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Abstract

Background—The mechanistic target of rapamycin (mTOR) comprises 2 structurally distinct
multiprotein complexes, mTOR complexes 1 and 2 (MTORC1 and mTORC?2). Deregulation of
mTOR signaling occurs during and contributes to the severity of myocardial damage from
ischemic heart disease. However, the relative roles of mMTORC1 versus mTORC?2 in the
pathogenesis of ischemic damage are unknown.

Methods and Results—Combined pharmacological and molecular approaches were used to
alter the balance of mMTORC1 and mTORC?2 signaling in cultured cardiac myocytes and in mouse
hearts subjected to conditions that mimic ischemic heart disease. The importance of mMTOR
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. Predominant mTORC1 signaling mediated by suppression of
mTORC2 with Rictor similarly increased cardiomyocyte apoptosis and tissue damage after
myocardial infarction. In comparison, preferentially shifting toward mTORC?2 signaling by
inhibition of MTORC1 with PRAS40 led to decreased cardiomyocyte apoptosis and tissue damage
after myocardial infarction.

Conclusions—These results suggest that selectively increasing mTORC2 while concurrently
inhibiting mTORCL1 signaling is a novel therapeutic approach for the treatment of ischemic heart
disease.
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Ischemic damage affects cardiac function through multiple mechanisms, including infarction
injury with cardiac myocyte death by apoptosis. The mechanistic target of rapamycin
(mTOR), an atypical serine/threonine 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 2
distinct complexes, mTOR complexes 1 and 2 (MTORC1 and mTORC2).1:2 Activation of
mTORC1 phosphorylates several downstream targets, including eukaryotic translation
initiation factor 4E-binding protein and ribosomal S6Kinase, which in turn phosphorylate
ribosomal S6 protein (RibS6). In comparison, mMTORC?2 activation phosphorylates the
prosurvival kinase Akt on Ser-473 required for Akt activation.3 Although the mechanisms
that regulate mTORC1 are well understood, the regulation of mMTORC2 is relatively poorly
characterized.

mTOR signaling in cardiac physiology and disease has been examined by manipulating the
level or activity of mTOR Kkinase in hearts of mice. Conditional genetic deletion of mTOR
kinase induced heart failure,* whereas pharmacological inhibition of mMTORC1 with
rapamycin improved cardiac function in models of pressure overload, myocardial infarction
(M1), and hypertrophic cardiomyopathy.>"” Moreover, cardiomyocyte-specific nTOR
overexpression protected hearts from challenge with pressure overload or ischemia.8°
Because mTOR kinase participates in signaling through mTORC1 and mTORC2, neither
genetic nor pharmacological manipulation of mTOR Kkinase is sufficient to distinguish the
roles of these 2 complexes in cardiac pathology. For example, although short-term inhibition
of mMTORC1 with rapamycin stimulates mTORC2 in cancer cells and cardiac tissue,10:11
long-term treatment with rapamycin decreases the assembly and function of mMTORC2 in
cardiac tissue.1912.13 Moreover, rapamycin does not inhibit all MTORC1 functions.14 In
addition, pharmacological inhibition of mMTORC1 by rapamycin affects resident and
infiltrating cells in the heart. Therefore, studies using systemic administration of rapamycin
have been of limited value in delineating the relative importance of mMTORC1 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 mMTORC2
activity and Akt activation and increases cell death with impaired proliferation in cancer
cells.1516 Effects of mTOR?2 inhibition in the noncardiac 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 MI was used as the setting to assess the
impact of mMTORC?2 signaling in amelioration of pathological injury, with implications for
mTORC?2 as novel therapeutic target for cardiac ischemia.

Mice, Surgery, and Cardiac Function Analysis

Unless otherwise indicated, all experiments were performed in 7-week-old male C57BL/6
mice purchased from Jackson Laboratories. PI3K .-- mice and Aktl knockout™~ have been
described previously.1” Male mice underwent permanent ligation (MI) of the left anterior
descending coronary artery or a sham operation, as previously described.8 For
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echocardiography, mice were anesthetized with 2% isoflurane and scanned with a Vevo770
imaging system (Visual Sonics, Toronto, ON, Canada), as previously described.19 Closed-
chest hemodynamic assessment was performed after insertion of a 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 intraperitoneally with PBS or
insulin (1 U/kg body weight for 1 hour) after an overnight fast. 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 (NRCMs) and adult ventricular cardiomyocytes
were prepared by standard procedures. Cells were treated with insulin (100 nmol/L) or H,0,
for multiple individual time points as indicated in the figures.

Adenoviral Constructs and siRNA

Recombinant adenoviruses were generated with human and mutated human PRAS40
(proline-rich Akt substrate of 40 kDa) cDNAS sub-cloned into the pShuttle-cytomegalovirus
vector using the AdEasy XL Adenoviral Vector System (Stratagene), as previously
described.18 The human full-length PRAS40 contained a C-terminal FLAG tag. NRCMs and
adult cardiomyocytes were infected with adenoviruses, as described previously, at a
multiplicity of infection of 20.20

Adeno-Associated Virus Serotype 9 Generation and Systemic In Vivo Adeno-Associated
Virus Serotype 9 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 (AAV-sh-Rictor) driven by a cardiomyocyte-specific
cytomegalovirus—myosin light chain-promoter or U6 promoter, respectively. Recombinant
AAV9 vector carrying the same promoters without a downstream encoded transgene product
served as control. Ringer lactate (100 _L) heated to 37°C containing 1x1021 total viral
particles of AAV9-control, AAV9-PRASA40, or AAV9-sh-Rictor was injected into the tail
vein, as previously described.?!

Sample Preparation, Immunoblotting, and Real-Time Quantitative Polymerase Chain

Reaction

Whole hearts and isolated myocytes were prepared as described previously.1® Immunoblots
from isolated cells or tissue were conducted as previously described. RNA was isolated with
the Quick RNA MiniPrep kit (ZymoResearch) according to the manufacturer’s protocol.
cDNA was generated, and real-time quantitative polymerase chain reaction was carried out
with the cDNA preparation kit and SYBR real-time polymerase chain reaction (Biorad)
according to the manufacturer’s protocol. Differences were calculated with the AAC(T)
method. A full list of primers and antibodies is provided in the Tables I and Il in the online-
only Data Supplement.
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Histology and Staining

Immunostaining of isolated myocytes was performed on cells grown on Permanox chamber
slides. Sections for Masson trichrome, hematoxylin and eosin, and immunohistochemistry
were generated from paraffin-embedded hearts. Hearts were perfused in situ with formalin
for 15 minutes, excised, and fixed in formalin for 24 hours at room temperature. Sections
were deparaffinized with standard procedures. Immunostaining of paraffin-embedded hearts
was 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). Terminal deoxynucleotidyl transferase dUTP nick-end labeling
(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 with an Annexin V kit (BD Biosciences) according to the
manufacturer’s instructions. To induce cell death, NRCMs were treated with 50 pmol/L
H»0, for 4 hours.

Statistical Analysis

Results

Kaplan—Meier curves were generated to illustrate survival after MI; statistical assessment
was carried out by the log-rank test. Statistical analysis was performed with GraphPad Prism
5.0 (Graphpad Software Inc; www.graphpad.com). Values of P<0.05 were considered
significant. All the data sets were tested for normality of distribution with the Shapiro-Wilk
test. To compare 2 groups with normal distribution, the Student t test was applied,;
otherwise, a nonparametric test was used. Nonparametric tests were used when n<5 per
group. For comparison of >2 groups, 1-way ANOVA was applied; for the echo-
cardiographic time course analysis, repeated measures ANOVA was used. Bonferroni post
hoc tests were included in both cases..

mMTOR Activation After Ml

mMTORC1 and mTORC2 signaling (Figure 1A) was assessed by phosphorylation of RibS6
(for mTORC1) and Akt (for mTORC?2) after permanent occlusion of the left anterior
descending coronary artery at 2 days after challenge. Phosphorylation of both proteins was
increased in the infarcted mouse heart, indicating activation of both mTORC1 and mTORC2
(Figure 1A in the online-only Data Supplement). Activation of mMTORC1 and mTORC?2 in
cardiomyocytes was confirmed by confocal immunolocalization of RibS6 and AktS473
phosphorylation after the infarction challenge (Figure IA in the online-only Data
Supplement).

MTOR Kinase Inhibition With Torinl Increases Cardiomyocyte Death In Vitro

Kinase activity of both mTORC1 and mTORC2 was inhibited with Torin1, a second-
generation mTOR inhibitor (Figure 1A). mMTORC1 and mTORC2 were inhibited by Torin1,
as shown by decreased insulin-dependent phosphorylation of S6Kinase and AktS473,
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respectively, in a dose-dependent fashion, whereas mitogen-activated protein kinase
phosphorylation was unchanged (Figure IB in the online-only Data Supplement). mTOR
activity mediates survival in response to oxidative stress, as demonstrated with Torinl
treatment (50 nmol/L) of NRCMs, which blocks mMTORC1 and mTORC2 activation in
response to H20, (Figure 1B), consequently leading to increased cell death (Figure 1C). The
increased cell death after Torinl treatment was mainly apoptotic, as indicated by increased
annexin V binding (Figure IC in the online-only Data Supplement).

mMTOR Kinase Inhibition With Torinl Increases Damage After Ml

Acute mTOR inhibition in vivo was performed with Torinl injected immediately after Ml
with a short 2-day follow-up treatment to minimize systemic effects of the inhibitor.
Pharmacokinetic properties of Torin1 render the compound short-lived?3; therefore, Torinl
was injected twice per day for 2 days (Figure ID in the online-only Data Supplement).
mTOR signaling assessment in mice receiving Torinl treatment revealed decreased
phosphorylation for the downstream targets RibS6 and phosphorylation of AktS473, whereas
AktT308 phosphorylation was increased after M1 (Figure 1D). Increased mortality was
observed in Torinl-injected mice by 10 days after M1 (Figure 1E), and infarct size was
increased by 23% after Torinl treatment compared with controls (Figure 1F). Apoptotic cell
death contributed to increased infarct size and mortality after Torinl administration, as
observed in myocardial sections where TUNEL labeling was significantly increased (Figure
1G). Ejection fraction was significantly impaired with a trend toward enlarged left
ventricular volume as a consequence of Torinl treatment compared with control mice 2
weeks after MI, indicating that Torinl treatment accelerated decompensation (Figure 1H and
Table 111 in the online-only Data Supplement). Hemodynamic performance was also
impaired in Torinl-treated animals relative to nontreated control MI groups (Figure 1H).
Heart rates were indistinguishable between the control and treated groups (Figure IE in the
online-only Data Supplement). Collectively, these findings indicate that inactivation of
mTOR kinase activity is detrimental in the adaptive response to M.

MTORC2 Inhibition Increases Cardiomyocyte Death In Vitro

Functional activity for either mTORC1 or mTORC2 was selectively inhibited by targeted
downregulation of either Rictor or Raptor expression with siRNA (see Figure 1A).1
mTORC1 signaling was inhibited by siRNA-induced depletion of Raptor with no discernible
effect on mTORC2 activation, expression of Rictor (Figure 2A-2C), 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 with siRNA, which was associated with increased cell death (Figure 2D)
without an apparent impact on mTORCL1 activation in response to H,O, (Figure 2E-2G).
Decreased NRCM survival was also observed by overexpression of AktS473A, a point
mutant of the kinase that cannot be phosphorylated on AktS473 (Figure I1A in the online-
only Data Supplement), showing that Akt>473 must be phosphorylated mTORC2 to mediate
protection from oxidative stress. FoxO phosphorylation downstream of Akt was decreased
after knockdown of Rictor, whereas glycogen synthase kinase 3 phosphorylation remained
unchanged (Figure 11B in the online-only Data Supplement), consistent with AKTS473-
mediated regulation of target molecules that influence cellular survival.?® Increased cell
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death after Rictor knockdown was primarily apoptotic, as indicated by annexin VV—positive
cells, consistent with the effect of Torinl inhibition (Figure I1C in the online-only Data
Supplement).

MTORC2 Inhibition Increases Damage After Ml

mTORC2-selective inhibition by knocking down Rictor in vivo was accomplished using an
shRNA targeted to mouse Rictor delivered via recombinant cardiotropic AAV9. Green
fluorescent protein reporter virus was used to test the efficiency of the AAV9-mediated gene
delivery. AAV9-mediated gene delivery resulted in 80% of the cardiomyocytes being
positive for the green fluorescent protein transgene measured by fluorescence-activated cell
sorter (Figure I11A in the online-only Data Supplement). Decreases in expression of Rictor
(80% reduction) and mTORC?2 signaling were confirmed in whole-heart lysates 2 days after
infarction (Figure 3A), associated with diminished AktS#73 phosphorylation. Rictor
knockdown did not affect either Raptor expression or mTORC1 activity compared with
control mice, confirming the specificity of decreased mTORC?2 signaling (Figure 3B and
3C), 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 days after MI (Figure 3D), similar to the results obtained with Torinl (Figure 1D).
Apoptotic cell death contributed to increased mortality, with TUNEL-positive cells
increased after Rictor knockdown in myocardial sections (Figure 3E). Impaired systolic
function with enlarged left ventricular chamber size was evident after Rictor knockdown
compared with control animals (Figure 3F and Table 1V in the online-only Data
Supplement). 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 Ml challenge in vivo.

Decreased mTORC2 Activity Resulting From Prolonged mTORCL1 Inhibition With

Rapamycin

Genetic deletion of Raptor inhibits mTORCL signaling and increases mTORC2 function by
suppressing a negative feedback loop, but it also leads to severe cardiomyopathy.24
Longterm pharmacological inhibition of mMTORC1 with rapamycin was used to determine
the impact on TORC2 signaling. Indeed, mTORC?2 signaling was disrupted after prolonged
treatment of NRCMs with rapamycin, shown by diminished phosphorylation of the mTOR2
target AktS473 (Figure 111B in the onlineonly Data Supplement). Cell death inhibition after
short-term treatment with rapamycin in response to H,O, was abrogated on long-term
treatment (Figure I11B in the online-only Data Supplement). The consequences of long-term
inhibition of MTORC1 on mTORC?2 signaling in vivo were assessed by intraperitoneal
injection of rapamycin daily for 2 weeks. mTORC2 signaling was unaffected by short-term
treatment with rapamycin (2 mg/kg, with the first dose on the day of MI), but prolonged
treatment blocked AktS473 after MI (Figure 111C in the online-only Data Supplement). In
conclusion, prolonged treatment with rapamycin also impairs mTORC2 function, similar to
the effects of Torinl in cardiomyocytes.
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Increasing mTORC2 Signaling While Inhibiting mTORC1 Decreases Cardiomyocyte Death

An endogenous molecular mechanism exists that blocks mMTORC1 activity to regulate
growth by maintaining the appropriate balance between anabolic processes and catabolic
processes. PRAS40, a specific component of mTORCL that interacts with RAPTOR to
inhibit mTORC1 kinase activity, 2627 has never been studied in the cardiac context.
PRAS40 expression and regulation in myocytes were confirmed, with Akt-mediated
phosphorylation of PRAS40 7246 that was absent in Aktl knockout mice (Figure IVA in the
online-only Data Supplement). Stimulation of Akt with insulin induced PRAS40
phosphorylation in isolated adult wild-type myocytes (Figure IVB in the online-only Data
Supplement), thereby releasing the inhibitory function of PRAS40 on mTORC1, as
previously described.26 PRAS40-mediated inhibition of mMTORC1 signaling after H,0,
stimulation was mediated by adenoviral overexpression of PRAS40 (Figure IVC in the
online-only Data Supplement). mTORC?2 signaling was increased by PRAS40 expression, as
evidenced by higher levels of AktS473 compared with controls after H,O, stimulation
(Figure 1D in the online-only Data Supplement), consequently inhibiting apoptotic cell
death (Figure I\VE in the online-only Data Supplement). Protective effects of PRAS40
against oxidative stress were abrogated by pharmacological inhibition of Akt or after
overexpression of a phosphorylation-impaired AktS473A that is point mutated at a critical
activation site of the kinase (Figure IVF in the online-only Data Supplement). Increased
PRAS40 phosphorylation is also observed in cardiomyocytes after M1 (Figure VA and VB
in the online-only Data Supplement). Thus, PRAS40 overexpression decreases mTORC1
and increases mTORC?2 signaling, decreasing oxidative stress—induced cardiomyocyte death
in vitro.

Loss of PRAS40-mediated cytoprotection on inhibition of Akt prompted further studies to
delineate the involvement of mMTORC?2 using pharmacological and genetic approaches.
Cytoprotective effects of PRAS40 were lost on mTOR kinase inhibition with Torinl (Figure
4A), which effectively inhibited both mMTORC1 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 was 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 mMTORC1 function
in Raptor-deficient cells, or loss of mMTORC?2 in Rictor-deficient cells was confirmed by
immunoblots (Figure 4F). Protective effects of PRAS40 were not attributable to increased
autophagy in our samples (data not shown). Taken together, these data show that mMTORC2
signaling is required for PRAS40-mediated protection and that Akt activation is integral to
cytoprotection in response to oxidative stress in vitro.

Increasing mTORC2 Signaling While Inhibiting mTORC1 Decreases Damage After Ml

Selective mTORC1 inhibition was achieved with PRAS40 delivered via recombinant
cardiotropic AAV9 with a cardiomyocyte- specific myosin light chain promoter construct
(Figure VIA and VIB in the online-only Data Supplement). Strong transgene delivery of
AAV9 myosin light chain-2 PRAS40 (80% positive cardiomyocytes) by tail vein injection
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was confirmed by counting FLAG-tag—positive cardiomyocytes (Figure VIC in the online-
only Data Supplement), similar to the results obtained with the green fluorescent protein
reporter virus (Figure I11A in the online-only Data Supplement). PRAS40 expression was
increased ~2-fold over endogenous levels in the heart 3 weeks after tail vein injection of
AAV-PRAS40 without apparent changes in cardiac function.

Increased mortality during the first 10 days after Ml in the AAV-control mice was
significantly reduced by administration of AAV-PRAS40 (Figure 5A). Infarct size was
reduced by 30% in AAV-PRASA40-treated mice compared with control mice (Figure 5B),
associated with decreased cell death in the infarct border zone (2.8% versus 1.6% TUNEL-
positive cardiomyocytes in AAV-control and AAV-PRASA0, respectively; Figure 5C).
AAV-PRAS40-treated mice showed significantly higher ejection fraction relative to the
AAV-control group within 1 week after 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 and Table V in the online-
only Data Supplement), which was maintained over the 6-week time course for assessment.
Hemodynamic performance was improved and end-diastolic pressure was reduced in
AAVPRASAO0 relative to AAV-control mice at the termination of the study 6 weeks after Ml
(Figure 5E). Heart rate was comparable between the groups (Figure XID in the online-only
Data Supplement). A hypertrophic increase in the ratio of heart weight to body weight 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-
PRASA40 relative to the AAV-control group (Figure 5G and 5H). Decreased pathological
remodeling resulted in less fibrosis in PRAS40-overexpressing mice measured by Mason
trichrome staining and collagenl transcription 6 weeks after M1 (Figure 51 and 5J). Overall,
PRAS40 selectively inhibited mTORCL in cardiomyocytes, thereby protecting against Ml
damage and characteristic sequelae in vivo.

Mechanism of PRAS40-Mediated Protection

Molecular mechanisms of PRAS40-mediated reduction in ischemic injury were correlated
with assessments of mTOR signaling in the acute phase after MI. AKTS473 phosphorylation
in AAV-PRAS40-treated hearts displayed a 9.7-fold increase in 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 2 days after MI (Figure 6A and Figure
VIE in the online-only Data Supplement). Akt308 phosphorylation was also increased in
AAV-PRAS40-treated hearts compared with AAV-controls. As intended, mMTORC1
activation was decreased by 39% by AAV-PRASA40 after MI, along with 5.7-fold higher
RibS6 phosphorylation in AAV-control mice compared with shamoperated animals (Figure
6B). Enhanced AKTS473 phosphorylation (Figure 6C) and reduced mTORC1 activation
(Figure 6D) resulting from AAV-PRAS40 administration were confirmed by
immunohistochemistry. AKTS473 phosphorylation increases persist in AAV-PRAS40-
treated hearts up to 6 weeks after MI surgery (Figure 6E and 6F) without evidence of
pathological hypertrophy (Figure 5F) or RibS6 phosphorylation in the border zone (Figure
VIF in the onlineonly Data Supplement). Preservation of insulin receptor substrate-1
expression in hearts of the AAV-PRAS40 group relative to the AAV-control group at 6
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weeks (Figure 6E) suggests that decreased mTORC1 signaling slows degradation of insulin
receptor substrate-1, consequently improving insulin signaling and mTORC2 function.
Expression of the sarcoplasmic reticulum ATPase was decreased and sodium-calcium
exchanger was increased in AAV-control hearts in the remote area at 6 weeks but remained
essentially unchanged in AAV-PRAS40-treated hearts compared with sham-operated
animals (Figure 6E and Figure VIG in the online-only Data Supplement).

MTORC?2 Deletion Diminishes PRAS40-Mediated Protection From Infarction Injury

Participation of the phosphatidylinositol-2-kinase (P13K)-mTORC2-Akt pathway in
PRAS40-mediated cardioprotection in vivo was established with genetically engineered
mouse strains lacking PI3K or AKT. Global deletion of PI3K ™~ results in impaired Akt
activation in response to M1.28 PI3K ™/~ mice treated with AAV-PRAS40 or AAV-control
show comparable cardiac function at 8 weeks of age (Figure 7A), but cardioprotection
conferred by AAVPRAS40 was absent in PI3K™~ mice relative to wild-type control mice at
1 week after MI. AAV-PRASA40 also fails to provide protective effects in Akt1-null mice
with a comparable decline in cardiac function between AAV-control and AAV-PRAS40
after MI (Figure 7B). Comparable PRAS40 overexpression between all groups of mice was
confirmed by immunoblots (Figure VIIA and VIIB in the online-only Data Supplement).
Causality of mTORC2 function for PRAS40-mediated cardioprotection was established with
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 3 weeks later. AAV-sh-Rictor treatment exacerbated the decline in
cardiac function, whereas AAVPRAS40 improved ejection fraction measured 2 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-
PRASA0 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, mTORC?2 activity is responsible for the protective effects of
PRAS40 in vivo (Figure 8).

Discussion

Loss of viable myocardium after Ml is the leading cause of cardiac dysfunction resulting in
chronic heart failure. A cardioprotective role for mMTORC?2 activation in cardiomyocytes
after Ml is supported by findings presented in this study. Pharmacological inhibition with
second-generation mTOR inhibitors and genetic silencing of Rictor result in increased
ischemic damage and are associated with increased mortality after MI, consistent with a
beneficial role for mTORC2.

Role of mMTORC2 Signaling in Ischemic Damage

Surprisingly little is known about the specific role of mTORC?2 in cell survival other than
impairment of mTORC2 function by Rictor knockdown worsens cell survival in vitro.2
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Moreover, evidence for a direct role of mMTORC?2 in regulating survival after ischemic
damage in vivo has, to the best of our knowledge, never been reported. Genetic and
pharmacologic evidence shows that mTORC1 inhibition is beneficial after M|.5-7:30-32
However, feedback occurring in mTORC1 and mTORC?2 signaling on rapamycin treatment
intertwines the relative roles of these 2 distinct complexes and renders the system inadequate
to dissect the specific role of mMTORC?2 in cell survival and disease progression.

Pharmacological inhibition of mTOR kinase function with Torinl is detrimental to
cardiomyocytes both in vitro and in vivo after MI (Figure 1), consistent with genetic
evidence that mTOR deletion results in lethal, fully penetrant dilated cardiomyopathy* and
highlighting the importance of intact mTOR signaling in cell survival and function.
Moreover, the use of novel mTOR kinase inhibitors to treat cancer may carry inherent
cardiotoxic side effects in patients, especially those with comorbidities 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 mMTORC2 is associated with increased ischemic damage (Figure 3). The
findings presented here confirm the important role of mMTORC2, Rictor, and AktS473
phosphorylation in cardiomyocytes in controlling cellular survival. Previous studies have
shown that 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 explored.15:34:35 Sjlencing of Rictor exacerbates negative consequences after Mi
(Figure 3), supporting the premise that Rictor plays an important role in the regulation of
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 the use of a phosphorylation-
deficient inactive Akt mutant (S473—A) unable to block cell death in response to oxidative
stress (Figure 1l in the online-only Data Supplement). Indeed, prior studies show that
mTORC2 regulates Akt substrate specificity for downstream phosphorylation targets,
including FoxO, glycogen synthase kinase 3, and tuberous sclerosis 2.25 Importantly, long-
term use of rapamycin disrupts mTORC?2 function in cardiomyocytes and compromises cell
survival (Figure I11 in the online-only Data Supplement). 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.

PRASA40 Is Cardioprotective via Increased mTORC2 Signaling

Although short-term inhibition of mMTORC1 with rapamycin is beneficial after Ml, long-
term treatment disrupts mTORC2 function. Therefore, approaches to block mMTORC1 in
myocytes using selective endogenous molecular inhibitors can provide the beneficial effect
of blocking pathological responses without compromising cell survival. PRAS40 was
initially identified as a 14-3-3 binding protein3® and was subsequently found to be an
mTORCL1 inhibitor and substrate. 26:27:39.40 PRASA0 contains 2 proline-enriched stretches at
the amino-terminus and an Akt consensus phosphorylation site (RXRXXS/T) located at
Thr246. Phosphorylated PRAS40 dissociates from mTORC1, resulting in mTORC
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activation in response to growth factors, insulin, glucose, and nutrients.3%-41 PRAS40 is
expressed and regulated by Akt in cardiomyocytes (Figure 4). Furthermore, findings
presented here demonstrate that clinically relevant AAV gene therapy with PRAS40 is
protective in response to infarction injury. Importantly, PRAS40 overexpression reduced
mortality after MI and improved cardiac function (Figure 6). PRAS40 reduced ischemic
injury in myocytes in part via increased mTORC?2 signaling because genetic interference
with the PI13K-Akt-Rictor pathway resulted in loss of protection (Figure 8). Prevention of
pathological remodeling with decreased fibrosis in the remote area and prevention of the
deregulation of sarcoplasmic reticulum calcium handling proteins likely contribute to the
improved contractile function after PRAS40 overexpression after MI. Overall, our findings
concur with previous reports of PRAS40 involvement in the regulation of Akt-dependent
cell survival and apoptosis.*2-44 The importance of PRAS40/mTORC?2 is also supported by
recent reports that PRAS40 protects neurons from death after spinal cord injury.4344 In
addition to regulation of MTOR kinase activity, unbound PRAS40 may have effects on
complexes formed with 14-3-3 and FoxO, resulting in cytoplasmic retention of FoxO,
downregulation of proapoptotic genes, and resistance to cell death.*>

Recent advancements in the development of AAVs have enabled the first clinical trial with
AAV-based cardiac-specific gene transfer.#6:47 Thus, cardioprotection by PRAS40 could
represent a future therapeutic option for treatment of myocardial injury. Traditional
molecular interventions have focused on inhibition of pathological remodeling and
potentiation of cell survival or growth, 2 goals that are often at odds with each another. The
unique capacity of PRAS40 to block hypertrophic growth while concurrently promoting
TORC2-mediated cell survival without affecting cardiac function represents a previously
unrecognized constellation of features to prevent cardiac dysfunction. Correctly timed
inhibition of MTORCL in conjunction with mTORC2 potentiation could be a potent
combinatorial approach to blunt cellular losses and to ameliorate the progression of
degenerative changes accompanying ischemic damage.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CLINICAL PERSPECTIVE

The mechanistic target of rapamycin (mTOR), an atypical Ser/Thr protein kinase and
central regulator of cell function, is deregulated after myocardial infarction. mTOR
comprises 2 structurally distinct multiprotein complexes, mTOR complexes 1 and 2
(mTORC1 and mTORC?2). mTORC1 controls cell growth; mTORC2 controls cellular
survival. Inhibiting mTORC1 with rapamycin is already an established clinical
application to prevent restenosis after percutaneous coronary stent implantation, and
rapamycin is an inherent component of pharmacological cancer therapeutic regimens.
Although oral administration of rapamycin to inhibit mMTORCL1 has been successfully
used in rodent models of heart failure, clinical administration raises concerns about
potential side effects of systemic mTOR inhibition in other organs with concomitant risk
of immunosuppression. This study shows that inhibition of mMTORC1 specifically in
cardiomyocytes with PRAS40, an endogenous mTORC1 inhibitor, enhances
cardioprotection after myocardial infarction. A unique molecular feature of PRAS40 is
the inhibition of MTORC1 while simultaneously increasing mTORC?2 activation, which
increases cellular survival. The findings presented in this study demonstrate that a
clinically relevant adeno-associated virus serotype 9 gene therapy with PRASA40 is
protective in response to infarction injury and reduced mortality after infarction. Most
existing therapies target outside-in signaling in cardiac cells but are limited in
effectiveness in preventing cardiac remodeling. Targeting intracellular mTORC1
signaling in cardiomyocytes with PRAS40 using the recent advancements in the
development of adeno-associated virus serotype 9 vectors might have better therapeutic
potential than existing therapies to blunt remodeling and to potentiate cell survival and is
unlike rapamycin without systemic side effects.
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Figure 1.
Decreasing mechanistic target of rapamycin complex 1 (nTORC1) and 2 (nTORC?2)

activity increases damage after stress. A, Schematic overview of mTOR signaling. B,
MTORC1 and mTORC2 are inactivated after treatment with Torinl, as shown by
immunoblots. C, Cell death in neonatal rat cardiomyocytes. Challenge with H,O, (50
umol/L for 4 hours) after mTOR kinase inhibition with Torin1 (50 nmol/L). Torinl exposure
increases apoptosis in response to H,O,. *P<0.05 vs vehicle (Veh); #P<0.05 vs H,0,
vehicle. D, Torinl inhibits mTOR kinase activity in vivo, as shown by immunoblots. E,
Kaplan—Meier survival curve of vehicle- and Torinl- (5 mg/kg body weight) injected mice.
Mortality early after infarction is increased after injection of Torinl. n=4 in the sham
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groups. F, Torinl increases infarct size. P<0.05 vs control myocardial infarction (Ml). G,
Representative confocal scans are shown for terminal deoxynucleotidyl transferase dUTP
nick-end labeling (TUNEL), actin, and nuclei (red, green and blue, respectively, in
overlays). Bar, 150 um. Percentage of TUNEL-labeled cells in the left ventricle (LV) of
remote area 1 day after MI. *P<0.05 vs control MI. H, Echocardiographic assessment of
control or Torinl-injected mice for ejection fraction and LV end-diastolic volume (EDV).
*P<0.05 vs sham; #P<0.05 vs MI vehicle. Hemodynamic measurements of +dP/dt 2 weeks
after surgery. *P<0.05 vs sham; #P<0.05 vs Ml vehicle. Numbers of mice or of independent
experiments per group are indicated in the bar graphs.
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Figure2.

Loss of mechanistic target of rapamycin complex 2 (MTORC?2) signaling increases
cardiomyocyte death in vitro. A, Silencing of Raptor confirmed by immunoblot. B, Bar
graphs depicting quantification of Akt phosphorylation and ribosomal S6 protein (RibS6)
phosphorylation after Raptor silencing. *P<0.05 vs scramble (Scr); #P<0.05 vs Scr H,0,
vehicle (Veh). C, Bar graphs depicting quantitation of Rictor, mTOR, and Raptor expression
after Raptor silencing. n=4 independent experiments. D, Cell death in neonatal rat
cardiomyocytes. Rictor silencing but not Raptor silencing increases cell death after
challenge with H,05 (50 umol/L for 4 hours). *P<0.05 vs control; #P<0.05 vs Scr H,05.
n=5 independent experiments. E, Silencing of Rictor confirmed by immunoblot. n=4
independent experiments. F, Bar graphs depicting quantification of Akt phosphorylation and
RibS6 phosphorylation after Rictor silencing. *P<0.05 vs Scr; #P<0.05 vs Scr H,0O, vehicle.
n=4 independent experiments. G, Histogram depicting quantification of Raptor, mTOR, and
Rictor expression after Rictor silencing. n=4 independent experiments.
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LVEDV{ul)

Loss of mechanistic target of rapamycin complex 2 (MTORC?2) signaling increases
cardiomyocyte damage after myocardial infarction (MI). A, Silencing of Rictor confirmed
by immunoblot. Adeno-associated virus serotype 9 (AAV9)-sh-Rictor hearts exhibit
decreased Akt phosphorylation without altered mTORCL1 activation. B, Bar graphs depicting
guantification of Raptor/mTOR/ Rictor expression. *P<0.05 vs control sham. n=3 per group.
C, Bar graphs depicting quantification of ribosomal S6 protein (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 terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)-
labeled cells in the left ventricle of the remote area 1 day after myocardial infarction
(M1).*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 vs sh-control sham; #P<0.05 vs MI sh-Control. G, Silencing of Rictor
in myocytes confirmed by confocal microscopy. Representative confocal scans for Rictor,
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actin, and nuclei (green, red, and blue, respectively, in overlays). Interstitial nonmyocytes
express Rictor in AAV-sh-Rictor hearts (arrow), Bar, 150 um. H, Masson trichrome
staining from control and sh-Rictor- treated hearts. Bar graphs depicting quantification of
fibrotic area. *P<0.05 vs control sham; #P<0.05 vs MI. Bar, Imm. Numbers of mice per
group are indicated in the bar graphs.
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Mechanistic target of rapamycin complex 2 (mTORC?2) function is necessary for PRAS40-

mediated protection. A, Cell death quantified by flow cytometric detection on H,O5

treatment. Torinl blunts the protective effects of PRAS40. *P<0.05 vs control; $P<0.05 vs

control H,O,. B, mTOR kinase inhibition after Torin1 (50 nmol/L) confirmed by

immunoblot. C, siRNA Akt silencing blunts PRAS40-induced protection. Data are depicted
as percentage of dead cells. ***P<0.001 vs control; #P<0.05 vs control H,0,. D, Aktl
silencing confirmed by immunoblot. E, siRNA Rictor silencing, but not Raptor silencing,

blunts PRA40-induced protection. Data are depicted as percentage of dead cells.

***P<(0,001 vs control; #P<0.05 vs control HyO5; $$P<0.01 vs control H,0,. F, Rictor or
Raptor silencing and blunting of mTOR downstream target phosphorylation by immunablot.

Numbers of independent experiments per group are indicated in the bar graphs.
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Figureb5.
PRASAO0 protects against ischemic injury. A, Kaplan—Meier survival analysis of control and

PRAS40 animals after myocardial infarction (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 vs control MI. C,
Percentage of terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)-
labeled myocytes in the left ventricle (LV) in the remote area 2 days after MI. *P<0.05 vs
control MI. D, Weekly echocardiographic assessment of control or PRAS40 sham and Ml
hearts for ejection fraction and LV enddiastolic volume (LVEDV). *P<0.05 vs control Ml;
n=14 to 15 for the MI group and n=5 to 6 for the sham group. E, In vivo hemodynamic
measurements of =dP/dt and LV end-diastolic pressure (LVEDP) 6 weeks after surgery. F,
Ratio of heart weight to body weight (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 Ml surgery (*P<0.01 vs control sham; #P<0.05 vs control MI. H, Nppa and
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Nppb transcription in hearts of mice of the indicated group 6 weeks after sham or Ml
(*P<0.01 vs control sham; #P<0.05 vs control MI). Error bars indicate mean+SEM. |,
Masson trichrome staining from control and PRASA40-treated hearts. Bar graphs depicting
quantification of fibrotic area. *P<0.05 vs control sham. #P<0.05 vs MI. Bar, 1 mm. J,
Collagen1 transcription in hearts of mice of the indicated group 6 weeks after sham or M.
*P<0.01 vs control sham; #P<0.05 vs control MI. Error bars indicate mean+SEM. Number
of mice per group is indicated in the bar.
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PRAS40 promotes protective mechanistic target of rapamycin complex 2 (mMTORC2)
signaling in vivo. A, Heart lysates for indicated proteins 2 days after myocardial infarction
(MI) assessed by immunoblot. Akt phosphorylation quantification histogram. P<0.01 vs
control sham; #P<0.05 vs control MI. B, Heart lysates for indicated proteins 2 days after Ml
assessed by immunoblot. Ribosomal S6 protein (RibS6) phosphorylation quantification by
histogram. *P<0.01 vs control sham; #P<0.05 vs control MI. C, Paraffin-embedded sections
from control hearts and PRAS40-treated hearts 2 days after Ml stained for pAkt473 (red),
actin (green), and nuclei (blue) and assessed by confocal microscopy. D, Sections of control
hearts and PRAS40-treated hearts 2 days after Ml stained for pRibS6 (red), actin (green),
and nuclei (blue) and assessed by confocal microscopy. Bar, 150 um. E, Heart lysates
assessed for indicated protein expression 6 weeks after surgery by immunoblot. F, PRAS40
overexpression increases Akt phosphorylation in myocytes by confocal microscopy of
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myocardial sections at 6 weeks after surgery. Bar, 50 pm. Number of mice per group is
indicated in the bar.
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Cardioprotection by PRAS40 is mechanistic target of rapamycin complex 2 (MTORC2)
dependent in vivo. A, Ejection fraction (EF) and left ventricular end-diastolic volume
(LVEDV) in PI3K™/~ mice before and after myocardial infarction (MI) assessed by
echocardiography. B, EF and LVEDV in Akt1~/~ mice before and after M1 assessed by
echocardiography. C, EF and LVEDV in mice injected with adeno-associated virus serotype
9 (AAV9)-sh-control, AAV-sh-Rictor, AAV-PRAS40, or AAV-sh-Rictor and AAV-
PRAS40 and assessed by echocardiography. *P<0.05 vs sh-control; #P<0.05 vs sh-control.
D, Ratio of heart weight to body weight (HW/BW) in mice 2 weeks after MI surgery.
*P<0.05 vs sh-control. E, Percentage of terminal deoxynucleotidyl transferase dUTP nick-
end labeling (TUNEL)- labeled myocytes in the LV in the remote area 1 day after MI. n=3
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per group. *P<0.05 vs control MI; #P<0.05 vs sh-control. Bar, 150 um. Number of mice per
group is indicated in the bar.
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Model for PRAS40-mediated cardioprotection. mechanistic target of rapamycin (nTOR)
kinase inhibitors or impairment of mMTOR complex 2 (MTORC?2) function worsens cardiac
function after myocardial infarction. PRAS40 blocks mTORC1 in myocytes and diverts
toward mTORC?2 function, increasing Akt activation and leading to increased cellular
survival after infarction. IRS-1 indicates insulin receptor substrate-1.

Circulation. Author manuscript; available in PMC 2014 August 13.



