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Research article
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Cardiac hypertrophy is a major cause of human morbidity and mortality. Although much is known about the
pathways that promote hypertrophic responses, mechanisms that antagonize these pathways have not been
as clearly defined. Atrogin-1, also known as muscle atrophy F-box, is an F-box protein that inhibits pathologic
cardiac hypertrophy by participating in a ubiquitin ligase complex that triggers degradation of calcineurin, a
factor involved in promotion of pathologic hypertrophy. Here we demonstrated that atrogin-1 also disrupted
Akt-dependent pathways responsible for physiologic cardiac hypertrophy. Our results indicate that atrogin-1
does not affect the activity of Akt itself, but serves as a coactivator for members of the Forkhead family of
transcription factors that function downstream of Akt. This coactivator function of atrogin-1 was dependent
on its ubiquitin ligase activity and the deposition of polyubiquitin chains on lysine 63 of Foxol and Foxo3a.
Transgenic mice expressing atrogin-1 in the heart displayed increased Foxo1 ubiquitylation and upregulation
of known Forkhead target genes concomitant with suppression of cardiac hypertrophy, while mice lacking
atrogin-1 displayed the opposite physiologic phenotype. These experiments define a role for lysine 63-linked
ubiquitin chains in transcriptional coactivation and demonstrate that atrogin-1 uses this mechanism to dis-

rupt physiologic cardiac hypertrophic signaling through its effects on Forkhead transcription factors.

Introduction

Factors that increase LV afterload — such as hypertension, aortic
stenosis, and age-related arterial stiffness — elicit cardiac hypertro-
phy as an adaptive mechanism to normalize wall stress. The short-
term hemodynamic benefits of hypertrophy occur at a cost: cardiac
hypertrophy leads to diastolic dysfunction and heart failure and isa
powerful predictor of cardiovascular mortality even in the absence
of symptoms (1, 2). At the cellular level, cardiac hypertrophy is a
consequence of increased cardiomyocyte cell volume (1, 2), a pro-
cess that requires coordination of cellular signaling cascades, acti-
vation of fetal cardiac gene expression programs, increased protein
synthesis, sarcomere assembly, and modulation of cellular energy
sources. At the present time, no specific pharmacologic strategies
to reverse cardiac hypertrophy have been approved for clinical use,
so the delineation of hypertrophic mechanisms (especially those
that prevent or reverse hypertrophy) remains a priority.

Although complexity and redundancy exist in the signaling
pathways that activate cardiac hypertrophy, 2 independent cir-
cuits that elicit distinct manifestations of hypertrophy are now
recognized. Hypertrophy in response to stimuli such as pressure
overload and adrenergic stimulation activates the calcineurin/
nuclear factor of activated T cell-dependent signaling pathway,
resulting in so-called “pathological” hypertrophy that is associat-
ed with maladaptive features such as fibrosis, chamber dilatation,
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and hemodynamic decompensation (3). A second, autonomous
pathway activated by exercise or insulin/IGF-1 signaling medi-
ates hypertrophy of the heart under more physiologic conditions
that occur during development or conditioning. This physiologic
form of hypertrophy depends on regulated activation of the kinase
Akt, which in turn coordinates protein synthesis and cardiac gene
expression to increase cardiomyocyte size and heart mass. Hyper-
trophy under these circumstances occurs without the propensity
to chamber enlargement or heart failure. Recent studies have iden-
tified several downstream targets of Akt activation — including
mammalian target of rapamycin (mTOR) and glycogen synthase
kinase-3f (GSK-3p) (4-7) — that participate in Akt-dependent car-
diac hypertrophy in the setting of exercise or IGF-1 stimulation.
We recently found that atrogin-1 (also known as muscle atrophy
F-box) blocks pathologic hypertrophy in vivo and in vitro by bind-
ing to calcineurin A and inducing its ubiquitylation and degrada-
tion (8). Atrogin-1 is a cardiac- and skeletal muscle-specific F-box
protein that binds to Skp1, Cull, and Rocl, the common compo-
nents of SCF ubiquitin ligase complexes. Atrogin-1 was first iden-
tified as a crucial participant in skeletal muscle atrophy programs
(9, 10). Interestingly, atrogin-1 expression is carefully regulated at
the transcriptional level in skeletal myocytes and in cardiomyo-
cytes by members of the Forkhead family of transcription factors
(11, 12). In the setting of cardiomyocyte hypertrophy, atrogin-1
decorates calcineurin with lysine 48-linked ubiquitin chains that
target calcineurin for proteasome-dependent degradation. This in
turn leads to potent suppression of agonist-induced cardiomyo-
cyte hypertrophy in vitro and increased heart muscle mass after
aortic banding in vivo (8), indicating that atrogin-1 plays a criti-
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Figure 1

Overexpression of atrogin-1 represses insulin- and IGF-1-induced car-
diomyocyte hypertrophy and Foxo1 and Foxo3a dephosphorylation.
(A) Cardiomyocytes were infected with Ad-GFP or Ad—atrogin-1-GFP
(MOI 10), and cells were stimulated with insulin (20 ug/ml-), IGF-1 (20
ng/ml-'), or PE (100 uM) for 24 h and stained with a-actinin antibody
(red). Quantitation of cell surface area was performed on 100 cells
per group. *P < 0.001 vs. serum-free control and Ad-GFP. (B) Protein
levels of endogenous Akt pathway members were determined in car-
diomyocytes expressing atrogin-1 ectopically by IB with the indicated
antibodies. (C) Foxo1 and Foxo3a expression and phosphorylation in
cytoplasmic and nuclear fractions from cardiomyocytes were assessed
by IB using anti-total or —-phospho-Foxo1 and -Foxo3a antibodies after
the indicated treatments. *P < 0.001 vs. Ad-GFP + insulin or IGF-1;
#P < 0.01 vs. Ad-GFP + IGF-1. (D) Cardiomyocytes were infected with
increasing MOls of Ad—atrogin-1-GFP and Ad-GFP with IGF-1 (20 ug/ml-")
stimulation for 24 h. Endogenous Foxo1 and Foxo3a levels were
determined by IB with the indicated antibodies. Maximal suppression
of Foxo1 and Foxo3a occurred at MOI 30. *P < 0.001 vs. Ad-GFP +
IGF-1 at MOI 30. (E) Cardiomyocytes were infected with Ad-siRNA—
control or Ad-siRNA-atrogin-1 and treated with insulin (20 ug/ml-")
or PE (100 uM) for 24 h. (F) Cardiomyocytes treated as indicated
were stained with a-actinin antibody. Quantitation of cell surface area
was performed on 100 cells per group. Original magnification, x200.
*P < 0.01 vs. Ad-siRNA control + insulin or PE. Scale bars: 50 um.

cal role in regulating calcineurin-dependent cardiac hypertrophy
under pathologic circumstances. To extend these previous studies,
we have examined the role atrogin-1 plays in modulating hypertro-
phic responses that do not depend on calcineurin signaling.

Results

Suppression of IGF-1— and insulin-dependent cardiomyocyte hypertrophy
by atrogin-1. We used an adenovirus-dependent gene delivery system
(8) to examine the effects of atrogin-1 on rat neonatal cardiomyo-
cyte hypertrophy elicited by both calcineurin-dependent and calci-
neurin-independent stimuli. Consistent with our previous obser-
vations, phenylephrine stimulation of cardiomyocytes induced a
2-fold increase in cardiomyocyte area, and this hypertrophy was
completely blocked by enforced atrogin-1 expression (Figure 1A).
Both insulin and IGF-1 similarly increased cardiomyocyte size, and
these effects were also efficiently blocked in cardiomyocytes infected
with the atrogin-1-expressing adenovirus (Ad-atrogin-1).

To explore the specific signaling events downstream of insulin
and IGF-1 stimulation that are restrained by atrogin-1 in cardiomy-
ocytes, we examined the activation status of Akt and its downstream
targets S6 kinase and GSK-3f3. Each of these known modulators of
cardiomyocyte size was efficiently phosphorylated after insulin and
IGF-1 stimulation, but atrogin-1 did not suppress their activation
(Figure 1B). In contrast, when we examined the phosphorylation
status of the Forkhead transcription factors Foxol and Foxo3a,
which are downstream targets of Akt that also mediate hypertrophic
responses in cardiomyocytes (11-13), we found that atrogin-1 effi-
ciently suppressed insulin- and IGF-1-dependent phosphorylation
of both proteins by 55%-60% (Figure 1, C and D). To test the con-
tributions of endogenous atrogin-1 to Forkhead phosphorylation
and cardiomyocyte hypertrophy, we knocked down endogenous
atrogin-1 expression using an adenoviral siRNA approach that sup-
presses atrogin-1 mRINA by about 80% (8). Atrogin-1 knockdown
augmented Foxo3a phosphorylation in unstimulated cardiomyo-
cytes and increased both Foxo1 and Foxo3a phosphorylation when
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Akt was activated by insulin (Figure 1E), but had no effect on phos-
phorylation of Akt itself or on the Forkhead transcription factors
when cardiomyocytes were stimulated with phenylephrine. As we
have shown previously (8), suppression of atrogin-1 mRNA led to
an enhanced hypertrophic response of cardiomyocytes after phen-
ylephrine treatment, and similar consequences were also observed in
cells stimulated with insulin to activate Akt (Figure 1F), indicating
that endogenous atrogin-1 regulates both Forkhead activation and
insulin-dependent hypertrophy in cardiomyocytes.

Interaction of atrogin-1 with Foxol and Foxo3a. The Forkhead pro-
teins are activated in their dephosphorylated state and trans-acti-
vate a transcriptional program that suppresses cardiomyocyte
hypertrophy (11-13). To explore whether atrogin-1 mediates its
effects on Forkhead phosphorylation via direct interactions, we
tested whether mutual interactions existed between these proteins.
Using tagged forms of atrogin-1 and Foxo1 or Foxo3a transfected
into 293 cells, both Foxo1 and Foxo3a were efficiently coimmuno-
precipitated with atrogin-1, but not by similarly tagged a-actinin as
a control (Figure 2A). These observations likely reflect direct inter-
actions, because recombinant glutathione-S-transferase-tagged
(GST-tagged) atrogin-1 efficiently coprecipitated both Foxol and
Foxo3a from cell lysates (Figure 2B). Using a specific anti-atrogin-1
antibody, we also found that endogenous atrogin-1 participated
in complexes with Foxol and Foxo3a in cultured cardiomyocytes
(Figure 2C). We mapped the sites of Foxo1 and Foxo3a interactions
with atrogin-1 using GST-tagged atrogin-1 fragments and found
that both proteins required a 60-amino acid sequence immediately
adjacent to the F-box of atrogin-1 for binding (Figure 2, D and E),
although our experiments do not exclude the possibility that addi-
tional sequences of atrogin-1 also participate in interactions with
Foxo proteins. Interestingly, this site is distinct from the calcineu-
rin-binding site of atrogin-1 (8). Conversely, we found that an intact
Forkhead domain within HA-tagged Foxo1 fragments was required
for atrogin-1 interactions (Figure 2, F and G).

Atrogin-1 is required for optimal transcriptional activity of Forkbhead
transcription factors in cardiomyocytes. Because atrogin-1 exists in
both a sarcomere-associated and a nuclear pool in cardiomyo-
cytes (8), we tested whether the effects of atrogin-1 on Foxol
phosphorylation coincide with changes in Forkhead localiza-
tion. Foxol and Foxo3a reside primarily in the cytoplasm of
insulin-stimulated cardiomyocytes; however, when atrogin-1 was
coexpressed, both Foxol and Foxo3a relocalized into the nucleus
(Figure 3, A and B, and Supplemental Figure 1). It is possible
that this enforced nuclear localization prevents Akt-dependent
Foxo phosphorylation, accounting for our observations in Fig-
ure 1. Coexpression of Foxol and Foxo3a with promoter/report-
er constructs responsive to Foxo activity (p27k!, DBE, and Bim;
ref. 14) resulted in increased luciferase activity, and in each case
coexpression of atrogin-1 with Foxol and Foxo3a markedly
increased promoter activity (Figure 3C and Supplemental Figure
2). The transcriptional effects of atrogin-1 on reporter activity
were even more marked when atrogin-1 was coexpressed with
Foxo3aA3 or FoxolA3, which are constitutively active, nuclear-
localized mutants (Figure 3C and Supplemental Figure 2). The
ability of atrogin-1 to enhance the constitutively active Forkhead
mutants indicates that the transcriptional effects of atrogin-1
do not depend only on increased nuclear accumulation of Fork-
head proteins by atrogin-1, which strongly endorses a coactiva-
tor role for atrogin-1 on Forkhead activity within the nucleus.
To determine whether endogenous atrogin-1 is required for
Volume 117 3213
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Figure 2

Atrogin-1 interacts with Foxo1 and Foxo3a in vivo and in vitro. (A) We transfected 293 cells with the indicated plasmids. Equal amounts of protein
lysates were immunoprecipitated with anti-HA or anti-Myc antibody and analyzed by IB with the indicated antibodies. WCE, whole cell extract. (B)
The ability of Foxo1 and Foxo3a expressed in 293 cells to be retained by GST or a GST-atrogin-1 fusion protein was analyzed by IB after GST
pulldown. (C) Endogenous protein interactions were examined in cardiomyocyte cell lysates immunoprecipitated with rabbit IgG or anti—atrogin-1
antibody and analyzed by IB with antibodies to detect Foxo1, Foxo3a, and atrogin-1. (D) Domains of atrogin-1 involved in binding to Foxo1 and
Foxo3a expressed in 293 cells were mapped with GST pulldown assays. GST—atrogin-1 proteins were affinity purified and analyzed by SDS-
PAGE and Coomassie blue staining. The ability of the truncated atrogin-1 fusion proteins to bind to Foxo1 and Foxo3a from whole-cell lysates
was determined by blotting with antibodies against Flag and HA, respectively. (E) Deletion constructs of atrogin-1 in D that bind to Foxo1 and
Foxo3a. NLS, nuclear localization sequence; PDZ, PDZ-binding domain. (F) Interaction domains of Foxo1 required for binding to atrogin-1 were
mapped by co-IP. We transfected 293 cells with the indicated Flag-Foxo1 and HA—atrogin-1 plasmids. Equal amounts of lysates were prepared
for IP with a Flag antibody and immunoblotted with antibodies for HA or Flag. (G) Deletion constructs of Foxo1 in F that bind to atrogin-1. FK,
Forkhead domain; NES, nuclear export sequence; LxxLL, nuclear receptor—interacting domain or LxxLL motif; TAD, transactivation domain.
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Figure 3

Atrogin-1 induces Foxo1 and Foxo3a nuclear localization and increased transcriptional activity. (A) Cardiomyocytes were transiently transfected
with expression vectors encoding HA-Foxo3a or Myc—atrogin-1. At 24 h after transfection, cells were treated without or with insulin for 12 h
and immunostained with antibodies against HA (green) and Myc (red). Staining was assessed by confocal microscopy; representative images
are shown. Scale bars: 50 um. (B) Cardiomyocytes (100 random cells per condition) expressing the indicated proteins were scored for Foxo1
or Foxo3a localization. Data are mean + SEM of 2 independent experiments. Original magnification, x200. (C) To assess the role of atrogin-1
on Foxo3a-dependent transcription, cardiomyocytes were transfected with luciferase expression plasmids driven by the indicated promoters
and vectors expressing Foxo3a or Foxo3aA3 (a constitutively active form) and atrogin-1. Data were normalized by cotransfection with a plas-
mid expressing p-gal. Cells were harvested 24 h later for measurement of luciferase activities. Results are expressed relative to the level of
expression with the reporter gene alone and representative of 3 independent experiments. Error bars indicate SEM. (D) Cardiomyocytes were
transfected with a luciferase reporter driven by the p274r' promoter along with Foxo1 or Foxo3a and plasmids expressing siRNA-atrogin-1 or
siRNA-control. Luciferase activity was measured 24 h after transfection. *P < 0.01 vs. control siRNA.

maximal transcriptional activity of Foxo1 and Foxo3a, we tested
the activity of these proteins in cardiomyocytes when atrogin-1
expression is knocked down (8). Transcriptional activation of the
p27%iP! promoter by Foxol and Foxo3a was almost completely
suppressed to baseline levels by atrogin-1 knockdown, but not by
a scrambled siRNA construct (Figure 3D), indicating that endog-
enous atrogin-1 is required for optimal Forkhead transactivation
of these reporters in cardiomyocytes.
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Noncanonical ubiquitylation of Forkbead transcription factors by atro-
gin-1. Transcriptional activation of Forkhead transcription factors
by atrogin-1 raised the question of whether the ubiquitin ligase
activity of atrogin-1 participates in the coactivation of Foxol and
Foxo3a. In pulse-chase experiments using ectopically expressed
proteins in 293 cells, both Foxo1l and Foxo3a were stable proteins
with #;,, well in excess of 4 h, and coexpression of atrogin-1 had no
effect on the stability of either protein (Figure 4A). Similarly, inhibi-
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Figure 4

Atrogin-1 induces lysine 63—dependent ubiquitylation of Foxo3a. (A) Cultured 293 cells were transfected with the indicated plasmids, and pulse-
chase analysis was performed. Extracts were subjected to IP using either anti-Flag or anti-HA antibodies. Immunoprecipitates were analyzed
by SDS-PAGE followed by autoradiography. (B) The indicated plasmids were cotransfected, and 293 cells were treated for 4 h with DMSO or
MG132 (20 uM). The expression levels of the respective proteins were analyzed by IB with anti-Flag, anti-HA, or anti-Myc antibodies. (C) We
transfected 293 cells with vectors expressing HA-ubiquitin (HA-Ub), HA-Foxo3a, atrogin-1, or atrogin-1 AF-box mutant lacking the E3-ligase
activity. Cell extracts were immunoprecipitated with Foxo3a antibody and analyzed by IB with the indicated antibodies. An aliquot of the cell
extracts was subjected to direct IB analysis using anti-Foxo3a or anti-Myc antibodies. (D) In vitro ubiquitylation reactions were performed with
purified ubiquitin, E1, the E2 UBC13, GST-Foxo3a, and the SCFatregn-1 complex. Reactions were resolved by SDS-PAGE followed by IB with
anti-ubiquitin antibody. (E) We cotransfected 293 cells with the indicated plasmids. At 24 h after transfection, ubiquitin-conjugated proteins were
prepared for IP with anti-Foxo3a. Immunoprecipitates were subject to SDS-PAGE followed by IB with anti-ubiquitin, anti-Foxo3a, or anti-Myc

[ - & & @ anti-HA (Foxo3a)

e s s 2Nt-Myc (atrogin-1)

antibodies. An aliquot of the cell extracts was subjected to direct IB analysis using anti-Foxo3a or anti-Myc antibodies.
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tion of the proteasome with MG-132 had no effect on steady-state
levels of Foxol or Foxo3a in the presence or absence of atrogin-1
(Figure 4B). Interestingly, steady-state levels of atrogin-1 were con-
sistently higher after MG-132 treatment, suggesting that atrogin-1
expression is itself determined in a proteasome-dependent manner.
Collectively, these data indicate that atrogin-1 does not target the
Forkhead transcription factors for proteasomal degradation.

We next asked whether atrogin-1 is capable of adding either
mono- or polyubiquitin chains to the Forkhead transcription fac-
tors. We performed assays in 293 cells (so we could recover proteins
efficiently) after determining that atrogin-1 had similar effects
on Forkhead transcriptional activity in 293 cells compared with
cardiomyocytes (data not shown). After IP of Foxo3a, we probed
immunoprecipitates with an antibody recognizing tagged ubiquitin.
Ubiquitylated species of Foxo3a were detected as a high-molecular
weight smear only when atrogin-1 was coexpressed with Foxo3a,
and the effect of atrogin-1 was abolished by deletion of its F-box
(Figure 4C). Similar results were obtained in experiments examining
atrogin-1-dependent ubiquitylation of Foxol (Supplemental Fig-
ure 3A). To determine whether the effects of atrogin-1 on Forkhead
multiubiquitylation are direct, we reassembled the components of
ubiquitylation in vitro (8) with immunopurified Skp1, Cull, and
Rocl and recombinant atrogin-1 and Foxo3a or Foxol. We found
that multiubiquitylation of Foxo3a (Figure 4D) and Foxo1 (Supple-
mental Figure 3B) proceeded efficiently in the presence of atrogin-1,
was dependent on the F-box of atrogin-1, and was abolished by dele-
tion of atrogin-1 or any other component of the reaction.

Taken together, these observations indicate that atrogin-1
induces multiubiquitylation of Foxol and Foxo3a, yet does not
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Figure 5

Lysine 63-linked ubiquitin chains are
required for transcriptional coactivation of
Foxo3a by atrogin-1. (A) Cultured cardio-
myocytes were transfected with vectors
expressing HA-Foxo3a, Myc—atrogin-1, and/
or atrogin-1 AF-box together with the p27kirt
luciferase reporter and p-gal constructs. At
24 h after transfection, cells were lysed and
luciferase activity was measured. Lysates
were immunoblotted with anti-HA and Myc.
*P < 0.01 vs. atrogin-1 WT. (B) We trans-
fected 293 cells with the indicated plasmids.

+ + + + + :

- -+ o+ + Equal amounts of protein lysates were

¥ xsoo immunoprecipitated with anti-Myc or anti-HA

S 8 2 3 antibodies to detect atrogin-1 and Foxo3a,

X ¥ X ¥ . .
respectively, followed by IB to detect protein-

protein interactions. (C) Reporter assays
were performed using the p27P! promoter in
cardiomyocytes cotransfected with plasmids
expressing Foxo3a and/or atrogin-1, along
with vectors expressing WT ubiquitin or
mutant ubiquitins containing mutations of
lysine 48 (K48R) or lysine 63 (K63R). At 24
h after transfection, cells were lysed and
luciferase activity was measured. Lysates
were immunoblotted with anti-HA and Myc.
*P < 0.001 vs. WT ubiquitin. Results are
expressed relative to the level of expression
with the reporter gene alone and represen-
tative of 3 independent experiments. Error
bars indicate SEM.

Extract

target either protein for proteasome-dependent degradation and
instead increases their activity. This suggested that atrogin-1 may
not be decorating the Forkhead transcription factors with canoni-
cal, lysine 48-linked polyubiquitin chains. To test this, we exam-
ined the ubiquitylation of Foxo3a induced by atrogin-1 in the pres-
ence of WT ubiquitin or ubiquitin variants that cannot assemble
lysine 48 or lysine 63 chains. Mutation of lysine 48 in ubiquitin
actually enhanced the polyubiquitylation of Foxo3a by atrogin-1,
indicating that canonical ubiquitin chains are not assembled on
Foxo3a by atrogin-1 (Figure 4E). In contrast, ubiquitylation of
Foxo3a (and also Foxol; Supplemental Figure 3C) was markedly
suppressed by the lysine 63-ubiquitin mutant, indicating that
lysine 63-linked chains were the predominant species assembled
on Forkhead transcription factors by atrogin-1.

Although lysine 63-linked ubiquitin chains participate in a
number of cellular events, such as cell signaling and DNA dam-
age repair (15, 16), they have not yet been clearly associated with
transcriptional regulation in mammalian cells, and there are
few descriptions of noncanonical ubiquitylation in the context
of cardiomyocyte biology. We therefore performed experiments
to confirm or refute the importance of lysine 63-linked chains
in atrogin-1-dependent coactivation of Foxol and Foxo3a. We
first asked whether the F-box of atrogin-1 is necessary for coacti-
vation. Indeed, when coexpressed with Foxo3a, deletion of the
F-box of atrogin-1 totally abolished its ability to coactivate Foxo3a
in transcriptional assays using the p27%p! promoter (Figure SA).
The F-box requirement in these experiments could indicate that
either F-box-dependent ubiquitylation or F-box-dependent bind-
ing (independent of ubiquitylation) mediates the transcriptional
Volume 117 Number 11
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Figure 6

Enhanced Forkhead protein ubiquitylation and activity and suppressed IGF-1/GH-dependent cardiac
hypertrophy in cardiac-specific atrogin-1 Tg mice. (A) Cardiac hypertrophy was induced in 8-wk-old mice
with IGF-1/GH injections. Atrogin-1 Tg and WT mice were sacrificed 14 d later; their hearts were freshly
isolated; and levels of the indicated total and phospho-proteins were determined by IB. Results were
normalized to relative expression levels of phospho-Foxo1, Foxo3a, and Akt (n = 6). *P < 0.001 vs. WT.
(B) Equal amounts of lysates from WT and Tg hearts were immunoprecipitated with Foxo3a antibody and
analyzed by IB with antibodies against ubiquitin or Foxo3a to detect ubiquitylated forms of Foxo3a in vivo
before and after IGF-1/GH treatment. (C) RT-PCR was performed to measure the expression of known
Foxo1 and Foxo3a target genes in WT and Tg mouse hearts before and after IGF-1/GH treatment. Total
RNA was isolated from mouse hearts, and expression of transcripts for Bim, p27&ie’, GADD45, SOD2,
and GAPDH was determined and normalized to GAPDH (n = 6). *P < 0.001 vs. WT. A representative
analysis is shown. (D) M-mode echocardiographic analysis of hearts from Tg and WT mice after 2 wk
IGF-1/GH injection. (E) Representative macroscopic histologic analysis of H&E-stained hearts from indi-
cated mice after 2 wk IGF-1/GH injection. Histologic sections were also stained with wheat germ aggluti-
nin—TRITC conjugate to determine cell size. Scale bars: 1 mm (top); 50 um (bottom). (F) Cardiomyocyte
size from WT and Tg hearts after IGF-1/GH treatment.

effects of atrogin-1 on the Fork-
head transcription factors. To
exclude the latter possibility, we
assayed the interactions of Foxo3a
and atrogin-1 with and without
an intact F-box. The presence of
the F-box was not required for
Foxo3a interactions (Figure 5B),
which is consistent with our in
vitro binding assays (Figure 2D)
and suggests that the role of the
F-box of atrogin-1 in Foxo3a
coactivation is to recruit the Skp-
Cull-Rocl components to atro-
gin-1 for ubiquitin ligase assem-
bly. If this model is true, then
prevention of lysine 63-linked
ubiquitin chain assembly on
Foxo3a should abolish the coacti-
vation of Foxo3a by atrogin-1. To
test this, we examined the tran-
scriptional effects of atrogin-1
on Foxo3a under conditions in
which lysine 63-linked ubiquitin
linkages are suppressed in report-
er gene assays. Under conditions
in which atrogin-1 potently coact-
ivates Foxo3a transcription of the
p27kiP! promoter, overexpression
of lysine 63-ubiquitin completely
blocked the transcriptional
effects of atrogin-1, whereas
lysine 48-ubiquitin had no effect
(Figure 5C). Similar results were
obtained in studies examining
Foxol (Supplemental Figure 4).
Deletion of the F-box of atrogin-1,
or truncation to prevent binding
to Foxo proteins, abolished the
transcriptional activity of atro-
gin-1 (Supplemental Figure 5).
Collectively, these experiments
indicate that atrogin-1 suppresses
Akt-dependent cardiomyocyte
hypertrophy pathways by favoring
nuclear retention of unphosphor-
ylated Forkhead species and that
noncanonical ubiquitylation of
Foxol and Foxo3a via atrogin-1-
dependent lysine 63-linked
chains is required for transcrip-
tional coactivation.

Atrogin-1 increases Forkbead pro-
tein activity and suppresses IGF-1—
dependent cardiac hypertrophy in
vivo. To test the relevance of our
observations in vivo, we exam-
ined the effects of atrogin-1 on
Akt-dependent hypertrophy in Tg

mice that overexpress atrogin-1
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Table 1
Echocardiography of dimensions and function in WT and atrogin-1 Tg mice
at baseline and after 2 wk IGF/GH treatment

WT baseline  Tg baseline WT 2 wk Tg 2 wk
BW (g) 192+2.3 23.8+1.7 249+34 279+15
HW/TL (mg/mm) ND ND 8.66 + 0.31 7.49 +£0.35
LV mass index (mg) 109.9+115 113855 158.1+12.34  133.5+6.9A8
HR (bpm) 675.77 £ 23.02 640.8+24.15 699.12+17.39 676.83 + 10.67
IVSTD (mm) 0.93 +0.06 0.90 £ 0.05 1.24 £ 0.06A 1.01 £ 0.0548
IVSTS (mm) 1.58 + 0.09 1.62 + 0.05 1.85+0.094 1.64 + 0.058
PWTD (mm) 1.01 £0.05 1.00 £ 0.03 1.10 £ 0.054 0.95 + 0.04A8
PWTS (mm) 1.50+0.07 1.48 +0.05 1.70 £ 0.06A 1.50 £ 0.038
LVEDD (mm) 3.2+0.17 3.37£0.10 3.25+0.10 3.6+0.1378
LVESD (mm) 1.60 0.1 1.66 0.7 1.49 +0.08 1.72 £ 0.09
FS (%) 50.17+1.03  50.85+1.50 54.13+1.64 52.20 +1.99

Transthoracic echocardiography on unanesthetized mice. Data are mean + SEM. BW, body
wt; HW/TL, heart wt/tibia length; HR, heart rate; IVSTD, interventricular septal thickness in
diastole; IVSTS, interventricular septal thickness in systole; PWTD, posterior wall thickness
in diastole; PWTS, posterior wall thickness in systole; LVEDD, LV end-diastolic dimension;
LVESD, LV end-systolic dimension; ND, not determined. LV mass index was calculated as
(external LV diameter in diastole® — LV end-diastolic dimension?) x 1.055. Fractional shorten-
ing (FS) was calculated as (LV end-diastolic dimension — LV end-systolic dimension)/LV end-

research article

Our analyses using Tg mice allowed us to assess
the activity of ectopically expressed atrogin-1 on
cardiac responses to IGF-1/GH treatment and to
perform biochemical analyses of Forkhead pro-
tein activation. However, the role of endogenous
atrogin-1 in Akt-dependent hypertrophy, espe-
cially under more physiologic conditions, is not
addressed by these studies. To answer these ques-
tions, we examined the physiologic induction of
hypertrophy after 3 wk voluntary wheel exercise
in WT and Atrogin-17/- mice. Run times, total mile-
age, and average speed were not different between
groups (Table 2). Hearts from Atrogin-1-/~ mice
were grossly larger than those from WT mice after
running (Figure 7A and Table 2), and the area of
cardiomyocytes from Atrogin-17/- hearts was 64%
greater than control after exercise (Figure 7B).
These observations correspond to the increased
LV mass index and wall thickness in Atrogin-17/-
mice noted by echocardiography after, but not
before, running (Table 2, Figure 7C). Because

diastolic dimension. AP < 0.001 vs. baseline. BP < 0.001 vs. WT 2 wk.

under control of the a-myosin heavy chain promoter (8). We used
injections of IGF-1 and growth hormone (GH) for 14 d to stimu-
late Akt-dependent cardiac hypertrophy (17-19). Akt phosphory-
lation was increased by IGF-1/GH treatment in ventricles from
both WT and nontransgenic littermates (Figure 6A), as has been
previously described (17). However, whereas Foxol and Foxo3a
phosphorylation were increased after IGF-1/GH treatment in WT
mouse hearts, this phosphorylation was suppressed in atrogin-1
Tg mice. To establish whether ubiquitylation of Forkhead proteins
is regulated by atrogin-1 in vivo, we immunoprecipitated Foxo3a
from heart lysates and probed these precipitates for ubiquitylated
species. We found that Foxo3a ubiquitylation was increased in
atrogin-1 Tg hearts after IGF-1/GH treatment (Figure 6B). We
next measured the mRINA expression of known Forkhead target
genes Bim, p27kiP!, GADD4S5, and SOD2 to determine whether the
transcriptional activity of Foxol and Foxo3a was concomitantly
increased in atrogin-1 Tg hearts. Quantitative analysis indicated
that the expression of each of these target genes was increased by
2-fold or more in hearts from atrogin-1 Tg mice after IGF-1/GH
treatment compared with hearts from WT mice (Figure 6C).

Echocardiography was performed on mice at baseline and after
14 d of IGF-1/GH treatment to determine the physiologic conse-
quences of atrogin-1 on IGF-1/GH-dependent hypertrophy. LV mass
increased by 44% in WT hearts and by only 17% in atrogin-1 Tg hearts
after IGF-1/GH treatment (Table 1 and Figure 6D). The parameters
of hypertrophy, interventricular and posterior wall thickness, also
failed to increase in atrogin-1 Tg mouse hearts. Heart weight/tibia
length ratios, determined as an additional index of cardiac hypertro-
phy, were also significantly lower (P < 0.02) in atrogin-1 Tg mice after
IGF-1/GH treatment. Cardiac function, as estimated by fractional
shortening, was not affected in atrogin-1 Tg mice before or after
IGF-1/GH treatment (Table 1), in spite of the lack of a hypertrophic
response in these mice. Histologically, cardiomyocyte size increased
by 96% in WT mouse hearts but only by 27% in atrogin-1 Tg hearts
after IGF-1/GH treatment (Figure 6, E and F).
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amounts of ubiquitylated Foxo proteins were at
the limits of detection in WT hearts, it was tech-
nically not feasible to measure decreases in their
modification in Atrogin-17/- hearts. Nevertheless,
our overexpression and underexpression data in vivo collectively
correspond closely to our in vitro observations and indicate that
atrogin-1 enhances the activation of Forkhead transcription fac-
tors Foxo1l and Foxo3a and concomitantly suppresses Akt-depen-
dent cardiomyocyte hypertrophy, indicating what we believe to be
a new role for noncanonical ubiquitylation in a pathophysiologi-
cally relevant context.

Discussion

Because cardiac hypertrophy eventually plateaus even in the set-
ting of continued prohypertrophic stimulation and is reversible
when these stimuli abate, it is evident that the regulation of car-
diomyocyte size depends on the balance between factors that either
promote or antagonize cellular enlargement. Our previous studies
identified a role for atrogin-1 in limiting pathological cardiomyo-
cyte hypertrophic responses in vivo and in vitro by targeting calci-
neurin for proteasome-dependent degradation (8), which provides
a regulatory mechanism to counterbalance pro- and antigrowth
mechanisms in cardiac hypertrophy (12). The results of our pres-
ent studies indicate that this counterregulatory role for atrogin-1
exists for calcineurin-independent cardiac growth as well. Akt is
a proximal component of the physiologic, calcineurin-indepen-
dent hypertrophic pathway (1). We found using a combination
of knockdown and overexpression approaches that atrogin-1 has
no effect on Akt activation in response to IGF-1 or insulin chal-
lenge in cardiomyocytes, but nevertheless represses Akt-dependent
hypertrophy by activating the Forkhead transcription factors. The
transcriptional coactivation of Foxol and Foxo3a by atrogin-1
and upregulation of Forkhead-dependent transcriptional targets
allows the heart to uncouple the inhibition of Akt-dependent
hypertrophic signaling from other essential effects of Akt on cell
survival and metabolism.

Activated Forkhead transcription factors participate in repres-
sion of both Akt-dependent and calcineurin-dependent hypertro-
phy (12, 13). Thus, whereas prohypertrophic signaling is segregated
Volume 117 3219
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exquisitely in physiologic and pathologic circumstances (1), the
pathways that antagonize cardiac hypertrophic responses through
transcriptional (Forkhead proteins) and protein stability (atrogin-1)
mechanisms are common to both types of cardiac hypertrophy.
This shared role is consistent with studies implicating both pro-
tein synthesis and protein degradation in antigrowth mechanisms
in the heart in vivo (20). Importantly, because Forkhead proteins
regulate atrogin-1 expression in skeletal and cardiac muscle (11,
12), our results indicate the presence of a feed-forward mechanism
in which atrogin-1 is activated by, and in turn coactivates, Foxo3a
and Foxol. The presence of such a mechanism suggests that post-
natal cardiac growth is carefully regulated at several levels through
inhibitory processes, with atrogin-1 acting as both a transcription-
al coactivator and ubiquitin ligase to coordinate multiple steps in
this process. These studies also suggest the existence of additional
layers of regulation that suppress this feed-forward pathway, and
the elucidation of these mechanisms remains a fruitful topic for
furcher inquiry. One potential mechanism to regulate this feed-
forward loop is through Foxo-dependent activation of Akt itself,
which has recently been described (13, 21).

Because canonical ubiquitylation of proteins via lysine 48—
linked chains targets proteins for degradation via the proteasome,
the observation that atrogin-1 binds and activates the Forkhead
transcription factors raised the possibility of non-proteasome-
dependent activities for atrogin-1. The Forkhead transcription fac-
tors are regulated through several well-defined posttranslational
mechanisms. When phosphorylated by Akt, these proteins are
retained in the cytoplasm, where they are transcriptionally inac-
tive and susceptible to proteasome-dependent degradation thatis
triggered by a Skp2-containing ubiquitin ligase (22). In contrast,
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the dephosphorylated forms of Forkhead proteins are nuclear
localized and transcriptionally active, and p300-dependent acet-
ylation additionally enhances their activity (14, 23). Atrogin-1
blocks Akt-dependent Foxol and Foxo3a phosphorylation and
enforces their localization in the nucleus, which may account in
part for the transcriptional effects of atrogin-1 on these proteins.
However, atrogin-1 also enhances the transcriptional activity of
phosphorylation-defective constitutively active mutants of Foxo1l
and Foxo3a that spontaneously localize to the nucleus, indicating
that atrogin-1 modifies the activity of Forkhead proteins within
the nucleus directly and not simply as a consequence of altered
subcellular trafficking.

The coactivation of transcriptionally active proteins by ubiq-
uitin ligases may seem paradoxical, but there is precedent for
ubiquitin modifications regulating transcription. Monoubiqui-
tylation of histones, transcription factors, and components of the
core RNA polymerase machinery is a well-described mechanism
for regulation of transcription (24-27). Indeed, the Forkhead
protein Foxo4 was recently shown to be monoubiquitylated in
response to hydrogen peroxide stimulation (28). However, the
effects of atrogin-1 on Foxol and Foxo3a we observed here are
distinctive in that atrogin-1 regulation is dependent on assembly
of lysine 63-linked ubiquitin chains. Lysine 63-linked ubiquitin
chains have typically been associated with intracellular signaling
events by serving as a signal for recruitment of accessory proteins
(15), but a clear role for this noncanonical ubiquitylation event as
aregulatory mechanism for mammalian transcription factors has
not been established. The promiscuity of atrogin-1 with respect to
chain linkage topology is not unprecedented for a ubiquitin ligase
(29, 30) and provides an elegant means for a ubiquitin ligase to
Volume 117
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Echocardiography and run statistics of Atrogin-1-- and littermate Atrogin-1++ mice at baseline and after 3 wk voluntary running

WT baseline Atrogin-1-- baseline

Run time/24 h (h) ND ND
Distance/24 h (miles) ND ND
Speed (MPH) ND ND

BW (g) 229+0.9 233+1.2
HW/TL (mg/mm) ND ND

LV mass index (mg) 954 +11.2 98.4+54
HR (bpm) 638.1+ 23 625.1 +19
IVSTD (mm) 0.87 +0.01 0.87 £ 0.02
IVSTS (mm) 1.51+£0.05 1.51+£0.05
PWTD (mm) 0.86 +0.03 0.86 +0.02
PWTS (mm) 1.53 £ 0.06 1.52 +£0.05
LVEDD (mm) 2.95+0.15 3.17+0.08
LVESD (mm) 1.31 £ 0.06 1.42 + 0.06
FS% 541+24 534112

WT 3 wk running

Atrogin-1-- 3 wk running Atrogin-1-~ 3 wk sham

4.45£0.52 4.63 £ 0.60 0
1.89+0.35 1.80+0.35 0
0.35+0.28 0.36+0.17 0
23507 23.0+0.6 22313
74+05 8.2+0.58 71+05
127.4 +6.8C 153.1 + 8.0ABC 97.0+3.3
654 + 21 630 + 17 633 + 24
1.04 £0.01¢ 1.24 £ 0.03A8C 0.86 +0.01
1.7+ 0.02¢ 1.89 £ 0.1648C 1.51+0.14
0.97 +0.04¢ 1.25 £ 0.0548C 0.82 £ 0.01
1.57 £ 0.04¢ 1.7 £ 0.05ABC 1.48 + 0.06
3.17£0.10 2.86£0.12 3.17 £0.06
1.34 £ 0.04 1.23+0.10 1.47 £ 0.07
55.6+0.9 55.2+21 525+24

Transthoracic echocardiography on unanesthetized mice. Data are mean + SEM. MPH, miles per h; BW, body wt; HW/TL, heart wt/tibia length; HR, heart rate;
IVSTD, interventricular septal thickness in diastole; IVSTS, interventricular septal thickness in systole; PWTD, posterior wall thickness in diastole; PWTS, pos-
terior wall thickness in systole; LVEDD, LV end-diastolic dimension; LVESD, LV end-systolic dimension; ND, not determined.LV mass index was calculated as
(external LV diameter in diastole® — LV end-diastolic dimension3) x 1.055. Fractional shortening (FS) was calculated as (LV end-diastolic dimension — LV end-
systolic dimension)/LV end-diastolic dimension. AP < 0.001 vs. WT 3 wk running. BP < 0.01 vs. Atrogin-1-~ 3 wk sham. °P < 0.01 vs. baseline.

mediate activities that are both dependent on and independent
of proteasomes. In the case of atrogin-1, the ability to assemble
ubiquitin chains of different linkages permits the inactivation of
calcineurin through targeting to the proteasome at the same time
that transcriptional activation of Forkhead transcription factors
is favored. The assembly of noncanonical ubiquitin chains by
atrogin-1 provides what we believe to be a new muscle-specific
regulatory modification that regulates nuclear functions to sup-
press hypertrophic signaling within the heart.

Methods

Plasmids and antibodies. The WT and mutants of atrogin-1, His- or HA-
ubiquitin, Flag-Foxo1, and HA-Foxo1A3 have been described previously
(8, 14). Flag-Foxo1 mutants (1-593,1-517,1-417,1-261, and S256A) were
gifts from D.J. Tindall (Mayo Clinic, Rochester, Minnesota, USA). HA-
Foxo3a and Foxo3aA3, 6xDBE- and Bim-luciferase reporters were gifts
from L. Guarente (Massachusetts Institute of Technology, Cambridge,
Massachusetts, USA), and pGL2-p27%! luciferase reporter was a gift
from T. Sakai (Kyoto Prefectural University of Medicine, Kyoto, Japan).
siRNA sequences for atrogin-1 were previously described (8). Antibodies
used were as follows: anti-Flag (Sigma-Aldrich); anti-Myc (clone 9E10;
Santa Cruz Biotechnology Inc.); anti-HA (clone 12CAS; Roche Diagnos-
tics); anti-Akt, anti-phospho-Akt (Ser473), anti-phospho-Akt (308), anti-
mTOR, anti-phospho-mTOR (Ser2448), anti-p70S6K, phospho-p70S6K
(Thr389), anti-GSK-3p, anti-phospho-GSK-3f (Ser9), anti-Foxo1, anti-
phospho-Foxo1 (Ser256), and anti-phospho-Foxo3 (Thr32; all from Cell
Signaling Technology); anti-Foxo3a (06-951; Upstate); anti-ubiquitin and
anti-GAPDH (Chemicon International Inc.); and anti-mouse- or anti-rab-
bit-conjugated antibodies (Invitrogen).

Cell culture and adenovirus infection. We cultured 293 cells in DMEM supple-
mented with 10% FBS at 37°C. Neonatal rat cardiomyocytes were isolated
by enzymatic disassociation of 1- to 2-d-old neonatal rat hearts and infect-
ed with adenoviruses expressing vectors as previously described (8). Recom-
binant adenoviruses expressing GFP alone (Ad-GFP), Myc-tagged atro-
gin-1 and GFP (Ad-atrogin-1-GFP), siRNA-control, or siRNA-atrogin-1

driven by the cytomegalovirus promoter were generated using the AdEasy

The Journal of Clinical Investigation

http://www.jci.org

system (MP Biomedicals Inc.) as described previously (31). To induce the
hypertrophic response, IGF-1, insulin, or PE was added to cultures at con-
centrations indicated in serum-free media for 24 h.

IP, Western blotting, and GST pulldown assays. IP and IB were performed as
described previously (8). Briefly, 293 cells were cotransfected with expres-
sion vectors for HA- or Myc-tagged atrogin-1, Flag-tagged Foxo1, or HA-
tagged Foxo3 using FuUGENE 6 (Roche Diagnostics). Tagged proteins were
immunoprecipitated for 2 h at 4°C with the appropriate antibody. Beads
were washed and analyzed by IB. GST pulldown assays were performed
as described previously (8). Briefly, 293 cells were transfected with a Flag-
Foxol or HA-Foxo3a expression plasmid for 36 h, and cells were lysed for
30 min in lysis buffer. Lysates were precleared with GST beads for 1 h and
incubated with GST or GST-atrogin-1 fusion proteins for 1 h at 4°C. The
bound beads were washed 4 times with lysis buffer and analyzed by IB.

Luciferase assays. Luciferase activity assays were performed using the Lucifer-
ase Assay System (Promega) as described previously (8). Neonatal cardiomyo-
cytes were transiently cotransfected with expression vectors carrying atrogin-1
or AF-box mutant, Foxo1l or Foxo3a, atrogin-1 siRNA or control vector, and
luciferase reporter constructs using FuGENE 6 (Roche Diagnostics) or Lipo-
fectamine 2000 (Invitrogen). Cells were lysed and assayed for luciferase activ-
ity 24-36 h after transfection. Data represent mean + SEM of 3 independent
experiments performed in duplicate and normalization for -gal activity.

Immunofluorescence. Cardiomyocytes were processed for immuno-
fluorescence as described previously (8). Visualization of cardiomyocyte size
was performed by immunostaining with anti-o-actinin antibodies. Fluores-
cent images were collected on an epifluorescence microscope (Eclipse E800;
Nikon Inc.). Quantitation of cardiomyocyte cell surface area was performed
on digitized images using NIH Image software. We examined 100 cardio-
myocytes in 15-20 fields in 3 independent experiments.

In vivo ubiquitylation assays. To assess ubiquitylation in vivo, 293 cells were
transfected with expression vectors containing His-ubiquitin or HA-ubig-
uitin, Flag-Foxo1, HA-Foxo3a, and Myc-atrogin-1 using FuGENE 6. Lysate
proteins were precipitated and analyzed by IB using appreciate antibodies
as previously described (8).

In vitro ubiquitylation reactions. For atrogin-1-mediated ubiquitylation,
Skp1, Cull, and Rocl immunocomplexes were precipitated from trans-
Volume 117 3221
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fected 293 cells with 2 ug anti-Myc antibody as described previously (8).
Purified Foxo1 or Foxo3a and immunocomplexes were incubated in 30 ul
ubiquitin reaction buffer, 60 ng E1, 600 ng Ubc13, and 10 ug ubiquitin in
the presence of bacterially purified GST only, GST-atrogin-1, or GST-atro-
gin-1 AF-box (1 pg). After incubation at 30°C for 2 h, reaction products
were analyzed by IB using the indicated antibodies.

Pulse-chase analysis. Pulse-chase analysis was performed as described pre-
viously (25). Briefly, 293 cells were transfected with the indicated plasmid
and then incubated for 2 h at 37°C in methionine- and cysteine-free media,
followed by pulse-labeling for 15 min with 1 mCi/ml-! 3S-methionine-cys-
teine (Trans label; ICN Biochemicals). At the indicated times, cells were
washed twice in PBS and lysed in IP lysis buffer. Lysates were subjected
to IP using the anti-Flag or anti-HA antibodies. Immunoprecipitates were
analyzed by SDS-PAGE followed by autoradiography.

Unloaded voluntary wheel exercise—induced cardiac hypertrophy. Atrogin-1-/-
mice backcrossed approximately 7 generations onto C57BL/6 mice were
used as previously described (9). Heterozygous mice were used to generate
Atrogin-17/- and littermate Atrogin-1*/* mice for the experiments described.
All animal experiments were approved by the Institutional Animal Care
and Use Committee of the University of North Carolina at Chapel Hill.
Physiologic hypertrophy was induced by unloaded voluntary wheel run-
ning in female mice as previously described (32). Briefly, Atrogin-17/~ mice
were assigned to either no-resistance wheel running (n = 6) or sedentary
control (n = 3). WT littermates (n = 5) were assigned to no-resistance wheel
running. Exercise wheels were equipped with a Mity 8 Cyclocomputer
(model CC-MT400), which recorded distance, average speed, running time,
and maximum speed. Voluntary running began at an average age of about
12 wk for all groups. Mice underwent echocardiography at baseline, ran
voluntarily for 21 d, and underwent a final echocardiography before har-
vest. After 21 d of nonloaded, voluntary wheel running, mice underwent
echocardiography followed by sacrifice via isoflurane inhalation overdose
and subsequent cervical dislocation.

IGF-1/GH-induced cardiac hypertrophy. The IGF-1/GH infusion model of
hypertrophy was previously described (17). GH (Nutropin AQ; Genentech)
and Long R3-IGF-1 (JRH Biosciences) were infused at 4 mg/kg each twice
daily via subcutaneous injection. Echocardiography was performed with a
Vevo 660 ultrasound system (VisualSonics Inc.) equipped with a 30-MHz
transducer. All procedures were approved by and performed in accordance
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with the University of North Carolina Institutional Animal Care and Use
Committee. Histologic analyses of heart tissues were performed accord-
ing to standard protocols (8). Samples were stained with H&E for routine
histologic examination and wheat germ agglutinin-TRITC conjugate
to identify sarcolemmal membranes so that myofiber diameter could be
quantified. Total RNA was purified from cultured cells or intact hearts
with TRIZoL (Invitrogen). For RT-PCR, the expression levels of Bim, p27¥ipt,
GADD45, SOD2, and GAPDH (as a control) were measured with primers
designed to detect mouse gene products as described previously (33).

Statistics. Data are presented as mean + SEM. Differences between groups
were evaluated for statistical significance using 2-tailed Student’s ¢ test.
A P value less than 0.05 was considered significant. A 1-way analysis of
variance was used to determine significant differences between groups in
the voluntary running data. A pairwise multiple comparison was employed
using the Holm-Sidak method to determine statistical significance between
groups (Sigma Stat 3.5; Systat Inc.).
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