ascribed to its well established and
proven role as a transcriptional activator (4, 11). However, a less
defined but emerging property, at least in the context of cell
survival, includes its role as a transcriptional repressor (12–14).

Mitochondrial perturbations have been postulated to be an
underlying feature of the intrinsic cell death pathway (reviewed in
ref. 15). Several lines of investigation have implicated members of
the Bcl-2 gene family as regulators of the intrinsic death pathway.
Notably, Bnip3 (i.e., Bcl-2 19-kDa interacting protein) was first
identified in cells permissive for adenovirus infection as an E1B
(i.e., early region 1B) 19-kDa interacting protein (16, 17). Since
these initial observations, our laboratory established Bnip3 as a
hypoxia-inducible factor crucial for provoking mitochondrial per-
turbations and cell death of ventricular myocytes (9, 18–20). That
inappropriate Bnip3 gene expression would otherwise be lethal to
cells implies that the Bnip3 promoter must be highly regulated and
under tight transcriptional control. Indeed, the Bnip3 promoter is
subject to strong negative repression under normoxic conditions but
is highly induced in cells during hypoxia in a manner dependent on
the cellular factor E2F-1 (21).

We have identified canonical DNA-binding elements for NF-�B
and E2F-1 within the proximal Bnip3 promoter (14, 21). The
significance of this is unproven, however, because E2F-1 and
NF-�B have opposing actions on cell fate. We therefore reasoned
that the regulation of Bnip3 by these factors may be a crucial
determinant for basal cell survival. In this report, we provide
compelling evidence that NF-�B averts cell death by a mechanism
that antagonizes the transcriptional activation properties of E2F-1
at the level of the Bnip3 promoter. Our data highlight a tumor
suppressor pathway that may explain more fundamentally how cells
differentially regulate E2F-1 gene expression and avert apoptosis
for basal cell survival.

Results
IKK-NF-�B Signaling Pathway Suppresses E2F-1-Induced Cell Death.
As earlier work established a survival role for NF-�B in ventricular
myocytes, we tested whether IKK�-mediated activation of NF-�B
would suppress cell death induced by E2F-1. To test this possibility,
cells were infected with recombinant adenoviruses encoding IKK�
or E2F-1. As shown in Fig. 1 A and B, vital staining revealed that
cells expressing IKK� were indistinguishable from virally infected
control cells with respect to cell viability. In contrast, a fourfold
increase (P � 0.01) in myocyte death was observed in cells
expressing E2F-1. Importantly, cell death induced by E2F-1 was
suppressed by IKK�-mediated NF-�B activation, indicating that
signaling pathways leading to NF-�B activation by IKK� are
functionally intact and operational for suppressing E2F-1-induced
apoptosis of ventricular myocytes.
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Regulation of Bnip3 Gene Transcription by p65 NF-�B and E2F-1. To
begin to dissect the underlying mode by which NF-�B suppresses
E2F-1-induced cell death, we focused our attention on the p65
NF-�B subunit because the biological properties conferred by
NF-�B have largely been attributed to the actions of the p65. Our
earlier work demonstrated the importance of the p65 and not the
p50 subunit for suppressing apoptosis in ventricular myocytes (9,
22). We reasoned that p65 NF-�B likely impinged on one or more
key factors required for E2F-1-induced cell death. Preliminary
findings by our laboratory showed that the cellular factor E2F-1 was
crucial for basal and inducible transcription of Bnip3 (21). Coin-
cident with these findings, we observed consensus elements for
E2F-1 adjacent to the canonical elements for NF-�B within the
Bnip3 promoter (Fig. 1C). Given the close proximity of E2F-1 and

NF-�B consensus elements, we reasoned that p65NF-�B may
suppress cell death and Bnip3 transcription by interfering with the
actions of E2F-1 at the level of the Bnip3 promoter.

To test this possibility, Bnip3 gene transcription was monitored
in postnatal ventricular myocytes in the presence and absence of
eukaryotic expression vectors encoding E2F-1 or p65 NF-�B. As
shown in Fig. 1D, in contrast to vector control cells, basal Bnip3
gene transcription was markedly repressed in cells expressing the
p65 NF-�B in a dose-dependent manner. Importantly, in contrast
to vector alone, a 2.5-fold increase (P � 0.01) in Bnip3 gene
transcription was observed in cells over-expressing E2F-1. Muta-
tions of E2F-1 defective for DNA binding had no influence on basal
Bnip3 promoter activity (21). Chromatin immunoprecipitation

Fig. 1. Viability assay of postnatal ventricular myocytes. (A) Representative fluorescent images of cell stained with vital dyes calcein AM and ethidium
homodimer, indicating living (green) and dead (red) cells, respectively. (B) Quantitative data for A. (*Statistically different from control [CNTL], ‡Statistically
different from E2F-1.) (C) Schematic diagram of the Bnip3 promoter depicting the proximity of the NF-�B and E2F-1 promoter elements. (D) Dose-response curve
for inhibition of E2F-1-mediated Bnip3 promoter luciferase activity by p65 NF-�B. E2F-1 (0.5 �g DNA) was used for all conditions tested. Data are mean activation
(in fold) versus control � SE. (*Statistically different from control [CNTL].) (E) ChIP assays for E2F-1 (Upper) and P65 NF-�B (Lower) for Bnip3 promoter binding;
respective DNA input for ChIP assays are shown. (F) Immunocytochemistry for E2F-1 (green) and nuclear staining by TO-PRO-3 (blue). (G) Western blot for E2F-1
protein (Upper). �-sarcomeric actin for protein loading (Lower).
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(ChIP) analysis verified that E2F-1 directly engaged the Bnip3
promoter coincident with the increased Bnip3 gene transcription
(Fig. 1E Upper). Interestingly, a marked reduction in E2F-1 Bnip3
promoter binding and Bnip3 gene transcription was observed in
cells after IKK�-mediated NF-�B activation (Fig. 1E Upper and
Fig. 2B), suggesting that p65 protein inhibits E2F-1 Bnip3 promoter

binding. Importantly, no apparent change in E2F-1 protein levels or
nuclear localization was observed in cells after IKK�-mediated
NF-�B activation, excluding the possibility that the reduced binding
of E2F-1 to the Bnip3 promoter in NF-�B activated cells was related
to alterations in E2F-1 protein abundance, expression, or nuclear
targeting (Fig. 1 F and G). Furthermore, in reciprocal ChIP

Fig. 2. Repression of E2F-1-dependent Bnip3 gene transcription by NF-�B. (A) Schematic of WT p65 NF-�B and mutations: p65S536A is transactivation defective (11),
p65-DB is DNA binding defective (30), and p65�Rel is Rel domain deleted (12). (B) Bnip3 Promoter luciferase reporter assay (*Statistically different from control [CNTL],
‡Statistically different from E2F-1 � p65.) (C Upper) Western blot analysis for p65NF-�B proteins shown in B Lower, cytoplasmic actin to demonstrate equivalent protein
loading. (D) Luciferase reporter assay for Bnip3 promoter activity. Data are presented as described in Fig. 1A. (*Statistically different from control [CNTL], ‡Statistically
different from I�B�SA.) (E) Real-time quantitative PCR for endogenous Bnip3 mRNA levels. (*Statistically different from control [CNTL], ‡Statistically different from
I�B�SA.) (F) qPCR for endogenous Bnip3 mRNA transcript levels. (*Statistically different from control [CNTL], †Statistically different from E2F-1.) (G Upper) ChIP assay
forE2F-1Bnip3promoterbinding inventricularmyocytes. (Lower) inputDNAfortheChIPassay. (HUpper)ChIPassaydepictingE2F-1Bnip3promoterbinding inp65�/�
mouseembryonicfibroblast cells (5). (Lower) inputDNAfor theChIPassay. (Iand J)QuantitativePCRforendogenousBnip3mRNAandcell viability incontrol ventricular
myocytes and myocytes rendered defective for NF-�B activation with I�B�SA (9). (K and L) Panc-1 cells; analysis is as described for I and J. (Bnip3�TM, Bnip3 mutant
defective for mitochondrial targeting; shRNA, short hairpin interference RNA directed against Bnip3.)
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experiments, we tested whether over-expression of E2F-1 would
inhibit p65 Bnip3 promoter binding. As shown in Fig. 2E Lower,
binding of p65NF-�B to the Bnip3 promoter was reduced in cells
over-expressing E2F-1 compared with vector control cells or cells
expressing siRNA directed against E2F-1—a finding consistent
with the increased Bnip3 promoter activity by E2F-1 (Fig. 1D).

Inhibition of E2F-1-Mediated Bnip3 Gene Transcription by p65 NF-�B.
To verify that the inhibitory actions imposed by NF-�B on E2F-1-
dependent Bnip3 transcription were not related to the de novo
activation of NF-�B-regulated genes, we tested whether a mutation
of p65 NF-�B previously shown to be defective for transactivation
would influence E2F-1-mediated transcription of Bnip3 (Fig. 2A).
As shown in Fig. 2B, E2F-1-dependent Bnip3 gene transcription
was repressed by either the WT p65 NF-�B or mutations of
p65NF-�B defective for transactivation, verifying that inhibitory
actions imposed by p65 NF-�B were not likely contingent on gene
de novo transcription by the p65 NF-�B. Interestingly, however,
E2F-1-mediated Bnip3 transcription was unaffected by a mutation
of the p65 NF-�B defective for DNA binding, indicating that DNA
binding properties of p65NF-�B are required to suppress Bnip3
transcription by E2F-1. Importantly, as shown in Fig. 2C, all p65
proteins tested were expressed to comparable levels, substantiating
that the observed findings on Bnip3 gene transcription were related
to differences in p65 protein function and not caused by differences
in efficiency of delivery or protein expression among WT p65 and
mutant proteins. Because the majority of the regulatory properties
conferred by p65 NF-�B have been attributed to the Rel homology
domain, we tested whether this domain of the p65 NF-�B subunit
was involved in the repression of Bnip3 transcription. As shown in
Fig. 2B, E2F-1-directed Bnip3 transcription was relatively unaf-
fected by the p65 Rel domain deletion mutation, indicating that the
negative regulation of Bnip3 gene transcription by p65 likely
involves this domain. Further, deletion or point-substitution muta-
tions of the NF-�B/RelA elements within the Bnip3 promoter
abrogated the inhibitory actions of p65 NF-�B on Bnip3 gene
transcription, substantiating that repression of Bnip3 by p65 protein
is mediated through the NF-�B elements (9).

E2F-1 Bnip3 Gene Transcription in Cardiac and Pancreatic Cancer Cells.
To validate the notion that NF-�B suppresses basal Bnip3 tran-
scription by antagonizing the actions of E2F-1 at the level of the
Bnip3 promoter, we tested this possibility by rendering cells defec-
tive for NF-�B activation with a nonphosphorylatable form of I�B�
(I�B�SA), shown by our laboratory to inhibit NF-�B signaling in
ventricular myocytes (9). As shown in Fig. 2D, basal Bnip3 gene
expression was increased twofold (P � 0.01) in cells defective for
NF-�B signaling—a finding concordant with our earlier work and
the notion that the Bnip3 promoter is repressed by NF-�B signaling.
To prove that the resultant increase in basal Bnip3 transcription in
the absence of NF-�B signaling was directly related to actions of
E2F-1 at the Bnip3 promoter, we next tested whether genetic
knockdown of E2F-1 in cells defective for NF-�B activation would
inhibit Bnip3 gene transcription. As shown in Fig. 2 D and E, the
observed increase in Bnip3 gene transcription in cells defective for
NF-�B activation was markedly suppressed by genetic knockdown
with siRNA directed against E2F-1. Earlier work by our laboratory
authenticated the specificity of siRNA-E2F-1 used for impairing
E2F-1 (21). Furthermore, quantitative real-time PCR verified the
Bnip3 promoter luciferase assay data, demonstrating the induction
of the endogenous Bnip3 gene by E2F-1 in the absence of NF-�B
signaling (Fig. 2 E and F). Moreover, ChIP analysis of the Bnip3
promoter verified that E2F-1 binding to the Bnip3 promoter was
increased in cardiac cells rendered defective for NF-�B signaling
with the I�B�SA (21), a finding consistent with our Bnip3 tran-
scription data (Fig. 2D). To conclusively prove that p65 NF-�B
disrupts E2F-1 Bnip3 promoter binding, we assessed by ChIP
analysis the extent of E2F-1 binding to the Bnip3 promoter in cells

derived from p65�/� mouse embryonic fibroblasts (5). As shown
in Fig. 2H, E2F-1 bound the Bnip3 promoter under basal conditions
in p65�/� cells. Importantly, repletion of p65 NF-�B subunit back
into p65�/� cells prevented E2F-1 Bnip3 promoter binding (Fig.
2H). Furthermore, earlier we showed that deletion of the NF-�B
DNA element base pairs (-1070/-1079) within the proximal Bnip3
promoter in increased basal Bnip3 gene transcription (9), high-
lighting the importance of this NF-�B site for inhibiting Bnip3
promoter activity. Together, our data substantiate that negative
regulation imposed by NF-�B antagonizes E2F-1 at the level of the
Bnip3 promoter. Because defects in apoptosis signaling have been
postulated to be an underling feature of many cancers, we next
assessed whether E2F-1-dependent Bnip3 transcription is regulated
in human pancreatic ductal carcinoma cells (Panc-1), which contain
elevated levels of NF-�B. Inactivation of NF-�B in ventricular
myocytes (Fig. 2 I and J) and Panc-1 cells (Fig. 2 K and L) resulted
in a 2.6-fold and 2.3-fold increase, respectively, in endogenous
Bnip3 gene transcription and cell death. Furthermore, genetic
knock-down of E2F-1 with siRNA or by overexpression of retino-
blastoma gene product (Rb) as a means to inhibit E2F-1 activity
suppressed Bnip3 gene transcription and cell death in cardiac
defective for NF-�B signaling (Fig. 2 I and J). These findings not
only verify that Bnip3 promoter is repressed by NF-�B, but impor-
tantly highlight that its induction is contingent on E2F-1 and not
lineage-restricted. Importantly, the increased cell death observed in
the Panc-1 cells rendered defective for NF-�B activation was
contingent on Bnip3 activation, because loss of Bnip3 function by
dominant-negative inhibition or genetic knock-down of Bnip3
independently suppressed cell death (Fig. 2L). Collectively, our
data substantiate that the link between NF-�B and E2F-1 for the
regulation of Bnip3 is functionally conserved in cardiac and pan-
creatic cancer cells.

E2F-1 Bnip3 Promoter Binding During Hypoxia. As earlier work by our
laboratory established that IKK�-mediated activation of NF-�B
was sufficient to suppress hypoxia-induced mitochondrial defects
and cell death of ventricular myocytes imposed by Bnip3 (9, 23), we
were interested in determining whether the observed repression of
Bnip3 by NF-�B during hypoxia was related to alterations in E2F-1
activity at the level of the Bnip3 promoter. For these studies, we
performed ChIP assays of the Bnip3 promoter to assess E2F-1 and
p65 DNA binding under normoxic and hypoxic conditions. As
shown in Fig. 3A, in contrast to normoxic control cells, a marked
reduction in p65NF-�B Bnip3 promoter binding was observed in
cells subjected to hypoxia. Concordant with these findings was a
dramatic reduction in p65 protein levels in hypoxic cells (Fig. 3 B
and C), a finding consistent with our earlier work (9). The hypoxia-
induced loss of p65 NF-�B Bnip3 promoter binding was accom-
panied by a reciprocal increase in E2F-1 nuclear staining and E2F-1
Bnip3 promoter binding (Fig. 3 A and C). These findings are in
complete agreement with the de-repression of the Bnip3 promoter
and induction of Bnip3 gene transcription by E2F-1 during hypoxia
(9). Importantly, activation of NF-�B by IKK� restored p65 binding
to the Bnip3 promoter and repressed hypoxia-induced binding of
E2F-1. This finding is in complete agreement with the ability of
IKK� mediated NF-�B activation to repress Bnip3 gene transcrip-
tion and cell death in hypoxic cells (9). Collectively, our data
strongly suggest that Bnip3 gene transcription is negatively regu-
lated by NF-�B by a mechanism that antagonizes the ability of
E2F-1 to engage the Bnip3 promoter.

PI3K/Akt Survival Pathway Blocks Bnip3 Expression. Because the
PI3K/Akt survival kinases are known to signal through NF-�B,
we next assessed whether Akt activation would influence Bnip3
expression levels in ventricular myocytes. For these experiments,
cardiac cells were infected with recombinant adenoviruses en-
coding constitutively active or kinase inactive forms of Akt. As
shown by Western blot (Fig. 3D), Bnip3 expression levels were
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markedly decreased in cells in the presence of the constitutively
active form of Akt. However, Bnip3 expression was relatively
unaffected in cells expressing the kinase inactive form Akt.
Furthermore, the inhibitory actions imposed by Akt on Bnip3
expression were contingent on a functional IKK�-NF-�B sig-
naling pathway, because the ability of Akt to suppress Bnip3
expression was abrogated by a kinase inactive form of IKK�.
This suggests that IKK�-mediated NF-�B signaling is down-
stream of Akt-mediated repression of Bnip3.

Discussion
Bnip3 is uniquely distinguished from other Bcl-2 gene family
members known to provoke cell death by at least two important
features. First, Bnip3 expression is transcriptionally induced by
ischemic or hypoxic stress, and second, the Bnip3 promoter con-
tains DNA binding elements for NF-�B and E2F-1 that are absent
from the other Bcl-2 death factors. These unique properties of
Bnip3 highlight its importance as a key regulator of cell death
during hypoxic injury and its transcriptional divergence from the
other Bcl-2 death proteins. Given that de-regulated Bnip3 gene
expression would otherwise provoke mitochondrial defects and cell
death, it is implied that the Bnip3 promoter must be under tight
transcriptional control (9). Earlier work by our laboratory demon-
strated that part of the survival paradigm elicited by NF-�B involves
the strong transcriptional repression of the Bnip3 promoter (9, 14).
The de-repression of Bnip3 in the absence of NF-�B signaling is
intriguing and implies that NF-�B may suppress or impinge on a factor
that may otherwise be required for basal Bnip3 gene transcription.

E2F-1 has been shown to provoke apoptosis in a variety of cell
types, including cardiac myocytes (21, 24, 25). Thus, the findings of
the present study are consistent with a model in which NF-�B
suppresses cell death by directly antagonizing the actions of E2F-1
on Bnip3 gene transcription. The relationship between E2F-1 and

p65 NF-�B for the regulation of basal Bnip3 gene transcription is
even more profound given that we have shown that, even under
normoxic conditions, in the absence of HIF-1� activation, genetic
knock-down of E2F-1 completely suppressed the basal increase in
Bnip3 gene transcription in cardiac and Panc-1 cells rendered
defective for NF-�B. These findings not only substantiate the
importance of E2F-1 for activation of the Bnip3 promoter, but
highlight the interplay between NF-�B and E2F-1 for regulating cell
survival. Because the inability of cells to effectively mount an
apoptotic response is a primary defect in most cancers, it is tempting
to speculate that the inhibition of E2F-1-dependent death gene
expression by NF-�B may confer a growth advantage for cells in
hypoxic tumors. Concordant with this view is a recent report
documenting the inhibition of a subset of E2F-1- regulated apo-
ptotic genes by the PI3K/Akt pathway in breast and ovarian cancers
(26). However, in that study, the underlying mechanism by which
PI3K/Akt inhibited E2F-1-dependent death gene expression was
not determined. Our data strongly suggest that NF-�B activation
down-stream of the Akt signaling pathway is crucial for the inhib-
itory actions imposed on Bnip3 gene transcription. Indeed, the
de-repression of Bnip3 transcription in cardiac myocytes and
Panc-1 cells upon NF-�B inhibition, as seen here, is consistent with
this notion.

We provide the following tenable models to explain our findings.
First, given that E2F-1 and NF-�B elements are located adjacent to
each other, the p65 NF-�B subunit may simply obscure or sterically
impair the transactivation potential of E2F-1, thereby inhibiting
Bnip3 gene transcription. This notion is supported by the fact that
genetic knock-down of E2F-1 under basal conditions inhibited
Bnip3 transcription. However, the reduction in E2F-1 bound to the
Bnip3 promoter after NF-�B activation argues against this possi-
bility. An alternative, more plausible, explanation purports that
NF-�B likely displaces or prevents recruitment of E2F-1 to the

Fig. 3. NF-�B activation prevents
hypoxia-induced E2F-1 binding to
the Bnip3 promoter. (A) ChIP anal-
ysis for E2F-1 (Upper) and p65
(Lower) Bnip3 promoter binding in-
put DNA for ChIP assay shown. (B)
Western blot analysis for p65 NF-�B
under normoxia (CNTL) and hyp-
oxia (HYPX). (C) Epifluorescence mi-
croscopy for endogenous E2F-1
(red) and p65 (green) proteins in
ventricular myocytes (magnifica-
tion 600�). (D Upper) Western blot
analysis for Bnip3 in the absence
and presence of constitutively ac-
tive Akt (Akt myr), kinase-dead Akt
(Akt KD), WT IKK� (IKK� wt), kinase
inactive IKK� (IKK� KM), and pro-
teasome inhibitor lactacystine (1
�M, lacta). (Lower) �-sarcomeric ac-
tin for protein loading. (E) Model
for regulation of basal cell survival
(see text for details), NF-�B blocks
basal E2F-1-dependent Bnip3 pro-
moter binding and Bnip3 transcrip-
tion (solid green arrow). Loss of
NF-�B activity de-represses the
Bnip3 promoter, allowing E2F-1
Bnip3 promoter binding, Bnip3
gene transcription, and cell death
(dotted red arrow).
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Bnip3 promoter under nonapoptotic conditions. This view is sup-
ported by several salient and key observations: E2F-1 binding to the
Bnip3 promoter was dramatically increased in p65�/� cells; mu-
tations of p65 defective for DNA binding prevented the inhibitory
actions of p65NF-�B on E2F-1-mediated Bnip3 gene transcription;
and similarly, a nonphosphorylatable form of I�B�, which prevents
nuclear targeting of p65NF-�B, increased basal E2F-1 binding to
the Bnip3 promoter and Bnip3 gene transcription—a finding
consistent with the reduction in p65NF-�B protein levels during
hypoxia (9). Perhaps most compelling was our finding that E2F-1-
Bnip3 promoter binding was abrogated upon repletion of p65
subunit into p65�/� cells. Last, the fact that IKK�-mediated
NF-�B activation suppressed basal and hypoxia-inducible E2F-1
binding to the Bnip3 promoter and Bnip3 gene transcription (9)
without influencing E2F-1 protein levels or nuclear targeting
suggests that NF-�B actively prevents E2F-1-Bnip3 promoter binding.

Based on our findings, we envision a model for the regulation of
Bnip3 promoter activity and cell death by NF-�B and E2F-1 (Fig.
3E). In this paradigm, p65NF-�B serves as a ‘‘molecular switch’’ or
functional check-point that regulates E2F-1-dependent death gene
expression. Because inappropriate Bnip3 activation would other-
wise have catastrophic consequences in postmitotic organs such as
the heart, the basal repression of E2F-1-dependent Bnip3 expres-
sion by NF-�B is crucial for actively averting apoptosis. However,
in tumor cells, the inability to effectively mount an apoptotic
response in the face of excessive NF-�B- and E2F-1-mediated
proliferative signals is viewed as a requisite for cell transformation.
This is perhaps best exemplified by the counterintuitive and unex-
pected tumor development in mice deficient for E2F-1 (27). Thus,
the cell death machinery must be precisely balanced to ensure tissue
homeostasis in a cell- and context-specific manner. Although
unproven, we speculate that therapeutic abrogation of NF-�B
activity in E2F-1-dependent tumors would de-repress Bnip3 gene
transcription and render cells more susceptible to conventional
chemotherapeutic agents. This notion is in line with our earlier
work and the increased Bnip3 expression and apoptosis in p65�/�

cells (9, 14, 23). Thus, our data highlight a survival paradigm for
NF-�B that includes the active transcriptional inhibition of E2F-1-
dependent death gene expression down-stream of the Rb/E2F-1
pathway. Our data may fundamentally explain how cardiac cells
discriminate between the growth- and apoptosis-inducing proper-
ties of E2F-1 for basal cell survival and why cancer cells fail to
effectively undergo apoptosis when NF-�B is chronically activated.

Materials and Methods
Cell Culture and Transfection. Postnatal cardiac myocytes from 2-d-old Sprague–
Dawley rat hearts were isolated and submitted to primary culture (17, 18).
Myocytes were transfected with the 2.3-kbp human Bnip3 promoter luciferase
reporter (Bnip3 wt Luc) as we reported (9) (Fig. S1). Expression plasmids encoding
epitope-FLAG-tagged WT p65, and derivatives defective for transactivation (p65
S529A,p65S536A,p65Reldeletion)orDNAbinding (p65Y23A,E26D,designated
p65-DB) have been reported (12, 28). Luciferase activity was normalized to
�-galactosidase activity.

Immunoprecipitation and Western Blot. For immunodetection of p65-NF-�B and
E2F-1 proteins, cardiac myocytes cell lysates (100 �g) were resolved on a 10%
SDS/PAGE gel. p65 NF-�B or E2F-1 proteins were detected by using antibodies
directed against p65 protein (clone C20, cat. no. sc-372) or E2F-1 protein (clone
KH95, cat. no. sc-251; 1 �g/ml; Santa Cruz Biotechnology). Bound proteins were
detected by enhanced chemiluminescence reagents (Amersham Pharmacia).

ChIP Assay. ChIP assays were performed by using a ChIP assay kit (Upstate
Biotechnology) as reported (29). DNA was amplified by using PCR primer pairs
designed to amplify a 278-bp segment of the Bnip3 promoter spanning the E2F-1
and NF-�B elements: forward, 5�-AAAGCGGGAAATGAGAAAGC-3�; reverse, 5�-
TCGAGCAGAGTCGAAAGAGTC-3�. PCR amplification products were analyzed on
a 2% agarose gel as we reported (21).
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