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Abstract

Although signaling mechanisms inducing cardiac hypertrophy have been extensively studied, little
is known about the mechanisms that reverse cardiac hypertrophy. Here, we describe the existence
of a similar Akt/forkhead signaling axis in cardiac myocytes /n vitroand in vivo, which is
regulated by insulin, insulin-like growth factor (IGF), stretch, pressure overload, and angiotensin
Il stimulation. FOXO3a gene transfer prevented both IGF and stretch-induced hypertrophy in rat
neonatal cardiac myocyte cultures /n vitro. Transduction with FOXO3a also caused a significant
reduction in cardiomyocyte size in mouse hearts /n vivo. Akt/FOXO signaling regulated the
expression of multiple atrophy-related genes “atrogenes,” including the ubiquitin ligase atrogin-1
(MAFbX). In cardiac myocyte cultures, transduction with constitutively active Akt or treatment
with IGF suppressed atrogin-I mRNA expression, whereas transduction with FOXO3a stimulated
its expression. FOXO3a transduction activated the atrogin-1 promoter in both cultured myocytes
and mouse heart. Thus, in cardiomyocytes, as in skeletal muscle, FOXO3a activates an atrogene
transcriptional program, which retards or prevents hypertrophy and is down-regulated by multiple
physiological and pathological stimuli of myocyte growth.

Cardiac hypertrophy occurs during normal physiological growth of the organism and as an
adaptive response to pressure or volume stress, mutations in cardiac proteins, or metabolic
perturbations (1). Hypertrophy is characterized by an increase in cell size, enhanced protein
synthesis and, in some cases, reorganization of the sarcomere. In pathological hypertrophy,
the increase in cardiac myocyte size is thought to be a compensatory mechanism to diminish
wall stresses that result from hypertension, valvular heart disease, or myocardial infarction.
Ventricular hypertrophy is associated with a significantly increased risk of heart failure and
malignant arrhythmias (2).
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Multiple signaling pathways contribute to the hypertrophic phenotype (3, 4). A number of
studies have shown that the serine-threonine kinase Akt (protein kinase B) is an important
regulator of myocyte growth (5) and survival (6). Many stimuli activate Akt including the
growth factors insulin and IGFL (7), angiotensin 11 (8), and mechanical stress (9).
Constitutive over-expression of Akt in transgenic mice can lead to enhanced contractility
(10), cytoprotection (11), and pathological cardiac hypertrophy (12, 13). Akt signaling is
also an important determinant of physiological heart growth and coordinates heart size with
body size as the nutritional status of the organism varies (7). The growth factor/Akt
signaling pathway up-regulates protein expression through mechanisms involving the
activation of the mammalian target of rapamycin (13), eukaryotic initiation factor 4E-
binding proteins (14), p70S6k (7), and the inhibition of GSK34 (15).

Relatively little is known about the mechanisms that negatively regulate the hypertrophic
phenotype. Hearts undergo a reduction in size in response to a number of environmental
parameters including decreased nutritional input and decreased load. For example, patients
with anorexia nervosa have markedly reduced heart size (16), and weight reduction in obese
patients is associated with reduced heart size in the absence of changes in blood pressure or
other hemodynamic parameters (17). Heart size also decreases after left ventricular assist
device support (18) and by reductions in volume and pressure overload (19, 20). Marked
reductions in cardiac mass also occur following heterotopic heart transplantation (21, 22).

The FOXO subfamily of forkhead transcription factors are a downstream target of Akt. This
subfamily consists of three members, FOXO1 (FKHR), FOX03a (FKHRL-1), and FOX04
(AFX), which are all inactivated by Akt (23, 24). Phosphorylation by Akt leads to nuclear
exclusion and the inhibition of the forkhead transcriptional program. FOXO transcription
factors have been implicated in regulating diverse cellular functions including
differentiation, metabolism, proliferation, and survival (25, 26). Recently, FOXO
transcription factors have also been shown to promote atrophy in skeletal muscle (27, 28).
However, the regulation and function of forkhead transcription factors in cardiac myocyte
biology has not been studied.

“Atrogenes” describe a family of transcripts that are commonly regulated in several models
of skeletal muscle atrophy (29 -32). In skeletal muscle, the atrogene referred to as atrogin-1
or MAFbx is regulated by the growth factor/Akt signaling axis through direct transcriptional
regulation by FOXO factors (27, 28, 32). Because of the presence of an F-box motif in
atrogin-1, it serves as a substrate-specific component of an SCF complex (30-33). These
complexes are E3 ubiquitin ligases that mediate ubiquitin conjugation to proteins, targeting
them for proteosomal destruction (34 —36). Recently, Li et al. (37) demonstrated that
atrogin-1 inhibits calcineurin-dependent cardiac hypertrophy.

We now show for the first time that the FOXO subfamily of forkhead transcription factors
are expressed in cardiac myocytes and regulated by the growth factor/Akt signaling axis /n
vitroand in vivo. We also show that FOXO controls an atrogene transcriptional program
within these cells and that it functions to regulate myocyte size downstream from multiple
regulators of cardiac hypertrophy.

1The abbreviations used are: IGF, insulin-like growth factor; NRVMs, neonatal rat ventricular myocytes; DMEM, Dulbecco’s
modified Eagle’s medium; WT-FOXO3a, wild-type FOXO3a; GSK3g, glycogen synthase kinase 34; FBS, fetal bovine serum; pfu,
plaque forming unit(s); GFP, green fluorescent protein; PBS, phosphate-buffered saline; DAPI, 4,6-diamidino-2-phenylindole; QRT,
quantitative reverse transcriptase; C crossing threshold; P1, phosphatidylinositol; CIRKO, cardiac insulin receptor knock-out; 1gfbp5,
insulin-like growth factor binding protein 5.
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EXPERIMENTAL PROCEDURES

Cell Culture and Reagents

Neonatal rat ventricular myocytes (NRVMs) were isolated from neonatal rats by a
modification of the Kasten’s technique as described previously (38). Cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) substituted with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA) for serum stimulation or
DMEM + 0.5% FBS for serum starvation and plated on gelatin-coated dishes or chamber
slides. Adenoviral transduction was carried out overnight, 2 days after plating the cells.
NRVMs were subjected to cyclic stretch by means of the Flexercell computer-driven
vacuum system as has been previously described (39). NRVMs plated on BioFlex culture
plates were placed on a gasketed base plate in a 37 °C, 5% CO» incubator and subjected to a
vacuum of —21 kilopascal at a frequency of 1 Hz applied in a square-wave pattern of strain
lasting 0.5 s per cycle for up to 24 h. Using these parameters, this system produces a
gradient of deformation across the membrane, with a maximal deformation of 25. Parallel
BioFlex culture plates not subjected to stretch served as controls. IGF-1 was purchased from
R&D Systems (Minneapolis, MN), LY294002 was bought from Calbiochem, trypsin was
acquired from Invitrogen, insulin from Lilly (Indianapolis, IN), and angiotensin Il from
Sigma.

Adenoviral Constructs

Adenoviral vectors encoding wild-type FOX0O3a (WT-FOX03a) and a
nonphosphorylatable, constitutively active form FOX0O3a (TM-FOX03a) were described
previously (26). Adenoviral vectors encoding IKB and NIK have been reported elsewhere
(28). Replication-defective adenoviral vectors expressing dominant-negative and
constitutively active forms of murine Akt tagged with the hemagglutinin epitope were
constructed as described previously (40). The dominant-negative Akt mutant (Ad-dnAkt)
has alanine residues substituted for threonine at position 308 and serine at position 473. The
constitutively active Akt (Ad-myrAkt) has the c-Src myristoylation sequence fused in-frame
to the N terminus of the wild-type Akt coding sequence that targets the fusion protein to the
membrane. Some assays employed a replication-defective adenoviral vector expressing
catalytically inactive GSK38 (KM-GSK3p) where lysine residues at positions 85 and 86
were mutated to methionine and alanine, respectively. Another vector expressed the non-
phosphorylatable constitutively active mutant of GSK3p, where the serine residue at
position 9 was mutated to alanine (S9A-GSK3p) (41). All constructs were amplified in 293
cells and purified by ultracentrifugation. Viral titers were determined as plaque-forming
units. For transduction, myocyte cultures were typically incubated with adenovirus at a
multiplicity of infection of 10 —50 for 12 h. Control cultures were infected with an
adenoviral vector expressing only the GFP transgene (Ad-GFP) prepared by the same
system or Adeno-g-gal, which expresses the /acZ gene from the cytomegalovirus promoter
(42). Under these conditions, the transduction efficiency was greater than 90%.

Immunofluorescence Staining

Rat neonatal cardiac myocytes were cultured in gelatin-coated Lab-Tek® coverglass
chambers (Nalge Nunc International, Rochester, NY) and transduced with the adenoviral
vectors as indicated above. Following an incubation period, cells were washed three times
with warm PBS and fixed with 3.7% paraformal-dehyde for 20 min at room temperature.
After another washing step with PBS, cells were permeabilized using 0.2% Triton X-100 in
PBS for 20 min at room temperature. Blocking was carried out using PBS solution
containing 10% FCS, 0.1 N NaN3, and 0.1% Triton X-100. First, antibody incubation was
carried out with anti-FKHRL1 (Upstate, Waltham, MA) for 1 h at room temperature at a
dilution of 1:100, followed by second antibody incubation with Alexa®-Fluor 597

J Biol Chem. Author manuscript; available in PMC 2013 April 22.
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antibodies (Molecular Probes, Eugene, OR) at a dilution of 1:1000 for 30 min. All
antibodies were diluted in PBS + 5% FBS. The slides were washed three times in PBS, the
coverglasses were removed, and the cells were mounted using Vectashield® mounting
medium containing DAPI (Vector Laboratories, Burlingame, CA). Cells were observed
under a fluorescence microscope (NIKON Diaphot, Nikon, Tokyo, Japan) at a wavelength
of 565 (red), 400 (DAPI), and 505 nm (green), respectively. Transduction efficiency was
determined using the expression of GFP. Control experiments were performed in the
absence of primary or secondary antibody, respectively.

Western Immunoblot Analysis

Immunoblot analysis was performed by modification of the procedures described previously
(41). Tissue samples were homogenized in lysis buffer. Cells were washed with PBS twice
before incubating in lysis buffer consisting of 50 mM Tris-HCI, pH 7.2, 2 mM EDTA, 1%
Nonidet P-40, 0.05% SDS, and 250 mM NaCl, 10 mM a-glycerolphosphate, 1 mM
vanadate. One tablet of protease inhibitor mixture (Complete Mini®, Roche Diagnostics,
Indianapolis, IN) was added just prior to use. After scraping, whole cell lysates were put on
ice for 30 min and the protein concentration was determined using the BCA protein assay kit
(Pierce, Rockford, IL). 20 50 ug of protein was fractionated by SDS-PAGE and transferred
to a polyvinylidene difluoride membrane (Immobilon-P, Millipore, Billerica, MA). The
membrane was blocked using 0.05% T-PBS (1x PBS and 0.05% Tween 20) containing 3%
dry milk for 30 min and incubated with the primary antibody overnight at 4 °C. Following a
wash step in 0.3% T-PBS containing 1.5% dry milk the membrane was blocked with 3%
bovine serum albumin. The second antibody was applied for 1 h at room temperature. After
washing the membrane in 0.05% T-PBS for 1 h, the immune complexes were detected by
chemiluminescent detection reagents ECL or ECL-Plus (Amersham Biosciences,
Piscataway, NJ). To reprobe the membrane, Restore Western blot Stripping Buffer (Pierce)
was used. Primary antibodies used in this study were: anti-phosphothreonine 32-FKHRL1
(rabbit polyclonal 1gG, Upstate), 1:500; anti-FKHRL1 (Upstate), 1:1000; anti-phospho-Akt
(Ser*73) (rabbit polyclonal 1gG, Upstate), 1:500; anti-Akt-1 (goat polyclonal 1gG, Santa
Cruz Biotechnology, Santa Cruz, CA), 1:200; anti-HA (mouse monoclonal 1gG, Roche),
1:4000; anti-p-FKHR and anti-FKHR (Upstate), 1:1000; or anti-a-tubulin (Oncogene,
Carpinteria, CA), 1:4000. As secondary antibodies anti-mouse 1gG horseradish peroxidase,
anti-goat 1gG (Promega, Madison, WI), or anti-rabbit IgG horseradish peroxidase (Promega)
were used at a dilution of 1:2000. Immunoblots were quantified using NIH Image®
software.

QRT-PCR Analysis

Total RNA was isolated and purified from endothelial cells by RNA TRIzol extraction
(Ultraspec™-11 RNA Isolation System, Biotecx, Houston, TX). RNA (2 ug) was treated (30
min at 37 °C) with amplification grade DNase | (Invitrogen). cDNA was produced using
Tagman reverse transcription (Invitrogen) kits. Real-time PCR (QRT-PCR) was performed
in triplicate on an ABI-Prism 7900 using SYBR Green | as a double-stranded DNA-specific
dye according to the manufacturer’s instruction (PE-Applied Biosystems, Cheshire, Great
Britain) using SYBR® Green PCR Master Mix (1:1, PE-Applied Biosystems), forward and
reverse primers (200 nM each), and sample RNA (90 ng). To standardize the quantitation of
the selected genes, glyceraldehyde-3-phosphate dehydrogenase from each sample was
quantified by QRT-PCR and the selected genes were normalized to glyceraldehyde-3-
phosphate dehydrogenase. Primers used were as follows: rat atrogin-1 forward, 5’-
CAAGGCCCCAAACCAGTAAC-3’, reverse 5'-GGCAGGGAACGTCTAATAATGG-3';
glyceraldehyde-3-phosphate dehydrogenase forward, 5°-
ACAGCCTCAAGATCATCAGCAA-3’, and reverse 5'-
CCATCACGCCACAGTTTCC-3'; rat MuRF-1 forward, 5’-

J Biol Chem. Author manuscript; available in PMC 2013 April 22.
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GCCATCCTGGACGAGAAGAAG-3’, and reverse 5'-AGCGGCTTG-GCACTCAAG-3’.
Primers were designed to be compatible with a single QRT-PCR thermal profile (95 °C for
10 min, and 40 cycles of 95 °C for 30 s and 60 °C for 1 min) such that multiple transcripts
could be analyzed simultaneously. Accumulation of the PCR product was monitored in real
time (PE-Applied Biosystems), and the crossing threshold (C, was determined using PE-
Applied Biosystems software. For each set of primers, a no template control and a no
reverse amplification control were included. Post-amplification dissociation curves were
assessed to verify the presence of a single amplification product in the absence of DNA
contamination. -Fold changes in gene expression were determined using the C; method.

Luciferase Reporter Assays

For /n vitro assays, rat neonatal cardiac myocytes were cultured in 6-well chambers and
transduced with replication-defective adenoviral vectors as indicated overnight. Transient
transfection was carried out using Lipofectamine transfection reagent (Invitrogen) in 6-well
plates with the atrogin-1 promoter-luciferase reporter and Renilla control plasmid (Promega)
for 4 h according to a protocol provided by the manufacturer. The atrogin promoter-
luciferase reporter constructs have been described previously (28). Cell extracts were
prepared 24 h post-transfection by using a luciferase cell lysis buffer (Promega). Luciferase
reporter activity was assessed on a luminometer with a luciferase assay system (Promega) as
suggested by the manufacturer. For 7 vivo studies, 10° pfu of adenovirus mixed with 20 ug
of atrogin-1 promoter-luciferase reporter (28) and 0.5 ug of Renilla reporter plasmid were
injected into the left ventricle and animals were sacrificed 1 week thereafter. Hearts were
removed, the left ventricular wall excised and homogenized in luciferase cell lysis buffer
(Promega) at 4 °C. Dual luciferase promoter assays were performed and atrogin-1 activity
was normalized to Renilla.

Assessment of Cardiomyocyte Size in Vitro

Rat neonatal cardiac myocytes were cultured on Lab-Tek® chamber slides for 24 h.
Hypertrophy was induced by incubation with either IGF-1 or insulin for 48 h. 24 h after
incubation with growth factors, cells were transduced with replication-defective
adenoviruses expressing FOXO3a. After 24 h, /.e. 48 h after starting the experiment, cells
were fixed with 4% paraformaldehyde and stained for the cardiac-specific marker a-
tropomyosin. Images were analyzed with NIH/OpenLab® software to determine cell surface
area. For stretch experiments, neonatal rat ventricular cardiac myocytes were grown on
Bioflex® six-well plates, transduced with the adenoviral vectors indicated and stretched for
24 h. At the end of the experiment, cells were photographed under green fluorescent light
and measurements of cell size were performed employing NIH/OpenLab® software.

Mouse Strains

CIRKO mice were generated and genotyped as described previously (7). Wild-type mice
were injected with insulin, 1 mg/kg of body weight, intravenously 10 min before being
sacrificed. Transgenic mice overexpressing a constitutively active form of Aktl (myrAktl)
in the heart (6) were generated by crossing a-MHC-tTA mice with Tet-myr-Aktl mice (43),
which express myrAkt under the control of a tetracycline-responsive promoter.2 Akt-1-
deficient mice were described previously (44). All mice were fed normal chow ad libidum.
Transaortic constriction was performed as described previously (45). Animals were
anesthetized with averdin and following thoracic incision, the hearts were taken out and
immediately snap frozen in liquid nitrogen. Heart tissue was homogenized in cell lysis
buffer (Cell Signaling, Beverly, MA) substituted with one tablet of protease inhibitor

2, Shiojima and K. Walsh, unpublished data.
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(Complete Mini®, Roche) and processed for Western blotting. All animal studies were
approved by the institutional animal care and use committee of Boston University School of
Medicine.

In Vivo Measurements of Cell Size and in Vivo Gene Transfer

Gene transfer was carried out by injection of 10° pfu of either Ad-WT-FOXO3a or Ad-GFP
(control) into the left ventricular wall of wild-type mice. After 7 days, hearts were excised
and embedded in OCT compound. Frozen tissue sections were then stained for FKHRL-1
(Upstate 1:100) to detect transgene expression, wheat germ agglutinin staining was used to
determine cell boundaries, and slides were mounted with DAPI for nuclear staining. Fifty
FOXO03a positive cells were identified for each mouse heart and cell size was quantified
with OpenLab Image software.

Preparation of cRNA and Microarray Analysis

Extraction of RNA from frozen hearts of double transgenic positive mice was carried out
using TRIzol (Ultraspec™-11 RNA Isolation System, Biotecx). cDNA was generated using
poly(dT) primer incorporating T7 promoter in the Superscript Choice system (Invitrogen)
according to the Affymetrix protocol (Affymetrix, Santa Clara, CA). Resulting cDNA was
used to generate biotin-labeled cRNA by incorporating biotinylated CTP and UTP using the
ENZO Bioarray. Subsequently samples were hybridized to Affymetrix GeneChip® Mouse
Expression Set 430 microarrays and bound sequences were quantified by staining and
scanning according to Affymetrix protocols. Hybridization data for double transgenic
positive mice hearts were obtained at baseline (before the induction of the transgene Aktl),
2 weeks after the induction of the transgene Aktl, and 2 days after the repression of the
transgene. Following data acquisition, the scanned images were quantified using MAS 5.0
software (Affymetrix) yielding a signal intensity for each probe on the GeneChip. Analysis
of variance was performed by calculating the false discovery rates from analysis of variance
pvalues in the selected transcripts with false discovery rates <1.

Statistical Analysis

All data were compared by Student’s #test using Stat View 4.5 (Abacus Software,
Burlington, MA). Data are expressed as mean = S.E. for the number of independent
experiments indicated. A p< 0.05 was considered to be significant.

RESULTS

FOXO Transcription Factors Are Downstream Targets of Growth Factor Signaling in
Cardiac Myocytes in Vitro

Because FOXO transcription factors have not been studied previously in cardiac myocytes,
we first investigated whether the growth factor/Akt/forkhead signaling axis is functional in
this cell type. As shown in Fig. 1A, stimulation of cardiac myocytes with serum or IGF-1
increased the phosphorylation of Akt, FOXO1 (FKHR), FOX0O3a (FKHRL-1), and FOX0O4
(AFX). In a separate set of experiments, stimulation of cardiac myocytes with insulin led to
increases in the phosphorylation of Akt and the three FOXO transcription factors (Fig. 15).
These effects were PI 3-kinase dependent because treatment with LY294002 blocked both
Akt and FOXO factor phosphorylation. Phosphorylation of the FOXO subclass of forkhead
transcription factors determines its intracellular distribution.

To test whether FOXO3a localization is regulated by Akt signaling, myocytes were co-
transduced with adenoviral vectors expressing constitutively active or dominant-negative
Akt and WT-FOXO3a or TM-FOX03a. TM-FOXO3a has alanine residues substituted for
serine/threonine residues at positions 32, 253, and 315 in FOXO3a, and it is constitutively

J Biol Chem. Author manuscript; available in PMC 2013 April 22.
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active because it cannot be inactivated by phosphorylation (24, 46). Co-transduction of Ad-
WT-FOX03a and Ad-myrAkt resulted in exclusion of FOXO3a from the nucleus, whereas
co-transfection of Ad-WT-FOXO3a and Ad-dnAkt caused a predominantly nuclear staining
pattern of FOXO3a (Fig. 2). In contrast, the nuclear localization of TM-FOX0O3a was not
influenced by transduction with either Ad-dnAkt or Ad-myrAkt. Collectively, these data
show that all FOXO forkhead factors are expressed in cardiac myocytes and that they can be
regulated by the PI 3-kinase/Akt signaling axis. Further analyses focused on FOXO3a
because of the availability of adenoviral vectors that express this isoform.

To test whether overexpression of FOXO3a affects upstream signaling, rat neonatal
ventricular myocytes were transduced with adenoviral vectors expressing TM-FOXO3a or
WT-FOXO03a and the activating phosphorylation of Akt was assessed by Western blot
analysis. As shown in Fig. 3, transduction with TM-FOXO3a or WT-FOXO3a increased the
phosphorylation of Akt at Ser4’3, indicative of feedback regulation.

Forkhead Transcription Factors Are Downstream Targets of Growth Factor/Akt Signaling
in Heart in Vivo

Several mouse models were employed to analyze FOXO3a regulation in the heart /n vivo
(Fig. 4). Cardiac insulin receptor knock-out (CIRKO) mice have a small heart phenotype
because of impaired Akt signaling (7). Compared with wild-type mice (WT), CIRKO mice
displayed reduced levels of Akt and FOXO3a phosphorylation. In contrast, intravenous
injection of insulin in wild-type mice led to increases in the phosphorylation of FOX0O3a
and Akt. To provide evidence that the observed effect on FOXO3a phosphorylation was
because of Akt activation, we performed Western blotting in transgenic mouse hearts that
inducibly overexpress a constitutively active form of Aktl. In this model, the induction and
activation of Akt by phosphorylation was paralleled by an increase in the phosphorylation of
FOXO03a. Conversely, mice that are homozygous null for the Aktl allele displayed low
levels of FOXO3a phosphorylation in the heart. Taken together, these data indicate that the
growth factor-Akt signaling axis regulates forkhead transcription factor phosphorylation /n
Vivo.

Regulation of FOXO Phosphorylation under Conditions of Pathological Hypertrophy

Angiotensin Il action on cardiac myocytes can contribute to the increase in cardiac mass
during pathological hypertrophy. When NRVM were incubated with angiotensinogen Il in
vitro, we observed a significant increase in Akt phosphorylation that was accompanied by
enhanced phosphorylation of FOXO3a (Fig. 5). To study activation of the Akt-forkhead
signaling axis under conditions of pathological hypertrophy /in vivo, a pressure overload
model of transaortic constriction was employed. Western blot analysis of hearts prepared 1
week following TAC showed a significant activation of Akt that was paralleled in an
increase in phosphorylation of FOXO3a (Fig. 5). Taken together, our data indicate that the
activity of the Akt-FOXO3a signaling axis can be modulated by mediators of pathological
hypertrophy both /n vitroand in vivo.

FOXO3a Regulates Heart Size in Response to Growth Factor Signaling and Cardiac Stretch

in Vitro

To investigate the effects of FOXO3a on cardiac myocyte size in vitro, neonatal rat
ventricular myocytes were incubated with IGF-1 in the presence or absence of FOXO3a-
adenoviral vectors. Incubation with IGF-1 induced a ~30% increase in cardiac myocyte size
compared with control, whereas growth factor deprivation led to a small, but statistically
significant decrease in cell size. The IGF-mediated increase in myocyte size was blocked by
transduction with TM-FOXO03a (Fig. 6). Transduction with WT-FOXO3a, which can be

J Biol Chem. Author manuscript; available in PMC 2013 April 22.
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inactivated by growth factor signaling, partially inhibited the hypertrophic effect of IGF-1
on myocyte size.

Cardiac stretch has been shown to induce hypertrophy through G-protein-coupled receptor
activation of Akt signaling (9, 47). To test whether FOXO3a inhibits hypertrophy induced
by this stimulus, myocytes were seeded and stretched for 24 h. Stretch led to an increase in
both Akt and FOXO3a phosphorylation, which was accompanied by an ~35% increase in
cardiac myocyte size (Fig. 7). The increase in cardiac cell size was blocked when cells were
transduced with TM-FOXO3a, whereas transduction with WT-FOXO3a partially inhibited
the hypertrophic response.

FOXO3a Gene Transfer Reduces Cardiac Myocyte Size in Vivo

Adenoviral vectors expressing WT-FOXO3a or GFP were injected in the anterior left wall
of wild-type mice. One week following adenoviral vector injection, the animals were
sacrificed and a fluorescence-immunohistologic analysis of cell size in frozen sections was
performed. Expression of the transgene was assessed by immunostaining for FOXO3a or by
the detection of GFP immunofluorescence. Cell boundaries were determined by staining
with wheat germ agglutinin (Fig. 84). Transduction with FOXO3a caused a significant
decrease in myocyte size when compared with the control virus that expresses GFP (Fig.
8B). The decrease in cell size was not accompanied by increased TUNEL staining in
adjacent sections (data not shown).

FOXO3a-mediated Regulation of Atrogenes in Cardiac Myocytes

Atrogenes were originally identified in skeletal muscle as a set of genes that are coordinately
regulated during rapid loss of muscle mass (29, 31, 32). Because signaling through the IGF
pathway dramatically modulates both skeletal and cardiac muscle cell size, we looked for
similar regulation in cardiomyocytes /in vivo by performing microarray analysis on
transgenic mice that inducibly express a constitutively active form of Akt under the control
of a cardiac-specific promoter. Transgene induction for 2 weeks was accompanied by a
50.7% (n= 4, p<0.01) increase in heart/weight to body weight ratio, and the deactivation of
transgene expression for 2 days led to the partial reversal of cardiac hypertrophy by 2 days
(14.1%, n= 4, p<0.05). Microarray analyses were employed to characterize the regulation
of atrogenes under conditions of Akt activation/deactivation (Table I). Atrogin-1 (MAFbx)
expression was suppressed 3.5-fold during Akt activation, whereas Akt transgene
deactivation was associated with a 4.4-fold activation of atrogin-1 relative to control hearts.
Other atrogenes identified in skeletal muscle that were suppressed upon Akt transgene
induction and induced upon Akt repression in cardiac myocytes include cathepsin L and
ubiquitination factor E4B (Table I). On the other hand, expression of insulin-like growth
factor binding protein 5 (Igfbp5) was stimulated by Akt and reduced upon Akt suppression.

To analyze atrogene regulation in greater detail, QRT-PCR analysis was performed on
atrogin-1 and MuRF-1 in cultured cardiac myocytes. Serum starvation led to an increase in
atrogin-1 expression that was reversed by the inclusion of insulin in the media (Fig. 9A4).
Similarly, insulin treatment produced a decrease in the expression of another muscle atrophy
specific Ub-protein ligase MuRF-1 (33), which was not represented on the DNA microarray.
In separate experiments, IGF-1 treatment repressed MuRF-1 expression, whereas
transduction with adenoviral vectors expressing TM-FOX03a led to an increase in
expression (Fig. 98). Stimulation with IGF-1 also repressed atrogin-1 expression and
transduction with WT-FOXO3a or TM-FOXO3a led to a dose-dependent increase in
expression (Fig. 9C). The non-phosphorylatable mutant FOX0O3a was more potent at
inducing atrogin-1 transcripts than wild-type FOXO3a.

J Biol Chem. Author manuscript; available in PMC 2013 April 22.
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Additional analyses examined the regulation of the atrogin-1 gene in cultured myocytes
using a luciferase reporter plasmid containing a 3.5-kilobase pair fragment of the promoter
(28) (Fig. 10A). Cells were transduced with the indicated adenoviral vectors followed by
transient transfection with the atrogin-1 promoter-reporter plasmid. Transduction with a
constitutively active form of Aktl suppressed atrogin-1 promoter activity, whereas a
dominant-negative form of Aktl activated the promoter. Transduction with the FOXO3a
vectors led to a marked elevation of atrogin-1 promoter activity. The nonphosphorylatable
mutant was more effective at activating the promoter than the wild-type FOXO3a vector. In
contrast, adenoviral vectors expressing 1xB, NIK, and constitutively active (S9A) or
dominant-negative (KM) GSK3 had no detectable effect on promoter activity, indicating
the specificity of the Akt/FOXO-mediated regulation. Last, the atrogin-1 promoter was
injected together with adenoviral vectors expressing S-galactosidase, WT-FOXO3a, or TM-
FOXO3a into the left ventricular wall of mouse hearts (Fig. 108). Promoter activity was
assessed 3 days following gene transfer (Fig. 10C). Relative to control (8-galactosidase)
WT-FOXO03a increased the in vivo activity of the atrogin-1 promoter 6 — 8-fold, whereas the
TM-FOXO03a vector increased atrogin-1 promoter activity 10 —12-fold.

DISCUSSION

Left ventricular hypertrophy is characterized by an increase in cardiac myocyte size. Cardiac
myocyte size is determined by the relative balance of protein synthesis and degradation. In
this study we characterized the FOXO transcription factors and describe their functional
significance in controlling atrogenes and cell size in cardiac myocytes. All three FOXO
subfamily members, FOXO1, FOX0O3a, and FOXO4, are present in myocytes and they are
regulated by phosphorylation in response to multiple hypertrophic stimuli. Moreover, we
demonstrate that one of these factors (FOX0O3a) functions as a negative regulator of cardiac
myocyte size that controls the expression of an atrogene regulatory program.

The growth factor/PI 3-kinase/Akt signaling axis is a major regulator of heart size.
Overexpression of the IGF-1 receptor (48), Pl 3-kinase (49), or Akt (10, 12, 13) leads to a
significant increase in heart weight/body weight ratio in mice. Conversely, mice lacking the
insulin receptor in cardiac myocytes display a small heart phenotype due, at least in part, to
diminished PI 3-kinase/Akt signaling (7). Activation of this signaling system appears to be a
predominant feature of physiological heart growth because mice expressing a dominant-
negative form of Pl 3-kinase in cardiac myocytes display hypertrophy in response to
pressure overload but not exercise training (50). Furthermore, overexpression of Akt in
cardiac myocytes in culture will lead to cell enlargement in the absence of myofibrillar
reorganization or activation of fetal-type cardiac genes, which are typically associated with
pathological hypertrophy (7). However, it appears that this signaling system also contributes
to the pathological hypertrophic process because it is activated by pressure overload (51)
and chronic overexpression of Akt is sufficient to produce pathological hypertrophy in
transgenic mice (12, 13). We now show that the regulation of FOXO transcription by PI 3-
kinase/Akt signaling is an important determinant of cardiac myocyte size as it is in skeletal
muscle (31). Multiple pro-hypertrophic stimuli, including growth factors, stretch,
angiotensin 1, and pressure overload, lead to the inactivation of FOXO via Akt-mediated
phosphorylation (Fig. 11). Conversely, conditions that diminish PI 3-kinase/Akt signaling,
such as nutrient deprivation (7), will promote FOXO translocation to the nucleus and
activate genes that are associated with an “atrophy program” (29, 52).

In addition to the demonstration that FOXO factors are regulated downstream of Akt
signaling in cardiac myocytes, our study also found that overexpression of FOXO3a
promoted the activating phosphorylation of Akt. These data suggest that FOXO3a can feed
back onto the Akt signaling pathway in cardiac myocytes in a manner that would serve to

J Biol Chem. Author manuscript; available in PMC 2013 April 22.
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minimize the increase in FOXO activity. These observations are in contrast to a recent report
that found that FOXO4 overexpression inhibits Akt signaling in tumor cells (53).

Our study identified a number of potential transcriptional targets of Akt/FOXO signaling in
the heart that may be involved in the net loss of cardiac mass. These proteins include the
ubiquitination factor E4B, the E3 ubiquitin ligases atrogin-1/MAFbx and MuRF-1, which
target proteins for proteosomal protein degradation, cathepsin L, a lysosomal proteinase, and
Igfbp5. These gene products are coordinately induced, and 1g-fbp5 repressed, in various
types of skeletal muscle atrophy (28, 31, 32). Atrogin-1 is induced in skeletal muscle during
fasting (30), sepsis (54), renal failure (30), cachexia (30), and disuse/denervation (33). Mice
lacking the atrogin-1 gene show diminished muscle loss during disuse atrophy (33) and both
ubiquitin ligases are induced by forkhead transcription factors, FOXO1 and -3, in skeletal
muscle (33). Interestingly, the regulation of the ubiquitination factor E4B, which acts in
combination with E3 ligases to increase the efficiency of ubiquitin conjugation (55),
paralleled the regulation of the atrogin-1 and MuRF-1 ubiquitin ligases. Cathepsin L is a
lysosomal cysteine protease. Although lysosomes have a limited role in intracellular
proteolysis, cathepsin L is markedly induced in skeletal muscle of septic and fasted rodents,
where it may be involved in the turnover of extracellular components during atrophy (56).
Ig-fbp5 modulates the response to IGF-1 (57) and it is dramatically down-regulated in
several conditions of skeletal muscle atrophy (29). Results from transgenic mice models
suggests that it could be a transcriptional target of FOXO1 (58). Collectively, these data
show that the Akt/FOXO signaling axis promotes transcriptional changes in the heart that
are highly analogous to the transcriptional changes that occur in skeletal muscle during
atrophy, suggesting that similar mechanisms underlie the reduction in cell size in both
systems.

Recently Li et al. (37) demonstrated that atrogin-1 is expressed in heart and inhibits
calcineurin-dependent cardiac hypertrophy by priming calcineurin for ubiquitin-mediated
proteolysis. It has been suggested that hypertrophy induced by IGF and calcineurin occurs
via distinct signaling pathways (59). However, our current findings and the data of Li et al.
(37) indicate that atrogin-1 might function as a common negative regulator of myocyte
hypertrophy that links these two signaling systems. In this model, a decrease in PI 3-kinase/
Akt signaling will lead to FOXO-mediated up-regulation of atrogin-1 and result in the
targeting of calcineurin to the atrogin-1-SCF ubiquitin ligase complex. Thus NFAT-
mediated hypertrophy will be rendered inoperable in hearts that are subjected to conditions
that diminish P1 3-kinase/Akt signaling.

In summary, these data suggest that the FOXO transcription factors are negative regulators
of cardiac hypertrophy. They are likely to be involved in the reverse remodeling of the heart
that occurs during support with left ventricular assist devices (19), treatment of hypertension
(60), nutrient deprivation, and weight loss (7). Because excessive cardiac hypertrophy is
associated with an increased risk of sudden cardiac arrest and heart failure, further studies on
the FOXO transcriptional regulators may result in the development of novel therapeutic
interventions for the treatment of heart disease.
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Fig. 1. FOXO regulation in cardiac myocytesin vitro

Rat neonatal ventricular myocytes were cultured in the presence or absence of serum, the
growth factors (IGF (A) and insulin (B)), or the Pl 3-kinase inhibitor LY294002 (B). Levels
of FOXO01, FOX03a, FOX04 protein and phosphorylation were determined with specific
antibodies directed to total protein and the phosphorylation sites on serine 256 (FOX01),
threonine 32 (FOX03a), and serine 193 (FOXO04), respectively. The phosphorylation status
of Akt was also assessed at serine 473. Western blot membranes were stripped and reprobed
for tubulin to compare loading in each lane. The Western blots shown are representative of
three or more independent experiments.
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Fig. 2. FOXO3aisregulated by Akt signaling

Subcellular localization of adenovirus-encoded WT-FOX0O3a and TM-FOXO3a proteins.
Cells were transduced with FOXO3a or Akt (constitutively active, MyrAkt; dominant-
negative, DnAkt) replication-defective adenoviruses overnight as indicated. Subcellular
FOXO03a distribution was determined with anti-FKHRL-1 and a rhodamine-conjugated
secondary antibody by immunofluorescence. Upper left panel shows GFP, lower left panel
illustrates nuclear staining (DAPI), upper middle panel indicates FOXO3a staining
(rhodamine), and /ower middle panelillustrates merged images for FOXO3a and DAPI.
Upperand lower right panels depict higher magnification images of cells from FOXO3a-
stained or FOX0O3a- and DAPI-merged images from the middle panels that are indicated by
the white arrows.
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Fig. 3. Overexpression of FOXO3a promotes Akt phosphorylation

Rat neonatal ventricular myocytes were cultured in the presence or absence of serum. Cells
were transduced with FOXO3a- or GFP-expressing replication-defective adenoviral vectors
overnight. Levels of Akt protein and phosphorylation were determined with specific
antibodies directed to total Aktl protein and the phosphorylation at serine 473. Transgene
expression was determined by anti-hemagglutinin antibody. Membranes were stripped and
reprobed with tubulin as a loading control for each lane. This Western blot is representative
of three independent experiments. 7\, triple-mutant; HA, hemagglutinin.
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Fig. 4. Growth factor-Akt-FOXO signaling axisin mouse heartsin vivo

Different transgenic mouse models were employed to study the regulation of FOXO3a in
vivo. The mouse models were: CIRKO-insulin receptor knock-out mice; myrAkt-TG,
transgenic mice with cardiac specific overexpression of Akt-1; Aktl-/-, Aktl homozygous
null mice. Also, wild-type mice were injected with insulin, 1 mg/kg body weight, and hearts
were harvested after 10 min for analysis. Left ventricles were homogenized and cell lysates
were used for Western blotting. Membranes were probed with anti-Akt1, anti-p-Akt
(Ser#’3), anti-p-FOX03a (Thr32), and anti-FOX0O3a. Membranes were stripped and re-
probed with tubulin as a loading control for each lane. Each Western blot is representative of
three or more independent experiments. C, control (wild-type); /v, intravenously; 7G,
transgenic.
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Fig. 5. Regulation of FOXO3a by pathological hypertrophic stimuli

NRVM were incubated with angiotensin Il (Angll, 10~/ M) /n vitro for 10 min. Transaortic
constriction ( 7AC) was performed on C57BL/6 for 7 days. Lysates were used for Western
blotting employing anti-Akt1 antibodies. Membranes were stripped and reprobed for p-
Thr32-FOX03a and total FOXO03a protein. Tubulin indicates equal loading for each lane.
Each Western blot is representative of three or more independent experiments. C, control.
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Fig. 6. FOXO3ainhibits growth factor-induced cardiac myocyte hypertrophy in vitro

NRVM were incubated in DMEM + 10% FBS on Lab-Tek® chamber slides in the presence
or absence of IGF for 48 h. Parallel cultures of cells were also incubated in the absence of
serum. After 24 h of IGF-1 incubation, cardiac myocytes were transduced with replication-
defective adenoviral vectors encoding GFP (control), WT-FOXO3a, or TM-FOXO3a.
Cardiomyocytes were identified by cardiac-specific staining for tropomyosin. Expression of
the transgene was assessed by green fluorescent protein (the FOXO vectors also express
GFP). Cell size was quantified 24 h following transduction using OpenLab® software. Data
are presented as mean + S.E. for 3 independent experiments (*, p< 0.05; **, p< 0.01 versus
IGF).
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Fig. 7. FOXOg3ainhibits stretch-induced cardiac myocyte hypertrophy in vitro

NRVM were plated on Bioflex® culture plates, transduced with the indicated vectors, and
stretched for 24 h as described under “Experimental Procedures.” Left panel, cell lysates
were used for Western blotting to assess Ser473-Akt and Thr32-FOX03a following stretch
(S) and non-stretch (AS). Membranes were stripped and reprobed for tubulin as loading
control. The Western blot is representative of three or more experiments. Right panel, bar
graphindicating cardiomyocyte size. Cells were fixed and myocyte surface area was
calculated employing NIH/OpenLab® software. Data are presented as mean + S.E. for 3
independent experiments (*, p < 0.05; **, p< 0.01 versus stretch control).
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Fig. 8. In vivo FOXO3a genetransfer leadsto reduction in cardiac cell sizein mice

Adenoviral vectors expressing WT-FOXO3a or GFP were injected into the left ventricular
wall of mice (10° pfu). A, 1 week after transduction, animals were sacrificed and expression
of the transgene was determined by immunofluorescence staining for FOXO3a (/eft panels).
Cell boundaries in the same sample were characterized by wheat germ agglutinin (WGA)
staining (middle panels). Nuclear staining was employed using DAPI mounting medium.
The right panels depict merged FOXO3a/WGA/DAPI images. Arrows indicate transgene
positive cells. Lower panelsindicate higher magnification of the cardiac myocytes depicted
by white arrows. Transduced cells are a smaller size when compared with transgene-
negative surrounding cardiac myocytes. B, quantification of cell size in both experimental
groups. Data are presented as mean + S.E. (**, p< 0.01). Transduced cells (7= 50) were
compared with similar sections in the GFP group.
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Fig. 9. FOX0O3ainduces expression of the ubiquitin ligases atrogin-1 and MuRF-1 in vivo

A, NRVM were cultured in DMEM + 10% FBS (Serum +) or DMEM + 0.5% FBS (Serum
-) in the presence or absence of insulin. Quantitative RT-PCR for atrogin-1 and MuRF-1
was performed. Data are presented as mean + S.E. B, FOXO03a regulates MuRF-1
expression in cardiac myocytes. C, FOXO3a regulates atrogin-1. QRT-PCR analysis in
NRVM following adenoviral gene transfer of WT- or TM-FOXO3a. Parallel cultures were
incubated with IGF-1 (50 ng/ml) overnight. Data are expressed as mean = S.E. C, control;
TM, triple-mutant.
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Fig. 10. Atrogin-1 promoter activity isregulated by the Akt-FOXO signaling axisin vitro and in
VIVO

A, NRVM were transduced with the indicated adenoviral vectors and transfected with an
atrogin-1-luciferase or Renilla reporter construct, respectively. Luciferase/Renilla activity
was measured 12 h following transfection. Data are presented as mean = S.E. for five
independent experiments conducted in triplicate. B, adenoviral vectors expressing B
galactosidase (8-gal), WT-Ad-FOXO3a, or TM-FOXO3a (10° pfu each injection) were
delivered to the left ventricular wall of mice together with 20 pg of the atrogin-1 promoter
plasmid. Hearts were snap-frozen 3 days following gene delivery and transgene expression
was determined by Western blotting employing anti-hemagglutinin (HA) antibody.
Membranes were stripped and reprobed for p-FOXO3a. Tubulin indicates the same loading
in each lane. C, bar graph indicating activity of the luciferase construct /n vivo. Data are
presented as mean + S.E. for three animals in each group.
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Fig. 11. Proposed scheme for Akt/FOXO-mediated regulation of cardiac myocyte size

Multiple inputs including growth factors, angiotensin Il, stretch, and pressure overload lead
to Akt phosphorylation. Akt induces hypertrophy in cardiac myocytes by increasing protein
synthesis through the mammalian target of rapamycin-dependent pathways. Akt activation
also leads to inactivation of forkhead transcription factors through phosphorylation. FOXO
transcription factors activate atrogenes, including the ubiquitin ligases atrogin-1 and
MuRF-1, which promote proteinolysis.

J Biol Chem. Author manuscript; available in PMC 2013 April 22.



Page 25

Skurk et al.

100>
100>
100>
100>

€1-
LT+
6'T+
'+
abuplyo pjoy-

100>
100>
100>
100>

Te+
€1~
G-
g'e-
abupyo pjog-

G u1g104d Buipuiq T J030e) Ypmoah axi-utnsul - dayb
7 ursdayred 1810

av3 Jojoey uoneuninbign  qyadn

T-uibolly  Xxq4vIN

anead  sAep g :uossaiddnssygam g :uoionpul JIAN - anead

SYEOM Z :Uoinpul Y IAN

ENETET=To)

NIH-PA Author Manuscript

I 31qel

Sueay d1uabsuel] TRV Ul parenbai Apuesijiubis ssusboiy

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Biol Chem. Author manuscript; available in PMC 2013 April 22.



