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ABSTRACT

Potter RA, DelLong AD, Smith SM, Erb BM, Renwand B, Kamei Y,
Ogawa Y, MclLoughlin TJ. FoxO1 Inhibits Skeletal Muscle
Hypertrophy Through mTOR-independent Mechanisms. JEPonline
2013;16(4):32-50. The canonical Akt/mTOR signaling pathway plays
a strong role in promoting skeletal muscle hypertrophy through
regulating anabolic and catabolic signaling cascades. The
transcription factor, FoxO1, a downstream molecular target of Akt
signaling, may play a negative role in skeletal muscle hypertrophy
through suppression of growth signaling and/or upregulation of
atrophy gene expression. Using a transgenic mouse model in which
FoxO1 is specifically expressed within skeletal muscle, we tested the
hypotheses: (a) that FoxO1 inhibits skeletal muscle hypertrophy in
vivo; and (b) that inhibition of skeletal muscle hypertrophy conferred
through FoxO1 expression is associated with suppression of
Akt/mTOR signaling and upregulation of muscle atrophy F-box
(MAFbx/atrogin-1) gene expression. The findings confirm that FoxO1
inhibits skeletal muscle hypertrophy associated with 2 wks of
mechanical overload (synergist ablation), evidenced through
dampened increases in muscle mass, protein content, and muscle
cross sectional area. We conclude that FoxO1 overexpression
hampers the ability of skeletal muscle to hypertrophy, and that this
suppression involves mechanisms independent of mTOR signaling.
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INTRODUCTION

The regulation of skeletal muscle hypertrophy is contingent upon the fine balance between protein
synthesis and degradation. Although this fine balance is maintained by a myriad of molecular
signaling mechanisms, a wealth of data has implicated the canonical Akt/mTOR signal transduction
pathway and associated downstream molecules (e.g., p70°%, 4EBP-1) as potent regulators of
skeletal muscle size (5,18,24). Activation of Akt and subsequent activation of downstream molecules
(e.g., mTOR) appears to play a role in promoting skeletal muscle hypertrophy through not only
induction of protein synthesis machinery, but also the downregulation of protein degradation
cascades. Specifically, activation of molecules within the canonical AkUmTOR pathway appears to
suppress gene expression of key muscle degradatory genes, namely the muscle atrophy F-box
protein (MAFbx/atrogin-1), an E3 ubiquitin ligase that plays a critical role in regulating protein
ubiquination and breakdown in skeletal muscle (4,11,30).

The ability of the Akt-mediated signaling to dictate changes in muscle size appears to be due, in part,
through its influence on the transcription factor FoxO1. Specifically, FoxO1, a known target of Akt
kinase activity (28), is phosphorylated and subsequently sequestered in the cytoplasm and kept
removed from its nuclear target genes upon Akt activation (6,28,35). When Akt signaling is markedly
suppressed, as in cases of muscle atrophy (5,8), FoxO1 accumulates in the nucleus and can promote
the expression of MAFbx/atrogin-1 (16). Conversly, in cases of muscle hypertrophy, when Akt
signling is activated, FoxO1 has been shown to be hyperphosphorylated and sequestered in the
cytoplasm (19).

Using an in vivo muscle specific overexpression model, Kamei et al. (16) reported that mice that
overexpress FoxO1 had decreased muscle size, which was accompanied by increased gene
expression of known muscle atrophy-associated genes (e.g., MAFbx/atrogin-1, lysosomal proteinase,
capthesin-L). Given that activation of FoxO1 has been shown to promote the specific degradation of
key anabolic signaling molecules, specifically mTOR and p70°%* (34), it is resonable to speculate that
amplification of FoxO1 activity has a negative impact on muscle size, in part through hampering
growth signaling. Although yet to be explored, given its potent role in the regulation of muscle
hypertrophy (3,5), FoxO1 may act to hinder skeletal muscle hypertrophy upon exposure to growth
stimulus (e.g., mechanical overload) through disruption of Akt and mTOR mediated growth signaling.

The purpose of this investigation was to test the hypotheses: (a) that FoxO1 overexpression in
skeletal muscle suppresses hypertrophy; and (b) that the suppression is associated with
compromised Akt, mTOR, p70%%¢ and 4EBP-1 signaling (i.e., phosphorylation status) and increased
MAFbx/atrogin-1 gene and protein expression. These hypotheses were tested using a transgenic
mouse model in which the FoxO1 protein is specifically overexpressed within skeletal muscle (16).
Muscle hypertrophy was induced via a synergist ablation surgical model, in which the plantaris
muscle was chronically overloaded for a period of 2 wks (12).

METHODS

Subjects

Animals: Three-month-old male wildtype C57BL/6 (WT) and skeletal muscle specific FoxO1
overexpressing mice (FoxO1"", C57BL/6 background) used in the experiments were obtained from an
established breeding colony at The University of Toledo. FoxO1 overexpression was driven within
skeletal muscle of transgenic mice via a skeletal muscle actin promoter, as previously described (16).
All procedures were performed in accordance with University of Toledo Institutional Animal Care and
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Use Committee guidelines. All animals were housed in clear polycarbonate cages, exposed to a
12:12 hr light-dark cycle (lights on at 0800 hrs), and provided a standard rodent diet and water ad
libitum. For all experiments, Line A2 FoxO1*" mice were used, as these mice possess the highest
FoxO1 transgene copy number incorporation and, therefore, express the highest amount of the
FoxO1 protein (16).

Animal Surgeries: Following genotypic determination, FoxO1*" and WT mice were divided into two
groups (n = 10-12 per group): (a) 14-day sham surgery (control); and (b) 14-day synergist ablation
(overload). All mice were anesthetized with an intraperotineal injection of 2.5% Avertin. Following
anesthetization, a small incision over the posterolateral aspect of the lower hindlimb was made,
exposing the plantaris, soleus, and gastrocnemius muscles, as previously described (12). The
synergist soleus and gastrochemius muscles were excised, leaving the plantaris muscle intact
(synergist ablation overload model). This was performed bilaterally on all animals. Animals exposed
to a sham surgery (animals anesthetized, muscle exposed and the incision sutured without removing
the muscles) served as controls. The incisions were then closed and animals returned to their cages
and allowed to resume normal cage activity. Non-surgery control mice initially included in the study
were found to be not statistically different from sham-control mice on any of the dependent variables
measured. As such, non-surgery controls were subsequently pooled with sham-controls for all
analyses (data not shown).

Procedures

Muscle Collection and Protein Quantification: Following 14-days of normal cage activity, control
mice and mice exposed to synergist ablation (mechanical overload) were anesthetized and plantaris
muscles excised, cleaned of any residual connective tissue, weighed, snhap frozen in liquid nitrogen
and stored at —80°C for subsequent analysis. Plantaris muscles were homogenized in PKB buffer
supplemented with HALT™ protease inhibitor single-use cocktail (Thermo Scientific, Rockford, IL)
and 10 mM NazVOg4 using a TissuelLyser (2 x 3.0 min at 30 Hz; Qiagen, Valencia, CA). Homogenates
were spun at 14,000 x g for 15 min at 4°C and the supernatants were removed and rapidly frozen at
-80°C. Protein concentrations of the supernatants were subsequently determined using detergent-
compatible protein assay kit (DC Protein Assay, Bio-Rad, Hercules, CA) and quantified by
spectrophotometry using a microtiter plate reader (SpectraMax 190; Molecular Devices, Sunnyvale,
CA). For determination of FoxO1 protein content and cellular localization, cytoplasmic and nuclear
fractions were obtained via use of a commercially available extraction kit (ProteoJET; Fermentas Life
Sciences, Glen Burnie, MD).

Histology: Control and overloaded plantaris muscles from a separate cohort of mice were excised,
mounted in tissue freezing medium, and frozen in liquid nitrogen pre-cooled isopentane. Serial
muscle sections (10 um) were stained with hematoxylin and eosin and sections visualized using an
Olympus IX70 fluorescence microscope (Melville, NY) equipped with a digital camera and image
processing software (Spot-RT, Diagnostic Instruments, Inc., Sterling Heights, MI). Muscle fiber CSA
of all muscle fibers in each of the collected control and mechanically overloaded sections were
digitized and quantified using Image-PRO Plus software (Media Cybernetics, Bethesda, MD) by a
blinded experimenter. When the automated approach failed and there was not 100% fidelity, the
expermineter manually verified that all muscle fiber borders had been traced.

Western Blotting: Muscle homogenates (50 pg) were solubilized in Laemmeli sample buffer and
boiled for 5 min, resolved by SDS-PAGE on 6% (mTOR),7.5% (FoxO1, p70°%, and Akt), 10%
(MAFbx/atrogin-1) or 16% (4EBP-1) tricine or polyacrylamide gels, transferred to a polyvinyl difluoride
membrane (PVDF-FL; Millipore; Billerica, MA) via either wet-transfer (nTOR; Hoefer TE-22; 400mA
constant for 2 hrs; 4EBP-1; Hoefer TE-22; 200mA constant for 1 hr) or semi-dry blotting (FoxO1, Akt,
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p70$6k, and MAFbx/atrogin-1; TransBlot Transfer Cell, Bio-Rad Laboratories, Inc., Hercules, CA; 20v
constant for 1 hr), blocked in 5% non-fat dry milk in TBS for 1 hr at room temperature, and
immunoblotted overnight at 4°C with total-mTOR, phospho-mTOR (Ser®**®), total FoxO1, total-p70°%
phospho-p70°% (Thr®®®), total Akt, and phospho-Akt (Ser*”®), total 4EBP-1, phospho-4EBP-1 (Thr3"/¢)
and MAFbx/atrogin-1 antibodies (1:1000; Cell Signaling, Beverley, MA). Equal protein loading was
verified using GAPDH expression (1:5000; Cell Signaling, Beverley, MA). After a 1 hr incubation with
an infrared-conjugated Alexa Fluor 680 secondary antibody (1:5000; Molecular Probes, Carlsbad,
CA) at room temperature, the immunoreactive proteins were observed via infrared detection
(Odyssey Imaging System, LI-COR BioSciences, Lincoln, NE) and quantified by densitometry.

Immunoprecipitation: Muscles samples were homogenized in NP-40 buffer (50mM Tris base, 150
mM NaCl, 1% NP-40, pH 8.0) containing HALT™ protease inhibitor single-use cocktail supplemented
with 10 mM NazVO4 and spun at 14,000 x g for 15 min at 4°C; supernatants were collected and used
for immunoprecipitation reactions. Supernatants were pre-cleared using a slurry of protein A/G
magnetic beads (Invitrogen, Carlsbad, CA) for 1 hr at 4° C and then incubated overnight at 4°C with a
total mMTOR antibody (1:100; Cell Signaling). Following the overnight incubation, muscle/antibody
complexes were incubated for 1 hr with a slurry of protein A/G magnetic beads at 4°C. The magnetic
beads were then isolated using a DynaMag magnet (Invitrogen), washed with NP-40 buffer,
solubilized in Laemmeli sample buffer, and heated to 95°C in preparation for SDS-PAGE. Following
SDS-PAGE, western blotting was performed using antibodies against phosphorylated and total
mTOR (1:1000). Following 1 hr incubation with an infrared-conjugated Alexa Fluor 680 secondary
antibody (1:5000) at room temperature, the immunoreactive proteins were observed via infrared
detection (Odyssey Imaging System, LI-COR BioSciences, Lincoln, NE) and quantified by
densitometry.

Real-time Quantitative PCR (qRT-PCR): Total RNA was isolated from control and overloaded WT
and FoxO1*" plantaris muscles using an RNeasy Mini column (Qiagen, Valencia, CA), purified by
DNase digestion (Turbo DNase; Ambion, Foster City, CA), and stored at —-80°C until further
processing. cDNA synthesis using 10 ng of total RNA and subsequent PCR amplification was
performed using a one-step qRT-PCR kit (Superscript Ill, Invitrogen) and gene specific Tagman®
primers and probes (Applied Biosystems, Foster City, CA) desighed against MAFbx
(Mm00499518_m1) and GAPDH (Mm99999915 g1). The gRT-PCR reactions were carried out in
triplicate using a Applied Biosystems7500 Real-Time Detection System. Analyses were performed to
verify the dynamic range and confirm consistency among the amplification efficiencies of the various
target genes analyzed. Data were expressed via the comparative C; method, in which ACt values
were calculated for all samples as follows: Ctiarget gene — Clhousekeeping gene; Where the target gene was
MAFbx and the housekeeping gene was GAPDH. Relative changes in gene expression were then
calculated for each target gene via the 2*°! method, in which ACT values determined for each of the
experimental samples (WT ablation, FoxO1*" control and FoxO1*" ablation) were subtracted from the
ACT value from the calibrator sample (WT control).

Ubiquination Assays: Muscle homogenates from control and overloaded WT and FoxO1*" mice
were subjected to immunoprecipitation via magnetic bead separation, as described previously.
Briefly, pre-cleared homogenates were incubated overnight with ubiquitin antibody (1:100; SC-8017,
Santa Cruz Biotechnology Inc., Santa Cruz, CA). Immunoprecipitated proteins were resolved by SDS-
PAGE on 4-15% polyacrylamide gradient gels (Jule Inc., Milford, CT). After which, gels were
incubated overnight in Krypton Protein Stain (21)(Thermo Scientific, Rockford, IL) and then observed
via infrared detection (Odyssey Imaging System, LI-COR BioSciences, Lincoln, NE), as previously
described (21).



36

Statistical Analyses

Differences in FoxO1 protein expression between wildtype and FoxO1*/- mice were analyzed via
independent student f-test. Cytoplasmic and nuclear localization of total FoxO1 protein were analyzed

using a three-way factorial ANOVA (strain [wildtype vs. FoxO1+/‘] x treatment [control vs. ablation] x
fraction [cytoplasmic vs. nuclear]. Where a significant effect was found, multiple comparison analysis
was performed with the Sidak post hoc test to identify differences. All subsequent data obtained were

analyzed with a two-way factorial ANOVA (strain [wildtype vs. FoxO1+/'] x treatment [control vs.
ablation]) with a Student-Newman-Keuls post hoc analysis used to locate difference when a
significant interaction effect was found. The alpha level was set at P<0.05 a priori and was used for
determination of statistical significance in all statistical procedures.

RESULTS

FoxO1 expression inhibits skeletal muscle hypertrophy. As shown in Figure 1, plantaris muscles

of FoxO1*/- mice displayed significant elevations in FoxO1 total protein expression compared to WT
counterparts.

Figure 1
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Figure 1. Total FoxO1 Protein Expression is Elevated in Plantaris Muscles of FoxO1*" Mice
Compared to Wildtype (WT) Mice. Panel A: Total FoxO1 protein in WT and FoxO1*" mice. *,
significant difference between FoxO1* and WT mice. P<0.05 for all significant differences. n = 6 for
each group. Data represented as means * standard error.

Body masses of FoxO1*/- mice were significantly smaller than that of age-matched WT mice, as
previously reported by Kamei et al. (16). No significant difference in body mass was observed

between control and overload conditions for WT and FoxO1*/~ mice. When the data were normalized
to body mass, no differences in control plantaris muscle mass or protein content were observed

between WT and FoxO1*/~ mic. The plantaris muscles of WT mice and FoxO1*/- mice exhibited a
significant increase in both relative (60% and 27%, respectively) and absolute (58% and 25%,
respectively, data not shown) mass following overload (Table 1). This finding was corroborated by
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significant increases in relative (61% and 12%, respectively) and absolute (51% and 19%, data not
shown) protein contents.

Table 1. Body mass, normalized muscle mass and normalized protein content for
wildtype and FoxO1 transgenic control or mechanically overloaded mice.

Condition ~ Treatmeni Body Mass (g) mgmuscle/ % Change from mg profein/ % Change from

g body mass Control g body mass Control
(relative mass) (relative protein)
Wildtype  Control 252+£045% 068002 - 0.054+0.006 -
Overloaded 262+047 1090027 1 60% 0.087 + 0006 1 61%
Fox01 Control 207047 0.66+0.02 - 0.055+£0.006 -
Oveloaded 2023045  084+002 127% 0,062+ 0005 112%

&= sig. main effect for condition (wildtype sig. greater than FoxO1), *= sig diff. from conirol, #= sig
diff. from control and ablation for both WT and FoxO1. p < 0.05 for all comparisons. n=8-10
muscles per group.

Although both mouse strains exhibited increases in muscle mass and soluble protein content
following the mechanical overload compared to their respective controls, the changes observed in the

FoxO1*/- mice were significantly muted compared to WT counterparts. In control muscle, fiber cross-
sectional area of WT mice was significantly greater than that of FoxO1*/- mice (Figure 2A), with the

majority of the muscle fibers in FoxO1*/- plantaris muscles being <500 um? (Figure 2B). Muscle
cross-sectional area of WT mice increased upon exposure to mechanical overload compared to

control and was significantly greater than that of FoxO1*/- mice. The hypertrophic response was

significantly blunted in FoxO1*/- mice compared to WT mice 4.5% vs. 32% hypertrophy, respectively;
Figure 2C) and was not statistically significant from control. No significant differences were observed

in the number of muscle fibers between WT and FoxO1*/- (control muscle; 582 £ 31.8 vs. 525 + 50,
respectively; data not shown).
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Figure 2
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Figure 2. Plantaris Muscle Cross-Sectional Area is Smaller and Does Not Significantly
Increase Following Overload in FoxO1*" Mice. Panel A: Hematoxylin and eosin staining of control
and overloaded (ablation) plantaris muscles of wildtype (WT) and FoxO1*" mice. Panel B: Frequency
histogram of muscle cross-sectional areas of control plantaris muscles of WT and FoxO1*" mice. &,
significant main for effect strain; #, significant difference between WT and FoxO1* mice in control
plantaris muscle. Panel C: Frequency histogram of muscle fiber cross-sectional areas of overloaded
plantaris muscles of WT and FoxO1*" mice. %, significant main effect for treatment; * S|gmf|cant
difference from respective control. #, significant difference between WT and FoxO1 " mice in
overloaded plantaris muscle. P<0.05 for all significant differences. n=8-10 for all groups. Data
represented as means + standard error.



39

FoxO1-mediated inhibition of muscle hypertrophy is not associated with suppression of
mTOR and p70°% signaling. Akt phosphorylation (Ser*”®) was significantly elevated in the muscles

of FoxO1*/- mice compared to WT counterparts; however, mechanical overload did not differ from
control as a whole (Figures 3A and 3B). Although mechanical overload resulted in elevations in total

Akt in plantaris muscles of WT and FoxO1*/- mice compared to control (Figures 3A and 3C), the

response in total Akt was similar in WT and FoxO1*/- mice (Figure 3C). Further, there was no
significant strain by treatment interaction on protein levels of phosphorylated or total Akt.

Figure 3
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Figure 3. Phosphorylated and Total Akt Protein in Control and Overloaded Plantaris Muscles
of Wildtype and FoxO1*" Mice. Panel A: Representative western blot analyses from wildtype control
(WC), FoxO1"" control (FC), wildtype ablation (WO) and FoxO1*" ablation (FO) conditions. Panels B
and C: Quantification of western blot data for phosphorylated and total Akt, respectively. &, significant
main effect for strain; *, trend for significant main effect treatment (P=0.09). P<0.05 for all significant
differences. n=6 for all groups. Data represented as means + standard error.



