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Mechanistic target of rapamycin (MTOR) plays a critical role in the regulation of cell growth and in the 
response to energy state changes. Drugs inhibiting MTOR are increasingly used in antineoplastic therapies. 
Myocardial MTOR activity changes during hypertrophy and heart failure (HF). However, whether MTOR 
exerts a positive or a negative effect on myocardial function remains to be fully elucidated. Here, we show 
that ablation of Mtor in the adult mouse myocardium results in a fatal, dilated cardiomyopathy that is char-
acterized by apoptosis, autophagy, altered mitochondrial structure, and accumulation of eukaryotic transla-
tion initiation factor 4E–binding protein 1 (4E-BP1). 4E-BP1 is an MTOR-containing multiprotein complex-1 
(MTORC1) substrate that inhibits translation initiation. When subjected to pressure overload, Mtor-ablated 
mice demonstrated an impaired hypertrophic response and accelerated HF progression. When the gene encod-
ing 4E-BP1 was ablated together with Mtor, marked improvements were observed in apoptosis, heart function, 
and survival. Our results demonstrate a role for the MTORC1 signaling network in the myocardial response to 
stress. In particular, they highlight the role of 4E-BP1 in regulating cardiomyocyte viability and in HF. Because 
the effects of reduced MTOR activity were mediated through increased 4E-BP1 inhibitory activity, blunting 
this mechanism may represent a novel therapeutic strategy for improving cardiac function in clinical HF.

Introduction
Mechanistic target of rapamycin (MTOR) is a key regulator of 
protein synthesis in the cardiomyocyte (1, 2). Increased protein 
synthesis underpins hypertrophic growth, a salient feature of the 
heart when it is subjected to stress (3). However, continuous stress 
leads to inhibition of protein synthesis, decompensated hypertro-
phy, and heart failure (HF) (4).

MTOR functions as the catalytic subunit of 2 MTOR complexes:  
MTOR-containing multiprotein complex-1 (MTORC1) and 
MTORC2. Regulatory associated protein of MTOR, complex 1  
(Raptor); proline-rich Akt substrate 40 KDa (PRAS40); and 
MTOR-associated protein, LST8 homolog (Mlst8) as well as 
MTOR itself are the main components of MTORC1 (5). This 
complex mediates temporal control of cell growth through 
a plethora of biological effects (6). These include control of 
mRNA translation initiation via the regulation of the cap-bind-
ing eukaryotic translation initiation factor 4E (eIF-4E) through 
phosphorylation of eIF4E-binding proteins (4E-BPs) (7); control 
of ribosome biogenesis via stimulation of polymerase I and III 
transcription (8); control of mitochondrial metabolism through 
peroxisome proliferator-activated receptor, γ, coactivator 1 α and 
YY1 transcription factor (9); and suppression of autophagy by 
negatively regulating the association between autophagy-related 
gene 1 (Atg1) and Atg13 (10).

MTORC2 consists of MTOR, rapamycin-insensitive companion 
of MTOR (Rictor), Mlst8, mammalian stress-activated protein 
kinase-interacting protein/mitogen-activated protein kinase-asso-
ciated protein 1 (mSin1/Mapkap1), and proline-rich 5 like (Prr5l) 
(11). MTORC2 phosphorylates PKC-α (12, 13), serum/glucocorti-
coid-regulated kinase 1 (Sgk1) (14), and Akt at Ser473 (15). It mod-
ulates cell survival via Akt and spatial control of cell growth via 
PKC-α (12). MTORC2, unlike MTORC1, is not directly inhibited  
by FK506-binding protein 12–rapamycin (FKBP12-rapamycin), 
but it can be inhibited in a cell-specific manner after prolonged 
treatment with rapamycin (16).

We reported previously that MTOR function is differentially reg-
ulated in the mouse heart according to the type of stress imposed 
upon it: with high-intensity treadmill running, MTOR activ-
ity became increased, via the activation of its upstream activator 
Akt, and the heart underwent compensated hypertrophic growth; 
however, HF-inducing pressure overload inactivated MTOR (4). 
Moreover, overexpression of active Akt was demonstrated to blunt 
pressure overload–induced HF development in mice (17), whereas 
deletion of Akt worsened it (18). Thus, reduced activity of MTOR 
has an important role in the negative modulation of cardiac func-
tion occurring with disease.

To study this role of MTOR, we generated an inducible and car-
diac-specific Mtor knockout mouse. In the present report, we dem-
onstrate that these mice develop a fatal, dilated-heart phenotype 
and that even partial loss of MTOR activity impairs hypertrophic 
cardiac growth and accelerates HF development. Moreover, there 
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is a remarkable accumulation of dephosphorylated 4E-BP1 in the 
hearts of Mtor knockout mice, and deletion of the gene encoding 
4E-BP1 (Eif4ebp1) improves baseline survival of this model of HF.

Results
Phenotype characterization of Mtor-cKO mice — Mtor-cKO mice develop 
a lethal, dilated cardiomyopathy. Because conventional knockout of 
Mtor results in embryonic death (19–21), we generated an induc-
ible, cardiac-specific Mtor knockout mouse to study the in vivo 
cardiac function of MTOR in the adult animal. To this end, a 
gene-targeting strategy was used to generate αMHC-MerCerMer/
Mtorflox/flox mice (αMHC-MCM/Mtorfl/fl mice) (Supplemental Figure 
1, A–C; supplemental material available online with this article; 
doi:10.1172/JCI43008DS1). Eight-week-old αMHC-MCM/Mtorfl/fl  

mice were administered tamoxifen (TMX) for 6 days to induce car-
diac-specific knockout of Mtor (Mtor-cKO mice) (Supplemental 
Figure 1D). MTOR protein expression was decreased 2 weeks after 
TMX administration and became severely reduced by 4 weeks after 
TMX (Supplemental Figure 1E and see below). Residual MTOR 
protein seen after 4 weeks after TMX administration was most likely  
due to its expression in non-targeted cardiac cells, such as fibro-
blasts and endothelial cells, as well as in cardiomyocytes, in which 
an Mtor allele was not recombined. As controls, TMX-injected male 
mice carrying only one copy of the αMHC-MCM transgene (WT-
Cre mice) were used, unless otherwise stated, in which case TMX-
injected Mtorfl/fl mice (F/F mice) or αMHC-MCM/Mtorfl/fl mice not 
receiving TMX were used, since there were no differences found at 
a morphological or histological level or with echocardiography.

Figure 1
Characterization of Mtor-cKO mice. (A) Kaplan-Meier survival curves of Mtor-cKO and control (CTL) mice. Mortality of Mtor-cKO mice begins  
4 weeks after TMX administration and reaches 100% by 8 weeks. Time is shown as weeks after TMX administration (n = 11 for Mtor-cKO mice;  
n = 7 for TMX-injected Mtorfl/fl mice [F/F] control; n = 6 for WT-Cre control). (B) Representative explanted hearts. The Mtor-cKO heart is larger 
than that of controls. (C) Representative H&E-stained heart sections. Mtor-cKO hearts have thinned ventricular walls and enlarged cardiac 
chambers. (D) Dobutamine stress test, at 4 weeks after TMX administration, of Mtor-cKO (KO) and WT-Cre control hearts. Mtor-cKO hearts 
have greatly hampered basal inotropy and lusitropy and have only a very weak reactivity to stimulation with increasing units of dobutamine (Dob) 
(mean ± SD; n = 7 per group). (E) Incorporation of [3H]leucine in cultured adult cardiomyocytes (mean ± SD; n = 3). (F) Fluorescence micrographs 
of heart tissue were analyzed to obtain cross-sectional cell area (mean ± SD). Cardiomyocytes become significantly and progressively smaller 
after the administration of TMX. (G) Expression of cardiac fetal genes (Nppa, encoding atrial natriuretic factor; Myh7, encoding β-myosin heavy 
chain; Acta1, encoding α1-skeletal actin), assayed by qRT-PCR and normalized for Gapdh expression, is given as fold change. Mtor-cKO 
hearts have a 2- to 8-fold increase in the expression of these genes with respect to controls at 2 weeks and 4 weeks after TMX administration, 
respectively (mean ± SD, n = 3–4 per group).
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Mtor-cKO mice started dying at 4 weeks after TMX administra-
tion: the median survival age was 6 weeks after TMX administra-
tion, and none of the mice survived for longer than 8 weeks (Figure 
1A). Mtor-cKO mice presented with pleural effusions and ascites 
but had no significant abnormalities in liver, kidney, or skeletal 
muscle (data not shown). However, at 4 weeks after TMX admin-
istration, the Mtor-cKO heart was significantly enlarged compared 
with that from controls (Figure 1B and Supplemental Figure 1F). 
Atrial and ventricular chambers were enlarged, and the LV wall and 
interventricular septum were thinner than normal (Table 1, Figure 
1C, and Supplemental Figure 1G). Cardiac function assessed using 
echocardiography (Table 1) and the dobutamine stress test (Figure 
1D) evidenced frank HF at 4 weeks after TMX administration.

Incorporation of [3H]leucine, a qualitative assay for protein 
synthesis, was significantly reduced in cultured adult Mtor-cKO 
cardiomyocytes compared with those of controls (Figure 1E). The 

cross-sectional area of Mtor-cKO cardiomyocytes was 
progressively reduced (Figure 1F and Supplemental 
Figure 2A), and isolated adult cardiomyocytes were 
significantly thinner and shorter than those of con-
trols (Supplemental Figure 2, B and C). We did not 
observe any increase of proliferation in Mtor-cKO heart 
(Supplemental Figure 2D). The decrease in the rate of 
protein synthesis, which is the most energy-demand-
ing cellular process, suggests that in this model energy 
supply is not a key element in the determination of 
HF; however, changes in the metabolism of energy-
providing substrates were not addressed here.

In addition, Mtor-cKO myocardium expressed pro-
gressively higher levels of mRNA for atrial natriuret-
ic peptide, β-myosin heavy chain, and α1-skeletal 
actin, 3 fetal genes that are characteristically reex-
pressed when the heart is subjected to pathological 
stress (22) (Figure 1G).

Cell death and fibrosis are enhanced, and mitochondria 
are compromised, in Mtor-cKO mice. TUNEL staining 
revealed that the number of apoptotic cardiomyocytes 
increased progressively and dramatically after TMX 
administration (Figure 2A and Supplemental Figure 
3A). Cleaved poly(ADP-ribose) polymerase (Parp), 
another apoptotic marker, was significantly increased 
at 4 weeks after TMX administration (Figure 2B). 
Moreover, cytochrome c oxidase subunit IV (CoxIV) 
expression became progressively reduced (Figure 2C), 
indicating a loss in the oxidative capacity of mitochon-
dria in Mtor-cKO myocardium (23). Mitochondrial 
structure was affected early on, by 2 weeks after TMX 
administration (Figure 2D). Therefore, mitochondrial 
function is rapidly compromised by the absence of 
MTOR, inducing apoptosis of cardiomyocytes.

Longitudinal heart sections stained with Malloy’s 
trichrome revealed the presence of large spaces 
between cardiomyocytes — indicative of tissue edema 
— and interstitial fibrosis in the LV and interventric-
ular septum of Mtor-cKO mice (Supplemental Fig-
ure 3B). Fibrosis increased progressively after TMX 
administration (Figure 2E).

Because MTOR inhibits autophagy, we examined 
whether gene products of the autophagic pathway 
changed in this model. We found an increase of 

Atg6/beclin-1, Atg7, Atg8/LC3B (LC3BI-II), and Atg12 (Figure 2F), 
key components of the lysosomal machinery. Foxo1 and Foxo3a, 
transcription factors involved in regulation of autophagy, became 
increasingly expressed in the myocardium of Mtor-cKO mice (Fig-
ure 3B). In addition, electron microscopy revealed the presence of 
autophagic bodies (Figure 2G). These results suggest that autoph-
agy is increased in Mtor-cKO myocardium.

Knockout of MTOR is accompanied by upregulation of 4E-BP1. To delin-
eate the molecular mechanisms involved in producing the pheno-
typic characteristics of Mtor-cKO mice, we determined the activity of 
MTORC1 and MTORC2, the 2 multiprotein complexes containing 
MTOR. We first focused on 2 target proteins, 4E-BP1 and p70S6 
kinase 1 and its substrate S6 (S6K1/S6), main downstream effec-
tors of MTORC1 (Figure 3A). 4E-BP1 became progressively more 
expressed up to 4 weeks after TMX administration and remained 
elevated thereafter; moreover, it became increasingly dephosphory-

Table 1
Echocardiographic measurements of Mtor-cKO and control mice lines

Parameter	 Wk after TMX 	 WT-Cre	 F/F	 Mtor-cKO
	 administration
HR (bpm)	 0	 535 ± 67	 529 ± 45	 569 ± 63
HR (bpm)	 1	 507 ± 50	 529 ± 66	 554 ± 50
HR (bpm)	 2	 512 ± 47	 578 ± 47	 561 ± 59
HR (bpm)	 4	 545 ± 21	 572 ± 70	 566 ± 52
IVSd (mm)	 0	 0.59 ± 0.02	 0.62 ± 0.03	 0.61 ± 0.04
IVSd (mm)	 1	 0.60 ± 0.02	 0.61 ± 0.03	 0.61 ± 0.03
IVSd (mm)	 2	 0.61 ± 0.05	 0.61 ± 0.03	 0.6 ± 0.03
IVSd (mm)	 4	 0.57 ± 0.21	 0.61 ± 0.04	 0.54 ± 0.03A

IVSs (mm)	 0	 0.96 ± 0.07	 1.07 ± 0.07	 1.05 ± 0.13
IVSs (mm)	 1	 0.98 ± 0.06	 1.11 ± 0.07	 1.13 ± 0.09
IVSs (mm)	 2	 1.01 ± 0.08	 1.02 ± 0.06	 1.05 ± 0.07
IVSs (mm)	 4	 1.00 ± 0.05	 1.03 ± 0.07	 0.84 ± 0.10A

LVPWd (mm)	 0	 0.61 ± 0.03	 0.62 ± 0.04	 0.62 ± 0.04
LVPWd (mm)	 1	 0.60 ± 0.01	 0.61 ± 0.03	 0.62 ± 0.03
LVPWd (mm)	 2	 0.59 ± 0.04	 0.60 ± 0.04	 0.59 ± 0.03
LVPWd (mm)	 4	 0.60 ± 0.02	 0.61 ± 0.03	 0.55 ± 0.03A

LVPWs (mm)	 0	 1.05 ± 0.09	 1.20 ± 0.09	 1.17 ± 0.11
LVPWs (mm)	 1	 1.14 ± 0.07	 1.21 ± 0.07	 1.18 ± 0.11
LVPWs (mm)	 2	 1.13 ± 0.09	 1.14 ± 0.08	 1.18 ± 0.13
LVPWs (mm)	 4	 1.09 ± 0.09	 1.15 ± 0.07	 0.89 ± 0.13A

LVIDd (mm)	 0	 3.31 ± 0.12	 3.59 ± 0.24	 3.36 ± 0.44
LVIDd (mm)	 1	 3.42 ± 0.37	 3.75 ± 0.41	 3.61 ± 0.29
LVIDd (mm)	 2	 3.21 ± 0.27	 3.41 ± 0.25	 3.24 ± 0.28
LVIDd (mm)	 4	 2.86 ± 0.28	 3.51 ± 0.46	 4.06 ± 0.37A

LVIDs (mm)	 0	 1.65 ± 0.21	 1.9 ± 0.36	 1.73 ± 0.37
LVIDs (mm)	 1	 1.76 ± 0.35	 1.92 ± 0.48	 2.00 ± 0.22
LVIDs (mm)	 2	 1.81 ± 0.31	 1.73 ± 0.24	 1.71 ± 0.25
LVIDs (mm)	 4	 1.47 ± 0.26	 1.83 ± 0.36	 3.09 ± 0.51A

LVFS (%)	 0	 47.3 ± 5.6	 47.3 ± 7.4	 46.1 ± 7.7
LVFS (%)	 1	 45.5 ± 5.8	 49.3 ± 8.4	 44.6 ± 3.8
LVFS (%)	 2	 47.2 ± 6.4	 49.4 ± 5.5	 46.7 ± 8.8
LVFS (%)	 4	 49.2 ± 5.2	 46.8 ± 5.5	 26.4 ± 6.7A

HR, heart rate; IVSd, intraventricular septal thickness in diastole; IVSs, intraventricular 
septal thickness in systole; LVPWd, LV posterior wall thickness in diastole; LVPWs, LV 
posterior wall thickness in systole; LVIDd, LV internal diameter in diastole; LVIDs, LV 
internal diameter in systole; LVFS, LV fractional shortening. n = 6 mice assessed in the 
WT-Cre control group, n = 9 mice assessed in the F/F control group, and n = 9 mice 
assessed in the Mtor-cKO group. Measurements are given as mean ± SD. AP < 0.05 
versus control groups.
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lated. The increased expression of 4E-BP1 protein was accompanied 
by an increased level of its mRNA (Supplemental Figure 3C). Phos-
phorylation levels of ribosomal protein S6K1 and of its substrate 
S6 decreased below control levels by week 2 after TMX administra-
tion. Phosphorylation levels of insulin receptor substrate 1 (Irs1) 
and total Irs1 protein content increased with the decreased phos-
phorylation of the Irs1 inhibitor, S6K (24) (Figure 3A), similarly to 
results described for skeletal muscle (23, 25). In addition, expres-
sion of PRAS40, a negative regulator of MTORC1, was progressively 
increased in Mtor-cKO myocardium.

We then focused on Akt and PKC-α, 2 MTORC2 substrates. Phos-
phorylation of Akt at Ser473 was increased from week 1 through 
to week 4 after TMX administration (Figure 3B). This is surprising, 
considering that MTORC2 is a major Ser473 kinase (15) and that 
MTOR becomes progressively downregulated, and may indicate 
the presence of another kinase with specificity for this substrate 
besides mTORC2, as also indicated by others (23, 25). In addition, 

Akt was increasingly phosphorylated at residue Thr308; this may 
be ascribed to the increase in Irs1 activity following the inhibition 
of S6K and a consequential increase in Pdk1 activity. On the other 
hand, phosphorylation at the Thr450 site of Akt remained at base-
line levels, decreasing only at 4 weeks after TMX administration.

PKC-α protein expression, which reflects its phosphorylation 
state and stabilization by MTORC2 (12), remained constant up 
to 2 weeks after TMX administration but decreased from then on 
(Figure 3B), following the decrease of Rictor and MTOR protein 
levels. Moreover, downregulation of Rictor had a different time 
course than that of Raptor, with Raptor becoming more rapidly 
degraded compared with Rictor (Figure 3B).

To determine whether decreased MTOR activity is associated 
with HF, we studied the transverse aortic constriction (TAC) model 
of pressure overload. We found that after 8 weeks of TAC — when 
mice are in frank HF (17) — the phosphorylation of downstream 
targets of MTORC1 was reduced (Figure 3C). Moreover, there was 

Figure 2
Analysis of cell death. (A) Image analysis of TUNEL-stained sections revealed that the Mtor-cKO heart is subjected to a progressive loss of 
cardiomyocytes because of the induction of apoptosis (mean ± SD; n = 3 per group). (B) Representative Western blot for cleaved (clv) Parp. 
Cleaved Parp expression is increased in the heart of Mtor-cKO mice with respect to WT-Cre control littermates at 4 weeks after TMX adminis-
tration. α-Tubulin was used as an internal loading control. (C) Western blot for CoxIV expression (top). Gapdh was used as an internal loading 
control. Densitometric analysis of CoxIV expression (mean ± SD) in extracts from WT-Cre controls at 4 weeks after TMX administration and 
from Mtor-cKO mice at 1, 2, and 4 weeks after TMX administration (bottom). (D) Representative transmission electron micrographs of Mtor-cKO 
and WT-Cre control hearts, both at 2 weeks after TMX administration. Mtor-cKO LV myocardium presents with sarcomeric disarray and swollen 
mitochondria (arrowheads), whereas that of control has a normal ultrastructure. Original magnification: ×2,000. (E) Image analysis reveals that 
the fibrotic index of the Mtor-cKO heart is increased already at 1 week after TMX administration and becomes significantly increased thereafter 
(mean ± SD, n = 3 per group). (F) Western blot of some autophagy-related proteins. Expression of the 4 proteins analyzed is increased in the 
Mtor-cKO heart with respect to that of the WT-Cre control at 1 week after TMX administration. (G) Representative transmission electron micro-
graphs of WT-Cre control and Mtor-cKO heart, both at 1 week after TMX administration. Autophagic bodies (arrowheads) were observed in 
Mtor-cKO myocardium. Original magnification: ×4,000; inset, ×2,000.
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Figure 3
Western blot analysis of MTORC1- and MTORC2-associated proteins. (A) Blots of 
total and phosphorylated (p) MTORC1-associated proteins from myocardial extracts 
from WT-Cre controls at 4 weeks after TMX administration (post-TMX) and from 
Mtor-cKO mice at 1, 2, and 4 weeks after TMX administration (above). Densitometry 
(arbitrary units, mean ± SD) of nonphosphorylated and total 4E-BP1 and S6 pro-
tein phosphorylated at Ser240 (below). Phosphorylation of downstream targets of 
MTORC1 is reduced by 2 weeks after TMX administration. Accumulation of 4E-BP1 
is a striking characteristic of myocardium lacking Mtor expression. Gapdh was used 
as an internal loading control. (B) Blots of total and phosphorylated MTORC2-associ-
ated proteins and of Foxo proteins in myocardial extracts from WT-Cre controls at  
4 weeks after TMX administration and from Mtor-cKO mice at 1, 2, and 4 weeks after 
TMX administration (top). Phosphorylation of Akt at sites independent of MTORC2 
(Thr308 and Thr450) was also analyzed. Densitometry (arbitrary units, mean ± SD) of 
phosphorylation levels of Akt (bottom). (C) Representative blot of myocardial extracts 
from sham- and TAC-operated wild-type mice. The MTORC1 downstream proteins S6 
kinase and S6 become less expressed when hearts are failing (8 weeks after TAC). 
Note the accumulation of 4E-BP1 bound to eIF4E at 8 weeks in TAC-operated mice. 
(D) Representative blot of myocardial extracts from wild-type littermates and MLP-KO 
mice, a genetic model of dilated cardiomyopathy. Similarly to Mtor-cKO (A) and failing 
pressure-overloaded wild-type myocardium (C), 4E-BP1 becomes dephosphorylated 
at Ser65 and more bound to eIF4E also in this model.



research article

2810	 The Journal of Clinical Investigation      http://www.jci.org      Volume 120      Number 8      August 2010

an increase in the amount of 4E-BP1 bound to eIF4E, as determined 
by m7GTP-sepharose chromatography. We also found increased 
binding of 4E-BP1 to eIF4E in the heart of the muscle LIM pro-
tein knockout mouse (MLP-KO mouse), a genetic model of dilated 
cardiomyopathy (26) (Figure 3D). Therefore, reduced MTOR activ-
ity and a consequent increased inhibitory activity of 4E-BP1 seem 
broadly associated with the development of overt HF.

MTOR-dependent heart hypertrophy is required to cope with pressure 
overload stress. The notion that hypertrophy is beneficial for car-
diac function under pathologic conditions has been challenged in 
recent years (27). Because up to 2/3 weeks after TMX administra-
tion the MTOR protein level in Mtor-cKO myocardium is decreased 
but not totally absent and cardiac function is maintained, we rea-
soned that this model could be used to determine (a) whether a 
decreased level of MTOR protein affects the hypertrophic response 
to pressure overload–induced hypertrophy, and (b) if this response 
was found to be hampered, whether the blunting of hypertrophy 
is in fact beneficial for heart function in a pathological setting. We 
therefore subjected Mtor-cKO mice to TAC at 1 week after TMX 

administration and assessed cardiac function for the following  
2 weeks (Supplemental Figure 4A).

We found that 2 weeks after the TAC procedure (i.e., 3 weeks after 
TMX administration) Mtor-cKO mice had a significantly reduced 
increase in LV wall thickness and a more dilated LV chamber com-
pared with control TAC mice (Table 2). The ratios of LV weight– 
and heart weight–to–tibial length were significantly reduced in 
Mtor-cKO-TAC mice (Supplemental Figure 4B). The significant 
worsening of contractile function observed in Mtor-cKO mice was 
accelerated (Table 2), and there was a diminished induction of fetal 
genes (Figure 4A). Moreover, survival of Mtor-cKO mice was fur-
ther significantly reduced (Supplemental Figure 4C). Thus, even a 
partial reduction in MTOR expression markedly affects the devel-
opment of pressure overload–induced hypertrophy and the ability 
of the heart to maintain a compensatory function, accelerating HF 
progression and death.

At the biochemical level, total 4E-BP1 was dramatically increased 
in Mtor-cKO mice subjected to TAC with respect to that of control 
TAC mice. Furthermore, phosphorylation of 4E-BP1 and of S6 

Table 2
Echocardiographic measurements of Mtor-cKO and control mice before TAC and 2 weeks after TAC

Parameter	 No TAC	 TMX (3 weeks)	
	 –	 TMX (1 week)	 Sham	 TAC
	 WT-Cre	 Mtor-cKO	 WT-Cre	 Mtor-cKO	 WT-Cre	 Mtor-cKO	 WT-Cre	 Mtor-cKO
HR (bpm)	 530 ± 44	 540 ± 51	 574 ± 66	 554 ± 52	 578 ± 47	 561 ± 56	 600 ± 27	 571 ± 44
IVSd (mm)	 0.62 ± 0.02	 0.62 ± 0.04	 0.63 ± 0.03	 0.61 ± 0.02	 0.62 ± 0.04	 0.60 ± 0.03	 0.89 ± 0.10A	 0.70 ± 0.11
IVSs (mm)	 1.09 ± 0.07	 1.05 ± 0.03	 1.14 ± 0.09	 1.10 ± 0.07	 1.02 ± 0.08	 1.03 ± 0.03	 1.37 ± 0.09A	 1.15 ± 0.20
LVPWd (mm)	 0.61 ± 0.03	 0.64 ± 0.04	 0.61 ± 0.01	 0.62 ± 0.02	 0.60 ± 0.04	 0.59 ± 0.02	 0.93 ± 0.10A	 0.72 ± 0.12B

LVPWs (mm)	 1.23 ± 0.07	 1.22 ± 0.13	 1.19 ± 0.04	 1.16 ± 0.13	 1.13 ± 0.07	 1.20 ± 0.08	 1.36 ± 0.15	 1.24 ± 0.23
LVIDd (mm)	 3.75 ± 0.17	 3.38 ± 0.17	 3.39 ± 0.24	 3.61 ± 0.33	 3.41 ± 0.31	 3.24 ± 0.14	 2.96 ± 0.42	 3.78 ± 0.50B

LVIDs (mm)	 2.02 ± 0.4	 1.66 ± 0.24	 1.61 ± 0.2	 1.96 ± 0.26	 1.74 ± 0.28	 1.70 ± 0.31	 1.44 ± 0.27	 2.48 ± 0.73B

LVFS (%)	 47.3 ± 7.3	 48.1 ± 6.0	 49.4 ± 8.9	 47.0 ± 4.0	 49.5 ± 7.0	 46.7 ± 9.2	 51.0 ± 8.6	 35.5 ± 10.3B,C

The “–” symbol indicates mice not administered TMX. n = 5 WT-Cre and Mtor-cKO mice not subjected to TAC/sham, n = 12 WT-Cre and Mtor-cKO mice 
subjected to TAC/sham. Measurements are given as mean ± SD. AP < 0.05 versus WT-Cre sham mice; BP < 0.05 versus WT-Cre TAC mice; CP < 0.05 
versus Mtor-cKO sham mice.

Figure 4
Pressure overload stress in Mtor-cKO mice. (A) qRT-PCR analysis for cardiac fetal gene expression, normalized for Gapdh, involved in the 
response to TAC in WT-Cre control and Mtor-cKO hearts. After 3 weeks of TAC (4 weeks after TMX administration for both), there is only a 
moderate increase in the expression of these genes in Mtor-cKO hearts with respect to the similarly treated control group (mean ± SD, n = 3–4 
per group). (B) Representative Western blots of TAC-operated WT-Cre and Mtor-cKO hearts, 3 weeks after the surgery.
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was reduced, indicating a significant decrease of MTORC1 activ-
ity. Phosphorylation of Akt at Ser473 remained elevated, whereas 
it became deceased at Thr308. Moreover, cleaved Parp was sig-
nificantly increased in Mtor-cKO-TAC myocardium, suggestive of 
increased apoptosis (Figure 4B).

As a whole, these data suggest that MTOR, and in particular 
MTORC1, plays an essential role in the response of the heart to stress 
by preserving cardiac function through the induction of hypertrophy.

Ablation of Eif4ebp1 significantly improves HF in Mtor-cKO mice. 
Previous work demonstrated that the absence of S6K1 and S6K2 

was not associated with any effect on the ability of the heart to 
undergo hypertrophy after pressure overload (28). In contrast, 
the role of 4E-BP1 in modulating cardiac function has not been 
assessed yet in mammals. To determine whether accumulation 
of dephosphorylated 4E-BP1 is linked to HF onset, we crossed 
Mtor-cKO mice with Eif4ebp1 knockout mice (4E-BP1-KO mice) 
(29) to generate a double-KO (dKO) model. 4E-BP1 is the most 
expressed 4E-BP in striated and cardiac muscle (29) (Supple-
mental Figure 3D); its deletion caused an increase in [3H]leucine 
uptake in the heart (Supplemental Figure 5A) and a significant 

Figure 5
Survival of Mtor-cKO mice is improved 
by deletion of Eif4ebp1, and hypophos-
phorylated 4E-BP1 promotes apoptosis 
in cardiomyocytes. (A) Representative 
Western blots, at 4 weeks after TMX 
administration, of WT-Cre, Mtor-cKO, 
4E-BP1-KO, and Mtor/4E-BP1 dKO 
mouse heart lysates. (B) Kaplan-Meier 
survival curves of Mtor/4E-BP1 dKO  
(n = 13), Mtor-cKO (n = 10), and WT-
Cre mice (n = 9). Survival of Mtor/4E-
BP1 dKO mice is significantly better 
than that of Mtor-cKO mice. (C) Rep-
resentative Western blots demonstrat-
ing progressive increase of cleaved 
caspase 3 (Casp3) and caspase 9 in 
lysates obtained from cultured neo-
natal cardiomyocytes after 24-hour 
infection with adenovirus carrying a 
mutated (hypophosphorylated) form of 
4E-BP1 (4E-BP1-5A). V, empty vec-
tor; M, transgene-carrying vector; HA, 
hemagglutinin tag; Tub, α-tubulin. (D) 
Immunofluorescence of infected car-
diomyocytes. Green indicates cleaved 
caspase 3; red indicates α-actinin; blue 
indicates Hoechst staining of nuclei. 
Original magnification: ×20 (rows 1 and 
3); ×40 (rows 2 and 4).
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enhancement of cardiac function as assessed by the dobutamine 
stress test (Supplemental Figure 5B).

As expected, crossing Mtor-KO mice with 4E-BP1-KO mice com-
pletely abolished the accumulation of 4E-BP1 occurring in Mtor-KO 
mice (Figure 5A). Importantly, dKO mice had significantly better 
survival than Mtor-cKO mice (Figure 5B). CoxIV was significantly 
increased in dKO mice (Figure 5A), suggesting that mitochondrial 
function was improved. Echocardiographic parameters (Table 3),  
cell size (Supplemental Figure 2, B and C), and cardiac function 
(assessed as the LV fractional shortening percentage) (Table 3) 
were normalized in dKO hearts at 4 weeks after TMX adminis-
tration, a time at which most Mtor-cKO mice are suffering frank 
HF. Moreover, the extent of fibrosis was significantly diminished 
compared with that of Mtor-cKO mice (Supplemental Figure 5, C 
and D). S6 phosphorylation was increased in dKO mice, possibly 
because of the existence of MTOR-independent pathways in regu-
lating S6K activity (Figure 5A). In addition, phosphorylation of Akt 
was elevated at Thr308 and at Ser473, suggesting that the survival 
pathways mediated by Akt were activated. This is consistent with 

a decrease of cleaved Parp protein (Figure 
5A) and TUNEL-positive cells (Supple-
mental Figure 5, E and F) in dKO myocar-
dium. On the other hand, the expression of 
autophagy genes was similar in Mtor-cKO 
and dKO mice (data not shown), indicat-
ing that autophagy is MTOR-dependent 
but 4E-BP1–independent and that it is not 
involved in the amelioration of the HF phe-
notype in this context.

Expression of constitutively hypophosphory-
lated 4E-BP1 in cardiomyocytes promotes 
apoptosis. Because hypophosphorylated 
4E-BP1 accumulates in Mtor-cKO myocar-
dium and apoptosis is reduced when Mtor-
cKO mice are crossed with mice lacking  
Eif4ebp1, we decided to test whether ectopic 
expression of hypophosphorylated 4E-BP1 
induces cell death in cultured cardiomyo-
cytes. To this end, we infected neonatal 
cardiomyocytes with an adenoviral vector 
carrying a nonphosphorylatable form of 
4E-BP1 (30). We found that this mutant 
increased the cleavage of caspases 3 and 9 
in cardiomyocytes, with respect to infec-
tion with an empty vector (Figure 5, C 
and D). Interestingly, there was no effect 
on autophagy (Figure 5C and data not 
shown), in support of the in vivo “rescue” 
data, demonstrating that autophagy in 
cardiomyocytes is MTOR dependent but 
4E-BP1 independent.

Discussion
Here, we have assessed the role of cardiac 
MTOR, showing that Mtor deletion causes 
a lethal, fully penetrant, dilated-heart phe-
notype, without passing through an initial 
hypertrophic phase. Our data support the 
notion that reduced MTOR signaling is suf-
ficient to induce the development of HF.

Previous reports suggested a key role for decreased MTOR activ-
ity in heart disease. Long-term pressure overload was shown to 
blunt MTOR signaling (4) and reduced MTOR activity was indi-
cated to play a role in the cardiac dysfunction produced by doxoru-
bicin, an anthracycline used as an anticancer agent that can induce 
dilated cardiomyopathy as a side effect (31). Our results also bear 
similarities with the effects of Mtor and Raptor deletion in mouse 
skeletal muscle, where the absence of MTORC1 activity was asso-
ciated with increased Akt phosphorylation at residues Ser473 and 
Thr308, progressive muscle degeneration, and premature death 
(23, 25). Interestingly, in Drosophila, which is a simpler model than 
the mouse, dTOR overactivity and the absence of d4E-BP1 were 
shown to be associated with cardiac malfunction and decreased 
life span, due to free radical generation (32, 33).

In contrast to its role in the development of HF, the role of 
MTOR in the induction of hypertrophy is better established (2, 
34–36). However, whether hypertrophy is beneficial for cardiac 
function when the heart is under stress remains controversial (27). 
In mice and rats, pharmacological inhibition of MTOR with rapa-

Table 3
Echocardiographic measurements of the various mouse lines used in the study

Parameter	 Wk after TMX 	 WT-Cre	 Mtor-cKO	 4EBP1-KO	 dKO
	 administration
HR (bpm)	 0	 540 ± 68	 569 ± 59	 563 ± 54	 529 ± 73
HR (bpm)	 1	 576 ± 90	 554 ± 56	 567 ± 38	 551 ± 53
HR (bpm)	 2	 600 ± 62	 561 ± 56	 598 ± 53	 613 ± 35
HR (bpm)	 4	 606 ± 47	 566 ± 52	 622 ± 29	 609 ± 66
IVSd (mm)	 0	 0.61 ± 0.03	 0.63 ± 0.04	 0.58 ± 0.03	 0.58 ± 0.03
IVSd (mm)	 1	 0.61 ± 0.03	 0.62 ± 0.02	 0.55 ± 0.02	 0.58 ± 0.04
IVSd (mm)	 2	 0.62 ± 0.03	 0.60 ± 0.02	 0.61 ± 0.02	 0.6 ± 0.02
IVSd (mm)	 4	 0.61 ± 0.03	 0.55 ± 0.03A	 0.61 ± 0.02	 0.62 ± 0.03B

IVSs (mm)	 0	 1.05 ± 0.06	 1.04 ± 0.11	 0.98 ± 0.05	 0.99 ± 0.09
IVSs (mm)	 1	 1.07 ± 0.09	 1.12 ± 0.09	 0.96 ± 0.06	 1.05 ± 0.06
IVSs (mm)	 2	 1.04 ± 0.06	 1.04 ± 0.08	 1.04 ± 0.04	 1.01 ± 0.06
IVSs (mm)	 4	 1.04 ± 0.07	 0.88 ± 0.12A	 1.04 ± 0.05	 1.09 ± 0.05
LVPWd (mm)	 0	 0.62 ± 0.03	 0.62 ± 0.04	 0.58 ± 0.02	 0.56 ± 0.03
LVPWd (mm)	 1	 0.60 ± 0.04	 0.62 ± 0.03	 0.54 ± 0.02	 0.59 ± 0.02
LVPWd (mm)	 2	 0.61 ± 0.04	 0.59 ± 0.03	 0.60 ± 0.03	 0.60 ± 0.01
LVPWd (mm)	 4	 0.60 ± 0.03	 0.55 ± 0.03A	 0.61 ± 0.02	 0.62 ± 0.03B

LVPWs (mm)	 0	 1.18 ± 0.10	 1.17 ± 0.10	 1.10 ± 0.11	 1.07 ± 0.08
LVPWs (mm)	 1	 1.18 ± 0.07	 1.18 ± 0.10	 1.07 ± 0.09	 1.18 ± 0.09
LVPWs (mm)	 2	 1.14 ± 0.07	 1.16 ± 0.14	 1.18 ± 0.11	 1.13 ± 0.10
LVPWs (mm)	 4	 1.16 ± 0.08	 0.92 ± 0.14A	 1.19 ± 0.09	 1.27 ± 0.04B

LVIDd (mm)	 0	 3.49 ± 0.35	 3.36 ± 0.39	 2.87 ± 0.16	 2.94 ± 0.44
LVIDd (mm)	 1	 3.58 ± 0.45	 3.61 ± 0.30	 3.14 ± 0.17	 3.08 ± 0.17
LVIDd (mm)	 2	 3.42 ± 0.24	 3.24 ± 0.28	 3.08 ± 0.42	 2.95 ± 0.44
LVIDd (mm)	 4	 3.48 ± 0.41	 4.06 ± 0.43A	 3.25 ± 0.32	 3.38 ± 0.30B

LVIDs (mm)	 0	 1.87 ± 0.37	 1.81 ± 0.35	 1.48 ± 0.16	 1.49 ± 0.34
LVIDs (mm)	 1	 1.83 ± 0.42	 2.00 ± 0.21	 1.69 ± 0.14	 1.69 ± 0.15
LVIDs (mm)	 2	 1.74 ± 0.24	 1.72 ± 0.24	 1.49 ± 0.33	 1.57 ± 0.32
LVIDs (mm)	 4	 1.84 ± 0.35	 3.01 ± 0.59A	 1.71 ± 0.27	 1.81 ± 0.25B

LVFS (%)	 0	 46.6 ± 6.7	 46.1 ± 7.2	 48.4 ± 4.7	 49.7 ± 5.5
LVFS (%)	 1	 49.1 ± 6.9	 44.6 ± 4.7	 46.1 ± 3.6	 45.3 ± 4.4
LVFS (%)	 2	 49.1 ± 5.1	 46.7 ± 8.5	 51.9 ± 5.8	 47.0 ± 5.4
LVFS (%)	 4	 47.4 ± 5.1	 26.4 ± 8.0A	 47.4 ± 4.5	 46.7 ± 4.0B

n = 7 WT-Cre mice, n = 7 Mtor-cKO mice, n = 8 4E-BP1-KO mice, and n = 9 dKO mice. Measure-
ments are given as mean ± SD. AP < 0.05 versus WT-Cre mice; BP < 0.05 versus 4 weeks after TMX 
administration Mtor-cKO mice.
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mycin was demonstrated to regress remodeling induced by pres-
sure overload (1, 2, 37) and by myocardial infarction (38), blunt-
ing the development of cardiac dysfunction. These studies, while 
demonstrating that MTOR is critical for the induction of cardiac 
hypertrophy after stress, suggest that inhibiting this kinase might 
help abate the worsening of heart function occurring in pathologi-
cal settings. However, here we have demonstrated that even partial 
downregulation of MTOR is detrimental when the heart is sub-
jected to pathological stress, because pressure overload accelerated 
heart dilation and the deterioration of cardiac function of Mtor-
cKO mice expressing reduced, but not null levels, of MTOR. There-
fore, adequate MTOR activity and induction of hypertrophy are 
fundamental for the correct response of the heart to pathological 
stress. One possible explanation for the discrepancy between our 
results and those obtained with the use of pharmacological MTOR 
inhibition might lie in the fact that rapamycin inhibits MTORC2 
only with extensive treatment (16), whereas MTOR deletion affects 
both complexes. Incomplete inhibition of MTOR-dependent sur-
vival signaling, via MTORC2-mediated phosphorylation of Akt 
at Ser473, might then be responsible for the apparent beneficial 
effects of rapamycin-induced blunting of cardiac hypertrophy. An 
alternative explanation is that rapamycin may inhibit MTORC1 
without altering its stoichiometry, whereas MTOR knockout 
does alter stoichiometry. On this point, we found rapidly reduced 
expression of Raptor and increased expression of PRAS40 in Mtor-
cKO myocardium. Free PRAS40 may have effects other than those 
related to the regulation of MTOR kinase activity and has been 
discovered to be a direct substrate of MTORC1 itself (39). Further 
investigation is needed.

A striking feature of Mtor-cKO mice is the accumulation of 4E-
BP1 within the myocardium. The mechanisms underlying this 
accumulation are uncertain, but once phosphorylated, 4EB-P1 is 
ubiquitinated and then degraded (40). Loss of MTOR-mediated 
phosphorylation of 4E-BP1 could, therefore, be responsible for 
decreased 4E-BP1 degradation and the buildup of 4E-BP1 in the 
myocardium. In addition, the finding that deletion of Eif4ebp1 
was able to significantly, albeit incompletely, reverse the negative 
effects produced by the loss of Mtor provides what we believe to be 
the first evidence for a functional role of 4E-BP1 in HF develop-
ment. We found that infection of cardiomyocytes with a mutant 
Eif4ebp1 transgene encoding a nonphosphorylatable molecule 
induced apoptosis through higher cleaved caspase levels. Similar 
findings were described in fibroblasts, especially when cultured 
in the presence of rapamycin (40, 41). Thus, these results suggest 
that, when not inhibited adequately by MTOR, 4E-BP1 is a strong 
inducer of apoptosis. While the mechanism of 4E-BP1–dependent 
apoptosis in cardiomyocytes needs further investigation, it has 
been shown in other cell types that 4E-BPs control the transla-
tion efficiency of Gas2 mRNA, a gene that increases the stability of 
p53 (42). It is tempting to speculate that this mechanism may also 
take place in cardiomyocytes. dKO mice might benefit, therefore, 
from the deletion of Eif4ebp1, because of loss of this death-induc-
ing mechanism. Moreover, because dephosphorylated 4E-BP1 was 
found in the late (failing) stage of pressure overload in wild-type 
mice and in the MLP-KO model of HF, it is conceivable that inap-
propriate inhibitory activity of 4E-BP1, secondary to downregu-
lation of MTOR, might represent a common mechanism in the 
onset of HF of diverse etiologies.

Inhibition of MTOR can also increase autophagy (10). This is a 
phenomenon in which a cell digests its own constituents, especially  

the mitochondria. Active MTOR inhibits the serine/threonine 
kinase Atg1, a key mediator of autophagy induction (10). Increased 
cardiomyocyte loss due to autophagy has been reported during 
progression from compensated hypertrophy to HF and may repre-
sent an attempt to remove abnormal proteins or damaged organ-
elles (43). In Mtor-cKO, autophagy and apoptosis are concomi-
tantly increased; however, autophagy is not decreased in the dKO 
mice, in contrast to apoptosis, which is dramatically diminished. 
This suggests that apoptosis is more prominent than autophagy in 
determining the HF phenotype of Mtor-cKO mice. However, more 
work is needed to clarify the role of autophagy in our model.

Deletion of Mtor does not immediately affect its 2 complexes 
identically: MTORC1 activity is more rapidly reduced than that 
of MTORC2. On this point, phosphatidic acid (PA), a phospho-
lipid required for MTORC assembly, was reported to compete 
with FKBP12 and rapamycin for interaction with the FKBP12-
rapamycin–binding (FRB) domain of MTOR, allowing comple-
tion of MTORC assembly with either Rictor or Raptor (44). The 
rate constant of dissociation of MTORC1 from PA and MTOR 
was suggested to be greater than that of MTORC2 (45). Thus, 
the higher dissociation rate of MTOR from MTORC1 than 
that from MTORC2 could explain why MTORC2 is more stable  
in Mtor-cKO mice.

The results presented in this report on the Mtor-cKO model of 
HF demonstrate the critical importance of MTOR for appropri-
ate cardiac cell survival and function. As a consequence, the use 
of chemotherapeutic and immunosuppressive drugs that target 
MTOR directly or indirectly may very well bear an important risk 
of aggravating the onset of heart disease in patients with cardiac 
malfunction. Unfortunately, the effects of MTOR inhibitors on 
cardiac function in a clinical setting are scarcely described. One 
study in which renal transplant recipients were switched from a 
calcineurin-inhibitor immunosuppressive drug to sirolimus (i.e., 
rapamycin) demonstrated that sirolimus inhibits cardiac hypertro-
phy associated with kidney transplantation independently of any 
hemodynamic effect (46). This result, though obtained in a small, 
nonrandomized clinical trial, uncovers a potentially harmful con-
sequence of sirolimus administration for patients with heart prob-
lems. More in-depth studies on cardiac function, before and after 
high-dose sirolimus administration, are therefore needed. Finally, 
we believe a novel aspect of this report is that the inhibitory activ-
ity of 4E-BP1 is a key mediator of the negative effects of reduced 
MTOR signaling on cardiomyocyte homeostasis and heart func-
tion. Because dephosphorylated 4E-BP1 is increased during late-
stage HF, it is possible to envision the administration of synthetic 
molecules that negatively modulate 4E-BP1 activity as a new thera-
peutic strategy for this syndrome, although the proliferative effects 
on other tissues must be taken also into account.

Methods
Gene targeting of MTOR. Genomic MTOR DNA was isolated from R1 ES 
cells and used to create an Mtor-targeting construct containing floxP sites 
and the neomycin resistance gene. The construct was generated in the 
pBluescript II KS+ vector. The 5′ arm of homology consisted of a 3.5-kb 
Not I–Xho I fragment fused with FRT-Neo-FRT cassette, following the first 
floxP site upstream of Mtor’s 2nd and 3rd exons. The 3′ arm of homology 
was a 3.3-kb Sal I–Bgl II fragment located downstream of a second floxP site 
(Supplemental Figure 1A). The targeting construct was verified by sequenc-
ing and linearized with Bgl II, before electroporation into R1 ES cells at the 
Transgenic Core Facility at the University of California San Diego.
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Southern blot analysis. Genomic DNA was extracted from G418-resis-
tant ES cell clones and mouse tails as previously described (47). ES cell 
DNA was digested with Hind I and analyzed by Southern blot analysis. A 
315-bp fragment was generated by PCR using genomic mouse DNA and 
specific Mtor primers (forward, TTGTGCTGAGATATGGAAGCAGGGT-
GAGGAGAAC; reverse, CTCCGCTCTTCCCGGCTACTCTAGCCTCCC). 
The PCR product was subsequently radiolabeled, using α-[32P]dCTP, by 
random priming (Invitrogen). DNA blots were hybridized with the radio-
labeled probe and visualized by autoradiography. The wild-type allele is 
represented by a 12.5-kb band, whereas a 9-kb band represents the cor-
rectly targeted mutant allele (Supplemental Figure 1B). Four clones out 
of six hundred G418-resistant ES clones that had undergone homologous 
recombination were identified by Southern blot analysis.

Generation and genotyping of Mtor knockout mice and Mtor-cKO/4E-BP1 
dKO mice. Two independent homologous recombinant ES clones were 
microinjected into blastocysts from C57BL/6 mice at the Transgenic 
Core Facility at the University of California San Diego. Male chimeras 
were inbred with female C57BL/6 mice to generate germ line–trans-
mitted heterozygous mice (Mtorfl/+ mice). To delete the Neo cassette, 
heterozygous Flox-FRT mice were crossed with Flpe deleter mice from 
The Jackson Laboratories (48). After that, Mtorfl/+ mice were backcrossed 
to C57BL/6 for more than 8 generations (F8 offspring) and subsequently  
intercrossed to generate homozygous null mutant mice (Mtorfl/fl). Off-
spring were genotyped by PCR analysis using mouse tail DNA and 
wild-type (forward, GCTCACTGTACTCTGTCTGCACTTG; reverse, 
GAAATAGCACGCATTTCTACTTG) and knockout allele-specific prim-
ers (forward, GTACACTCTCCTTAAAGTAGCTTCCC; reverse primer 
was the same as that used for wild type) (Supplemental Figure 1C). Car-
diac-specific MTOR-inducible KO mice (α-MHC-MerCreMer/Mtorfl/fl) 
were generated by breeding Mtorfl/fl mice with mice expressing the car-
diac-specific MerCreMer α-MHC promoter-driven cre recombinase gene 
(provided by J.D. Molkentin, University of Cincinnati, Cincinnati, Ohio, 
USA) (49). Two-month-old male mice were administered TMX (T5648, 
Sigma-Aldrich), dissolved in sesame oil at 30 mg/kg/d, with i.p. injec-
tion for 6 days, a dose that does not produce toxicity in mice, in order 
to induce the knockout of Mtor (Supplemental Figure 1D). Control ani-
mals used in this study were WT male mice carrying only one copy of the 
αMHC-MCM transgene (WT-Cre mice) and Mtorfl/fl mice not expressing 
the cre recombinase gene that were treated with the same TMX regimen 
(F/F mice) as well as αMHC-MCM/Mtorfl/fl mice not receiving TMX.

Cardiac-specific MTOR-inducible KO mice were also crossbred with 
mice deficient for Eif4ebp1 (29) to generate double-knockout mice (Mtor-
cKO/4E-BP1-KO mice). The resulting background strains were C57BL/6 
and were unchanged throughout the study.

All animal procedures were carried out in accordance with the guidelines 
set by the University of California San Diego Institutional Animal Care 
Program and with IACUC approval.

Protein analysis and antibodies. Western blot analyses were performed to 
evaluate heart protein levels/phosphorylation states after fractionation, 
following standard procedures. Antibodies used in this study were pur-
chased from Cell Signaling Technology, Santa Cruz Biotechnology Inc., 
Sigma-Aldrich, and Millipore. ImageJ software (NIH) was used to perform 
densitometric analyses (http://rsb.info.nih.gov/ij/).

Histochemistry and analysis of cell size on myocardial tissue. Standard tech-
niques were adopted as previously described (50). In brief, hearts were 
flushed with PBS, relaxed in 50 mM KCl in PBS, and fixed in 10% neutral-
buffered formalin (Sigma-Aldrich) overnight. The cardiomyocyte cross-
sectional area was measured from 8-μm-thick heart sections that had been 
stained with FITC-conjugated wheat germ agglutinin, using OpenLab soft-
ware (Improvision). Only myocytes that were round (i.e., were cut in cross 

section) were included in the analysis. An observer blind to the genotypes 
of the heart samples performed the measurements.

Transmission electron microscopy. Hearts were retrogradely perfused with 50 
mM KCl in tyrode solution, followed with 2% paraformaldehyde/2% glu-
taraldehyde in 150 mM sodium cacodylate buffer. The LV tissues were pro-
cessed for transmission electron microscopy as described previously (51).

Cultured adult mouse cardiomyocytes. Adult ventricular myocytes were iso-
lated as described previously (52) and plated at a density of about 5,000 
myocytes/cm2 on dishes precoated with laminin in MEM supplemented 
with 1 mM CaCl2, 15 mM butanedione monoxime, 25 mM HEPES, and 
penicillin plus streptomycin 1%.

[3H]leucine uptake assay. Adult cardiomyocytes were used to assess incor-
poration of [3H]leucine. Serum-deprived (16 hours) myocytes were incu-
bated in culture medium containing 1 μCi/ml [3H]leucine (Amersham and 
PerkinElmer) in the presence of fetal bovine serum for 20 hours before 
assaying to measure radioactivity (52).

Infection of neonatal cardiomyocytes with adenovirus. One-day-old neonatal 
mouse cardiomyocytes (nCMCs) were used to assess apoptotic effects of 
overexpression of hypophosphorylated 4E-BP1. The culture medium was 
switched to serum-free medium 24 hours before adenovirus infection. 
nCMCs were mock and Adeno-4EBP1-5A infected with serial MOIs (2, 10, 
20, and 50 MOI) for 24 hours and 72 hours before Western blotting or 
immunostaining. Mock infection was performed with an empty adenoviral 
vector. Adeno-4E-BP1-5A (a gift from S. Huang, Health Sciences Center, 
Louisiana State University, Shreveport, Louisiana, USA) encodes a con-
stitutively hypophosphorylated, mutated (T37A, T46A, S65A, T70A, and 
S83A) 4E-BP1 and therefore has a dominant-positive function. Cultured 
nCMCs were fixed with paraformaldehyde, permeabilized, and stained 
with anti-cleaved caspase 3/9 and anti–α-actinin antibodies.

Morphometric measurement of isolated cardiomyocytes. To measure cardio-
myocyte size in formalin-fixed adult hearts, hearts (with atria removed) 
were digested with 50% KOH for 24 hours (53, 54). After careful washing 
with PBS, typical rod-shaped cardiomyocytes only were analyzed for the 
morphometric measurements. Using NIH ImageJ software, long axis, short 
axis, and cell area were measured and compared. An average of 300–400 
cells were chosen at random for measurements.

Pressure overload cardiac hypertrophy. We used 2-month-old male mice. 
Pressure overload was obtained through transverse aortic arch constric-
tion under anesthesia, as described previously (55).

Echocardiography assessment of cardiac function. Mice were anesthetized with 
isoflurane and subjected to echocardiography as previously described (50). 
The chest was shaved, and the mouse laid supine. A Philips SONOS 5500, 
equipped with a 15-MHz linear array transducer, was used for noninvasive 
transthoracic echocardiography. Two-dimensional guided M-mode trac-
ings were recorded. The internal diameter of the LV in the short-axis plane 
was measured at end diastole and end systole from M-mode recordings 
just below the tips of the mitral valve leaflets. The interventricular and LV 
posterior wall thicknesses were measured at end diastole. Heart contractil-
ity, assessed as the LV fractional shortening percentage, was calculated as 
described previously (56). Echocardiography was performed by an observer  
who obtained all images and measurements without knowledge of the 
genotypes of the animals.

Hemodynamic assessment of cardiac function. Mice were anesthetized by i.p. 
injection with ketamine (100 mg/kg) and xylazine (5.0 mg/kg). After intu-
bation, mice were ventilated, and the carotid artery was cannulated for the 
measurement of arterial pressure. A high fidelity 1.4F micromanometer 
catheter (Millar Instruments) was inserted into the LV through the right 
carotid artery and secured in position. The femoral vein was cannulated 
and used for infusion of dobutamine. After bilateral vagotomy, continu-
ous high fidelity LV pressure was recorded at baseline and about 3 minutes 
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after each dose of dobutamine. The parameters measured were heart rate, 
aortic pressure, LV systolic and diastolic pressure, and the maximal and 
minimal first derivative of LV pressure (dP/dtMax and dP/dtMin, respec-
tively). Twelve sequential beats were averaged for each measurement (50).

TUNEL staining for apoptotic-related proteins. TUNEL staining was done 
as previously described (50). The In Situ Cell Death Detection Kit (Clo-
netech) was used for TUNEL; samples were processed according to the 
manufacturer’s recommendations. Sections were mounted on coverslips 
and evaluated by fluorescence microscopy. All the TUNEL-positive cells 
in an entire section were counted. To determine the number of nuclei in 
a section, 4 optical fields were counted, and the average number of nuclei 
per unit area was multiplied by the total area of the section, as measured 
in a dark-field image.

Quantitative real-time PCR for fetal genes and Eif4ebp1. Total RNA was extract-
ed from LV myocardium using TRIzol reagent (Invitrogen), according to the 
manufacturer’s protocol. One microgram of total RNA from each specimen 
was reverse transcribed to cDNA using SuperScript III Reverse Transcriptase 
and random hexamers as primers (Invitrogen). Quantitative real-time PCR 
(qRT-PCR) was performed with an ABI PRISM 7300 instrument (Applied 
Biosystems) using TaqMan probes (Assay on Demand; Applied Biosystems) 
for cardiac fetal genes (Nppa, Mm01255748_g1; Myh7, Mm00600555_m1; 
and Acta1, Mm00808218_g1) and SYBR Green (Applied Biosystems) for the 
Eif4ebp1 transcript (forward, 5′-GAGAGCTGCACAGCATTCA G-3′; reverse, 
5′-AGTCATTCCCCTGCAGTAGC-3′). Gapdh was used as internal control. 
ΔΔCT values were calculated as previously described (57, 58).

eIF4E pull-down m7GTP-sepharose chromatography. Briefly, 20 μl of a 50% 
slurry of m7GTP-Sepharose CL-4B (GE Healthcare, Amersham Biosciences)  
was rotated with 1 mg heart lysate for 1 hour at 4°C. The m7GTP-Sepha-
rose was pelleted by centrifugation and washed twice in lysis buffer. For 

SDS-PAGE, proteins bound to m7GTP-Sepharose were released by boiling 
them in the sample buffer and processed for SDS-PAGE and immunoblot-
ting as previously described (59).

Statistics. Statistical comparison was performed in at least 3 independent 
experiments using paired or unpaired 2-tailed Student’s t test, whereas 
comparison between groups was analyzed by 1-way repeated-measures 
ANOVA, combined with a Newman-Keuls post-test to compare different 
values using Prism 4.0 software (GraphPad Software Inc.). P values of less 
than 0.05 were considered statistically significant.
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