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The E2F1 transcription factor is a critical down-
stream target of the tumor suppressor pRB. The retino-
blastoma (RB) pathway is often inactivated in human
tumors, resulting in deregulated E2F activity that can
induce both proliferation and apoptosis. Bcl-2 homology
3 (BH3)-only proteins are pro-apoptotic members of the
Bcl-2 protein family that trigger apoptosis in response
to diverse stimuli. We show here that E2F1 up-regulates
the expression of the pro-apoptotic BH3-only proteins
PUMA, Noxa, Bim, and Hrk/DP5 through a direct tran-
scriptional mechanism. Expression of the E7 protein of
HPV16, which disrupts RB/E2F complexes, also up-reg-
ulates the expression of these four BH3-only proteins,
implicating endogenous E2F in this phenomenon. In-
deed, endogenous E2F1 binds the promoters of these
four genes. Furthermore, inhibition of E2F1-induced ex-
pression of either Noxa or PUMA results in a significant
reduction in E2F1-induced apoptosis, indicating that in-
creased Noxa and PUMA levels mediate this E2F1-in-
duced apoptosis. Importantly, inhibition of E2F activity
abolishes DNA damage-induced elevation of PUMA lev-
els, implicating E2F in the physiological regulation of
PUMA expression. These data provide a novel direct
link between E2F and the apoptotic machinery and may
explain the increased sensitivity of cells with a defective
RB/E2F pathway to chemotherapy.

The retinoblastoma (RB)1 tumor suppressor pRB is a piv-
otal negative regulator of cell cycle progression whose inhib-
itory activity is largely attributed to its association with
members of the E2F family of transcription factors (1). E2Fs
are best known for their involvement in the timely activation
of genes required for cell cycle progression (1). However, it is
currently clear that E2Fs have important roles in regulating
both cell proliferation and apoptosis. Indeed, ectopic expres-
sion of E2F1 and, in some settings, E2F2 and E2F3 also,
results in apoptosis (2, 3). Moreover, loss of either E2F1 or
E2F3 suppresses apoptosis in RB-deficient mice embryos (4,
5). E2F-induced apoptosis occurs via both p53-dependent and
p53-independent pathways, and it has been demonstrated

that a number of E2F-regulated genes, including p14/
p19ARF, p73, Apaf-1, and caspases, contribute to this E2F-
induced apoptosis (6–12). Nevertheless, the molecular mech-
anisms underlying E2F1-induced apoptosis are not fully
understood.

Bcl-2 homology 3 (BH3)-only proteins are members of the
Bcl-2 protein family that trigger apoptosis. They share with
each other and with the rest of the Bcl-2 family only a nine-
amino acid BH3 domain. BH3-only proteins serve to integrate
diverse apoptotic stimuli into a common cell death pathway
governed by other multidomain Bcl-2 family members. Two
such multidomain pro-apoptotic proteins, BAK and BAX, serve
as essential effectors of cell death induced by BH3-only
proteins (13).

We now show that E2F1 regulates the expression of the
pro-apoptotic BH3-only proteins PUMA, Noxa, Bim, and Hrk/
DP5. Furthermore, increased Noxa and PUMA levels mediate
E2F1-induced apoptosis.

EXPERIMENTAL PROCEDURES

Cell Culture—NIH3T3 cells were grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% bovine calf serum. SAOS2
expressing the murine ecotropic receptor and mouse primary fibro-
blasts derived from mice deficient in p53 cells were grown in Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal calf se-
rum. Cells were maintained at 37 °C in a humidified 8% CO2-
containing atmosphere. To induce activation of ER-E2F1 and ER-E7,
cells were treated with 400 nM 4-hydroxytamoxifen (OHT) for the
times indicated (Figs. 1, 3, 5, 7, and 8). Cycloheximide (10 �g/ml) was
used for 4 h.

Plasmids—The following plasmids have been described previously:
pRcCMV-HA-E2F1, pCMV-�Gal, pBabe-E2F1, and pBABE-HA-ER-
E2F1 (14); pBABE-HA-ER-E7 (15); PUMA-luciferase (16); Noxa-lucif-
erase and Noxa-mut-luciferase (17); and Bim-luciferase (18). pBABE-
HA-DP1-(127–410) was generated by transferring the DP1 insert from
pCMV-DP1-(127–410) (19) to pBABE-puro.

To create Hrk/DP5-luciferase, a 390-bp fragment of the Hrk/DP5
putative promoter region from �356 to �34 was generated by PCR
using genomic DNA of NIH3T3 cells as template and the primers 5�-
GGGATCTTTTCGCATTACGG-3� and 5�-GGGACACGGGCACATGGC-
3�. This fragment was cloned into pGL3-basic-Luc. To generate
pRETRO-SUPER constructs, the pRETRO-SUPER vector (20) was di-
gested with BglII/HindIII and ligated with the double strand oligonu-
cleotides. Sequences of oligos are available upon request.

Transfection and Infection Assays—NIH3T3 cells were transfected
by LipofectAMINE reagent (Invitrogen). Infection, cell lysis, �-galacto-
sidase, and luciferase assays were performed essentially as described
(14). 24 h after infection, 2 �g/ml puromycin or 300 �g/ml hygromycin
was added to the cultures for 24 or 72 h, respectively.

Reverse Transcription (RT)-PCR and Western Blotting—Total RNA
was extracted from the cells using the TRI Reagent method (TR-118;
Molecular Research Center, Inc.). RT-PCR was performed as described
previously (14). Sequences of the primers for distinct genes are avail-
able upon request. Western blot analysis was performed essentially as
described (14).

Chromatin Immunoprecipitation—Approximately 108 cells were
cross-linked by the addition of formaldehyde directly to the growth
medium (final concentration, 1%). Cross-linking was stopped after 10
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min at room temperature by the addition of glycine (final concentra-
tion, 0.125 M). Cross-linked cells were washed with PBS, trypsinized,
scrapped, washed with PBS, and then resuspended in buffer I (10 mM

Hepes, pH 6.5, 10 mM EDTA, 0.5 mM EGTA, and 0.25% Triton X-100).
Cells were pelleted by microcentrifugation and then resuspended in
buffer II (10 mM Hepes, pH 6.5, 1 mM EDTA, 0.5 mM EGTA, and 200
mM NaCl). After microcentrifugation, nuclei were resuspended in
lysis buffer (50 mM Tris, pH 8.1, 10 mM EDTA, 1% SDS, and protease
inhibitors). The resulting chromatin was sonicated to an average size
of 1000 bp and then microcentrifuged. The supernatant was diluted
1:10 with dilution buffer (10 mM Tris, pH 8.1, 150 mM NaCl, 2 mM

EDTA and 1% Triton X-100) and divided into aliquots. After pre-
clearing with blocked protein A-Sepharose beads, 1 �g of antibody
was added to each aliquot of chromatin and incubated on a rotating
platform overnight at 4 °C. Immunocomplexes were recovered with
blocked protein A-Sepharose beads. Following extensive washing,
bound DNA fragments were eluted and analyzed by subsequent PCR.

The antibody used is anti-E2F1 (sc-193; Santa Cruz Biotechnology).
Sequences of primers used for PCR are available upon request.

FACS Analysis—Cells were trypsinized and fixed with 70% ethanol
(4 °C overnight). After fixation, cells were centrifuged for 5 min at 1200

FIG. 1. Over-expressed or deregulated E2F elevates levels of
BH3-only genes. A, NIH3T3 cells were infected with a pBabe-puro
retroviral vector (vector) or with a retrovirus expressing E2F1 (E2F1).
Total RNA was extracted from the cells, and RT-PCR was performed
using specific primers for the PUMA, Noxa, Bim, Hrk/DP5, and GAPDH
genes. B, NIH3T3 cells were infected with a retrovirus expressing
ER-E7. Cells were then treated with OHT for 20 h (�) or not treated
(�). Total RNA was extracted from the cells, and RT-PCR was per-
formed using specific primers for the PUMA, Noxa, Bim, Hrk/DP5, and
GAPDH genes. C, NIH3T3 cells containing either ER-E2F1 (upper
panel) or ER-E7 (lower panel) were treated with OHT for the times
indicated at the top of each lane. Proteins were extracted from the cells,
and equal amounts of protein (determined by Bradford assay) were used
for Western blot analysis with an anti-PUMA antibody (IMG-459), an
anti-Noxa antibody (sc-11719), and an anti-GAPDH antibody (MAB374;
Chemicon).

FIG. 2. Expression of BH3-only genes is growth related.
NIH3T3 cells were starved for 48 h with 0.5% serum, and then serum
was added to the medium to a final concentration of 20%. At the
indicated times after serum addition, cells were harvested for FACS
analysis and RNA extraction. RT-PCR was performed on the total RNA
using specific primers for the PUMA, Noxa, Bim, Hrk/DP5, and elon-
gation factor 1 (EF1) genes. Cell cycle distribution as determined by
FACS analysis is presented (bottom panel).

FIG. 3. PUMA, Noxa, Bim, and Hrk/DP5 are direct E2F targets.
NIH3T3 cells containing ER-E2F1 were incubated with OHT for the times
indicated at the top of each lane. Where indicated, cycloheximide (CHX)
was added for 4 h prior to harvesting. Total RNA was extracted from the
cells, and RT-PCR was performed using specific primers for the PUMA,
Bim, and GAPDH (A) or the Noxa, Hrk/DP5, and GAPDH genes (B).
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rpm and incubated for 30 min at 4 °C in 1 ml of PBS, centrifuged, and
resuspended in PBS containing 5 mg/ml propidium iodide and 50 �g/ml
RNase A for 20 min at room temperature. Fluorescence intensity was
analyzed using a Becton Dickinson flow cytometer.

Colony Formation Assay—Equal numbers of cells were plated on
60-mm plates and grown for 2 weeks in the absence or presence of OHT
(300 nM). Then cells were fixed using formaldehyde and stained with
crystal violet.

RESULTS

To determine whether E2F regulates the expression of BH3-
only proteins, we examined the effect of E2F1 on the expression
of four members of the BH3-only family, namely PUMA, Noxa,
Bim, and Hrk/DP5. Introduction of E2F1 into NIH3T3 cells by
retrovirus-mediated gene transfer resulted in a significant in-
crease in the endogenous mRNA levels of all four BH3-only
genes (Fig. 1A). Murine Bim has three isoforms, and all three
are induced by E2F1 (Fig. 1A). To study the regulation of
expression of BH3-only genes by endogenous E2F, we infected
NIH3T3 cells with a retrovirus containing an inducible human
papilloma virus HPV16 E7 (ER-E7) protein that disrupts RB/
E2F complexes, thereby leading to the deregulation of E2F
activity. Addition of the ligand OHT, which activates the
ER-E7 fusion protein, led to a significant increase in endoge-
nous mRNA levels of these four BH3-only genes (Fig. 1B).
These data strongly suggest that deregulated endogenous E2F
elevates the expression of endogenous PUMA, Noxa, Bim, and
Hrk/DP5. The positive effect of E2F on the expression of rep-
resentative BH3-only genes could also be confirmed at the level
of the corresponding proteins (Fig. 1C).

The fact that deregulation of endogenous E2F induces ex-
pression of PUMA, Noxa, Bim, and Hrk/DP5 (Fig. 1, B and C)
suggests that these genes are physiological targets of E2F. In
support of this notion, mRNA levels of all four genes increase as
quiescent cells reenter S phase (Fig. 2). This growth-regulated
expression of PUMA, Noxa, Bim, and Hrk/DP5 is similar to the
previously demonstrated pattern of expression of many bona
fide E2F target genes.

To determine whether BH3-only proteins are direct targets
of E2F, we infected NIH3T3 cells with a retrovirus expressing
ER-E2F1 (21). Induction of E2F1 by the addition of OHT to
these cells led to an increase in mRNA levels of PUMA, Noxa,
Bim, and Hrk/DP5 (Fig. 3). Importantly, the E2F1-induced
increase in mRNA levels of these four BH3-only genes was
detected also in the presence of the protein synthesis inhibitor,
cycloheximide. These data indicate that de novo protein syn-
thesis is not required for E2F1-induced up-regulation of these
four genes, suggesting that they are direct targets of E2F.
Interestingly, expression of these genes was induced with dif-
ferent kinetics; whereas the expression of PUMA and Bim was
already maximal 4 h after the addition of OHT (Fig. 3A), the
induction of Noxa and Hrk/DP5 was detectable only 8 h after
induction (data not shown) and was maximal 16 h post
induction (Fig. 3B).

Sequence analysis of the promoters of the four BH3-only
genes demonstrated that the murine Noxa, Bim, and PUMA
promoters contain putative E2F binding sites at positions
�109, �3, and �8, respectively (Fig. 5B, and data not shown).

FIG. 4. E2F1 up-regulates the activ-
ity of the PUMA, Noxa, Bim, and Hrk/
DP5 promoters. NIH3T3 cells were
transfected with the reporter plasmids
pCMV-�-galactosidase and either PUMA-
luciferase (A), Hrk/DP5-luciferase (B),
Noxa-luciferase (C), or Bim-luciferase (D),
either alone or with an expression vector
for HA-tagged wild type E2F1 (E2F1) or
an HA-tagged DNA binding mutant of
E2F1 (E2F1 E132). Cell extracts were
prepared 48 h after transfection and used
for a luciferase assay, a �-galactosidase
assay, and Western blot analysis with an
anti-HA polyclonal antibody (sc-805,
lower panels). The bar graphs depict fold
of activation in the luciferase assay after
normalization for �-galactosidase activ-
ity. Each of the experiments is a repre-
sentative of at least three independent
experiments performed in duplicate.
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In some cases the promoters of these BH3-only genes have not
been formally characterized, but the genomic sequences up-
stream to the transcription start sites of human Noxa and both
human and murine Hrk/DP5 contain putative E2F binding
sites. The human PUMA promoter does not contain any con-
sensus E2F-binding sites; however, various promoters were
shown to recruit E2F via a mechanism independent of the
defined consensus site (22).

Responsiveness of the PUMA, Hrk/DP5, Noxa, and Bim pro-
moters to E2F was studied using luciferase reporter plasmids
that contain their promoters. The studied promoter fragments
were the �428/�67 region of the human PUMA promoter (16),
the �356/�34 region of the murine Hrk/DP5 genomic sequence
upstream to the transcription start site (as determined by Ref.
23), the �183/�146 region of the murine Noxa promoter (17),
and the �699/�96 region of the murine Bim promoter (18).

Co-transfection of either the PUMA-Luc reporter or the Hrk/
DP5-Luc reporter together with an E2F1 expression vector into
NIH3T3 cells resulted in E2F1-induced activation of 26- and
13.6-fold, respectively (Fig. 4, A and B). The PUMA and Hrk/
DP5 promoters were not activated by an E2F1 mutant,
E2F1E132, which does not bind DNA, although E2F1E132 was
expressed at levels similar to or higher than wild type E2F1
(Fig. 4, A and B). The Noxa and Bim promoters exhibited a
qualitatively similar pattern of regulation; co-transfection of
either the Noxa-Luc reporter or the Bim-Luc reporter together
with an E2F1 expression vector into NIH3T3 cells resulted in a
4-fold E2F1-induced activation (Fig. 4, C and D). Furthermore,
the Noxa and the Bim promoters were not activated by
E2F1E132 (Fig. 4, C and D).

Expression of both PUMA and Noxa is regulated by p53 (16,
17, 24, 25). E2F1 can up-regulate p53 levels and activity via

FIG. 5. E2F1 increases expression of PUMA and Noxa independently of p53. A, schematic representation of the human PUMA promoter.
p53 binding sites (p53 BS) are presented as striped boxes. B, schematic representation of the murine Noxa promoter. The p53 binding site (p53 BS)
is presented as a striped box. The E2F binding site (E2F BS) is presented as a blank box and an 8-mer nucleotide sequence. C, NIH3T3 cells were
transfected with the �128 PUMA-luciferase reporter (that contains a fragment of the human PUMA promoter spanning �128 to �67 and does not
contain the p53 binding sites) and pCMV-�-galactosidase, either alone or with an expression vector for HA-tagged wild type E2F1 (E2F1) or an
HA-tagged DNA binding mutant of E2F1 (E2F1 E132) and processed as in Fig. 4. D, NIH3T3 cells were transfected with the Noxa reporter mutated
at its p53 binding site (Noxa-mut-luc) and pCMV-�-galactosidase, either alone or with an expression vector for HA-tagged wild type E2F1 (E2F1)
or HA-tagged DNA binding mutant of E2F1 (E2F1 E132) and processed as in Fig. 4. Each of the experiments depicted in C and D is a representative
of at least three independent experiments performed in duplicate. E, mouse embryo fibroblasts derived from mice deficient in p53 were infected
with a pBabe-puro retroviral vector (vector) or a retrovirus expressing E2F1 (E2F1). Total RNA was extracted from the cells, and RT-PCR was
performed using specific primers for the PUMA, Noxa, and GAPDH genes. F, SAOS2 cells containing ER-E2F1 were incubated with OHT for the
times indicated at the top of each lane. Total RNA was extracted from the cells, and RT-PCR was performed using specific primers for the PUMA
and GAPDH genes.
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direct activation of ARF transcription. NIH3T3 cells lack func-
tional ARF (26); however, E2F1 may activate p53 via addi-
tional, ARF-independent mechanisms (14). The possible in-
volvement of p53 in E2F1-induced up-regulation of PUMA and
Noxa promoter activity was tested using mutant promoters
lacking functional p53 binding sites.

A truncated PUMA promoter lacking the p53-binding sites,
which is not activated by p53 (Fig. 5A, and Ref. 16), was
activated by wild type E2F1 but not E2F1E132 (Fig. 5C). Sim-
ilarly, a mutation in the p53-binding site, which abrogates
activation by p53 (Fig. 5B and (17)), did not inhibit activation of
the Noxa promoter by wild type E2F1 (Fig. 5D). These data
indicate that the activity of the promoters of both PUMA and
Noxa can be up-regulated by E2F1 in a p53-independent man-
ner. This also excludes indirect E2F-induced activation of
PUMA and Noxa via the E2F-regulated p53 family member,
p73, because regulation of PUMA and Noxa expression by p73
should most probably utilizes the same binding sites as p53.
These data are in agreement with the demonstration that
E2F1-induced up-regulation of PUMA and Noxa does not re-
quire de novo protein synthesis (Fig. 3).

An involvement of p53 in the E2F1-induced increase of
PUMA and Noxa was further excluded by the finding that
ectopic expression of E2F1 in mouse primary fibroblasts de-
rived from p53-null mice resulted in elevated levels of both
PUMA and Noxa (Fig. 5E). Levels of Hrk/DP5 and Bim were
also elevated by E2F1 in these cells (data not shown). In addi-
tion, activation of ER-E2F1 in the p53-deficient human SAOS-2
cells led to an increase in PUMA mRNA levels (Fig. 5F). Ex-
pression of Noxa could not be detected in these cells (data not
shown). These data further indicate that regulation of PUMA
and Noxa by E2F1 is p53-independent.

To demonstrate the involvement of endogenous E2F1 in reg-
ulating the expression of these four BH3-only genes, we per-
formed a chromatin immunoprecipitation analysis in growing
NIH3T3 cells using an antibody directed against E2F1. The
promoter fragments that were amplified are �250/�47 of
PUMA, �311/�25 of Noxa, �219/�57 of Bim, and �356/�34 of
Hrk/DP5. We observed a significant enrichment of all four
promoters when using the anti-E2F1 antibody (Fig. 6). Such
enrichment was not detected after amplification of an unre-
lated genomic DNA fragment (Fig. 6). These data demonstrate
interaction of endogenous E2F1 with the promoters of these
four BH3-only genes. Taken together with the ability of both
ectopically expressed E2F1 and E7 to up-regulate these genes,
these finding strongly suggest that endogenous E2F1 has a role
in regulating the expression of PUMA, Noxa, Bim, and
Hrk/DP5.

To test whether induction of BH3-only proteins plays an
important role in E2F1-induced apoptosis, we first studied the
effect of reducing Noxa expression on E2F1-induced apoptosis.
To that end, NIH3T3 cells expressing ER-E2F1 were infected
with retroviruses expressing either Noxa-specific siRNA, irrel-
evant siRNA, or an empty retroviral vector. Expression of
siRNA that inhibits Noxa expression, but not irrelevant siRNA,
abolished E2F1-induced elevation of Noxa mRNA (Fig. 7A).
Activation of E2F1 resulted in apoptotic cell death, as deter-
mined by the appearance of cells with Sub-G1 DNA content.
Importantly, this E2F1-induced apoptosis was significantly in-
hibited by the Noxa-specific siRNA but not by irrelevant siRNA
(Fig. 7, B and C). Next, we studied the effect of reducing PUMA
expression on the survival and growth of cells overexpressing
E2F1 by using a colony formation assay. To that end, SAOS2
cells expressing ER-E2F1 were infected with retroviruses ex-
pressing either PUMA-specific siRNA or irrelevant siRNA. Ex-
pression of siRNA that inhibits PUMA expression, but not
irrelevant siRNA, abolished E2F1-induced elevation of PUMA
mRNA (Fig. 8A). Activation of E2F1 resulted in a significant
reduction in the number of colonies, most probably due to
apoptosis. Inhibition of PUMA expression by the PUMA-spe-
cific siRNA led to a considerable increase in the number of
colonies (Fig. 8B). These data indicate that E2F1-mediated
up-regulation of Noxa and PUMA contribute to E2F1-induced
apoptosis. Of note, SAOS2 cells, used for the PUMA siRNA
experiments, do not contain a functional p53, and p53 levels
were unaffected by the activation of E2F1 in the NIH3T3 cells
used for the Noxa siRNA experiments (data not shown).

To test whether E2F mediates the expression of any of the
BH3-only genes in response to stimuli that ordinarily induce
them, we analyzed the induction of PUMA after genotoxic
stress. As can be seen in Fig. 9, levels of the PUMA protein are
increased when mouse embryo fibroblasts derived from p53-
deficient mice are treated with either cisplatin or doxorubicin.
Importantly, infection of these p53�/� cells with a dominant
negative mutant of the heterodimeric partner of E2F, DP1 (19),
inhibited this damage-induced elevation in the levels of PUMA
(Fig. 9), implicating endogenous E2F in the regulation of
PUMA expression in response to stress.

DISCUSSION

Our data indicate that ectopic expression of E2F1 or dereg-
ulation of the RB/E2F pathway results in coordinated up-reg-
ulation of four members of the BH3-only family, namely
PUMA, Noxa, Bim, and Hrk/DP5. Furthermore, we show that
endogenous E2F1 binds to the promoters of these four BH3-
only genes. Importantly, inhibition of expression of either Noxa
or PUMA significantly diminished E2F1-induced apoptosis,
supporting the conclusion that regulation of BH3-only protein
expression by E2F1 contributes to its apoptotic function. We

FIG. 6. Endogenous E2F1 binds the promoters of the BH3-only
genes. A chromatin immunoprecipitation assay was performed using
growing NIH3T3 cells. Cross-linked chromatin was incubated with an
antibody against E2F1 (�E2F1) or without an antibody (no Ab). Immu-
noprecipitates from each sample were analyzed by PCR using primers
specific for the PUMA, Noxa, Bim, and Hrk/DP5 promoters and for the
�-actin coding region (Actin). As a control, a sample representing 0.2%
of the total chromatin used for immunoprecipitation reactions was
included (input).
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also show that in cells lacking E2F activity, because of the
expression of a dominant negative mutant of DP1, the elevation
of PUMA levels in response to DNA damage is abrogated,
indicating that E2F mediates, at least in part, the regulation of
PUMA expression in response to stress.

Ectopic expression of each one of the four BH3-only genes
studied here, PUMA, Noxa, Bim, and Hrk/DP5, can result in
apoptosis (16, 17, 23–25, 27). However, it is believed that the
different proteins mediate death in response to distinct stimuli;
levels of PUMA and Noxa increase in response to DNA damage,
including that caused by �-irradiation and chemotherapeutic
drugs, and both genes are transcriptionally regulated by p53
(16, 17, 24, 25), yet PUMA mRNA is also induced by p53-
independent apoptotic stimuli (24). Levels of Bim increase
upon the withdrawal of cytokines or nerve growth factor in
hematopoietic cells or neurons, respectively (28, 29). In addi-
tion, Bim plays a role in apoptosis in response to Taxol or Ca2�

flux and is believed to be a critical physiological regulator of
homeostasis in hematopoietic cells (30). Levels of Hrk/DP5 are
high in embryonic neuronal tissues that undergo apoptosis
(23), and in cultured neurons its expression is increased after

nerve growth factor withdrawal (23) or exposure to �-amyloid
(31). Interestingly, �-amyloid-induced apoptosis of cultured
neurons was shown to be mediated by E2F1 (32).

A recent screen using a DNA microarray demonstrates that
ectopic expression of E2F1 elevates levels of Bad and Bid, two
additional members of the BH3-only family that have not been
shown previously to be transcriptionally regulated (33). Inter-
estingly, up-regulation of pro-apoptotic genes is not the only
effect of E2F on the Bcl-2 family, and it was shown to repress
the expression of the anti-apoptotic member of the family,
Mcl-1 (34, 35). In addition, E2F1 can also affect the expression
of Bcl-2, but the exact nature of this effect is currently under
debate and, although some studies indicate that E2F1 down-
regulates the expression of Bcl-2, others demonstrate that it
up-regulates Bcl-2 levels (36–38). Identification of other E2F-
regulated Bcl-2 family members and, in particular BH3-only
genes, awaits further studies.

Thus, the list of BH3-only genes that are regulated by E2F
may still grow. Regardless of the final number of such genes,
the coordinated E2F-induced elevation of several BH3-only
proteins described here suggests a mechanism whereby in-

FIG. 7. Noxa mediates E2F1-induced apoptosis. NIH3T3 cells containing ER-E2F1 were infected with either the pRetroSuper siRNA vector
(vector), pRetroSuper siRNA containing a nonspecific siRNA (nonspecific), or a pRetroSuper containing siRNA that inhibits Noxa expression
(Noxa). After incubation with OHT for the indicated times, cells were harvested for either FACS analysis or extraction of total RNA. A, RT-PCR
was performed on the total RNA using specific primers for the NOXA and GAPDH genes. B, flow cytometric analysis following induction of E2F1
for the times indicated at the left of each panel. The percentage of cells with sub-G1 DNA content is indicated. C, the bar graph depicts the apoptotic
rate of the samples presented in B. The percentage of apoptosis (% Apoptosis) is presented relative to the apoptosis in cells infected with
pRetroSuper siRNA vector, which is depicted as 100%.
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creased E2F activity may sensitize cells to a variety of apopto-
sis-inducing stimuli. This could be one of the reasons for the
increased sensitivity of tumor cells to chemotherapeutic drugs.
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