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A B S T R A C T

Noonan Syndrome with Multiple Lentigines (NSML) is associated with congenital heart disease in form of
pulmonary valve stenosis and hypertrophic cardiomyopathy (HCM). Genetically, NSML is primarily caused by
mutations in the non-receptor protein tyrosine phosphatase SHP2. Importantly, certain SHP2 mutations such as
Q510E can cause a particularly severe form of HCM with heart failure in infancy. Due to lack of insight into the
underlying pathomechanisms, an effective custom-tailored therapy to prevent heart failure in these patients has
not yet been found.

SHP2 regulates numerous signaling cascades governing cell growth, differentiation, and survival.
Experimental models have shown that NSML mutations in SHP2 cause dysregulation of downstream signaling, in
particular involving the protein kinase AKT. AKT, and especially the isoform AKT1, has been shown to be a
major regulator of cardiac hypertrophy. We therefore hypothesized that hyperactivation of AKT1 is required for
the development of Q510E-SHP2-induced HCM. We previously generated a transgenic mouse model of NSML-
associated HCM induced by Q510E-SHP2 expression in cardiomyocytes starting before birth. Mice display
neonatal-onset HCM with initially preserved contractile function followed by functional decline around
2 months of age. As a proof-of-principle study, our current goal was to establish to which extent a genetic
reduction in AKT1 rescues the Q510E-SHP2-induced cardiac phenotype in vivo. AKT1 deletion mice were
crossed with Q510E-SHP2 transgenic mice and the resulting compound mutant offspring analyzed. Homozygous
deletion of AKT1 greatly reduced viability in our NSML mouse model, whereas heterozygous deletion of AKT1 in
combination with Q510E-SHP2 expression was well tolerated. Despite normalization of pro-hypertrophic sig-
naling downstream of AKT, heterozygous deletion of AKT1 did not ameliorate cardiac hypertrophy induced by
Q510E-SHP2. However, the functional decline caused by Q510E-SHP2 expression was effectively prevented by
reducing AKT1 protein. This demonstrates that AKT1 plays an important role in the underlying patho-
mechanism. Furthermore, the functional rescue was associated with an increase in the capillary-to-cardiomyo-
cyte ratio and normalization of capillary density per tissue area in the compound mutant offspring. We therefore
speculate that limited oxygen supply to the hypertrophied cardiomyocytes may contribute to the functional
decline observed in our mouse model of NSML-associated HCM.

1. Introduction

In most cases of non-syndromic hypertrophic cardiomyopathy
(HCM), systolic contractile performance of the left ventricle (LV) is
normal or even elevated. Only a small subset of patients with ‘classic’
forms of HCM develop systolic heart failure in end-stage disease [1,2].

Therefore, treatment strategies for patients with HCM are mostly fo-
cused on reducing the risks of arrhythmias and sudden death as well as
ameliorating symptoms caused by outflow tract obstruction and dia-
stolic dysfunction [3]. In contrast, HCM associated with Noonan Syn-
drome with Multiple Lentigines (NSML, formerly termed LEOPARD
Syndrome) can lead to serious contractile dysfunction in children. In
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particular, the Q510E mutation in the protein tyrosine phosphatase
SHP2 (encoded by PTPN11) results in a severe biventricular form of
HCM and heart failure already in infancy [4–7]. Mortality is very high
and heart transplantation is often the only option to improve survival
for patients carrying the Q510E-SHP2 mutation.

The reasons why these forms of HCM lead to heart failure are still
unknown. Genetically, most non-syndromic forms of HCM are caused
by mutations in various sarcomeric proteins [8], whereas mutations in
the signaling regulator SHP2 are responsible for the majority of NSML-
associated HCM cases. Recent in vitro studies have shown that NSML
mutations in SHP2 result in increased activation of focal adhesion ki-
nase, phosphatidylinositol-3-kinase, protein kinase B (AKT) and me-
chanistic target of rapamycin (mTOR) [9–11]. Supporting a central role
of the latter signaling mediator in the pathomechanism of NSML-asso-
ciated HCM, mouse models of NSML have revealed that inhibition of
mTOR with rapamycin can ameliorate cardiomyocyte hypertrophy
[12,13]. However, rapamycin failed to rescue the functional decline
caused by Q510E-SHP2 expression in the mouse heart [13], suggesting
that pharmacological intervention targeted at mTOR may have been too
far downstream to completely rescue the phenotype. One step further
upstream, AKT controls mTOR activity via tuberous sclerosis factor 2
and Rheb [14,15]. Interestingly, it has been demonstrated that inhibi-
tion of mTOR can result in suppression of a negative feedback loop that
in turn increases the activity of AKT and other kinases [16]. Conse-
quently, inhibition of AKT instead of mTOR may be more effective as a
treatment for HCM induced by Q510E-SHP2 expression.

AKT (and in particular the AKT1 isoform) has been shown to play a
critical role in the regulation of cardiac hypertrophy [17]. However,
AKT's role in NSML-associated HCM may not be straightforward. Prior
studies have provided strong evidence that moderate increases in AKT
activity do not result in pathologic alterations in the heart and even
have cardioprotective effects. For example, physiological stress such as
exercise has been shown to increase AKT activation in normal mice
[18]. In addition, deletion of PH domain and leucine rich repeat protein
phosphatase 1 (PHLPP1) increased AKT activity without affecting car-
diomyocyte size or contractility and was beneficial under pathological
stress in form of chronic pressure overload [19]. Furthermore, nuclear
targeting of AKT also did not induce cardiac hypertrophy, and induced
protective effects after pressure overload [20,21]. Importantly, only
prolonged transgenic activation of AKT at high levels led to ventricular
dilation and death [22]. These findings would argue against the in-
crease in AKT activity observed in NSML models playing a causal role in
the HCM pathomechanism. On the other hand, we recently found that
pharmacological AKT inhibition prevents cardiomyocyte hypertrophy
induced by Q510E-SHP2 expression in culture [11], which supports the
notion that AKT promotes pathologic cardiac hypertrophy in NSML.

To resolve this controversy and evaluate AKT1 as a potential new
therapeutic target, the goal of our current study was to examine the role
of AKT1 in NSML by conducting a genetic rescue experiment. Based on
our prior data, we hypothesized that increased signaling through AKT1 is
necessary for the development of cardiac hypertrophy and contractile
dysfunction in the context of NSML. To test our hypothesis, we crossed
Q510E-SHP2 transgenic mice with AKT1 deletion mice [23] and char-
acterized the phenotype of the compound mutant offspring. Importantly,
deletion of one AKT1 allele by itself does not result in overt cardiac
pathology in adult mice and does not alter susceptibility to stressors such
as transverse aortic banding [24]. Therefore, this approach is well suited
for proof-of-principle studies to determine whether AKT1 plays an im-
portant role in the pathomechanism of NSML-associated HCM.

2. Methods

2.1. Animals

All animal studies were conducted in accordance with the Institute
of Laboratory Animal Research Guide for the Care and Use of

Laboratory Animals. All procedures were submitted to and approved by
the Animal Care and Use Committee of the University of Missouri.
Transgenic mice expressing Q510E-SHP2 driven by the β-MHC pro-
moter were previously generated and described [13,25]. Only the
lowest-expressing transgenic line (2.7-fold over endogenous SHP2 le-
vels) was used and crossed from FVB/N into the C57BL/6J strain
background for over 14 generations. Subsequently, Q501E-SHP2
transgenic mice were crossed with AKT1 deletion mice (B6.129P2-
Akt1tm1Mbb/J, JAX stock number 004912) [23].

2.2. Gravimetry, tissue harvest

All tissue harvests were performed under deep isoflurane inhalation
anesthesia. For protein analyses, hearts were rinsed in cold phosphate-
buffered saline before weighing and freezing in liquid nitrogen. To ar-
rest hearts in end-diastole for histological studies, hearts were perfused
under deep isoflurane anesthesia through the apex with 4% paraf-
ormaldehyde in phosphate-buffered saline containing 25 mM KCl and
5% dextrose (cardioplegic buffer).

2.3. Western blotting

Flash-frozen LV tissues were homogenized in lysis buffer (150 mMNaCl,
10 mM Tris, pH 7.4, 1% Triton-X, 1× Halt Protease&Phosphatase
Inhibitor Cocktail (Sigma-Aldrich)). Proteins were separated by SDS-PAGE
and transferred to polyvinylidene difluoride membranes (Bio-Rad). For
Western blotting, we used anti-SHP2 (SH-PTP2, C-18, rabbit polyclonal,
catalog number sc-280, Santa Cruz Biotechnology), anti-phospho-AKT
(pS472/pS473, 104A282, mouse monoclonal, catalog number 550747, BD
Pharmingen) and the following antibodies obtained from Cell Signaling
Technologies: AKT1 (C73H10, rabbit monoclonal, catalog number 2938),
GAPDH (D16H11, rabbit monoclonal, catalog number 5174), S6 (54D2,
mouse monoclonal, catalog number 2317), and phospho-S6 (S240/244,
D68F8, rabbit monoclonal, catalog number 5364). All phospho-specific
antibodies were used at 1:500 dilution, all other antibodies at 1:1000.
Phosphorylated and total protein bands were quantified using the Bio-Rad
ChemDoc imaging system (Bio-Rad). For densitometry (Bio-Rad Quantity
One and Image Lab software), rectangular regions of interest of identical
size and shape in each lane were drawn tightly around the respective bands.
Background signal intensities were determined by placing rectangular re-
gions of interest of identical size and shape in adjacent empty areas in each
individual lane. Background intensities were substracted from the respective
band intensities measured. Non-specific bands were not included in any of
the regions of interest. For all membranes, band intensities were normalized
to the GAPDH signal obtained on the same membrane. In addition, Ponceau
staining (Sigma-Aldrich) was used to confirm that there were no changes in
GAPDH expression compared to total protein loading.

2.4. Echocardiography

Echocardiograms were performed under inhalation anesthesia
(1.2–1.8% isoflurane, 0.6 L flow of O2) using either a GE Vivid-i ul-
trasound system (GE Healthcare) with a 12 MHz transducer or a Vevo
2100 ultrasound system (Visualsonics) with a 40 MHz transducer.
Anesthetized animals were kept warm in supine position for 25 min to
ensure hemodynamic stability before image acquisition was started. No
data were excluded except for rare cases where hemodynamic in-
stability was evident (such as non-uniform ventricular performance in
consecutive beats, heart rate instability, or LV dilation to> 4 mm end-
diastolic diameter). M-mode echocardiography was performed using
the parasternal short-axis view of the LV. The guidelines of the
American Society of Echocardiography were used for measurement of
the LV end-diastolic and end-systolic diameters, and anterior and pos-
terior wall thickness. Images were captured digitally and 6 consecutive
cardiac cycles were measured and averaged for each animal.
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2.5. Immunohistochemistry

Hearts fixed in cardioplegic buffer were embedded in Tissue-TEK
O.C.T. compound (Electron Microscopy Sciences), frozen, and sectioned
at 5 μm thickness. Sections were obtained exactly in the middle of the
heart where the right and left ventricular cavity areas were largest and
leaflets of both mitral and tricuspid valves were seen in the same plane.
Sections were stained with fluorescently labeled WGA (Invitrogen) and
fluorescently labeled isolectin IB4 (Invitrogen). Random areas of the LV
free wall and septum were photographed at 100× magnification using
an IX51 microscope (Olympus). Capillary numbers per area and cross-
sectional cardiomyocyte areas were quantified by a blinded investigator
using Image J software.

2.6. Statistics

No data were excluded with the exception of echocardiography
recordings from hemodynamically unstable mice as described above.
All graphs show individual data points as well as mean +/− SEM and p
values for all pertinent comparisons unless p ≥ 0.1. p < 0.05 was
considered significant. Multiple groups were compared using two-way
analysis of variance (ANOVA) followed by post-hoc tests (Holm-Šidák
method) using SigmaPlot software. Unpaired Student t-tests were used
to compare SHP2 and AKT1 protein expression data from the respective
two groups (Fig. 3A,B).

3. Results

We recently generated a transgenic mouse model of NSML-asso-
ciated HCM in the FVB/N strain background by introducing a β-myosin
heavy chain (MHC) promoter cassette containing Q510E-SHP2 cDNA.
Detailed phenotype analyses revealed that these mice develop neonatal-
onset HCM [13]. To summarize, the mice exhibit increased cardio-
myocyte cross-sectional areas, heart-to-body weight ratios, inter-
ventricular septum thickness, and cardiomyocyte disarray already as
newborns. In adult mice, interstitial fibrosis can be detected and con-
tractile function is depressed. Valve disease is not evident in this mouse
model. Since we took a transgenic approach, potential gene dosage
effects were carefully excluded by generating a separate mouse model
overexpressing wild-type SHP2 protein driven by the β-MHC promoter
[26]. For the current study, the transgenic mice expressing Q510E-
SHP2 driven by the β-MHC promoter were crossed from FVB/N into the
C57BL/6J strain for over 14 generations. Importantly, the change in
genetic background did not alter the HCM phenotype in terms of degree
of hypertrophy, contractile dysfunction, cardiomyocyte disarray, etc.

In the following, all figures include data from normal littermate
controls as well as from transgenic mice with cardiac-specific expres-
sion of Q510E-SHP2 and normal AKT1 levels demonstrating the base-
line HCM phenotype. Throughout the manuscript, genotypes are in-
dicated as follows: nontransgenic (NTG) or transgenic (+) for β-MHC-

Q510E SHP2; two wild type alleles of AKT1 (WT/WT), one wild type
and one deleted allele of AKT1 (WT/−), or deletion of both alleles of
AKT1 (−/−).

3.1. Breeding strategy and Mendelian ratios

First, +;WT/WT mice were mated with NTG;WT/− mice, yielding
+;WT/− offspring at expected Mendelian ratios (Fig. 1A). We noted
average litter sizes of 6.5 pups, which is within the normal range for the
C57BL/6J substrain. Subsequently, +;WT/− mice were mated with
NTG;WT/− mice. In these crosses, average litter size was only 4.5 pups
when counted at two weeks of age, suggesting lethality of certain
genotype combinations. Genotyping of all live pups at two weeks of age
revealed that only 1% of the surviving offspring were +;−/−
(Fig. 1B), indicating nearly complete lethality of the combination of the
β-MHC-Q510E SHP2 transgene with complete deletion of AKT1. Most
likely, the +;−/− genotype was lethal around or early after birth as
exploratory timed pregnancies showed that +;−/− pups were alive at
embryonic day 17.5 (data not shown). Therefore, we did not continue
the +;WT/− × NTG;WT/− matings and focused only on generating
+;WT/− mice together with their respective littermate controls by
mating +;WT/WT× NTG;WT/−. Animals were aged up to 12 months
and neither +;WT/WT nor +;WT/− animals demonstrated increased
mortality in this time frame. We did not note any obvious gender effects
in the resulting offspring. To allow for direct comparison with our prior
study testing the efficacy of rapamycin [13], we focused on data from
male offspring in this manuscript.

3.2. Heart morphology and gravimetry

Fig. 1 shows representative images of adult littermate hearts excised
at 10 months of age. Expression of Q510E-SHP2 increased heart size
(NTG;WT/WT compared to +;WT/WT in Fig. 1C). Deletion of one
AKT1 allele reduced heart size slightly. However, the +;WT/− heart
still appeared larger than the NTG;WT/− heart, suggesting that the
reduction in AKT1 expression may not have reversed the pro-hyper-
trophic effects of Q510E-SHP2 expression. For exact quantification of
hypertrophy, heart weights as well as body weights and tibia lengths
were determined in 45 mice at 5 and 28 mice at 10 months of age
(Fig. 2). Both data sets were consistent, indicating that the degree of
hypertrophy and differences between groups were not dependent on
age. Heart weights were increased by the expression of Q501E-SHP2
regardless of whether only one or both alleles of AKT1 were present
(Fig. 2A,A′). Body weight was mildly decreased by Q501E-SHP2 ex-
pression in young adult mice (Fig. 2B), but in older mice these trends
did not reach statistical significance (Fig. 2B′). There were no sig-
nificant differences in tibia length between groups (data not shown).
Heart-to-body weight ratios (Fig. 2C,C′) as well as heart weight-to-tibia
length ratios (Fig. 2D,D′) were significantly increased by Q501E-SHP2
expression regardless of age. Importantly, heart-to-body weight and

Fig. 1. Mendelian ratios of genotype combinations and heart morphology in offspring from β-MHC-Q510E-SHP2 × AKT1 deletion crosses. A) Genotypes of 240 pups from 37 litters
resulting from +;WT/WT × NTG;WT/− matings were determined at two weeks of age. Genotypes were distributed according to expected Mendelian ratios. B) Genotypes of 266 pups
from 59 litters resulting from +;WT/− ×NTG;WT/− matings were determined at two weeks of age. +;−/− offspring were greatly underrepresented, the expected frequency would
have been 12.5%. C) Images of hearts excised from 10 month-old male mice (all from the same litter). All scale bars, 2 mm.
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heart weight-to-tibia length ratios were not normalized by a reduction
in AKT1 expression. This indicates that the degree of hypertrophy in our
NSML model was not rescued by the deletion of one allele of AKT1.

3.3. Western blotting

Before conducting more detailed in vivo analyses of the HCM phe-
notype in the crossed mice, we ascertained that deletion of one AKT1
allele in hearts expressing Q510E-SHP2 indeed led to normalization of
signaling through this pathway as expected. First, we confirmed the
level of SHP2 expression in our NSML model using Western blotting.
Similar to our prior findings in the FVB/N background, Q510E-SHP2
was overexpressed in C57BL/6J transgenic mice 2.7-fold over en-
dogenous levels (Fig. 3A,A′). Next, we confirmed that deletion of one

AKT1 allele reduced total AKT1 protein content in the respective groups
as expected (Fig. 3B,B′). We also probed for phospho-AKT1 to assess
relative phosphorylation levels at amino acid S473. Deletion of one
AKT1 allele resulted in a compensatory 3-fold increase in relative
phosphorylation of the remaining AKT1 protein, regardless of the pre-
sence or absence of Q510E-SHP2 expression. These Western blots also
showed that the ratio of phospho-AKT1/AKT1 was only slightly in-
creased in +;WT/WT mice compared to NTG;WT/WT controls without
reaching statistical significance (Fig. 3C). Using antibodies that were
not specific for individual AKT isoforms, we previously observed a
significant increase in phospho-AKT/AKT in FVB/N mice [13], so either
the change in genetic background or differences in phosphorylation
status of AKT2 or AKT3 could explain these different findings. Since the
amino acid sequences around the phosphorylation sites are very similar
among the three AKT isoforms, additional isoform-specific phospho-
antibodies were unlikely to completely resolve this issue. Therefore,
relative phosphorylation of S6 was quantified to obtain a downstream
readout of AKT pathway activation (Fig. 3D,D′,E′). The ratio of
phospho-S6/S6 was similar in NTG;WT/− compared to NTG;WT/WT
mice, indicating that the compensatory increase in phospho-AKT1/
AKT1 we had observed resulted in normal levels of downstream sig-
naling. Due to high variability, the increase in phospho-S6/S6 in
+;WT/WT compared to NTG;WT/WT narrowly missed statistical sig-
nificance (Fig. 3D). Importantly, the ratio of phospho-S6/S6 in the
+;WT/− group was significantly reduced compared to the respective
levels in +;WT/WT heart tissue samples. This indicates that deletion of
one AKT1 allele effectively reduced the level of S6 activation in hearts
expressing Q510E-SHP2 as we had expected.

3.4. Echocardiography

For a more detailed assessment of in vivo cardiac morphology and
function, echocardiography was performed. Data from 5 month-old
mice were obtained using a pediatric echocardiography system with a
12 MHz probe, whereas 10 month-old mice were imaged with a high-
resolution ultrasound system at 30–40 MHz. The two data sets are
presented separately (Fig. 4), and the findings are highly consistent. In
terms of contractile performance, both fractional shortening and ejec-
tion fraction were significantly depressed in mice expressing Q510E-
SHP2 with normal levels of AKT1 (Fig. 4A,A′,B,B′). Importantly, dele-
tion of one AKT1 allele normalized both fractional shortening and
ejection fraction at 5 and 10 months of age. However, the functional
improvement was not accompanied by a rescue of the degree of hy-
pertrophy. Q510E-SHP2 expression increased end-diastolic thickness of
the anterior and posterior walls of the LV independent of the level of
AKT1 expression. This was consistent in both age groups (Fig. 4 C,D and
C′,D′). In line with the definition of concentric hypertrophy, LV inner
diameter at end-diastole was reduced by Q510E-SHP2 expression.
Comparing the data from the NTG;WT/− to the +;WT/− group, this
effect reached statistical significance in both age groups (Fig. 4E,E′).

3.5. Histology

As the Q510E-SHP2 mouse model of NSML-associated HCM exhibits
only very mild levels of interstitial fibrosis with isolated foci, we did not
quantify the extent of fibrosis in detail in this study. To determine
cardiomyocytes size, cryosections through the center of the LV from
10 month-old hearts were stained with fluorescent wheat germ agglu-
tinin (WGA) conjugates to outline sarcolemmal membranes. In parallel,
fluorescently labeled isolectin was used to visualize capillaries. Cross-
sectional cardiomyocyte areas were significantly increased by Q510E-
SHP2 expression. Reducing the level of AKT1 protein by itself had no
effect on cardiomyocyte cross-sectional areas. Furthermore, loss of one
AKT1 allele did not normalize cross-sectional areas of cardiomyocytes
expressing Q51E-SHP2 (Fig. 5A). Due to the increase in size, the
number of cardiomyoyctes counted per area was decreased in sections

Fig. 2. Gravimetric data. In all panels, individual data and group means +/− SEM are
shown. Sample sizes for all groups are listed at the top. For all variables, graphs in the left
column summarize data from 5 month-old mice, and graphs on the right show data from
10 month-old mice. S, genotype regarding presence or absence of the Q510E-SHP2
transgene; A, genotype regarding presence of one or two AKT1 alleles; S × A, interaction
between S and A. A,A′) Heart weights (including both ventricles and atria) were increased
by Q510E-SHP2 expression. B,B′) Body weights were decreased by Q510E-SHP2 expres-
sion only in 5 but not in 10 month-old mice. C,C′) Heart-to-body weight ratios were in-
creased by Q510E-SHP2 expression regardless of the level of AKT1 expression. D,D′)
Heart weight-to-tibia length ratios were increased by Q510E-SHP2 expression regardless
of the level of AKT1 expression.
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from hearts expressing Q510E-SHP2 regardless of AKT1 levels (Fig. 5B).
These findings are consistent with the heart weight data shown in
Fig. 2. Isolectin staining revealed that expression of Q510E-SHP2 in
hearts with normal levels of AKT1 reduced the number of capillaries per
area (Fig. 5C). Importantly, capillary density per area was increased
back to control levels by concomitant deletion of one AKT1 allele
(Fig. 5C). As shown in Fig. 5D, the resulting capillary-to-cardiomyocyte
ratio was significantly increased in hearts from +;WT/− mice com-
pared to the +;WT/WT and NTG;WT/− groups. Representative images
of WGA and isolectin stainings are shown in Fig. 5E.

4. Discussion

In summary, this study shows that heterozygous deletion of AKT1
prevents the functional decline caused by cardiac-specific expression of
Q510E-SHP2 in a transgenic mouse model of NSML-associated HCM.
However, deletion of one AKT1 allele did not ameliorate cardiac hy-
pertrophy despite normalization of pro-hypertrophic signaling at the
level of ribosomal protein S6. Notably, the rescue in contractile func-
tion was associated with an increase in the capillary-to-cardiomyocyte
ratio in ventricular tissue sections. Taken together, these findings in-
dicate that AKT1 protein levels influence contractile dysfunction in
Q510E-SHP2-associated HCM. In contrast, the data also demonstrate
that AKT1 is unlikely to be the predominant driver of cardiomyocyte
hypertrophy. Indirectly, our findings suggest that improved oxygen
supply to the hypertrophied cardiomyocytes may be key to under-
standing the beneficial effects of AKT1 protein reduction.

In the light of our previous studies showing that rapamycin reduces

cardiomyocyte hypertrophy both in vitro and in vivo [11,13], these
findings were surprising. At first sight, one could surmise that mTOR
and AKT1 might play distinct roles with respect to cardiac morphology
and function. However, such a view would be incompatible with the
literature. For example, there is strong evidence that AKT is required for
normal organ growth [24,27]. Vice versa, mTOR has been shown to be
involved in the regulation of cardiac function whilst not being essential
for hypertrophic growth [28]. Therefore, our findings cannot be easily
explained by pathway dichotomy and highlight that the interactions of
AKT and mTOR are complex and context-dependent.

One possibility why the reduction in AKT1 protein levels may have
failed to prevent hypertrophy is that targeting only one AKT isoform
was insufficient. Cardiomyocytes contain AKT1, AKT2, and AKT3, with
the latter being the least abundant isoform [17]. These three isoforms
have distinct as well as partially overlapping functions, with AKT3
primarily promoting brain growth [29,30], AKT2 regulating cellular
metabolism and survival [31–33], and AKT1 governing physiologic
organ growth [23,24,27,34,35]. To some extent, compensation between
the three isoforms is possible. For example, it has been reported that
overexpression of AKT3 led to parallel downregulation of AKT1 and
AKT2 [36]. In contrast, deletion of AKT2 did not affect protein levels of
AKT1 and AKT3 [31], suggesting that compensatory mechanisms may
not be present under all conditions. To take potential compensation into
account, we examined phosphorylation levels of ribosomal protein S6,
which as a downstream regulator of cell size reflects the summation of
signals mediated by all three AKT isoforms. Notably, we found that
phosphorylation of S6 in +;WT/− mice was significantly lower than in
+;WT/WT mice, and appeared to be even slightly below the level

Fig. 3. Western blots for SHP2/AKT1 total protein expression and AKT1/S6 phosphorylation status. In all graphs, individual data and group means +/− SEM are shown. Sample sizes for
all groups are listed in the respective legends. Image panels show representative Western blots. All membranes were also probed for GAPDH as a loading control (shown directly
underneath for each instance). S, genotype regarding presence or absence of the Q510E-SHP2 transgene; A, genotype regarding presence of one or two AKT1 alleles; S × A, interaction
between S and A. A,A′) Transgenic expression of Q510E-SHP2 increased total SHP2 protein levels 2.7-fold over endogenous levels. B,B′) Deletion of one AKT1 allele resulted in decrease of
AKT1 protein to 43% of normal levels. C,C′) Deletion of one AKT1 allele caused a 3-fold increase in the relative phosphorylation level of the remaining AKT1 protein. Q510E expression
only led to a minor (50% without reaching statistical significance) increase in relative AKT1 phosphorylation. D,D′,E′) Q510E expression only led to a minor (60% without reaching
statistical significance) increase in relative S6 phosphorylation. If Q510E expression was combined with heterozygous AKT1 deletion, relative S6 phosphorylation levels were significantly
reduced to control levels.
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observed in the NTG;WT/WT control group. Although there may have
been some redundancy in function of the different AKT isoforms, this
was not sufficient to sustain hyperactivation of S6. Consequently, it
appears unlikely that our strategy of targeting only AKT1 failed due to
compensatory hyperactivation of AKT2 and /or AKT3.

Alternatively, we could speculate that deletion of only one AKT1
allele was too mild to suppress the hypertrophic phenotype. Previously,
in vitro studies in neonatal cardiomyocytes with adenovirus-mediated
overexpression of Q510E-SHP2 demonstrated that AKT inhibitor VIII
normalized cardiomyocyte sizes in culture at 2 and 4 μM concentration
[11]. AKT inhibitor VIII has an IC50 of 58 nM for AKT1 [37], therefore
AKT1 was most likely completely inhibited at the concentrations used.
This could suggest that in the current study, heterozygous AKT1 dele-
tion was insufficient to normalize signaling. Again, our S6 data speak
against this interpretation, but S6 may not be the only critical down-
stream mediator. Since AKT signaling is essential for normal growth,
complete inhibition of this pathway during prenatal development could
be problematic as a therapeutic strategy. This is underlined by our
finding that the combination of complete AKT1 deletion with Q510E-
SHP2 expression severely reduced survival of +;−/− pups. At this
point, we cannot exclude that for example a 75% reduction in AKT1
levels could have been effective to reduce cardiac hypertrophy as well
as improve contractile function in mice. However, we would expect that
a pharmacological intervention to achieve that precise level of sup-
pression would be extremely challenging to titrate in the clinic.

Surprisingly, the extent of AKT1 and S6 hyperphosphorylation in
response to Q510E-SHP2 expression was more subtle than we had
previously observed in the FVB/N strain background [13]. We suspect
that breeding over> 14 generations or strain background effects could
have been responsible for these diminished signals. Importantly, there
was no phenotype drift in our model after crossing from FVB/N into the
C57BL/6J background. This supports that the relatively small increase
in pathway activation seen in +;WT/WT compared to NTG;WT/WT
heart tissue is still sufficient to induce the HCM phenotype.

However, recent studies have shown that a mild increase in AKT
activation by itself does not induce pathologic hypertrophy [18,19].
This suggests that the HCM phenotype in our NSML model may be
driven not solely by AKT/mTOR, but that other dysregulated signaling

pathways may also play a role. For example, we previously noted that
the level of ERK1/2 phosphorylation is also increased in Q510E-SHP2-
expressing hearts [13], which may contribute to the phenotype. As
many of SHP2's substrates have still not been clearly identified, the
interactions of various SHP2-dependent pathways cannot be easily
unraveled.

Furthermore, the timing of AKT hyperactivation could be the cri-
tical factor rather than the degree of hyperactivation. Interestingly, our
previous data demonstrated that mice do not develop HCM if Q510E-
SHP2 expression starts after birth driven by the α-MHC promoter [13].
Only if Q510E-SHP2 is already present during the prenatal time
window, cardiac pathology is induced. This indicates that there is a
vulnerable interval during which Q510E-SHP2 expression (and thereby
downstream AKT hyperactivation) results in the development of HCM.
Therefore, Q510E-SHP2 may disrupt critical steps in cardiac develop-
ment thus laying the foundation for the development of HCM. Since
myogenic AKT can regulate vascular growth [38], we examined the
capillary network and in particular capillary-to-cardiomyocyte ratios
more closely. Strikingly, Q510E-SHP2 expression reduced the number
of capillaries per area, and combination with heterozygous AKT1 de-
letion reversed this effect. As a result, the ratio of capillaries to cardi-
omyocytes was highest in +;WT/− hearts. While the current data do
not establish causality, one could speculate that perfusion and oxygen
supply were improved in +;WT/− compared to +;WT/WT hearts,
which could provide a reasonable explanation for the observed rescue
in contractile performance.

Importantly, other mouse models support that the density of the
capillary network is regulated by AKT and closely linked to pathologic
alterations as well as cardioprotective effects. Deletion of PHLPP1 re-
sulted in an increase in capillary density [19], whereas prolonged hy-
peractivation of AKT reduced the number of capillaries per area by
impairing angiogenesis [39]. Studies in the retinal vasculature have
shown that sustained AKT hyperactivation also disrupts vascular re-
modeling during development [40], indicating that AKT fine-tunes
survival signaling to support appropriate vessel regression. Interest-
ingly, too little AKT activity can also have detrimental effects. Complete
deletion of AKT1 significantly reduced the number of capillaries per
area in the myocardium [41]. Notably, deletion of only one AKT1 allele

Fig. 4. Echocardiographic measurements. In all panels, individual data and group means +/− SEM are shown. Sample sizes for all groups are listed at the top. For all variables, graphs in
the top row summarize data from 5 month-old mice, and graphs in the bottom row from 10 month-old mice. S, genotype regarding presence or absence of the Q510E-SHP2 transgene; A,
genotype regarding presence of one or two AKT1 alleles; S × A, interaction between S and A. A,A′) LV fractional shortening was decreased by Q510E-SHP2 expression in mice with
normal levels of AKT1. This effect was reversed by heterozygous AKT1 deletion. B,B′) LV ejection fraction was decreased by Q510E-SHP2 expression in mice with normal levels of AKT1.
This effect was reversed by heterozygous AKT1 deletion. C,C′) LV anterior wall thickness at end-diastole (LVAWd) was increased by Q510E-SHP2 expression in mice with normal levels of
AKT1. This was not rescued by heterozygous AKT1 deletion. D,D′) LV posterior wall thickness at end-diastole (LVPWd) was increased by Q510E-SHP2 expression in mice with normal
levels of AKT1. This was not rescued by heterozygous AKT1 deletion. E,E′) LV inner diameter at end-diastole (LVIDd) was reduced by Q510E-SHP2 expression in mice missing one AKT1
allele.
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did not affect capillary density [41], as we also confirmed in the current
study. Taken together, these studies indicate that appropriate AKT ac-
tivation is critical for cardiac development and homeostasis, with too
low as well as too high levels having deleterious effects.

In our NSML model, capillary rarefaction induced by Q510E-SHP2
expression was rescued by normalizing signaling through AKT1. Since
this was directly associated with improved contractile performance, we
speculate that therapeutic interventions to increase myocardial perfu-
sion may improve clinical outcomes in this particular patient popula-
tion. Our data do not allow extrapolation to other forms of HCM at this
point, but coronary microvascular dysfunction is most likely re-
sponsible for the ischemia-like clinical signs and symptoms observed in
more common forms of pathologic LV hypertrophy [42]. Furthermore,
the degree of microvascular dysfunction is a strong and independent
predictor of clinical deterioration and death in patients with HCM [43].
Therefore, the current findings may have important clinical implica-
tions for patients carrying the Q510E-SHP2 mutation and support a
personalized medicine approach for NSML-associated HCM. In parti-
cular, our mouse model suggests that targeting AKT1 may improve
coronary microcirculation and thereby possibly morbidity and mor-
tality in NSML cases with impaired contractile performance of the hy-
pertrophied ventricle.

5. Conclusions

This study demonstrates that normal levels of AKT1 are not required
for cardiomyocyte hypertrophy induced by Q510E-SHP2 expression.
However, a reduction in AKT1 protein rescued the functional decline in
this particular form of HCM. As this rescue was associated with nor-
malized capillary-to-cardiomyocyte ratios, targeting AKT1 could be-
come a future therapeutic approach to improve coronary

microcirculation and thereby myocardial oxygen supply. This has the
potential to significantly improve morbidity and mortality in the clinic.
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