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E2Fs are a family of transcription factors that regulate proliferation, differentiation and apoptosis in many cell
types. E2F-1 is the prototypical E2F and the family member that has most often been implicated in also me-
diating apoptosis. To better understand the role of E2F-1 in mediating cardiomyocyte injury we initially an-
alyzed E2F family member expression after ischemia/reperfusion (I/R) in vivo or simulated ischemia in vitro.
I/R injury in vivo caused a 3.4-fold increase specifically in E2F-1 protein levels. Expression of other E2F family
members did not change. To establish the role of E2F-1 in I/R we examined the response of germline deleted
E2F-1 mice to I/R injury. Infarct size as a percentage of the area at risk was decreased 39.8% in E2F-1−/− mice
compared to E2F-1+/+ controls. Interestingly, expression of classic, E2F-1 apoptotic target genes was not al-
tered in E2F-1 null cardiomyocytes after I/R. However, upregulation of the primary member of the Forkhead
family of transcription factors, FoxO-1a, was attenuated. Consistent, with a role for FoxO-1a as an important
target of E2F-1 in I/R, a number of proapoptotic FoxO-1a target genes were also altered. These results suggest
that E2F-1 and FoxO-1a belong to a complex transcriptional network that may modulate myocardial cell
death during I/R injury.
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1. Introduction

Cell cycle progression involves the tightly regulated transduction
of mitogenic signals to cyclically expressed proteins known as cyclins
to their catalytically active targets, the cyclin-dependent protein ki-
nases (CDKs) [1,2]. Cell cycle proteins are re-expressed in dying cardi-
omyocytes in the adult heart particularly after ischemic injury [3] and
have been implicated in regulating apoptotic signaling pathways ini-
tiated by hypoxia or ischemia [4,5]. We have previously demonstrat-
ed that genetic or pharmacological inhibition of CDK-2 activity during
ischemia/reperfusion (I/R) injury not only resulted in a reduction in
infarct size but also in a decrease in apoptotic myocytes [6]. The
mechanisms by which cell cycle proteins lead to cell death and apo-
ptosis specifically are just beginning to be characterized; however,
E2F-1 is thought to be a key regulator. Hypoxia-induced CDK-2 activ-
ity in cardiomyocytes has been reported to promote apoptosis
through induction of E2F transcription factors [4]. To date, eight E2F
family members have been identified and classified as either activat-
ing or repressing transcription [7]. E2Fs 1–3 activate the transcription
of genes that promote progression through the cell cycle [8]. In con-
trast, E2Fs 4–6 are considered repressive proteins as their expression
in G0/G1 cells is elevated and they actively inhibit E2F-responsive
genes [8]. Although enhanced E2F-1 activity usually leads to prolifer-
ation, ectopic E2F-1 expression can also induce apoptosis in specific
situations [9,10] and E2F-1 is the primary family member associated
with programmed cell death [11]. Consistent with this, overexpres-
sion of E2F-1 in adult cardiac myocytes induces apoptosis [12],
which has been linked to Bnip3 induction and activation of the intrin-
sic apoptosis pathway [13]. Overexpression of E2F-3 has been shown
to induce apoptosis in cultured cardiac myocytes but whether it plays
this role under more physiologically relevant conditions in vivo is
unclear [14]. Further, it has been reported in nonmyocytes that E2F-
3 induced apoptosis is associated with induction of E2F-1 and that
the E2F-3-induced apoptosis is dependent on this E2F1 expression
[15].

To better understand the role of E2F-1 in mediating cardiomyo-
cyte death and to identify possible end effector molecules that facili-
tate E2F-1's pro-apoptotic effect, we examined mice deficient for E2F-
1 expression [16]. We demonstrate that I/R upregulates expression of
E2F-1 both in vitro and in vivo. E2F-1−/− mice are phenotypically and
histologically normal at baseline, but exhibit reduced infarct size in
response to I/R injury. Surprisingly, neither expression of previously
identified E2F-1 apoptotic gene targets nor Bnip3 were altered in
E2F-1 null hearts acutely by I/R. However, we identified the
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noncanonical E2F-1 target, FoxO-1a, as a potential end effector in car-
diomyocytes. FoxO family members are pleiotropic transcription fac-
tors that have been implicated in a number of cellular processes
including differentiation, metabolism, DNA repair and apoptosis
[17]. Interestingly, FoxO1 has previously been implicated in regulat-
ing apoptosis in cardiomyocytes [18]. More recently, investigators
have shown the direct regulation of FoxO-1a by E2F-1 via ChIP ana-
lyses [19]. Taken together, we propose that E2F-1 and FoxO-1a regu-
late a complex transcription network, the output of which may have
critical roles in mediating myocardial cell death during I/R injury.
2. Materials and methods

2.1. Animal studies

E2F-1 wildtype (E2F-1+/+) and null (E2F-1−/−) mice have been
described previously [16] and were obtained from Jackson Laborato-
ries. Mice were subjected to I/R injury as previously described [6]. Fol-
lowing a 30-minute (min) coronary artery occlusion, hearts were
collected after 30 min, 4 h (h), or 24 h of reperfusion. Sham animals
were subjected to the same procedure except the LAD was not oc-
cluded. Additional details regarding the I/R procedure may be found
in Supplemental Data.
2.2. Infarct size assessment

Infarct size was calculated as percentage of myocardial infarction
compared to the area at risk (AAR). The AAR was determined by per-
fusion of Evan's blue dye (1% in PBS) into the aorta while the LAD was
occluded at the site of the previous occlusion. Thus, all myocardial tis-
sue was stained blue, except the AAR. The hearts were then cut into
four to five transverse slices which were incubated with 1% TTC (in
PBS) at 37 °C for 25 min. The infarcted area is demarcated as a
white area, while viable tissue stains red. The stained slices were
fixed with 10% formaldehyde over night, and then were weighed
and photographed under a microscope. The AAR and the infarct size
were determined via planimetry using the NIH software Image J,
and the degree of myocardial damage was calculated as percent of in-
farcted myocardium from the AAR [6].
2.3. Cardiomyocytes and histological analyses

Neonatal rat ventricular (NRVM) and adult mouse (ACM) cardio-
myocytes were harvested as previously described [20–23]. Cardio-
myocytes were treated where stated with either an adenovirus
vector expressing GFP (control), LacZ (control), FoXO-1a (kindly pro-
vided by Dr. T.G. Unterman), or E2F-1 [12] at a multiplicity of infec-
tion of 50–100 (Ad-GFP, -LacZ, -FoXO-1a) and 10 (Ad-E2F-1)
pfu/cell. For ischemia studies, 48 h following viral infection, NRVMs
or ACMs were placed in ischemic media (IM:106 mM NaCl, 4.4 mM
KCl, 1.0 mM MgCl2, 38 mM NaHCO3, 2.5 mM CaCl2, 20 mM 2-
deoxyglucose, and 1.0 mM NaCN, pH 6.6) for 45 m, followed by 4 h
of reperfusion in serum starvation media (NRVM: 1:1 DMEM:199,
1.0% ITS (Insulin–Transferrin–Selenium, Sigma), 0.1% CD Lipid Con-
centrate, 1% Pen/Strep/L-Glutamine (PSG); ACM: MEM supplemented
with 1.0% ITS, 1% PSG, 4 mM NaHCO3, 10 mM HEPES, 0.2% BSA, 25 μM
blebbistatin).

Cells were either collected and used for RNA and protein analyses
or immediately fixed in ice-cold methanol and evidence of apoptosis
was assessed by detection of nuclear DNA fragmentation by terminal
deoxynucleotidyl transferase-mediated dUTP nick end-labeling [20]
(TUNEL, Chemicon). Additional information regarding in vitro proce-
dures may be found in Supplemental Data.
2.4. RNA and protein analysis

Total RNA was extracted (Trizol Reagent, Sigma) as per manufac-
turer's instructions. Real-time quantitative PCR was conducted using
the ABI PRISM 7700 Sequence Detection System; Taqman (Applied
Biosystems, Foster City, CA) as previously described [24]. For semi-
quantitative PCR analyses, all primers were cycled appropriately and
resolved on 1% agarose gels. Primers sequences for all genes analyzed
in the present study are available upon request.

Total and nuclear protein was extracted andWestern blotting per-
formed as previously described [21]. Cardiac mitochondria were iso-
lated as discussed earlier and protein isolated by incubating
mitochondria in lysis buffer (25 mM Tris–HCl pH 8, 250 mM NaCl,
0.5% Igepal CA630, 1 mM Na3VO4, 1 mM NaF, 1 mM PMSF, protein in-
hibitor pellet (Roche)). Protein expression was visualized using
horseradish peroxidase-conjugated secondary antibodies and en-
hanced chemiluminescence reagents (Amersham Biosciences, Sunny-
vale, California). A list of all antibodies used may be found in
Supplemental Data.

2.5. siRNA studies

NRVMs and ACMs were transfected with 125 nM of FoxO-1a, E2F-
1 or non-specific (NS) siRNA (rat and mouse where appropriate, Qia-
gen) with Lipofectamine 2000 (Invitrogen) according to the manufac-
turer's specifications. 48 h after transfection, cells were either
immediately harvested for molecular analyses, infected with virus
where indicated or exposed to IM as described above. Additional in-
formation regarding siRNA methodology may be found in Supple-
mental Data.

2.6. Statistical analyses

All data are presented as mean±SEM. Results were compared by
Student's t-test or one-way analysis of variance and Tukey's multiple
comparison post-tests as indicated, using significance at a P value
b0.05.

3. Results

3.1. E2F-1 expression is increased in response to myocardial ischemia/
reperfusion injury

Minimal in vivo data exists characterizing the expression patterns
of E2F-1 and E2F family members in myocardial tissue in response to
an ischemic insult. To resolve this deficiency, we determined mRNA
expression levels of E2F family members during I/R injury by real-
time PCR analyses. E2F-1 mRNA increased 1.4- and 2.1-fold at 4 h
and 24 h of reperfusion respectively compared to sham-operated
hearts (Fig. 1A; Pb0.05). E2F-2, -3, -4, and -5 mRNA was detectable
in the mouse adult heart but no significant changes were noted in re-
sponse to I/R. A corresponding 3-fold increase in E2F-1 protein was
observed in wildtype mice after I/R. (Fig. 1C and B; Pb0.002).

3.2. Ischemia/reperfusion injury is attenuated in E2F-1 null hearts

We have previously established that Rb, the negative regulator of
E2F-1, is phosphorylated and inactivated in response to I/R injury [6].
This finding, taken with E2F-1's increased expression would suggest
that E2F-1 activity is significantly increased after I/R. To better under-
stand the precise role of E2F-1 and to determine its involvement in
myocardial damage after I/R, we subjected E2F-1+/+ and E2F-1−/−

mice to I/R injury. E2F-1 null mice are viable and reproduce normally.
Although adult E2F-1−/− mice have excess mature T cells due to a
maturation stage-specific defect in thymocyte apoptosis [16], their
hearts appeared histologically normal and cardiac function was
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Fig. 1. E2F-1 expression is increased in response to myocardial I/R injury. A, Quantifi-
cation via real-time PCR analyses revealed that myocardial E2F-1 mRNA was increased
after 4 h and 24 h of reperfusion (n=4 per group), *Pb0.05. No significant changes
were noted in E2F-2, -3, -4, or -5 mRNA expression in response to I/R. B, Western blot-
ting on nuclear ventricular lysates after 30 min ischemia and 4 hours of reperfusion in
wildtype mice. C, Protein quantification revealed an increase in E2F-1 protein expres-
sion in wildtype hearts after reperfusion. Lamin B was used to normalize nuclear pro-
tein levels (n=4 per group), *Pb0.002 for wildtype mice after 4 h reperfusion
compared to Sham-operated mice.
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Fig. 2. E2F-1 deficiency confers cardioprotection in response to I/R injury. A, Represen-
tative E2F-1 mRNA expression obtained from semi-quantitative PCR analysis. As previ-
ously shown, E2F-1 mRNA expression is increased in wildtype mice after I/R injury. No
E2F-1 mRNA expression was detected in E2F-null animals. E2F-1+/+ and E2F-1−/−

mice were subjected to 30 m coronary occlusion followed by 24 h of reperfusion. B,
Representative TTC-stained hearts from E2F-1+/+ and E2F-1−/− hearts after I/R injury
are shown. C and D, A significant decrease in IFS was noted in E2F-null animals com-
pared to wildtype controls (n=7 per group), Pb0.001. No difference in the total area
at risk with respect to total left ventricular area was seen between E2F-1+/+ and
E2F-1−/− mice (D). E, The percentage of TUNEL positive nuclei were quantified on
myocardial sections from the indicated genotypes and treatments. *Pb0.05 E2F-1+/+

versus E2F-1−/− after I/R injury, (n=4 per group).
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indistinguishable from wildtype mice (Suppl. Fig. S1). As expected,
E2F-1 mRNA was elevated in wildtype hearts after I/R but not detect-
able in E2F-1−/− animals (Fig. 2A). Infarct size (IFS, marked by black
line) as a percentage of the area at risk (AAR, marked by grey line)
was decreased by 39.8% in E2F-1−/− mice compared to E2F-1+/+

controls subjected to I/R (Figs. 2B and C; 21.9±2.6% E2F-1−/− vs.
36.4±2.2% E2F-1+/+, Pb0.001), suggesting that E2F-1 exacerbates
myocyte death after I/R. The difference in IFS between genotypes can-
not be contributed to differences in vascularity, as we noted no differ-
ence in AAR with respect to total left ventricular area between E2F-
1+/+ and E2F-1−/− mice (Fig. 2D). Consistent with E2F-1's postulated
role in apoptosis [9,10,11,16], the percentage of TUNEL positive nuclei
in the border zone was 1.8-fold higher in E2F1+/+ ventricles com-
pared to E2F-1−/− hearts after I/R injury (Fig. 2E; 12.65±1.23 vs.
6.98±2.30%, Pb0.05).

3.3. Expression of classic E2F-1 target genes are only modestly regulated
after I/R injury

To better understand the downstream effectors that could medi-
ate E2F-1's effects on cell death, we examined a panel of known
E2F-1 target genes in E2F-1+/+ and E2F-1−/− mice after I/R injury.
There were relatively minor differences in expression of classic E2F-
1 target genes between genotypes (Fig. 3A). Interestingly, Bnip3
mRNA, which has been reported to mediate E2F-1's proapoptotic ef-
fects in neonatal cardiomyocytes [13,25] was only increased 1.4-fold
at 4 h after I/R (Fig. 3B; 1.00±0.12 vs. 1.4±0.14, Pb0.05). Similarly,
Bnip3 protein levels were minimally altered in E2F-1+/+ and E2F-
1−/− mice after I/R injury (Suppl. Fig. S2). These results were con-
firmed in vitro on cultured cardiomyocytes (Suppl. Fig. S2). This result
is consistent with reports that Bnip3 is expressed at high levels in
adult myocardium [25] and only becomes significantly upregulated
at late time points after I/R [26]. Thus, while Bnip3 may play a critical
role in the apoptotic response, given the kinetics of its upregulation it
is unlikely to account for E2F-1's effects acutely. Cyclin E (CycE)
mRNA levels were also increased 1.8-fold after I/R (Fig. 3B;
1.00±0.05 vs. 1.82±0.22, Pb0.05) suggesting a positive feedback
loop may exist where increases in CDK-2 inactivate Rb, further en-
hancing E2F-1 activity. There were no significant differences in
reported E2F-1 apoptotic target genes caspase-3, APAF-1 or c-Myc.

3.4. FoxO-1a is increased with I/R injury and regulated by E2F-1

Since classic E2F-1 target genes were minimally regulated in our
model of I/R, we sought to identify additional downstream effectors
that might mediate E2F-1 effect on myocyte cell death. Since E2F-1
has been reported to upregulate FoxO-1a directly [19] and modulate
its activity indirectly through activation of CDK-2 [27], we examined
the expression of FoxO family members in both E2F-1+/+ and E2F-
1−/− mice after I/R injury (Figs. 4A and B). Although both FoxO-3a
and FoxO-4 mRNA levels were elevated ~2-fold in wildtype myocar-
dium after I/R injury, FoxO-1a mRNA levels displayed the greatest
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Fig. 3. Expression of classic E2F-1 target genes is not significantly regulated in myocardium after I/R injury. A, Semi-quantitative PCR analyses of E2F-1-target genes was examined in
E2F-1+/+ and E2F-1−/− mice after I/R injury. B, Quantification via real-time PCR analyses revealed Bnip3 and Cyclin E (CycE) mRNA levels were increased 1.4- and 1.8-fold respectively
in wildtype myocardium after I/R but not in E2F-1-null animals (n=4 per group), Pb0.05 and Pb0.01, respectively. c-Myc mRNA level was increased dramatically in both wildtype and
null myocardium after I/R injury, *Pb0.01. No significant changes were noted in apoptotic peptidase activating factor -1 (Apaf-1), Caspase-3 (Casp-3) mRNA expression.
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increase after I/R (Fig. 4A; 1.00±0.26 vs. 4.96±1.49, Pb0.05). This
increase in FoxO-1a mRNA was not seen in E2F-null mice after I/R
(Figs. 4A and B). The 2.5-fold increase in FoxO-1a protein expression
A

C D

Fig. 4. FoxO-1a is increased with I/R injury and regulated by E2F-1. A, Quantification via rea
mRNA expression displayed the largest increase after I/R. (n=4 per group), *Pb0.05. The in
sentative FoxO-1a, -3, and -4, mRNA expression obtained from semi-quantitative PCR analy
1−/− myocardium after 24 h of reperfusion. D, Protein quantification revealed an increase i
Pb0.01 and Pb0.05, respectively. GAPDH was used to normalize total protein levels.
in wildtype myocardium after 24 h of reperfusion was attenuated
in E2F-1−/− hearts (Figs. 4C and D; 1.00±0.02 vs. 1.33±0.13,
Pb0.05).
B

l-time PCR analysis revealed all FoxO family members are increased after I/R. FoxO-1a
crease in all FoxO family members was abrogated in E2F-null mice after I/R. B, Repre-
ses. C, Western blot analysis of total FoxO-1a protein expression in E2F-1+/+ and E2F-
n FoxO-1a protein expression in both E2F-1+/+ and E2F-1−/− mice (n=3 per group),
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3.5. FoxO-1a apoptotic targets are regulated in E2F-1+/+ and E2F-1−/−

myocardium after I/R injury

FoxO-1a is known to induce the expression of several genes in-
volved in initiating apoptotic pathways [27,28]. Specifically, FoxO-1a
is able to induce the expression of death receptor ligands, including
the pro-apoptotic genes Fas ligand (FasL) and Bcl-6 which inhibits
Bcl-2 family members [29,30]. In order to better understand the rela-
tionship between E2F-1 and FoxO-1a during I/R injury, we examined
the expression of known FoxO-1a target genes in both E2F-1+/+ and
E2F-1−/− mice (Fig. 5A). FasL and Bcl-6 mRNA were increased in
wildtype myocardium after I/R injury (Fig. 5B; FasL 1.00±0.11 vs.
2.00±0.28, Pb0.008; Bcl-6 1.00±0.06 vs. 2.05±0.22, Pb0.002). In
contrast, no increase in expression of Bcl-6 or FasL was noted in
E2F-1 null myocardium after I/R. While FasL contributes to the extrin-
sic apoptotic pathway, Bcl-6 regulates genes in the intrinsic pathway,
which effect mitochondrial translocation of pro-apoptotic factors. We
examined mitochondrial levels of BAX and BAD in mitochondria iso-
lated from E2F-1+/+ and E2F-1−/− hearts. Mitochondrial BAD protein
levels were not significantly altered in both genotypes after I/R
(Fig. 5C). However, while mitochondrial BAX was elevated in wild-
type mice after I/R it was not detected in E2F-1−/− animals (Fig. 5C).

3.6. FoxO-1a is a critical regulator of cardiomyocyte apoptosis in vitro

Given that the E2F-null mice are a germline deletion, non-
cardiomyocytes could possibly be contributing to the gene changes
we observed. Thus to confirm our in vivo findings, we examined the
roles of E2F-1 and FoxO-1a in mediating apoptosis in both purified
primary adult mouse cardiomyocytes (ACM) as well as neonatal rat
ventricular myocytes (NRVM). After exposing ACMs to simulated is-
chemia media for 30 m, followed by 4 h of reperfusion, we noted an
increase in mRNA expression of both E2F-1 and FoxO-1a (Suppl. Fig.
S3). To confirm that FoxO-1a is able to directly activate FasL, Bcl-6
and BIM, we transfected ACMs with FoxO-1a siRNA. Silencing
FoxO-1a led to a decrease in the expression of these three genes
(Fig. 6A). Conversely, forced expression of FoxO-1a increased the ex-
pression of Bcl-6, FasL and BIM (Fig. 6B).

To clarify whether FoxO-1a could regulate cardiomyocyte death in
vitro, we treated NRVMs with control vector (Ad-GFP) or Ad-FoxO-1a
A

C

B

Fig. 5. FoxO-1a gene targets are differentially regulated in E2F-1+/+ and E2F-1−/− myocard
amined in E2F-1+/+ and E2F-1−/− mice after I/R injury. B, Quantification via real-time PCR
myocardium after I/R, but not in E2F-1-null animals, *Pb0.005 and Pb0.01, respectively. p21
injury, *Pb0.01 (n=4 per group). C, Western blot analyses of BAX and BAD expression in c
(FasL), Bcl-2-interacting mediator (BIM), Bcl-2 antagonist of cell death (BAD), Bcl-2–associ
prior to simulated I/R. Exposure of control Ad-GFP infected NRVMs to
simulated I/R led to a 79% increase in TUNEL+ve nuclei (Fig. 6C;
1.00±0.10 vs. 1.79±0.25, Pb0.005). However, overexpression of
FoxO-1a alone caused a 2.6-fold increase in apoptotic NRVMs as com-
pared to Ad-GFP-infected cells (Fig. 6C; 1.00±0.10 vs. 2.55±0.26,
Pb0.0001). Apoptosis was further enhanced when simulated I/R
was combined with Ad-FoxO-1a overexpression (Fig. 6C; 2.55±0.26
vs. 6.28±1.03, Pb0.002).

To confirm that E2F-1 is necessary for the increase in FoxO-1a
mRNA seen in response to ischemia, we transfected ACMs with either
NS or E2F-1 siRNA, followed by exposure to simulated I/R. E2F-1
siRNA treatment reduced E2F-1 mRNA expression by 84% (siNS+IM:
1.03±0.05 vs. siE2F-1+IM: 0.16±0.14, Pb0.003, n=3 for each
group), which prevented the increase in FoxO-1a expression in re-
sponse to simulated I/R (Fig. 6D). Overexpression of E2F-1 via Ad-
E2F-1 infection led to increases in both E2F-1 and FoxO-1a mRNA ex-
pression (Fig. 6E). To demonstrate the obligate role of FoxO-1a during
E2F-1-induced apoptosis, we transfected NRVMs with either control
or FoxO-1a siRNA followed by Ad-E2F-1 infection and quantified
TUNEL+ve nuclei. NRVMs treated with control siRNA exhibited a
53% increase in TUNEL+ve nuclei after Ad-E2F-1 infection compared
to Ad-LacZ treated cells (Fig. 6F; 1.00±0.21 vs. 1.53±0.11, Pb0.05).
FoxO-1a siRNA transfection abolished the pro-apoptotic effect of
Ad-E2F-1 in NRVMs as no change in TUNEL+ve nuclei was observed
after Ad-E2F-1 infection (Fig. 6F).

4. Discussion

We have identified a novel transcriptional pathway that links E2F-
1 to cardiac myocyte death acutely during I/R injury. Our data demon-
strating a link between E2F-1 and FoxO-1a during I/R suggests that
transcriptional networks are activated during myocardial I/R insults.
We have demonstrated that both E2F-1 and FoxO-1a are elevated in
response to I/R both in vivo and in vitro. Expression of FoxO-1a and
its downstream target genes are diminished in E2F-1−/− mice follow-
ing I/R injury in vivo as well as in vitro upon E2F-1 gene silencing.
Forced expression of FoxO-1a is sufficient to induce apoptosis in
vitro, which is further enhanced by simulated ischemia and reperfu-
sion. Cardiomyocytes lacking FoxO-1a are protected from E2F-1-
induced apoptosis supporting the idea that these two factors work
ium after I/R injury. A, Semi-quantitative PCR analyses of FoxO-1a target genes was ex-
analyses revealed Bcl-6 and FasL mRNA levels were significantly increased in wildtype
mRNA level was increased dramatically in both wildtype and null myocardium after I/R
ardiac mitochondrial protein extracts. ATP5A was used as a loading control. Fas ligand
ated X protein (BAX).
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Fig. 6. FoxO-1a is a critical regulator of cardiomyocyte apoptosis in vitro. A, Semi-quantitative PCR analyses of Bcl-6, FasL and BIM mRNA in ACMs transfected with NS or FoxO-1a
siRNA. B, Semi-quantitative PCR analyses of Bcl-6, FasL, and BIM mRNA in adult cardiomyocytes (ACMs) infected with control (Ad-GFP) or Ad-FoxO-1a virus. C, Neonatal rat ven-
tricular myocytes (NRVMs) infected with Ad-GFP or Ad-FoxO-1a virus and exposed to ischemia media (IM). TUNEL positive nuclei were quantified after indicated treatments.
*Pb0.005 Ad-GFP vs. Ad-GFP+IM, **Pb0.0001 Ad-GFP vs. Ad-FoxO-1a, ***Pb0.001 Ad-FoxO-1a vs. Ad-FoxO-1a+IM infected NRVMs (data from representative experiment).
D, Semi-quantitative PCR analyses of E2F-1 and FoxO-1a mRNA expression in ACMs treated with non-specific (NS) and E2F-1 siRNA and exposed to IM. E, Semi-quantitative
PCR analyses of E2F-1 and FoxO-1a mRNA expression in ACMs infected with Ad-LacZ (control) or Ad-E2F-1 virus. F, NRVMs infected with Ad-LacZ or Ad-E2F-1 virus and transfected
with NS or FoxO-1a siRNA where indicated. TUNEL positive nuclei were quantified after indicated treatments. *Pb0.01 NS siRNA+Ad-LacZ vs. NS siRNA+Ad-E2F-1.

Fig. 7. Schematic model of E2F-1-FoxO-1a transcriptional network after I/R. In response to I/R, E2F-1 is upregulated and CDK-2 activity is increased leading to the phosphorylation of Rb
and the enhancement of E2F-1 transcriptional activity. E2F-1 is a direct regulator of FoxO-1a leading to the activation of downstream proapoptotic genes. The coordinated activation of
these proteins promotes apoptosis leading to cardiomyocyte death. Fas ligand (FasL), Bcl-2-interacting mediator (BIM), Bcl-2 antagonist of cell death (BAD), Bcl-2-associated X protein
(BAX).
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in series and provides a model to account for E2F-1's critical role in
mediating myocardial I/R injury (Fig. 7). Despite previous work illus-
trating the ability of E2F-1 to regulate FoxO-1a promoter activity [19],
the present study provides the first direct evidence demonstrating
this relationship in the context of cardiovascular disease.

Ablation of E2F-1 expression leads to a decrease in infarct size
after I/R injury, and we provide the first in vivo data elucidating the
mechanism whereby E2F-1 might mediate cardiomyocyte death. Al-
though E2F-1 is the E2F family member most associated with apopto-
sis, other E2Fs can also contribute [31] and apoptosis was not
inhibited completely in E2F-1 null cardiac myocytes. However, nei-
ther E2F-2 or -3 expression increased after I/R nor was there a com-
pensatory increase in E2F-2 expression in E2F-1−/− hearts after I/R
injury (Suppl. Fig. S4). Thus the role of other E2F family members in
mediating cardiac myocytes apoptosis after I/R injury is uncertain.
The notion that E2F-1 may be critical for mediating cell death has
been postulated for some time although the mechanisms have
remained elusive. This was first proposed after the unexpected obser-
vation that aged E2F-1−/− mice develop tissue hyperplasia and tu-
mors secondary to impaired apoptosis in vivo [16]. Likewise,
deleting E2F-1 in Rb-deficient mice suppresses apoptosis and extends
embryo survival [32]. Previous studies in other post-mitotic tissues
have suggested an essential role for E2F-1 in mediating apoptosis as
cortical neurons lacking E2F-1 were resistant to staurosporine-in-
duced apoptosis in vitro [33] and E2F-1 null mice displayed decreased
brain injury following focal ischemia [34]. Although numerous mech-
anisms have been proposed by which E2F-1 could mediate apoptosis,
we noted very few alterations in the expression of classical E2F-1 tar-
get genes in our in vivo E2F-1 model. Recently it has been suggested
that upregulation of Bnip3 accounts for E2F-1's proapoptotic effects
[13], however, Bnip3 is expressed at relatively high levels in the
adult heart and is not regulated acutely with I/R so additional mech-
anisms are likely operational [25,26]. We observed a very modest in-
crease in Bnip3 expression after I/R and were unable to induce Bnip3
mRNA expression after Ad-E2F-1 infection in either NRVM and ACMs
(Suppl. Fig. S2). Both Bnip3 [25] and FoxO-1a [35], have been linked
to autophagy in response to myocardial I/R [25]. However, this cannot
explain the results we observed as the expression of known autop-
hagy genes including, LC3, Gabarapl1, and Atg12 were indistinguish-
able between genotypes (Suppl. Fig. S6). Overexpression of E2F-1 in
cardiac myocytes has also been reported to upregulate the pro-
apoptotic gene p19ARF [14]. We saw no significant differences in ex-
pression of p19ARF after 4 h of reperfusion suggesting it could not ex-
plain the difference in acute injury between genotypes (Suppl. Fig.
S5A). Our data indicate that in E2F-1−/− mice, decreased levels of
FoxO-1a are associated with decreased FasL, Bcl-6 and BIM induction.
This lack of activation leads to the inability of BIM to target BAX and
prevents its translocation to the mitochondria (Fig. 7).

The FoxO subfamily of Forkhead transcription factors (FoxO-1a,
FoxO-3, FoxO-4 and FoxO-6) have emerged as critical regulators of
gene expression, modulating apoptosis, cell cycle transition, cell dif-
ferentiation, and glucose metabolism in many cell types [17,27,36].
The multiple family members and dichotomous effects of specific iso-
forms on processes like cell survival has often led to confusion about
the true role of each isoform. For instance, they are substrates of Akt
and have been implicated as negative regulators of cardiac hypertro-
phic growth [17,37]. However, cardioprotective signals that activate
Akt-dependent survival pathways in the heart also result in enhanced
phosphorylation and inactivation of FoxOs suggesting an important
role in I/R injury [38]. Interestingly, CDK-2 is known to phosphorylate
FoxO-1a during apoptosis [39], further linking growth pathways to
the control of cell survival. Previous studies have shown that FoxO-
1a and FoxO-3a expression is increased in the peri-infarct zone at 1
and 8 weeks post-MI respectively [40]; however, no data exists as to
their regulation during acute periods of ischemia. Our data suggest
they are actively involved in promoting apoptosis in both
mitochondria-independent and -dependent apoptosis after I/R.
FoxO-1a target genes Bcl-6 (mitochondria-dependent) and FasL (mi-
tochondria-independent) are both elevated in response to I/R. FoxO-
1a is required for E2F-1 induction of these genes, as silencing FoxO-
1a is sufficient to block the increase of FasL, even after overexpression
of E2F-1 in vitro (Suppl. Fig. S7).

Ischemia and signaling pathways activated during reperfusion are
well known to regulate gene expression [41]; however, data support-
ing the importance of these transcriptional pathways in mediating
pathological outcomes has been less forthcoming. Previous studies
have demonstrated the importance of the JAK/STAT pathway in regu-
lating the expression of stress-response genes and cardiomyocyte ap-
optosis [42]. More recent data has demonstrated that the JAK/STAT
pathway also plays an important role in I/R injury [41,43]. Hypoxia-
inducible factors have also been implicated in mediating acute cardiac
myocyte injury in I/R [44,45]. We have proposed a novel transcrip-
tional pathway mediated through E2F-1 and FoxO-1a that modulates
the acute effects of ischemic injury. We provide evidence linking
these two transcription factors in the setting of I/R both in vivo and
in vitro. These data should contribute to the understanding of how
transcriptional pathways mediate cardiomyocyte death during I/R
injury.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.yjmcc.2011.09.012.
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