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Abstract

Background—The mechanistic target of rapamycin (mTOR) is comprised of two structurally 

distinct multiprotein complexes, mTOR complexes 1 and 2 (mTORC1 and 2). Deregulation of 

mTOR signaling occurs during and contributes to the severity of myocardial damage from 

ischemic heart disease. However, the relative roles of mTORC1 versus mTORC2 in the 

pathogenesis of ischemic damage are unknown.  

Methods and Results—Combined pharmacological and molecular approaches were used to alter 

the balance of mTORC1 and mTORC2 signaling in cultured cardiac myocytes and in mouse 

hearts subjected to conditions that mimic ischemic heart disease. The importance of mTOR 

signaling in cardiac protection was demonstrated by pharmacological inhibition of both 

mTORC1 and mTORC2 with Torin1, which led to increased cardiomyocyte apoptosis and tissue 

damage after myocardial infarction (MI). Predominant mTORC1 signaling mediated by 

suppression of mTORC2 with Rictor similarly increased cardiomyocyte apoptosis and tissue 

damage after MI. In comparison, preferentially shifting toward mTORC2 signaling by inhibition 

of mTORC1 with PRAS40 led to decreased cardiomyocyte apoptosis and tissue damage after 

MI.  

Conclusions—These results suggest that selectively increasing mTORC2 while concurrently 

inhibting of mTORC1 signaling is a novel therapeutic approach for the treatment of ischemic 

heart disease. 

 

Key words: molecular biology, signal transduction, cardiac hypertrophy, cell signaling, cell 
death 
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Ischemic damage impacts cardiac function through multiple mechanisms including infarction 

injury with cardiac myocyte death by apoptosis. The mechanistic target of rapamycin (mTOR), 

an atypical Ser/Thr protein kinase and central regulator of cell function, determines cell viability. 

mTOR signaling deregulation in cardiac disease contributes to cardiomyocyte apoptosis with 

associated impairment of cardiac function. mTOR resides in two distinct complexes, mTORC1 

and mTORC2 1,2. Activation of mTORC1 phosphorylates several downstream targets including 

eukaryotic translation initiation factor 4E-binding protein (4E-BP) and ribosomal S6Kinase 

(S6K) that, in turn, phosphorylates ribosomal S6 protein (RibS6). In comparison, mTORC2 

activation phosphorylates the pro-survival kinase Akt on Ser-473 required for Akt activation 3. 

Although the mechanisms that regulate mTORC1 are well understood, regulation of mTORC2 is 

relatively poorly characterized.  

mTOR signaling in cardiac physiology and disease has been examined by manipulating 

level and/or activity of mTOR kinase in hearts of mice. Conditional genetic deletion of mTOR 

kinase induced heart failure 4, whereas pharmacological inhibition of mTORC1 with rapamycin 

improved cardiac function in models of pressure overload, myocardial infarction, and 

hypertrophic cardiomyopathy 5-7. Moreover, cardiomyocyte-specific mTOR overexpression 

protected hearts from challenge with pressure overload or ischemia 8,9. Since mTOR kinase 

participates in signaling through mTORC1 and mTORC2, neither genetic nor pharmacological 

manipulation of mTOR kinase is sufficient to distinguish the roles of these two complexes in 

cardiac pathology. For example, while short-term inhibition of mTORC1 with rapamycin 

stimulates mTORC2 in cancer cells and in cardiac tissue 10,11, long term treatment with 

rapamycin decreases assembly and function of mTORC2 in cardiac tissue 10,12,13. Moreover, 

rapamycin does not inhibit all mTORC1 functions 14. In addition, pharmacological inhibition of 
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mTORC1 by rapamycin affects resident as well as infiltrating cells in the heart. Therefore, 

studies using systemic administration of rapamycin have been of limited value in delineating the 

relative importance of mTORC1 and mTORC2 in the heart. Thus, tissue- and cell-specific 

analyses of mTOR signaling are required to reveal the multifaceted role of mTOR.  

Knockdown of Rictor, a component essential for mTORC2 function, decreases mTORC2 

activity as well as Akt activation, and increased cell death with impaired proliferation in cancer 

cells 15,16. Effects of mTOR2 inhibition in the non-cardiac context imply a role in the 

pathogenesis of ischemic heart disease, but cardiac-related studies of mTOR2 have not 

specifically addressed this issue. Therefore, acute myocardial infarction (MI) was used as the 

setting to assess the impact of mTORC2 signaling in amelioration of pathologic injury, with 

implications for mTORC2 as novel therapeutic target for cardiac ischemia.  

Methods

Mice, Surgery, and Cardiac Function Analysis 

Unless otherwise indicated, all experiments were performed in 7 week-old male C57BL/6 

purchased from Jackson Laboratories. PI3Kgamma-/- mice and Akt1 KO-/- have been described 

previously 17. Male mice underwent permanent ligation (myocardial infarction) of the left 

anterior descending coronary artery or a sham operation as previously described 18. For 

echocardiography, mice were anesthetized with 2% isoflurane and scanned using a Vevo770 

imaging system (Visual Sonics, ON, Canada), as previously described 19. Closed chest 

hemodynamic assessment was performed after insertion of microtip pressure transducer 

(FT111B, Scisense) into the right carotid artery and advancement into left ventricle 19. For in

vivo injection of insulin, mice were injected i.p. with PBS or insulin (1U/kg/BW for 1h) after 

etting to assess the impact of mTORC2 signaling in amelioration of pathologic iiinjnjuruu y,y,y, wwwititith h h 

mplications for mTORC2 as novel therapeutic target for cardiac ischemia.  
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overnight starvation. Institutional Animal Care and Use Committee approval was obtained for all 

animal studies. 

Isolation and primary cultures of neonatal and adult ventricular cardiomyocytes 

Isolation and primary cultures of neonatal and adult ventricular cardiomyocytes were prepared 

by standard procedures. Cells were treated with insulin (100nM) or H2O2 for multiple individual 

time points as indicated in figures.  

Adenoviral constructs and siRNA 

Recombinant adenoviruses were generated using human and mutated human PRAS40 cDNAs 

subcloned into the pShuttle-CMV vector using the AdEasy XL Adenoviral Vector system 

(Stratagene) as previously described18. The human full-length of PRAS40 contained a C-terminal 

FLAG tag. Neonatal rat cardiomyocytes and adult cardiomyocytes were infected with 

adenoviruses as described previously at a multiplicity of infection of 20 20 

Adeno-Associated Virus Serotype 9 (AAV9) Generation and Systemic In Vivo AAV9 

Cardiac-Targeted Gene Transfer Protocol 

In vivo cardiac-targeted PRAS40 expression in normal mouse hearts was obtained by using tail 

vein injection of an adeno-associated virus serotype 9 (AAV9) harboring the PRAS40 gene or 

shRNA targeting Rictor (AAVshRictor) driven by a cardiomyocyte-specific CMV-MLC2v0.8 

promoter or U6 promoter, respectively. Recombinant AAV9 vector carrying the same promoters 

without a downstream encoded transgene product served as control. 100 L of 37°C heated 

Ringer Lactate containing 1×1011 total viral particles of either AAV9-control, AAV9-PRAS40 or 

AAV9 shRictor were injected into the tail vein, as previously described 21.  

Sample preparation, immunoblotting, RT-qPCR 

Whole hearts and isolated myocytes were prepared as described previously 18. Immunoblots from 

Stratagene) as previously described18. The human full-length of PRAS40 contaaininnededd aa CCC-tt-tererermmimina

FLAG tag. Neonatal rat cardiomyocytes and adult cardiomyocytes were infected with

addenenenovovoviirirusususesee  as dededescs ribed previously at a multiplplpliciciity of infectionnn of 202020 2022
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isolated cells or tissue were conducted as previously described. RNA was isolated using the 

Quick RNA MiniPrep kit (ZymoResearch) according the manufacturer’s protocol. cDNA was 

generated and real-time quantitative PCR was carried out using the cDNA preparation kit and 

SYBR real-time PCR (Biorad) according to the manufacturer’s protocol. Differences wee 

calculated using the C(T) method. A full list of primers and antibodies is provided in the 

online supplement (Supplemental Table 1-2).  

Histology and Staining 

Immunostaining of isolated myocytes was performed on cells grown on Permanox chamber 

slides. Sections for Masson’s trichrome, H&E, and immunohistochemistry were generated from 

paraffin-embedded hearts. Hearts were perfused in situ with formalin for 15 min, excised, and 

fixed in formalin for 24 hours at room temperature. Sections were deparaffinized using standard 

procedures. Immunostaining of paraffin-embedded hearts were performed, as described 

previously in detail 22. Sections were also used to visualize the sarcolemma by staining with 

tetramethyl rhodamine isothiocyanate–conjugated wheat-germ agglutinin (Sigma-Aldrich). 

TUNEL staining was performed using the In Situ Cell Death Detection Kit, TMR red (Roche 

Applied Science) according to the manufacturer’s directions.  

Flow cytometry 

Cell death was measured using an Annexin V kit (BD Biosciences), according to the 

manufacturer’s instructions. To induce cell death, NRCMs were treated with 50 M H2O2 for 4h. 

Statistical analysis. 

Kaplan-Meier curves were generated to illustrate survival after myocardial infarction; statistical 

assessment was carried out by the log-rank test. Statistical analysis was performed using 

GraphPad Prism 5.0 (Graphpad Software Inc; www.graphpad.com). P values <0.05 were 

paraffin-embedded hearts. Hearts were perfused in situ with formalin for 15 min,n,, excxx isisisededed, , ananandd 

fixed in formalin for 24 hours at room temperature. Sections were deparaffinized using standard 

prrococcedededuurureseses... ImImImmumumunnonostaining of paraffin-embeddddedede  hearts were pperere formrmmeeded, as described 

prevvvioi usly in dedettat iiil 222222. SeSeSectctctioioionnns wwerereree aaalsso ussseddd to vviisuaaallizize e thhhe e sasarrccololememmmmama bbbyyy ststaaia nininingngg wwwiitith hh

eetrtrtramamametete hyhyhyll l rhrhrhododammmininee iissotothihiiococo yayayanananatete––c–conononjujujugagaatetet ddd wwhwheaeaeat-t-t-gegegermmm aaagggggglululutitinnninnn (S(SSigigigmamama-A-A-Aldldrrricchh).). 
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considered significant. All the data sets were tested for normality of distribution using the 

Shapiro-Wilks test. To compare two groups with normal distribution Student’s t-test was applied, 

otherwise a non-parametric test was used. Non parametric test were used when n<5 per group. 

For comparison of more than two groups 1-way ANOVA was applied, for the echocardiographic 

time course analysis repeated measure ANOVA was used, in both cases inclusive Bonferroni 

post hoc tests. 

 

Results

mTOR activation after myocardial infarction 

mTORC1 and mTORC2 signaling (Figure 1A) was assessed by phosphorylation of ribosomal 

S6 protein (RibS6; for mTORC1) and Akt (for mTORC2) following permanent occlusion of the 

left anterior descending (LAD) coronary artery at two days post-challenge. Phosphorylation of 

both proteins was increased in the infarcted mouse heart indicating activation of both mTORC1 

and mTORC2 (Supplemental Figure 1A). Activation of mTORC1 and mTORC2 in 

cardiomyocytes was confirmed by confocal immunolocalization of RibS6 and AktS473 

phosphorylation following infarction challenge (Supplemental Figure 1A). 

mTOR kinase inhibition with Torin1 increases cardiomyocyte death in vitro

Kinase activity of both mTORC 1 and 2 was inhibited using Torin1, a second- generation mTOR 

inhibitor (Figure 1A). mTORC1 and mTORC2 were inhibited by Torin1 as shown by decreased 

insulin-dependent phosphorylation of S6K and AktS473, respectively, in a dose-dependent fashion 

whereas MAPK phosphorylation was unchanged (Supplemental Figure 1B). mTOR activity 

mediates survival in response to oxidative stress as demonstrated with Torin1 treatment (50 nM) 

of NRCM that blocks mTORC1 and mTORC2 activation in response to H2O2(Figure 1B) 

mTORC1 and mTORC2 signaling (Figure 1A) was assessed by phosphorylationnn of ff riiibobobosososomamam ll

S6 protein (RibS6; for mTORC1) and Akt (for mTORC2) following permanent occlusion of the 
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consequently leading to increased cell death (Figure 1C). The increased cell death after Torin1 

treatment was mainly apoptotic as indicated by increased Annexin V binding (Supplemental

Figure 1C) 

mTOR kinase inhibition with Torin1 increases damage after MI 

Acute mTOR inhibition in vivo was performed using Torin1 injected immediately after 

myocardial infarction (MI) with a short two-day follow up treatment to minimize systemic 

effects of the inhibitor. Pharmacokinetic properties of Torin1 render the compound short-lived 23; 

therefore Torin1 was injected twice per day for two days (Supplemental Figure 1D). mTOR 

signaling assessment in mice receiving Torin1 treatment revealed decreased phosphorylation for 

downstream targets RibS6 and phosphorylation of AktS473, whereas AktT308 phosphorylation was 

increased after MI (Figure 1D). Increased mortality was observed in Torin1-injected mice by 10 

days after MI (Figure 1E) and infarct size was increased by 23% after Torin1 treatment 

compared to controls (Figure 1F). Apoptotic cell death contributed to increased infarct size and 

mortality following Torin1 administration as observed in myocardial sections where TUNEL 

labeling was significantly increased (Figure 1G). Ejection fraction was significantly impaired 

with a trend to enlarged left ventricular volume as a consequence of Torin1 treatment compared 

to control mice two weeks post MI, indicating that Torin1 treatment accelerated decompensation 

(Figure 1H, Supplemental Table 3). Hemodynamic performance was also impaired in Torin1-

treated animals relative to non-treated control MI groups (Figure 1H). Heart rates were 

indistinguishable between the control and treated groups (Supplemental Figure 1E). 

Collectively, these findings indicate that inactivation of mTOR kinase activity is detrimental in 

the adaptive response to MI. 

mTORC2 inhibition increases cardiomyocyte death in vitro

downstream targets RibS6 and phosphorylation of AktS473, whereas AktT308 phosspphphoroo ylylylatatatioioion n n wwas 

ncreased after MI (Figure 1D). Increased mortality was observed in Torin1-injected mice by 10

daaysysys aaaftftftererr MMMIII (FFigigiguure 1E) and infarct size was iiincncn rreeased by 23%% aafterer TTToorin1 treatment 

coommpmpared to coconnntrroolsls ((FiFiigugugurrere 11FF).).). AAAppooppptotiiic celll ddeeatthh h coconnntrriribubuuteedd tto o inncrcreeaeassesed d inininfafafarcrct sisisizeze aannnd d
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Functional activity for either mTORC1 or mTORC2 was selectively inhibited by targeted down-

regulation of either Rictor or Raptor expression using siRNA (see Figure 1A) 1. mTORC1 

signaling was inhibited by siRNA-induced depletion of Raptor, without discernable effect upon 

mTORC2 activation, expression of Rictor (Figure 2A-C) or NRCM death (Figure 2D). mTOR 

protein levels were slightly reduced after knockdown of Raptor, consistent with prior 

observations in Raptor knockout mice (Figure 2C) 24. mTORC2 signaling was inhibited by 

Rictor depletion using siRNA that was associated with increased cell death (Figure 2D) without 

apparent impact upon mTORC1 activation in response to H2O2  (Figure 2E-G). Decreased 

NRCM survival was also observed by overexpression of AktS473A, a point mutant of the kinase 

that cannot be phosphorylated on AktS473 (Supplemental Figure 2A), showing that AktS473 must 

be phosphorylated mTORC2 in order to mediate protection from oxidative stress. FoxO 

phosphorylation downstream of Akt was decreased after knockdown of Rictor whereas GSK3 

phosphorylation remained unchanged (Supplemental Figure 2B), consistent with AKTS473 –

mediated regulation of target molecules that influence cellular survival 25. Increase in cell death 

after Rictor knockdown was primarily apoptotic as indicated by Annexin V positive cells 

consistent with the effect of Torin1 inhibition (Supplemental Figure 2C).  

mTORC2 inhibition increases damage after MI 

mTORC2-selective inhibition by knocking down Rictor in vivo was accomplished using an 

shRNA targeted to mouse Rictor delivered via recombinant cardiotropic adeno-associated vector 

serotype 9 (AAV9). GFP-reporter virus was used to test the efficiency of the AAV9 mediated 

gene delivery. AAV9 mediated gene delivery resulted in 80% cardiomyocytes that are positive 

for the GFP-transgene measured by FACS (Supplemental Figure 3A). Decreases in expression 

of Rictor (80% reduction) and mTORC2 signaling were confirmed in whole heart lysates two 

hat cannot be phosphorylated on AktS473 (Supplemental Figure 2A), showing ththhatatt AAAktktktS47S47S47333 mmmusu t

be phosphorylated mTORC2 in order to mediate protection from oxidative stress. FoxO 

phhosososphphphororylylylaatatiionn dododowwnstream of Akt was decreaasesesedd after knockdowowown ofofof RRRictor whereas GSK3 

phhoososphorylatioion n reeemamaininededed uuncncnchhahangngngedede ((SSSuppppleeemeeennttal FFigiguuuree e 2B2BB)),, ccononnsiiststenennt t wiwiththth AAAKKTK S47S47S47333 ––

memeedididiatatateded rregegegululatattioioon n ooff ttarargeget tt momomolelelecucculelees s thththatatat infnfnfluluuenenncecee ccelelellulululaaarr r susuurvrvvivivivalall 2255. InInncrcrreaeae sesese iin ccecelllll ddeeaeatthth 
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days after infarction (Figure 3A) associated with diminished AktS473 phosphorylation. Rictor 

knockdown did not affect either Raptor expression or mTORC1 activity compared to control 

mice, confirming specificity of decreased mTORC2 signaling (Figure 3B-C), although total 

mTOR protein level was slightly decreased after Rictor knockdown (Figure 3C). Increased 

mortality was associated with knockdown of Rictor during the first 10 after MI days (Figure 3D), 

similar to the results obtained using Torin1 (Figure 1D).  Apoptotic cell death contributed to 

increased mortality, with TUNEL-positive cells increased following Rictor knockdown in 

myocardial sections (Figure 3E). Impaired systolic function with enlarged left ventricular 

chamber size was evident after Rictor knockdown compared to control animals (Figure 3F, 

Supplemental Table 4). Successful knockdown of Rictor in cardiomyocytes was confirmed by 

immunocytofluorescence (Figure 3G). Increased fibrotic area resulted from knockdown of 

Rictor associated with pathological remodeling (Figure 3H). Therefore, mTORC2 inhibition 

decreases cardiomyocyte survival in response to MI challenge in vivo.  

Decreased mTORC2 activity resulting from prolonged mTORC1 inhibition using 

rapamycin 

Genetic deletion of Raptor inhibits mTORC1 signaling and increases mTORC2 function by 

suppressing a negative feedback loop, but also leads to severe cardiomyopathy 24. Long-term 

pharmacological inhibition of mTORC1 with rapamycin was used to determine the impact upon 

TORC2 signaling. Indeed, mTORC2 signaling was disrupted after prolonged treatment of 

NRCM with rapamycin shown by diminished phosphorylation of the mTOR2 target AktS473 

(Supplemental Figure 3B). Cell death inhibition after short-term treatment with rapamycin in 

response to H2O2 was abrogated upon long-term treatment (Supplemental Figure 3B). 

Consequences of long-term inhibition of mTORC1 on mTORC2 signaling in vivo were assessed 

Supplemental Table 4). Successful knockdown of Rictor in cardiomyocytes wasass cconono fififirmmrmededed bby y

mmunocytofluorescence (Figure 3G). Increased fibrotic area resulted from knockdown of 

RiRictctctororor aaasssssococociaiaiateed d d wwiwith pathological remodeling (F(F(Figgure 3H). Theererr fooreree,, mTm ORC2 inhibition 

ddedecrrcreae ses carddioiomymyococytyteee sussurvrvrviivivalall iinn n reeesspponsese to MIMIM  chahahallllenennggee ininn vvvivivoo.  

DeDeecrcrc eaeaeasesedd d mTmTm ORORORC2C22 aactctivi ititity yy rereresususultltininng gg frfrfromomom ppprrorololol nngngededed mmTOTOTORCRCRC11 iiinhhihibibibititionono uuussisingngng 

rapamycin 
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by intraperitoneal injection of rapamycin daily for two weeks. mTORC2 signaling was 

unaffected by short-term treatment with rapamycin (2 mg/kg, first dose on the day of myocardial 

infarction) but prolonged treatment blocked AktS473 after MI (Supplemental Figure 3C). In 

conclusion, prolonged treatment with rapamycin also impairs mTORC2 function, similar to the 

effects of Torin1 in cardiomyocytes.  

Increasing mTORC2 signaling while inhibiting mTORC1 decreases cardiomyocyte death 

An endogenous molecular mechanism exists that blocks mTORC1 activity to regulate growth by 

maintaining the appropriate balance between anabolic processes and catabolic processes. 

PRAS40 (Proline Rich Akt Substrate of 40kDa) is a specific component of mTORC1 that 

interacts with RAPTOR to inhibit mTORC1 kinase activity 26,27 has never been studied in the 

cardiac context. PRAS40 expression and regulation in myocytes was confirmed, with Akt-

mediated phosphorylation of PRAS40T246 that was absent in Akt1 KO mice (Supplemental 

Figure 4A). Stimulation of Akt with insulin induced PRAS40 phosphorylation in isolated adult 

wild type myocytes (Supplemental Figure 4B), thereby releasing the inhibitory function of 

PRAS40 on mTORC1 as previously described 26. PRAS40-mediated inhibition of mTORC1 

signaling after H2O2 stimulation was mediated by adenoviral overexpression of PRAS40 

(Supplemental Figure 4C). mTORC2 signaling was increased by PRAS40 expression as 

evidenced by higher levels of AktS473 compared to controls after H2O2 stimulation 

(Supplemental Figure 4D), consequently inhibiting apoptotic cell death (Supplemental Figure 

4E). Protective effects of PRAS40 against oxidative stress were abrogated by pharmacological 

inhibition of Akt or following overexpression a phosphorylation-impaired AktS473A that is 

point-mutated at a critical activation site of the kinase (Supplemental Fig. 4F). Increased 

PRAS40 phosphorylation is also observed in cardiomyocytes after MI (Supplemental Figure 

nteracts with RAPTOR to inhibit mTORC1 kinase activity 26,27 has never been ststtududdieied d d ininin ttthehehe 

cardiac context. PRAS40 expression and regulation in myocytes was confirmed, with Akt-

memedididiatatatededed ppphohohosphohohorryrylation of PRAS40T246 that wawawas aabsent in Akt11 KO O mimmice (Supplemental 

FFiguugure 4A). StStimimimuuulatatioioi nn n ofofof AAAktkkt wwwititi h h h iinnssuulinnn innnducececed PPPRRARASS4S40 0 pphhooosphphhoooryylylatattioioionn ininn iissosolalalateeed dd adadaduuult 

wiwiildldld tttypypypee mymymyococyytyteeses (S(SSupuppplp ememmenenentatatalll FiFiigugugurerere 4B)B)B), , tththeere eebeby yy rerereleleasasasininng g thththe e ninhihibibibitotooryryry fffunununcttioionn n ofoff 

PRAS40 on mTmTmTORORRC1C1C1 aaas prprpreveveviooousususlylyy desesescrcrcribibbededed 262626.. PRPRPRASASS404040-m-mmededediaiai teeed d d inininhihihibibibititit ononon ooof f f mTmTmTORC1 
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5A-B). Thus, PRAS40 overexpression decreases mTORC1 and increases mTORC2 signaling, 

decreasing oxidative stress-induced cardiomyocyte death in vitro.  

Loss of PRAS40-mediated cytoprotection upon inhibition of Akt prompted further 

studies to delineate involvement of mTORC2 using pharmacological and genetic approaches. 

Cytoprotective effects of PRAS40 were lost upon mTOR kinase inhibition using Torin1 (Figure

4A) that effectively inhibited both mTORC1 and mTORC2 (Figure 4B). Silencing of Akt 

expression increased cell death in NRCMs in all groups (Figure 4C) and PRAS40 was not 

protective when Akt is absent regardless of mTORC1 inhibition (Figure 4D). mTORC2-

mediated Akt activation was diminished after silencing of Rictor, abrogating the cytoprotective 

effect of PRAS40 overexpression. In contrast, silencing of Raptor expression that inhibits 

mTORC1 did not affect PRAS40-mediated protection (Figure 4E). Efficiency of gene silencing 

in all studies involving either Raptor or Rictor, loss of mTORC1 function in Raptor deficient 

cells, or loss of mTORC2 in Rictor deficient cells was confirmed by immunoblots (Figure 4F). 

Protective effects of PRAS40 were not due to increased autophagy in our samples (data not 

shown). Taken together, these data show mTORC2 signaling is required for PRAS40-mediated 

protection and Akt activation is integral to cytoprotection in response to oxidative stress, in vitro.  

Increasing mTORC2 signaling while inhibiting mTORC1 decreases damage after MI 

Selective mTORC1 inhibition was achieved using PRAS40 delivered via recombinant 

cardiotropic adeno-associated vector serotype 9 (AAV9) with a cardiomyocyte-specific myosin 

light chain (MLC) promoter construct. (Supplemental Figure 6A-B).  Strong transgene delivery 

of AAV9 MLC2 PRAS40 (80% positive cardiomyocytes) by tail vein injection was confirmed 

by counting of FLAG-tag positive cardiomyocytes (Supplemental Figure 6 C) similar to the 

results obtained with the GFP-reporter virus (Supplemental Figure 3A). PRAS40 expression 

effect of PRAS40 overexpression. In contrast, silencing of Raptor expression thhatatt iinhnhn ibibibitititsss

mTORC1 did not affect PRAS40-mediated protection (R Figure 4E). Efficiency of gene silencing 

nn aaallllll ssstututudididiesese iinvvolololviviv ng either Raptor or Rictor, lololossss of mTORC1 fufuf ncctititiononon in Raptor deficient 

ceellls,s  or loss ooff f mTmTmTORORORC2C2C2 iiinn n RiRiR ctctooror ddeefficccienntt cccellss wwwas s ccoonfnffirrmemedd bbyby iiimmmmmmununnoboboblolotststs (((FiFiFiggugurrere 444FFF).)  

PrProtototececectitit veve eeeffffffececttss ooof f PPRPRASASA 40400 wwwererere e e nonot tt dududuee e ttoto inininccrreeaaseeed d auauautttophphphagagagy yy ininin oouourr sasaampmpmplelesss ((d(datatta nonon t t

hown). Takekenn n totot gegegeththt ererer, , thhhesesese ee dadadatatat ssshohoow w w mTmTmTORORORC2C2C2 sssigi nananaliliingngng iiisss rrreqeqquiuiuirerered d d fofofor rr PRPRPRASASAS404040-m- ediated 

 at SAN DIEGO STATE UNIV on September 11, 2013http://circ.ahajournals.org/Downloaded from 

http://circ.ahajournals.org/
cglembotski
Highlight



DOI: 10.1161/CIRCULATIONAHA.113.003638 

13 

was increased approximately two-fold over endogenous levels in the heart three weeks after tail 

vein injection of AAV-PRAS40 without apparent change in cardiac function.  

Increased mortality during the first 10 days post MI in in AAV-Control mice was 

significantly reduced by administration of AAV-PRAS40 (Figure 5A). Infarct size was reduced 

by 30% in AAV-PRAS40-treated mice compared to control mice (Fig. 5B), associated with 

decreased cell death in the infarct border zone (2.8% versus 1.6% TUNEL-positive 

cardiomyocytes in AAV-control and AAV-PRAS40, respectively; Figure 5C). AAV-PRAS40-

treated mice showed significantly higher ejection fraction relative to the AAV-Control group 

within one week post infarction.  End diastolic and end systolic dimensions were reduced in 

AAV-PRAS40 mice relative to the AAV-Control group, indicative of blunted remodeling with 

AAV-PRAS40 (Figure 5D, Supplemental Table 5) that was maintained over the 6 week time 

course for assessment. Hemodynamic performance was improved and end diastolic pressure was 

reduced in AAV-PRAS40 relative to AAV-Control mice at termination of the study six weeks 

after MI (Figure 5E). Heart rate was comparable between the groups (Supplementary Fig. 6D). 

Hypertrophic increase in the heart weight/Body weight ratio (HW/BW) was blocked in PRAS40-

overexpressing mice (Figure 5F), consistent with blunted increases in cardiomyocyte cross-

sectional area and hypertrophic gene signature in mice receiving AAV-PRAS40 relative to the 

AAV-Control group (Figure 5G-H). Decreased pathological remodeling resulted in less fibrosis 

in PRAS40 overexpressing mice measured by Mason-Trichrome Staining and Collagen1 

transcription 6 weeks after MI (Figure 5I-J). Overall, PRAS40 selectively inhibited mTORC1 in 

cardiomyocytes, thereby protecting against MI damage and characteristic sequelae in vivo.  

Mechanism of PRAS40 mediated protection 

Molecular mechanisms of PRAS40-mediated reduction in ischemic injury were correlated with 

AAV-PRAS40 mice relative to the AAV-Control group, indicative of blunted rememmododo eelelinining g g wiwiwithth 

AAV-PRAS40 (Figure 5D, Supplemental Table 5) that was maintained over the 6 week time 

cooururursesee fffororr aaasssssessmsmsmene t. Hemodynamic performannncecec  was improveddd andd eeenndnd diastolic pressure was

eeduuucec d in AAVAVV-P-PPRARAAS444000 rererelalalatitivevee tttoo o AAAAAAV-CoCoContrrooll miiicecee aatt t teteermrmmininnatatioionnn oofof ttthehehe sstutudydydy ssixixix wwweeeeekskss 

affteteter r MIMIM (((FiFiFiguggureree 555EE).). HHHeaeart rrratatteee wawawas s ccocompmpmpaaarababablele bbeete wweweenenen tttheee ggrroroupupupss (((Suuupppppleleememementntntarryyy FFiFig.g. 6DDD).)

Hypertrophicc iiincncn rerereasasa e e e ininn thehehe hhheeararartt t wewew igigghththt/B/B/Bododody y y weweweigigghtht rrratatatioioio ((HHHW/W/W BWBWBW))) wawawasss blbllococockekeked d d ini  PRAS400-
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assessments of mTOR signaling in the acute phase after MI. AKTS473 phosphorylation in AAV-

PRAS40-treated hearts displayed a 9.7-fold increase of AKTS473 in the infarct zone together with 

increased PRAS40 phosphorylation relative to a 6.3-fold increase in AKTS473 phosphorylation 

for AAV-Control hearts at two days post-MI (Figure 6A and Supplementary Figure 6E). 

AktT308 phosphorylation was also increased in AAV-PRAS40-treated hearts compared to AAV-

Controls. As intended, mTORC1 activation was decreased by 39% by AAV-PRAS40 after MI, 

along with 5.7 fold higher RibS6 phosphorylation in AAV-control mice compared to sham 

operated animals (Figure 6B). Enhanced AKTS473 phosphorylation (Figure 6C) and reduced 

mTORC1 activation (Figure 6D) consequential to AAV-PRAS40 administration was confirmed 

by immunohistochemistry. AKTS473 phosphorylation increases persist in AAV-PRAS40 treated 

hearts up to six weeks after MI surgery (Figure 6E-F) without evidence of pathological 

hypertrophy (Figure 5F) or RibS6 phosphorylation in the border zone (Supplementary Figure 

6F).  Preservation of insulin receptor substrate 1 (IRS-1) expression in hearts of the AAV-

PRAS40 group relative to the AAV-Control group at six weeks (Figure 6E) suggests that 

decreased mTORC1 signaling slows degradation of IRS-1, consequently improving insulin 

signaling and mTORC2 function. Expression of the sarcoplasmic reticulum ATPase (SERCA2a) 

was decreased and sodium-calcium exchanger (NCX1) increased in AAV-Control hearts in the 

remote area 6 at six weeks, but remained essentially unchanged in AAV-PRAS40 treated hearts 

compared to sham operated animals (Figure 6E and Supplemental Figure 6G).  

mTORC2 deletion diminishes PRAS40-mediated protection from infarction injury  

Participation of the PI3K-mTORC2-Akt pathway in PRAS40-mediated cardioprotection in vivo 

was established using genetically engineered mouse strains lacking PI3K or AKT. Global 

deletion of PI3K-/- results in impaired Akt activation in response to MI 28. PI3K-/- mice treated 

by immunohistochemistry. AKTS473 phosphorylation increases persist in AAV-PPRARARAS4S440 0 0 trtrtreaeaeatetedd 

hearts up to six weeks after MI surgery (Figure 6E-F) without evidence of pathological 

hyhypepepertrtrtrrorophphphy yy (((Fiigugugurere 5F) or RibS6 phosphorylatititiononon in the borderr zzzonee (((SSuSupplementary Figure 

66FF))..  Preservatatioioion offf iiinsnssullulininin rreececepepptotoor r ssusubbstraaateee 1 (((IRRRS--1-1)) ) exexxpprresessssioonon iiinn hheeararrttsts oof f thththe e AAAAAAV-V-V-

PRPRRASASAS40404 gggrororoupup rrrelelatativivve totot  thehee AAAAVAVAV--CoCoontntntrororolll grgrgrouououpp aat sssixxx wwweeeeeksksk (((FiFiFigugug rrre 66EEE))) susuuggggggesesstts ttthaaat t

decreased mTmTTORORO C1C1C1 ssigigignanalililingngng ssslololowswsws degegegrararadadadatititiononon ooof f IRIRI S-S-S 1,1,1, cccononnseseseququuenenentltlly y y imimimprprrovovovinining gg inini sulin
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with AAV-PRAS40 or AAV-Control show comparable cardiac function at eight weeks of age 

(Figure 7A), but cardioprotection conferred by AAV-PRAS40 was absent in PI3K-/- mice 

relative to wild-type control mice at 1 week after MI. AAV-PRAS40 also fails to provide 

protective effects in Akt1 null mice with comparable decline in cardiac function between AAV-

Con or AAV-PRAS40 after MI (Figure 7B). Comparable PRAS40 overexpression between all 

groups of mice was confirmed by immunoblots (Supplementary Figure 7A-B). Causality of 

mTORC2 function for PRAS40-mediated cardioprotection was established using Rictor 

knockdown with AAV (AAV-sh-Rictor). Experimental groups consisted of mice receiving 

AAV-sh-Rictor alone or in conjunction with AAV-PRAS40 and control groups receiving AAV-

sh-Control alone or in combination with AAV-PRAS40 injected at 7 weeks of age followed by 

MI three weeks later. AAV-sh-Rictor treatment exacerbated decline in cardiac function whereas 

AAV-PRAS40 improved ejection fraction measured two weeks after MI challenge (Figure 7C). 

Moreover, AAV-sh-Rictor decreased cardiac function and increased left ventricular dimension in 

mice receiving the otherwise cardioprotective AAV-PRAS40 treatment (Figure 7C). mTORC1 

function was impaired in mice receiving AAV-PRAS40 as evidenced by blunted hypertrophic 

remodeling (Figure 7D). Apoptotic cell death increased with AAV-sh-Rictor treatment and 

decreased with AAV-PRAS40 treatment, but cytoprotection from AAV-PRAS40 was overridden 

by AAV-sh-Rictor (Figure 7E). In summary, mTORC2 activity is responsible for the protective 

effects of PRAS40 in vivo (Figure 8). 

Discussion

Loss of viable myocardium after myocardial infarction is the leading cause of cardiac 

dysfunction resulting in chronic heart failure. A cardioprotective role for mTORC2 activation in 

h-Control alone or in combination with AAV-PRAS40 injected at 7 weeks of agagge fofof lllllowowowededed bbbyy 

MI three weeks later. AAV-sh-Rictor treatment exacerbated decline in cardiac function whereas 

AAAAAV-V-V-PRPRPRASASAS4440 iimpmpmprroved ejection fraction meassururu eedd two weeks aaftftf er MMMII I chc allenge (Figure 7C). 

MoMorrereover, AAAVVV-sshh-R-RRicictototorrr dededeccrcreaeaasesesed d ccacarrdiaac ffunccctiion anannd d inincrcreeaasseed d leleleftt vvenenntrtrriciculululararr dddimimi eenensisisionnn in

mimiicecec rrrecece eieivivivinngng tthehehe ooththherrrwiwisee ccararardididiopooprorooteeectctctivivivee AAAAAAVV-V-PPRPRASASAS404040 tttrereeatttmemem nnnt (((FiFigugugurerer 777CCC).). mmmTTOTORCRCRC11
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cardiomyocytes following myocardial infarction is supported by findings presented in this study. 

Pharmacological inhibition with second-generation mTOR inhibitors and genetic silencing of 

Rictor results in increased ischemic damage and is associated with increased mortality after 

myocardial infarction, consistent with a beneficial role for mTORC2. 

Role of mTORC2 signaling in ischemic damage 

Surprisingly little is known about the specific role of mTORC2 in cell survival other than 

impairment of mTORC2 function by Rictor knockdown worsens cell survival in vitro 29. 

Moreover, evidence for a direct role of mTORC2 in regulating survival after ischemic damage in

vivo has never been reported to our knowledge. Genetic and pharmacologic evidence show that 

mTORC1 inhibition is beneficial after myocardial infarction 5-7,30-32. However, feedback 

occurring mTORC1 and mTORC2 signaling upon rapamycin treatment intertwines the relative 

roles of these two distinct complexes and renders the system inadequate to dissect apart the 

specific role of mTORC2 in cell survival and disease progression.  

Pharmacological inhibition of mTOR kinase function with Torin1 is detrimental to 

cardiomyoctes both in vitro and in vivo after myocardial infarction (Figure 1), consistent with 

genetic evidence that mTOR deletion results in lethal fully penetrant dilated cardiomyopathy 4 

and highlighting the importance of intact mTOR signaling in cell survival and function. 

Moreover, use of novel mTOR kinase inhibitors to treat cancer may carry with them inherent 

cardiotoxic side effects in patients, especially those with co-morbidities of heart failure or 

infarction injury. With next generation mTOR inhibitors entering clinical trials it is imperative to 

further characterize their cardiotoxic potential 33.  

Genetic deletion of mTORC2 is associated with increased ischemic damage (Figure 3). 

Findings presented here confirm the important role of mTORC2, Rictor, and AktS473 

mTORC1 inhibition is beneficial after myocardial infarction 5-7,30-32. However, ffeeeedbdbdbacacckk k

occurring mTORC1 and mTORC2 signaling upon rapamycin treatment intertwines the relative a

ooleleesss ofofof ttthehehesese twowoo dddisi tinct complexes and renderrrsss thhhe system inaddeqee uaatetete tto dissect apart the

ppecccifi ic role ofof mmmTOTOTORCRCRC222 iiinn n ceceellll sssurururvivivavaal annd diseeeaasse prprproogogrrresssssioion.n.  

PhPharararmmamacocoolooogigiccacall l ininhihiibibib tititiononon oooff mmmTOTOTORRR kikikinanaaseee ffunununctctctioioion n wiwiw ththtf TTTororiinin11 isiss ddetete ririmemementntaaal tttoohh

cardiomyoctetess s bobob ththth ininn vvviti roroo aaandndnd ininin vvvivii ooo aaftftftererer mmmyoyoyocacac rdrdr iaaall l ininnfafafarcrcctititionono (((FiFiFigugugurerere 11),),), ccconononsisisiststs ent with 

 at SAN DIEGO STATE UNIV on September 11, 2013http://circ.ahajournals.org/Downloaded from 

http://circ.ahajournals.org/


DOI: 10.1161/CIRCULATIONAHA.113.003638 

17 

phosphorylation in cardiomyocytes to control cellular survival. Previous studies show Rictor 

plays a critical role in maintaining tissue metabolism, T-cell development, and neuronal function, 

but the role of Rictor in response to ischemic tissue injury has not been explored15,34,35. Silencing 

of Rictor exacerbates negative consequences after myocardial infarction (Figure 3), supporting 

the premise that Rictor plays an important role in regulation cellular survival after ischemic 

damage. Reduced AktS473 phosphorylation after Rictor silencing cascades into decreased 

phosphorylation of downstream targets for Akt including FoxO that presumably could contribute 

to cell death 36,37. Further confirmation of an essential role for AktS473 phosphorylation was 

evident from use of a phosphorylation-deficient inactive Akt mutant (S473->A) unable to block 

cell death in response to oxidative stress (Supplemental Figure 2). Indeed, prior studies show 

that mTORC2 regulates Akt substrate specificity for downstream phosphorylation targets 

including FoxO, GSK3 and TSC2 25. Importantly, chronic use of rapamycin disrupts mTORC2 

function in cardiomyocytes and compromises cell survival (Supplemental Figure 3). 

Detrimental side effects of chronic rapamycin administration in the clinical setting demonstrate a 

pressing need for studies to elucidate cardiotoxicity risk, especially in combination with ischemic 

injury. 

PRAS40 is cardioprotective via increased mTORC2 signaling  

Although short-term inhibition of mTORC1 with rapamycin is beneficial after myocardial 

infarction, long-term treatment disrupts mTORC2 function. Therefore approaches to block 

mTORC1 in myocytes using selective endogenous molecular inhibitors can provide beneficial 

effect of blocking pathologic responses without compromising cell survival. PRAS40 was 

initially identified as a 14-3-3 binding protein 38 and was subsequently found to be an mTORC1 

inhibitor and substrate 26,27,39,40. PRAS40 contains two proline-enriched stretches at the amino-

cell death in response to oxidative stress (Supplemental Figure 2). Indeed, priororr stututuddidieseses ssshohohow w

hat mTORC2 regulates Akt substrate specificity for downstream phosphorylation targets

nnclclludududininingg FoFoFoxxxO, , GGSGSK3 and TSC2 25. Importantllly,y,y ccchronic use of f rarar paamymymycic n disrupts mTORC2 

ffuunccctit on in caardrddiioi mmymyooocyytyteseses aaandndn ccomomomprprroommiseeses cellll ssuurvvvivivvalal (SSuSupppplleemementnttalal FFFiigigururre ee 333).).)  

DeDeetrtrt imimimenentataall l sissidede eefffff ececctsts oof f chchhrronononicicic rrrapappamammycycycinnn aaadmdmmiininissstrrratatatioioion n ininin tthheee clclc iininiciccalal sssetetettitingngng dddemmmoononststrrrattete a
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terminus and an Akt consensus phosphorylation site (RXRXXS/T) located at Thr246. 

Phosphorylated PRAS40 dissociates from mTORC1 resulting in mTORC activation in response 

to growth factors, insulin, glucose, and nutrients 39-41. PRAS40 is expressed and regulated by Akt 

in cardiomyocytes (Figure 4). Furthermore, findings presented herein demonstrate that clinically 

relevant AAV-gene therapy with PRAS40 is protective in response to infarction injury. 

Importantly, PRAS40 overexpression reduced mortality after myocardial infarction and 

improved cardiac function (Figure 6). PRAS40 reduced ischemic injury in myocytes in part via 

increased mTORC2 signaling, since genetic interference with the PI3K-Akt-Rictor pathway 

resulted in loss of protection (Figure 8). Prevention of pathological remodeling with decreased 

fibrosis in the remote area and prevention of deregulations of sarcoplasmic reticulum calcium 

handling proteins likely contributes to improved contractile function after PRAS40 

overexpression after MI. Overall, our findings concur with previous reports of PRAS40 

involvement in regulation of Akt-dependent cell survival and apoptosis 42-44. Importance of 

PRAS40/mTORC2 is also supported by recent reports that PRAS40 protects neurons from death 

after spinal cord injury 43,44. In addition to regulation of mTOR kinase acivity, unbound PRAS40 

may have additional effects in complexes formed with 14-3-3 and FoxO resulting in cytoplasmic 

retention of FoxO, downregulation of proapoptotic genes, and resistance to cell death 45.  

Recent advancements in the development of AAV vectors have enabled the first clinical 

trial with AAV based cardiac specific gene transfer 46,47. Thus, cardioprotection by PRAS40 

could represent a future therapeutic option for treatment of myocardial injury. Traditional 

molecular interventions have focused upon inhibition of pathological remodeling and 

potentiation of cell survival or growth: two goals that are often at odds with one another. The 

unique capacity of PRAS40 to block hypertrophic growth while concurrently promoting 

fibrosis in the remote area and prevention of deregulations of sarcoplasmic reticucuululum mm cacac lclclciuiuium m m

handling proteins likely contributes to improved contractile function after PRAS40 

ovverererexexxpprpresesessisisiooon aaaftftfterer MI. Overall, our findings cocooncnccur with previooousuu rrepeppoororts of PRAS40 

nnvooolvl ement inin rregeggulullataatiooon n ofofof AAAktkt-d-d-deeepepeendndenttt cceell sssuurrvivavaval l anannddd apapoppptotosisiiss 442-444. IImImpopoortrttanancece oofff 

PRPRRASASAS40404 /m/mmTOTOTORRCC22 2 isis allssoo suuupppppporororteteteddd bbyby rrrecececenenentt t rerepopoportr sss ththhatatat PPRARARAS4S4400 0 prprrotttecectststs nnneueue rororonnns fffrooom m dddeaatath
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TORC2-mediated cell survival without impacting cardiac function represents a previously 

unrecognized constellation of features to prevent cardiac dysfunction. Correctly timed inhibition 

of mTORC1 in conjunction with mTORC2 potentiation could be a potent combinatorial 

approach to blunt cellular losses and ameliorate progression degenerative changes accompanying 

ischemic damage. 
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Figure Legends: 

Figure 1. Decreasing mTORC1 and mTORC2 activity increases damage after stress. (A)

Schematic overview of mTOR signaling. (B) mTORC1 and mTORC2 are inactivated after 

treatment with Torin1 as shown by immunoblots. (C) Cell death in NRCMs. Challenge with 

H2O2 (50 M for 4h) after mTOR kinase inhibition with Torin1 (50nM). Torin1 exposure 

increases apoptosis in response to H2O2. *p<0.05 versus Veh, #p<0.05 versus Veh H202 Veh. (D) 

Torin1 inhibits mTOR kinase activity in vivo as shown by immunoblots. (E) Kaplan-Meier 

survival curve of vehicle and Torin1 (5mg/kg BW) injected mice. Mortality early after infarction 

is increased after injection of Torin1. n=4 in the sham groups. (F) Torin1 increases infarct size. 

p<0.05 vs control MI. (G) Representative confocal scans are shown for TUNEL, actin, and 

nuclei (red, green and blue, respectively, in overlays). Bar=150 m. Percentage of TUNEL-

labeled cells in the left ventricle of remote area 1 day after MI. *p<0.05 vs control MI. (H)

Echocardiographic assessment of control or Torin1 injected mice for EF and left ventricular end-

diastolic volume (EDV). *p<0.05 versus Sham, #p<0.05 versus Mi Veh. Hemodynamic 

measurements of ±dP/dT 2 weeks post-surgery. *p<0.05 versus Sham, #p<0.05 versus Mi Veh. 

Numbers of mice or number of independent experiments per group are indicated in the bar 

graphs. 

Figure 2. Loss of mTORC2 signaling increases cardiomyocyte death in vitro. (A) Silencing of 

Raptor confirmed by immunoblot. (B) Barplots depicting quantitation of Akt phosphorylation, 

RibS6 phosphorylation after Raptor silencing. *p<0.05 versus Scr, #p<0.05 versus Scr H202 Veh

(C) Barplots depicting quantitation of Rictor, mTOR and Raptor expression after Raptor 

silencing. n=4 independent experiments. (D) Cell death in NRCMs. Rictor silencing but not 

s increased after injection of Torin1. n=4 in the sham groups. n (F) Torin1 increaaseseess s ininnfafafarcrcrct t t sisisizezeze. 

p<0.05 vs control MI. (G) Representative confocal scans are shown for TUNEL, actin, and 

nuclcleieii (((rerered,d,d, gggrer enenn aaandn  blue, respectively, in overlrllayayays). Bar=150 m. Pererrcececentage of TUNEL-

aaabebeelled cells s iniin ttthehehe llefefeft t veveventnttririclclcle ee ofofof rrremememoootete aaarereea a 1 daaay afafafteteterr r MIMIM . *p*p<0<0<0.0.00555 vvs cccononontrtrtrololol MMMI.I.I. (H(H(H)))

EcEcchohoocacardiogrgrgrapapa hhhiccc asasssessssmemeentntt oof f cococontntrorool l oror TTTororinnn1 ininjjejectctededd mmmicice fofor EEFEF aanndnd lllefeft t vvevennntrriicuuulalarr ennd-

dididiasasastototolililiccc vovovolululumememe (((EDEDEDV)V)V). *p*pp<0<0<0 00.0555 veveversrsrsususus SSShhhamamam, #p#p#p<0<0<0 00.0555 veveversrsrsususus MMMiii VeVeVehhh. HHHemememodododynynynamamamicicic 
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Raptor silencing increases cell death after challenge with H2O2 (50 M for 4h). *p<0.05 versus 

Control, #*p<0.05 versus Scr H2O2. n=5 independent experiments (E) Silencing of Rictor 

confirmed by immunoblot. n=4 independent experiments (F) Barplots depicting quantitation of 

Akt phosphorylation, RibS6 phosphorylation after Rictor silencing. *p<0.05 versus Scr, #p<0.05 

versus Scr H202 Veh. n=4 independent experiments (G) Histogram depicting quantitation of 

Raptor, mTOR and Rictor expression after Rictor silencing. n=4 independent experiments

Figure 3. Loss of mTORC2 signaling increases cardiomyocyte damage after MI. (A) Silencing 

of Rictor confirmed by immunoblot. AAV-sh-Rictor hearts exhibit decreased Akt 

phosphorylation without altered mTORC1 activation. (B) Barplots depicting quantitation of 

Raptor/mTOR/Rictor expression. *p<0.05 versus control Sham. n=3 per group (C) Barplots 

depicting quantitation of pRibS6 phosphorylation. n=3 per group (D) Kaplan-Meier survival 

curve of AAV-sh-Control and AAV-sh-Rictor mice. AAV-sh-Rictor increases mortality early 

after infarction. n=6 in the sham groups. (E) Percentage of TUNEL-labeled cells in the left 

ventricle of the remote area 1 day after MI..*p<0.05 vs control MI. (F) Echocardiographic 

assessment of AAV-sh-Control or AAV-sh-Rictor mice for ejection fraction (EF) and left 

ventricular end-diastolic volume (LVEDV). *p<0.05 versus shcontrol Sham, #p<0.05 versus MI 

shControl. (G) Silencing of Rictor in myocytes confirmed by confocal microscopy. 

Representative confocal scans for Rictor, actin and nuclei (green, red and blue, respectively, in 

overlays. interstitial non-myocytes express Rictor in AAV-sh-Rictor hearts (arrow) Bar=150 m. 

(H) Masson-Trichrome staining from control and shRictor treated hearts. Barplots depicting 

quantifaction of fibrotic area. *p<0.05 versus control Sham. #p<0.05 versus MI.. Bar=1mm.  

Numbers of mice per group are indicated in the bar graphs.
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Figure 4. mTORC2 function is necessary for PRAS40 mediated protection. (A) Cell death 

quantified by flow cytometric detection upon H2O2 treatment.. Torin1 blunts protective effects of 

PRAS40. *p<0.05 compared to control. $p<0.05 compared to control H2O2 (B) mTOR kinase 

inhibition after Torin1 (50nM) confirmed by immunoblot. (C) siRNA Akt silencing blunts 

PRAS40 induced protection. Data depicted as percentage dead cells. ***p<0.001 compared to 

control. #:p<0.05 compared to control H2O2 (D) Akt1 silencing confirmed by immunoblot. (E) 

siRNA Rictor silencing, but not Raptor silencing blunts PRA40 induced protection. Data 

depicted as percentage dead cells.. ***p<0.001 compared to control. #:p<0.05 compared to 

control H2O2. $$p<0.01 vs control H2O2. (F) Rictor or Raptor silencing and blunting of mTOR 

downstream target phosphorylation by immunoblot. Numbers of independent experiments per 

group are indicated in the bar graphs.

 

Figure 5. PRAS40 protects against ischemic injury. (A) Kaplan–Meier survival analysis of 

control and PRAS40 animals following MI or sham operation. Masson-Trichrome staining of 

control and PRAS40 treated hearts 6 weeks after surgery. n=5 for the Sham groups. (B) Infarct 

size measurements 6 weeks after MI. *P<0.05 versus control MI. (C) Percentage of TUNEL-

labeled myocytes in the left ventricle in the remote area 2d after MI. *p<0.05 vs control MI. (D) 

Weekly echocardiographic assessment of control or PRAS40 sham and MI hearts for EF and left 

ventricular end-diastolic volume (LVEDV). *p<0.05 versus control MI, n=14-15 for the MI 

group and n=5-6 for Sham. (E) In vivo hemodynamic measurements of ±dP/dT and left 

ventricular end-diastolic pressure (LVEDP) 6 weeks post-surgery. (F) HW/BW in control and 

PRAS40 mice 6 weeks after sham and MI surgery. (G) Cardiomyocyte area (CSA) in control and 

PRAS40 mice 6 weeks after sham or MI surgery (*p< 0.01 versus control sham; #p< 0.05 versus 

downstream target phosphorylation by immunoblot. Numbers of independent exxppperirir memeentntntss s pepep r r

group are indicated in the bar graphs.
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control MI. (H) Nppa and Nppb transcription in hearts of mice of the indicated group 6 weeks 

after Sham or MI (*p<0.01 versus Control sham; #p<0.05 versus Control MI). Error bars indicate 

means ± sem. (I) Masson-Trichrome staining from control and PRAS40 treated hearts. Barplots 

depicting quantifaction of fibrotic area. *p<0.05 versus control Sham. #p<0.05 versus MI.. 

Bar=1mm  (J) Collagen1 transcription in hearts of mice of the indicated group 6 weeks after 

Sham or MI (*p<0.01 versus Control sham; #p<0.05 versus Control MI). Error bars indicate 

means ± sem. Number of mice per group is indicated within the bar. 

Figure 6. PRAS40 promotes protective mTORC2 signaling in vivo. (A) Heart lysates for 

indicated proteins 2d after MI assessed by immunoblot. Akt phosphorylation quantitation 

histogram. p<0.01 versus Control sham; #p<0.05 versus Control MI). (B) Heart lysates for 

indicated proteins 2d after MI assessed by immunoblot. RibS6 phosphorylation quantiation by 

histogram. (*p<0.01 versus Control sham; #p<0.05 versus Control MI). (C) Paraffin-embedded 

sections from control hearts and PRAS40 treated hearts 2d after MI stained for pAkt473 (red), 

actin (green) and nuclei (blue) assessed by confocal microscopy. (D) Sections of control hearts 

and PRAS40 treated hearts 2d after MI stained for pRibS6 (red), actin (green) and nuclei (blue) 

assessed by confocal microscopy. Bar=150 m. (E) Heart lysates assessed for indicated protein 

expression 6 weeks after surgery by immunoblot. (F) PRAS40 overexpression increases of Akt 

phosphorylation in myocytes by confocal microscopy of myocardial sections at 6 weeks post 

surgery. Bar=50 m. Number of mice per group is indicated within the bar.

Figure 7. Cardioprotection by PRAS40 is mTORC2 dependent in vivo. (A) Ejection fraction 

(EF) and left ventricular end diastolic volume (LVEDV) in PI3K-/- mice before and after MI 

ndicated proteins 2d after MI assessed by immunoblot. Akt phosphorylation quuanaantitiittatititionnon 

histogram. p<0.01 versus Control sham; #p<0.05 versus Control MI). (B) Heart lysates for 

nndidiicacacateteteddd prprprototo einsnsns 22d after MI assessed by immunununoobblot. RibS6 phhhosoo phhhorororyyly ation quantiation by 

hhihistttogo ram. (*pp<0<0<0.00011 vvversrsrsususs CCCoonontrtrrololol sshhahammm; ###p<<<0.00505 vererrssuuss CoCoContntrroroll MIMI).))  (C(C))) PaPPararaffffffininin-e-embmbbedededdedeed 

eectctctioioonsnsn ffroroom m m cocontnttroroll heheearartst aaandndd PPPRARAR SS4S40 00 trtrtreaeateteted d heheeararrtsts 222dd d afaffteteter r MIMIMI sstataainnneded fffororr pppAkAkAktt47333 ((rered)d)d),

actin (green) ) ) ananand d d nununuclcleieiei ((blbllueueue)) asasasseses sssssseddd bbby y y cococonfnfnfococcalala mmmiciccrororoscscscopopopy.y.y. (DDD))) SeSeSectctctioioionsnss ooof f f cococontntn rol hearts 
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assessed by echocardiography. (B) EF and LVEDV in Akt1-/- mice before and after MI assessed 

by echocardiography. (C) EF and LVEDV in mice injected with AAV-sh-Control, AAV-sh-

Rictor, AAV-PRAS40 or AAV-sh-Rictor and AAV-PRAS40 assessed by echocardiography. 

*p<0.05 compared to shControl. #:p<0.05 compared to shControl (D) HW/BW in mice 2 weeks 

after MI surgery. *p<0.05 compared to shControl (E) Percentage of TUNEL-labeled myocytes in 

the left ventricle in the remote area 1d after MI. n=3 per group, *p<0.05 vs control MI, #p<0.05 

compared to shControl. Bar=150 m. Number of mice per group is indicated within the bar.

Figure 8. Model for PRAS40 mediated cardioprotection. mTOR kinase inhibitors or impairment 

of mTORC2 function worsens cardiac function after myocardial infarction. PRAS40 blocks 

mTORC1 in myocytes and diverts toward mTORC2 function, increasing Akt activation leading 

to increased cellular survival after infarction. 

of mTORC2 function worsens cardiac function after myocardial infarction. PRAAS4S4S400 0 blblbloccocksksks 

mTORC1 in myocytes and diverts toward mTORC2 function, increasing Akt activation leading 

oo iinncncrerereasasededed cccelluluulalalarr survival after infarction. 
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