
 

 

Introduction 
 
The family of E2F transcription factors is com-
prised of seven members (E2F1 to E2F7) that 
are involved in transcriptional activation and 
repression, cell cycle regulation and DNA syn-
thesis (reviewed in [1]).  E2F1 in particular has 
been shown to play a key role in inducing S-
phase of cell cycle in quiescent cells [2]; thus, 
E2F1 complexed with the pocket protein Rb 
prevents the cell from entering S phase by inhib-
iting the transfer and binding of E2F1 to its tran-
scriptional regulation sites of DNA [3]. E2F1 is 
known to be expressed in the myocardium dur-
ing development and becomes downregulated 
when cells become terminally differentiated [4], 
but in myocardial samples from patients with 
heart failure, protein expression of E2F1 and Rb 
were increased and correlated to cardiomyocyte 
hypertrophy [5].   

Inhibition of E2F1 has been shown to prevent 
the development of hypertrophy in cardiomyo-
cytes. Specifically, a blocking peptide to E2F  
prevented cell hypertrophy, an increase in total 
cellular protein and induction of hypertrophic 
markers in neonatal cardiomyocytes stimulated 
with either serum or phenylephrine [4]. More-
over, when E2F1 was overexpressed by adeno-
viral delivery into either adult ventricular or neo-
natal myocytes  in vitro or by direct injection into 
mouse myocardium in vivo, markers of cell cy-
cle, DNA synthesis and apoptosis were induced 
[6, 7]. 
 
Taken together, these studies suggest a critical 
role for E2F1 in the development of hypertrophy 
in adult myocardium. Therefore, we utilized a 
mouse model to test the hypothesis that inhibi-
tion of E2F1 in vivo can prevent the develop-
ment of cardiomyopathy induced by pharma-
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cologic agents causing ventricular hypertrophy. 
 
Materials and methods 
 
Animals 
 
Male E2F1 Knockout (E2F1-/-) and control litter-
mate mice [8] from Jackson Labs (Bar Harbor, 
ME), aged 3-5 months old, were treated with 
either isoproterenol (ISO, 60mg/kg/day for 7 
days) or angiotensin II (ANG, 3 mg/kg/day for 
14 days) subcutaneously administered via mini-
osmotic pumps (Durect Corp, Cupertino, CA).   
 
Echocardiography analysis 
 
Mice were weighed and anesthetized with 
isoflurane (induced at 3% and maintained at 

1% by nosecone).  Echocardiography was per-
formed and analyzed as previously described 
[9] before and after induction of hypertrophy.  
Studies were performed by a sonographer who 
was blinded to genotype. 
 
Gravimetry 
 
When mice were sacrificed, body weights were 
taken in grams and hearts were harvested and 
weighed (in mg).  Heart weight to body weight 
(HW/BW) ratio was determined. 
 
Histology 
 
Formalin fixed, paraffin embedded myocardial 
tissue was sectioned at 5mm and mounted on 
slides.  Tissue was rehydrated using standard 
protocols and stained with hematoxylin (Fisher 
Scientific, Pittsburgh, PA) and eosin-Y (Richard-
Allen Scientific, Kalamazoo, MI), dehydrated 
and mounted using Permount (Fisher).  Images 
were captured on an upright Zeiss Axiovert with 
an attached Axiovision camera using Axiovision 
software (Thornwood, NY). 
 
Real Time PCR 
 
Ventricles of E2F1+/+ and E2F1-/- mice treated 
with either ANG, ISO or untreated controls were 
isolated and homogenized with Tri-Reagent So-
lution (Ambion, Austin, TX) then purified using 
RNAeasy columns (Qiagen, Valencia, CA).  RNA 
was quantified on a NanoDrop Spectrophotome-
ter (Wilmington, DE) and 1g of RNA was used 
to make cDNA using the High Capacity cDNA 
Reverse Transcription Kit (Applied Biosystems, 
Foster City, CA) following manufacturer’s proto-

col.  Subsequently, 5ng of cDNA was used with 
Taqman gene expression assays and Taqman 
Fast Master Mix for atrial natriuretic peptide 
and GAPDH on a Step One Plus Real Time ma-
chine (Applied Biosystems). 
 
Statistics 
 
Statistical comparisons were performed by pa-
rametric analysis using a two-way analysis of 
variance (ANOVA) for analysis of genotype ver-
sus drug and their interactions, and one-way 
ANOVA and/or Student’s t-test where appropri-
ate.  Statistical significance was determined 
when p<0.05. 
 
Results 
 
Effects of isoproterenol treatment in E2F1 
knockout mice 
 
Isoproterenol (ISO) treatment increased LVMI 
and RWT (indicating concentric hypertrophy), 
and fractional shortening, Vcf and heart rate in 
both E2F1 -/- and E2F1 +/+ (Table 1).  The in-
dex of combined systolic and diastolic function, 
MPI, was unchanged by ISO in both groups. 
Analysis of effect of drug on phenotype by two-
way ANOVA indicated E2F1 -/- and +/+ mice 
had similar levels of hypertrophy. 
 
Hearts (which include left and right ventricles) 
were significantly larger in the E2F1 -/- as com-
pared to WT treated with ISO as measured by 
HW/BW ratio (Figure 1A), indicating no attenua-
tion of hypertrophy in the E2F1 -/- when treated 
with ISO.  Histological analysis of ISO treated 
E2F1 +/+ and -/- myocardial sections showed 
myocyte hypertrophy and an increase in fibrosis 
consistent with previous ISO studies [10] 
(Figure 1B).  Gene expression of the hypertrophy 
marker, atrial natriuretic peptide (ANP), was 
increased with ISO similarly in both control and 
E2F1 knockout mice (Figure 2).   
 
Effects of angiotensin II treatment in E2F1 
knockout mice 
 
Angiotensin II (ANG) treatment increased LVMI 
and RWT in both E2F1 -/- and E2F1 +/+ (Table 
2). Fractional shortening, Vcf, and HR were un-
changed, but MPI was increased (indicating 
worse function) by ANG in both groups. Analysis 
of effect of drug on phenotype by two-way 
ANOVA indicated E2F1 -/- and +/+ mice had 
similar levels of hypertrophy. 
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Hearts were significantly larger in the E2F1 -/- 
as compared to E2F1 +/+ treated with ANG as 
measured by HW/BW ratio (Figure 1A).  Indicat-
ing no attenuation of hypertrophy due to E2F1 -/
- in the ANG treated mice.  Histological analysis 
of ANG treated E2F1 +/+ and -/- myocardial 
sections showed myocyte hypertrophy and an 
increase in fibrosis (Figure 1B).  Gene expres-
sion of ANP was increased with ANG similarly in 
both E2F1 +/+ and E2F1 -/- mice (Figure 2).  

Discussion 
 
The major finding of our study is that ablation of 
E2F1 failed to prevent the development of LV 
hypertrophy induced by either ANG or ISO when 
continuously given for 14 or 7 days, respec-
tively. In addition, changes in ejection phase 
(FS, Vcf) and isovolumic phase indices (MPI) 
were similar in WT and knockout animals, sug-
gesting that E2F1 does not play a significant 

Table 1.  Effect of isoproterenol treatment in E2F1 knockout mice.  Echocardiography analysis of E2F1 +/+ wild type 
mice and E2F1 -/- knockout mice before (pre) and after (post) treatment with isoproterenol.  2-way ANOVA analysis 
comparing E2F1 +/+ to E2F1 -/- (genotype), pre and post drug treatment (drug) and the interaction between geno-
type and drug (interaction).  Data are expressed as the mean +/- SD. Significance was determined when p<0.05 
and is indicated not significant (NS) if value was higher than 0.05. 
  E2F1 +/+ (n=6) E2F1 -/- (n=6) 2-way ANOVA 
  Pre Post Pre Post Genotype Drug Interaction 
Weight (g) 31.1±2.9 32.7±2.4 25.6±3 27.3±2.4 p<0.05 NS NS 
HR (bpm) 410±60 538±46 425±33 506±54 NS p<0.05 NS 
LA (cm) 0.21±0.02 0.21±0.02 0.2±0.02 0.21±0.02 NS NS NS 
MPI 0.36±0.03 0.34±0.06 0.31±0.02 0.38±0.08 NS NS NS 
CO (cc) 16±4 26±2 15±2 26±8 NS p<0.05 NS 
EDD (cm) 0.36±0.02 0.38±0.03 0.34±0.02 0.32±0.03 p<0.05 NS p<0.05 
ESD (cm) 0.21±0.03 0.17±0.02 0.17±0.02 0.14±0.02 p<0.05 p<0.05 NS 
FS 0.42±0.07 0.56±0.06 0.5±0.04 0.56±0.03 p<0.05 p<0.05 NS 
E/A 1.18±0.11 1.11±0.36 1.22±0.2 1.11±0.28 NS NS NS 
LVMI (mg/g) 4.6±0.5 6.8±1.8 5.2±1.3 6.8±1.3 NS p<0.05 NS 
RWT 0.59±0.07 0.69±0.08 0.62±0.17 0.88±0.17 NS p<0.05 NS 
Vcf 6.5±2.3 12.9±2.2 8.8±2 10.9±1.6 NS p<0.05 p<0.05 
Abbreviations: heart rate (HR), left atrial (LA), myocardial performance index (MPI), cardiac output (CO), end diastolic 
dimension (EDD), end systolic dimension (ESD), fractional shortening (FS), the ratio between early and late ventricu-
lar filling velocity (E/A), left ventricular mass index (LVMI), relative wall thickness (RWT), velocity of circumferential 
fiber shortening (Vcf). 

Table 2.  Effect of angiotensin II treatment in E2F1 knockout mice.  Echocardiography analysis of E2F1 +/+ wild 
type mice and E2F1 -/- knockout mice before and after treatment with Angiotensin II.  2-way ANOVA analysis com-
paring E2F1 +/+ to E2F1 -/- (genotype), pre and post drug treatment (drug) and the interaction between genotype 
and drug (interaction).  Significance was determined when p<0.05 and is indicated not significant (NS) if value was 
higher than 0.05. 

  E2F1 +/+ (n=6) E2F1 -/- (n=6) 2-way ANOVA 
  Pre Post Pre Post Genotype Drug Interaction 
Weight 28.1±1.4 26.8±1.8 26.8±3.1 24±3.3 NS NS NS 
HR 360±83 442±70 469±28 488±90 p<0.05 NS NS 
LA 0.17±0.03 0.18±0.03 0.19±0.03 0.20±0.03 NS NS NS 
MPI 0.32±0.06 0.41±0.04 0.32±0.02 0.41±0.03 NS p<0.05 NS 
CO 13±2 17±6 15±1 16±4 NS NS NS 
EDD 0.38±0.04 0.33±0.05 0.34±0.02 0.32±0.05 NS p<0.05 NS 
ESD 0.22±0.04 0.19±0.04 0.18±0.02 0.18±0.07 NS NS NS 
FS 0.42±0.06 0.45±0.11 0.48±0.05 0.49±0.08 NS NS NS 
E/A 1.3±0.11 1.21±0.36 1.41±0.36 1.43±0.7 NS NS NS 
LVMI 5±0.5 5.9±0.7 5.1±1 6.6±1.1 NS p<0.05 NS 
RWT 0.53±0.13 0.71±1 0.61±0.07 0.78±0.2 NS p<0.05 NS 
Vcf 5.9±1.8 8±3.4 9±1.7 8.6±3.2 NS NS NS 
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role in maintenance of cardiac function. 
 
Previous studies have reported that blocking 
the function of E2F using an inhibitory peptide 
prevented myocyte hypertrophy and induction of 
hypertrophic markers [4, 11].  Moreover, when 
E2F1 was overexpressed in serum starved, qui-
escent cells, DNA synthesis was activated [2].  
Taken together, these data suggest that the 
general inhibition of E2F functional pathways 
may treat diseases caused by hypertrophic 
growth.  However, our data suggests targeting 

specific E2F proteins may not be effective in 
preventing ventricular hypertrophy.   
 
The reasons for these disparate findings are not 
clear. It is possible that compensation by other 
E2F family members (e.g., E2F3) may be re-
sponsible.  For example, when a specific E2F 
member is knocked out from birth, the other 
E2F family members are able to compensate for 
its function [12]. It is also possible that the spe-
cific hypertrophic pathway or the mechanism of 
E2F knockdown explains the disparity. Thus, 
while inhibition of E2F signaling through gene-
targeting  knockout of E2F1 did not show a de-
crease in beta-adrenergic agonist and angio-
tensin II-mediated hypertrophy, exogenous 
treatment with a blocking peptide that disrupted 
E2F binding prevented hypertrophy in cells 
stimulated with either serum or the alpha 
adrenergic receptor agonist, phenylephrine.  
Future experiments with knockout mice target-
ing multiple E2F proteins and using multiple 
hypertrophy inducing stimuli may provide a 
more complete inhibition of induced hypertro-
phy through pathways involved in regulation of 
cell cycle re-entry and DNA synthesis. 

Figure 1.  Both control and E2F1 knockout mice ex-
hibit signs of hypertrophy and fibrosis.  A. Heart 
weight (HW, in mg) was divided by body weight (BW, 
in g) to determine the HW/BW ratio.  #p<0.05 versus 
control no treatment, ^p<0.0001 versus control no 
treatment.  B. Myocardial sections from E2F1 +/+ 
and E2F1 -/- mice were stained with hematoxylin and 
eosin after treatment with isoproterenol.  Hypertro-
phic changes are not significantly different between 
the two strains (bottom panel).  Fibrosis (*) is evident 
in both genotypes after isoproterenol treatment but 
no difference is detected between the two groups.  
Scale bar = 50m. 

Figure 2.  Atrial natriuretic peptide is increased in 
both control and E2F1 knockout mice after treat-
ment with either isoproterenol or angiotensin II.  
Expression of atrial natriuretic peptide (ANP), a mo-
lecular marker of hypertrophy, was significantly in-
creased upon treatment with isoproterenol of angio-
tensin II in both E2F1 +/+ and E2F1 -/- compared to 
non treated animals.  Real time expression of ANP 
was normalized to expression of GAPDH, a house-
keeping gene, and presented as fold change.  No 
difference was seen between E2F1 +/+ and E2F1 -/-
.  *p<0.05 versus no treatment 
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