Research article

Atrogin-1/muscle atrophy F-box
Inhibits calcineurin-dependent cardiac
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Calcineurin, which binds to the Z-disc in cardiomyocytes via a-actinin, promotes cardiac hypertrophy in
response to numerous pathologic stimuli. However, the endogenous mechanisms regulating calcineurin activity
in cardiac muscle are not well understood. We demonstrate that a muscle-specific F-box protein called atrogin-1,
or muscle atrophy F-box, directly interacts with calcineurin A and a-actinin-2 at the Z-disc of cardiomyocytes.
Atrogin-1 associates with Skp1, Cull, and Roc1 to assemble an SCF2tosin! complex with ubiquitin ligase activity.
Expression of atrogin-1 decreases levels of calcineurin A and promotes its ubiquitination. Moreover, atrogin-1
attenuates agonist-induced calcineurin activity and represses calcineurin-dependent transactivation and NFATc4
translocation. Conversely, downregulation of atrogin-1 using adenoviral small interfering RNA (siRNA) expres-
sion enhances agonist-induced calcineurin activity and cardiomyocyte hypertrophy. Consistent with these cel-
lular observations, overexpression of atrogin-1 in hearts of transgenic mice reduces calcineurin protein levels
and blunts cardiac hypertrophy after banding of the thoracic aorta. These studies indicate that the SCFatrogin-1
ubiquitin ligase complex interacts with and represses calcineurin by targeting calcineurin for ubiquitin-medi-

ated proteolysis, leading to inhibition of cardiac hypertrophy in response to pathologic stimuli.

Introduction

Cardiac hypertrophy is an adaptive change in heart size due to an
increase in cardiomyocyte cell volume (1). Hypertrophy is a major con-
tributor to diastolic dysfunction of the heart and symptomatic con-
gestive heart failure in humans and is a potent prognostic indicator
of all-cause and cardiac mortality independent of symptomatology
(2). Sustained cardiac hypertrophy develops in response to a variety
of pathologic stimuli, including pressure overload, hypertension, and
contractile protein abnormalities. In order for any form of hypertro-
phic remodeling to occur, stress stimuli must activate specific signal-
ing pathways that lead to an increase in size of cardiac myocytes, pro-
tein synthesis, sarcomeric assembly and organization, and activation
of a fetal cardiac gene expression program (3).

In recent years, substantial progress has been made in defining
intracellular signaling pathways that control transduction of hyper-
trophic stimuli. Among these pathways, a role for the calcineurin/
nuclear factor of activated T cells-dependent (calcineurin/NFAT-
dependent) signaling pathway as a regulator of cardiac hypertrophy
has been clearly established (4). Calcineurin A is a calcium-activated
serine/threonine phosphatase that dephosphorylates and activates
NFAT family members. First described as a regulator of immune
function in T cells, calcineurin A lies downstream of G protein-
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coupled receptor activation in a signaling cascade that leads to
cardiac hypertrophy. Calcineurin A is tethered to a-actinin-2 at
the Z-disc in myocytes, which may allow coupling of contractile
status and calcineurin activation (5). In cultured cardiomyocytes,
the calcineurin inhibitors cyclosporin A and FK506 prevent hyper-
trophy of myocytes in the presence of hypertrophic agonists (1).
In transgenic mice, cardiac-specific overexpression of activated
calcineurin A promotes a hypertrophic response that progresses
to heart failure and death (4). Conversely, calcineurin A-deficient
mice show a dramatic reduction in calcineurin activity and hyper-
trophic responses, induced by pressure overload or agonist infu-
sion (6). Moreover, proteins that inhibit calcineurin activation —
Cabin/Cain, A kinase-anchoring protein 79 (AKAP79), calcineurin
B homology protein, and modulatory calcineurin-interacting pro-
tein 1 (MCIP1) — can abrogate cardiac hypertrophy in response to
hypertrophic stimuli both in vitro and in vivo (7-10). However, the
mechanisms through which calcineurin activity is regulated in car-
diomyocytes remain unclear at the present time.

Atrogin-1, also known as muscle atrophy F-box, is a skeletal mus-
cle- and cardiac muscle-specific F-box protein that binds to Skp1,
Cull, and Rocl, components of the SCF family of ubiquitin ligases
(11, 12). The F-box proteins function as adaptors that bind specific
substrates through protein-protein interaction domains to target
them for ubiquitin-dependent degradation (13, 14). Atrogin-1 lacks
common domains found in other F-box proteins that are known to
interact with substrates (e.g., WD-40 repeats, leucine-rich repeats),
so that identification of putative atrogin-1 targets has proven elu-
sive. However, atrogin-1 contains conserved domains such as a
PDZ-binding motif and a cytochrome ¢ family heme-binding site
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Figure 1

Molecular interaction of atrogin-1 with a-actinin-2 and calcineurin A (CnA). (A) Yeast 2-hybrid analysis of atrogin-1 interaction with a-actinin-2 (left)
and calcineurin A (right). pGBKT7 and pACT2 are empty plasmids. pGAD-T7 vector expresses a T antigen—GAL4 activation domain fusion that
interacts with p53 (positive control reaction). (B) In vitro interactions of atrogin-1 with a-actinin-2 and calcineurin A in GST pull-down assays. The
ability of a-actinin-2 (top) or calcineurin A (bottom) expressed in COS-7 cells to be retained by GST or a GST—atrogin-1 fusion protein was ana-
lyzed by immunoblotting after binding reactions. (C) COS-7 cells were transfected with Xpress-tagged (Xp) atrogin-1 and GFP-tagged calcineurin
A or HA-tagged a-actinin-2 expression plasmids as indicated. Equal amounts of cell extract were immunoprecipitated with the Xpress antibody
and analyzed by immunoblotting with antibodies directed against Xpress (to detect atrogin-1) and HA (to detect a-actinin-2, top) or against GFP
(to detect calcineurin A, bottom). WCE, whole cell extract. (D) Endogenous protein interactions were examined in cardiomyocyte cell lysates that
were immunoprecipitated with preimmune serum or anti—atrogin-1 antibody and analyzed by immunoblotting with antibodies to detect a-actinin
(top), calcineurin A (middle), and atrogin-1 (bottom). (E) Direct protein interactions were detected by incubation of GST—atrogin-1 or GST (1 ug)
with 1 ug of recombinant calcineurin A or a-actinin-2 proteins. Mixtures were precipitated with anti-GST antibody and analyzed by immunoblotting
with antibodies against a-actinin, calcineurin A, and GST. (F) Coimmunostaining analysis of endogenous atrogin-1, calcineurin A, and a-actinin-2

in neonatal cardiomyocytes. The overlay shows that atrogin-1 colocalizes with both a-actinin (top) and calcineurin A (middle).

signature at its carboxyl terminus that may be involved in protein-
protein interactions (12). Overexpression of atrogin-1 in skeletal
myotubes leads to atrophy, and mice deficient in atrogin-1 are
resistant to denervation atrophy of skeletal muscle (11, 12). These
observations suggest that atrogin-1 may regulate muscle cell size
via its participation in a muscle-specific ubiquitin ligase complex,
although such an activity is yet to be proven and signaling path-
ways regulated by atrogin-1 have not been determined. In addition,
neither the function of atrogin-1 nor its downstream targets in the
heart are known. It is logical to speculate that atrogin-1 should
regulate pathways that are shared by skeletal and cardiac muscle.
In order to resolve these issues, we have searched for potential
partner proteins of atrogin-1 that might indicate a functional role
for this F-box protein in the heart. We report that atrogin-1 binds
a-actinin-2 and calcineurin A and localizes at the Z-disc of cultured
cardiomyocytes. Atrogin-1 attenuates agonist-induced calcineurin
activity, hypertrophy, and fetal gene expression and also represses
calcineurin-dependent transactivation and NFATc4 translocation
in vitro. The F-box domain of atrogin-1 binds other components of
the SCF ubiquitin ligase complex and has intrinsic ubiquitin ligase
activity. Consistent with its role as a ubiquitin ligase component,
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atrogin-1 downregulates levels of endogenous calcineurin in vivo
and promotes its ubiquitination in vitro. Finally, overexpression
of atrogin-1 in the heart blunts induction of calcineurin activity
and cardiac hypertrophy after aortic banding in transgenic mice,
indicating that atrogin-1 acts as a calcineurin signaling repressor
both in vitro and in vivo. Cardiac-specific regulation of calcineurin
activity via ubiquitin-dependent proteolysis by atrogin-1 provides
a mechanism for rapid regulation of calcineurin A specifically and
without concomitant effects on immune function.

Results
Atrogin-1 associates with o-actinin-2 and calcineurin A. As a first step
to investigate the functions of atrogin-1, we searched for partner
proteins that interact directly with atrogin-1 via a yeast 2-hybrid
assay. A systematic search for functional domains within atrogin-1
indicated the presence of potential protein-protein interaction
domains, including sequences adjacent to the F-box that might be
required for substrate recognition, in the C-terminus of atrogin-1
(12). We therefore expressed the C-terminus of atrogin-1 as a
fusion protein with the GAL4 DNA-binding domain in pGBKT7
vector as bait to screen an adult human heart cDNA library, which
Volume 114~ Number 8
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Figure 2

Mapping the interaction domains of atrogin-1, a-actinin-2, and calcineurin A. (A) The residues of atrogin-1 required for binding to a-actinin-2 and
calcineurin A were determined with GST pull-down assays. GST—atrogin-1 fusion proteins were purified and analyzed for expression (top). The
ability of the truncated atrogin-1 fusion proteins to bind to calcineurin A (expressed in COS-7 cells as a GFP fusion) and a-actinin-2 (expressed
as an HA fusion) was analyzed by blotting with antibodies against HA (middle) and GFP (bottom). (B) GST—calcineurin A was affinity-purified
and analyzed by blotting with antibody against GST (top). The pull-down (middle) and input (bottom) fractions of COS-7 cell extracts express-
ing the indicated Myc-tagged atrogin-1 truncations were immunoblotted with antibodies against Myc. (C) Schematic representation of atrogin-1
truncations that interact with a-actinin-2 and calcineurin A. F-box, F-box domain; NLS, nuclear location sequence; PDZ, PDZ domain. (D) The
region of calcineurin A involved in binding to atrogin-1 was analyzed in pull-down assays. GST—calcineurin A fusion proteins were affinity puri-
fied and analyzed by blotting with GST antibody (top). The ability of the various calcineurin A fusion proteins to bind to atrogin-1 expressed as a
Myc-tagged fusion in COS-7 cells was analyzed by blotting with Myc antibody (bottom). (E) Schematic representations of calcineurin A residues

that bind to atrogin-1. CnB, calcineurin B-binding domain; CaM, calmodulin-binding domain; AID, autoinhibitory domain.

was cloned in pACT2. Among the potential binding partners
found in this screen, the Z-disc-localizing actin-binding protein
a-actinin-2 exhibited strong and specific interaction (Figure 1A).
The interaction between atrogin-1 and a-actinin-2 was confirmed
by in vitro glutathione-S-transferase (GST) pull-down assays (Fig-
ure 1B). The interaction of atrogin-1 with a-actinin-2 was further
tested by coimmunoprecipitation of epitope-tagged proteins in
COS-7 cells. Xpress-tagged atrogin-1 efficiently coprecipitated
hemagglutinin-tagged (HA-tagged) a-actinin-2 (Figure 1C). Atro-
gin-1 overexpression did not affect levels of a-actinin-2 protein in
cardiomyocytes, which suggested to us that a-actinin-2 is not a
ubiquitination target of atrogin-1 and might instead participate
in multiprotein complexes with atrogin-1 and other proteins that
are themselves targets for the activity of atrogin-1.
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To explore the relevance of this association, we tested whether
endogenous atrogin-1 can interact with o-actinin-2 under physi-
ologic conditions. We performed immunoprecipitation and
immunoblotting experiments using extracts prepared from rat
neonatal cardiomyocytes and found that a-actinin-2 efficiently
coimmunoprecipitated with endogenous atrogin-1 (Figure 1D).
Immunostaining indicated that endogenous atrogin-1 expression
is concentrated at the Z-disc in a pattern that overlaps with that
of a-actinin-2 (Figure 1E). Among known interaction partners of
a-actinin-2 in striated muscle, calcineurin A stands out because
of its role in coordinating myocyte gene expression programs that
determine cell size (5). We therefore compared the immunolocaliza-
tion of atrogin-1 and calcineurin A and found that these proteins
were also similarly distributed and concentrated at the Z-disc. This
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Figure 3

Atrogin-1 regulates endogenous calcineurin A levels and activity. (A) Cardiomyocytes were infected with increasing multiplicities of infection
(MOI) of Ad-atrogin-1-GFP and Ad-GFP with FBS stimulation for 36 hours. The levels of expressed atrogin-1 and endogenous calcineurin A were
determined by immunoblotting with anti-Myc or —calcineurin A antibodies, respectively. An antibody against -actin was used to assess protein
loading. A representative blot is shown for each condition. (B) Calcineurin A phosphatase activity was measured with 5 ug of cell extracts. The
data are from 3 independent experiments in duplicate. *P < 0.05, #P < 0.001 vs. Ad-GFP. (C) Adenovirus-infected cardiomyocytes were tested
for expression of endogenous o-actinin-2, ERK1, ERK2, JNK1, PKCd, p38 MAPK, and Akt by immunoblotting with the indicated antibodies. An
antibody against p-actin was used to assess protein loading. (D) Cardiomyocytes were infected with increasing MOI of Ad-siRNA-atrogin-1 and
Ad-siRNA-control with FBS stimulation for 36 hours, and the levels of expressed atrogin-1 and endogenous calcineurin A were determined by

Western blotting. (E) Calcineurin A phosphatase activity was measure
control. The data are from 3 independent experiments in duplicate. *P <

expression pattern suggested that atrogin-1 and calcineurin A may
also directly interact. The association of atrogin-1 and calcineurin A
was confirmed in yeast 2-hybrid and GST-binding assays (Figure 1,
AandB)and coimmunoprecipitation experiments (Figure 1, Cand D).
To test whether these interactions are direct, we performed in vitro
binding reactions using recombinant proteins. Both a-actinin-2
and calcineurin A bound efficiently to a GST-atrogin-1 fusion pro-
tein in these assays (Figure 1F). Taken together, these experiments
indicate that atrogin-1 is a bona fide interaction partner of both
a-actinin-2 and calcineurin A within the cardiac myofibril, most
likely participating in a ternary multiprotein complex.

Interaction domains of atrogin-1, calcineurin A, and o-actinin-2. To
define the regions in atrogin-1 that are responsible for binding with
calcineurin A, we tested serially deleted atrogin-1 mutants expressed
in bacteria as GST fusion proteins for their ability to bind calcineurin
A (Figure 2A, top). GST pull-down assays revealed that the F-box
domain of atrogin-1 is dispensable for protein-protein interactions;
amino acids 272-283 of atrogin-1 are necessary for the interaction
of atrogin-1 with a-actinin-2 (Figure 2A, middle), whereas the adja-
cent amino acids 284-345 of atrogin-1 are required for binding to
calcineurin A (Figure 2A, bottom). To further confirm the region of
atrogin-1 required for association with calcineurin A, a full-length
calcineurin A GST fusion was tested in GST pull-down assays with a
series of atrogin-1 deletion mutants expressed in vivo in COS-7 cells.
Amino acids 284-345 of atrogin-1 were also required for calcineurin
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d in cardiomyocytes infected with Ad-siRNA-atrogin-1 and Ad-siRNA-
0.001 vs. Ad-siRNA-control.

Abinding in this assay (Figure 2B). These data, summarized in Fig-
ure 2C, indicate that topologically adjacent domains of atrogin-1 are
required for a-actinin-2 and calcineurin A binding,

To identify the sequences in calcineurin A required for interaction
with atrogin-1, a series of truncations of calcineurin A expressed as
GST fusions (Figure 2D, top) was used in pull-down assays with Myc-
atrogin-1 expressed in COS-7 cells. The region of calcineurin A con-
taining amino acids 287-337 was required for binding to atrogin-1
(Figure 2D, bottom). These data (summarized in Figure 2E) indicate
that the atrogin-1-interacting domain of calcineurin A resides within
the C-terminal portion of its catalytic domain and is distinct from the
binding site for other known calcineurin-interacting proteins.

Atrogin-1 reduces endogenous calcineurin A protein levels and decreases
calcineurin A activity in neonatal cardionvyocytes. Because atrogin-1isa
putative ubiquitin ligase component, we tested the ability of atrog-
in-1 to regulate the level of endogenous calcineurin A protein in car-
diomyocytes infected with adenoviruses Ad-GFP and Ad-atrogin-1-
GFP after FBS stimulation. There are 3 known genes that encode
catalytic calcineurin A proteins, calcineurin Aa,, calcineurin A, and
calcineurin Ay. Infection with Ad-atrogin-1-GFP caused a dose-
dependent reduction in the level of total endogenous calcineurin
A, including both calcineurin Aa and calcineurin AP (Figure 3A),
demonstrating that atrogin-1 reduces calcineurin A protein levels
in cardiomyocytes. To establish the cellular consequences of the
effects of atrogin-1 on endogenous calcineurin A protein, we mea-
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Figure 4

Atrogin-1 blocks calcineurin-dependent transcriptional responses and nuclear translocation of NFATc4 but does not inhibit a constitutively active
form of NFAT in cardiomyocytes. (A) The calcineurin-dependent transcriptional response was measured in cardiomyocytes by cotransfection of a
plL2-Luc reporter plasmid and active calcineurin A (CnA*) together with atrogin-1 or the empty expression vector as control, and luciferase activity
was measured. (B) A plL2-Luc reporter plasmid and active calcineurin A together with plasmids expressing siRNA-atrogin-1 or siRNA-control were
transfected in cardiomyocytes, and luciferase activity was measured. (C) An NFAT-dependent plL2-Luc reporter plasmid, an expression vector
encoding active NFAT (ANFAT), and atrogin-1 or the empty expression vector as control were transfected in cardiomyocytes, and luciferase activity
was measured. (D) Cardiomyocytes transfected with the indicated plasmids were immunostained 36 hours after transfection with an antibody against
NFATc4 (red), and nuclei were counterstained with DAPI (blue). (E) Cardiomyocytes transfected with the indicated plasmids were separated into
cytoplasmic and nuclear fractions. Equal amounts of protein were analyzed by immunoblotting with NFATc4, GAPDH, and Oct1 antibodies. GAPDH
and Oct1 served as cytoplasmic and nuclear markers, respectively. A representative blot is shown for each condition. CsA, cyclosporin A.

sured calcineurin phosphatase activity in cardiomyocytes infected
with either Ad-GFP or Ad-atrogin-1-GFP after FBS stimulation.
Calcineurin phosphatase activity was significantly decreased in a
dose-dependent manner in Ad-atrogin-1-GFP-infected compared
with Ad-GFP-infected cardiomyocytes (Figure 3B; P < 0.05 or
0.001). To determine whether atrogin-1 might influence endog-
enous proteins in other signaling pathways, cardiomyocytes were
infected with adenoviruses Ad-GFP and Ad-atrogin-1-GFP after
FBS stimulation. Immunoblotting indicated that atrogin-1 does
not appear to have a major role in regulating the levels of other
endogenous proteins, including a-actinin-2, ERK, JNK, PKC9, p38
MAPK, and Akt (Figure 3C); this demonstrates at least some degree
of specificity for the effect of atrogin-1 on calcineurin A.

In addition, we tested whether endogenous atrogin-1 is critical
in regulating the level of calcineurin A in cardiomyocytes using an
adenoviral small interfering RNA (siRNA) strategy. siRNA target-
ed to unique sequences in atrogin-1 effectively reduced atrogin-1
protein levels by 80% in FBS-treated cardiomyocytes compared
with an adenovirus expressing a control siRNA, and suppression
of atrogin-1 protein was accompanied by increased calcineurin A
expression (Figure 3D). Similarly, downregulation of atrogin-1
resulted in a significant increase in calcineurin phosphatase
activity, whereas the control siRNA had no effect (Figure 3E).
Together, these data demonstrate that atrogin-1 inhibits endog-
enous calcineurin A activity by reducing calcineurin A levels in
FBS-stimulated cardiomyocytes.

Atrogin-1 represses calcineurin A—dependent transcriptional responses in
neonatal cardiomyocytes. Nuclear translocation and activation of tar-
get genes by NFAT depends on calcineurin signaling in cardiomyo-
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cytes (4), which led us to test the effects of atrogin-1 on calcineurin-
NFAT function. Cardiomyocytes were cotransfected with reporter
construct pIL2-Luc (containing an NFAT-binding site from the IL-2
promoter upstream of the luciferase gene) and plasmids expressing
activated calcineurin A alone or in combination with atrogin-1.
Atrogin-1 potently repressed calcineurin-dependent transactivation
(Figure 4A). In contrast, transfection of a plasmid expressing atro-
gin-1 siRNA enhanced calcineurin-dependent transactivation by
more than 45% (Figure 4B). Interestingly, atrogin-1 had no effect on
pIL2-Luc transactivation by constitutively activated NFAT (ANFAT,
Figure 4C), which suggests that atrogin-1 does not impair NFAT-
dependent transactivation directly and instead exerts its effects at
the level of calcineurin A activity.

To extend this observation, we tested whether atrogin-1 alters
nuclear translocation of NFAT, which occurs rapidly after
dephosphorylation by calcineurin and is required for its activ-
ity. Neonatal cardiomyocytes were immunostained 36 hours after
plasmid transfection with an antibody against NFATc4 (Figure 4D,
red), and nuclei were counterstained with DAPI (Figure 4D, blue). In
cells transfected with vector alone, NFATc4 was localized to the cyto-
plasm. Following stimulation with activated calcineurin A, NFATc4
translocated to the nucleus, as has been described previously (15, 16).
Cotransfection with activated calcineurin A and atrogin-1 together
completely blocked nuclear translocation of NFATc4, which was
similar to the effects of the calcineurin A inhibitor cyclosporin A on
NFAT mobilization. We measured transfected NFATc4 transloca-
tion quantitatively in cardiomyocytes by Western blot analysis to
confirm that atrogin-1 selectively blocked calcineurin-dependent
NFAT nuclear translocation (Figure 4E). These experiments indi-
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Ad-atrogin-1-GFP infection blocks agonist-induced cardiomyocyte hypertrophy. (A) Cardiomyocytes were infected with Ad-GFP or Ad-atrogin-1-
GFP and were stimulated with PE (100 uM) or FBS for 36 hours. Calcineurin phosphatase activity was measured with 5 ug of cell extracts.
(B) Cardiomyocytes were cultured and infected with adenoviruses as described above. The levels of expressed atrogin-1 and endogenous
calcineurin A protein were determined by immunoblotting with anti-Myc or —calcineurin A antibodies, respectively. (C) Cardiomyocytes were
cultured and infected with the indicated adenoviruses. Cells were stained with a-actinin antibody (red), and nuclei were stained with DAPI
(blue). A representative field is shown for each condition. Magnification, x200. (D) Quantitation of cell surface area in C (100-120 random cells
measured in each group). *P < 0.001 vs. serum-free control; *P < 0.001 vs. Ad-GFP + PE; 4P < 0.001 vs. Ad-GFP + FBS. (E) Cardiomyocytes
were infected with Ad-siRNA-control or Ad-siRNA-atrogin-1 and were treated with PE for 36 hours. Cells were stained with a-actinin antibody.
A representative field is shown for each condition. Magnification, x200. (F) Quantitation of cell surface area (100—120 random cells measured
in each group). #¥P < 0.001 vs. serum-free control; *P < 0.001 vs. Ad-siRNA-control + PE.

cate that atrogin-1 can inhibit calcineurin-dependent nuclear trans-
location of NFAT in cardiomyocytes, without having direct effects
on NFAT or on other pathways that affect NFAT activity.

Atrogin-1 inhibits calcineurin-dependent cardiomyocyte hypertro-
phy. Previous studies have shown that calcineurin is activated by
hypertrophic agonists in cultured cardiomyocytes (4, 8). To deter-
mine directly whether atrogin-1 regulates the agonist-induced
calcineurin signaling pathway that mediates cardiac hypertrophy,
cardiomyocytes were infected with Ad-GFP or Ad-atrogin-1-GFP
and subsequently treated with phenylephrine (PE) or FBS for 36
hours. Calcineurin phosphatase activity was increased approxi-
mately 5-fold by stimulation with PE and FBS in cardiomyocytes
infected with Ad-GFP (Figure 5A). In comparison, Ad-atrogin-1-
GFP infection completely blocked the increases in calcineurin
activity. In addition, Western blotting demonstrated that Ad-atro-
gin-1-GFP infection reduced basal calcineurin A protein levels and
repressed agonist-induced induction of calcineurin A protein in
response to PE and FBS stimulation (Figure 5B).

To investigate the effects of atrogin-1 on the morphologic chang-
es induced by hypertrophic agents, cardiomyocytes were infected
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with Ad-GFP, Ad-atrogin-1-GFP, or no virus and stimulated with
PE or FBS for 36 hours, fixed, and stained with anti-sarcomeric
o-actinin antibody. Whereas either medium alone (Figure 5C, top)
or infection with Ad-GFP (Figure 5C, middle) had no effect on
agonist-induced hypertrophy, cardiomyocytes infected with Ad-
atrogin-1-GFP repressed PE- or FBS-induced hypertrophy (Figure
SC, bottom). Measurement of cell surface area indicated that cells
infected with Ad-atrogin-1-GFP did not increase in size after PE
or FBS stimulation (Figure 5D). Furthermore, infection of cardio-
myocytes with Ad-siRNA-atrogin-1 enhanced PE-induced cardio-
myocyte hypertrophy (Figure SE). Cell surface area was increased
by 1.4-fold in Ad-siRNA-atrogin-1-infected cardiomyocytes com-
pared with cells infected with Ad-siRNA-control (Figure SF).

The preceding experiments suggest that inhibition of calcineurin
activity by atrogin-1 is sufficient to inhibit agonist-induced hyper-
trophy in cardiomyocytes. To confirm that the effects of atro-
gin-1 on cell size reflect inhibition of the hypertrophic fetal gene
expression profile in neonatal cardiomyocytes, cells were infected
with either Ad-GFP or Ad-atrogin-1-GFP, stimulated by agonists,
and immunostained with antibody against atrial natriuretic fac-
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Ad-atrogin-1-GFP inhibits fetal gene expression in cardiomyocytes. (A) Cardiomyocytes were infected and were stimulated as indicated. Cells were
fixed and stained with antibody against ANF (perinuclear red signal). A representative field is shown for each condition. Magnification, x200. (B)
Percentage of ANF-positive cells (100—120 random cells measured in each group). #P < 0.001 vs. serum-free control; *P < 0.001 vs. Ad-GFP + PE;
&P < 0.001 vs. Ad-GFP + FBS. (C) Cardiomyocytes were infected with Ad-siRNA-control or Ad-siRNA-atrogin-1 and were stimulated with PE
(100 uM) for 36 hours. Cells were fixed and stained with antibody against ANF. Magnification, x200. (D) Percentage of ANF-positive cells (100—120
random cells measured in each group). *P < 0.001 vs. serum-free control; *P < 0.001 vs. Ad-siRNA-control + PE. (E) Cardiomyocytes were infected
with adenoviruses and stimulated as indicated. The transcripts of ANF, 3-MHC, and skeletal a-actin (Sk. a-actin) were measured by quantitative
RT-PCR. ANF, skeletal a-actin, and 3-MHC levels are shown relative to those in untreated, uninfected control cells and normalized to the level of
GAPDH below each panel. A representative experiment is shown for each condition.

tor (ANF). Cardiomyocytes infected with Ad-atrogin-1-GFP did
not appreciably increase ANF protein in response to stimulation
by PE and FBS (Figure 6A, bottom), whereas ANF was abundantly
expressed in cells conditioned with media alone or Ad-GFP (Figure
6A, top and middle). Quantitative analysis indicated that the num-
ber of ANF-positive cells was not increased above base line after PE
and FBS treatment in cells treated with Ad-atrogin-1-GFP (Figure
6B). Conversely, cardiomyocytes infected with Ad-siRNA-atrogin-1
demonstrated a modest but statistically significant increase in ANF
positivity in response to stimulation by PE (Figure 6, C and D). In
addition, RT-PCR analysis demonstrated that atrogin-1 prevented
induction of the mRNA for hypertrophy markers ANF, f-myo-
sin heavy chain (3-MHC), and skeletal a-actin (Figure 6E). Taken
together, these data indicate that atrogin-1 blocks calcineurin A-
dependent, agonist-induced hypertrophy and prevents hypertrophic
gene induction in vitro, which is consistent with its ability to inhibit
calcineurin A activity and decrease calcineurin A protein levels.

The SCF#rgin complex has an E3 ubiquitin ligase activity and promotes
ubiquitination of calcineurin A in vitro. Atrogin-1 contains an F-box
domain (amino acids 228-267), which is characteristic of proteins
that are components of SCF ubiquitin ligase complexes (11, 12,
1064
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17). F-box proteins are adaptors that associate with Skp1, Cull,
and Rocl of the SCF complex through the F-box and simultane-
ously directly bind and recruit proteins to be ubiquitinated (17).
F-box proteins therefore provide substrate specificity to SCF
complexes, and they are also the rate-limiting components for
substrate ubiquitination. To determine whether atrogin-1 asso-
ciates with other components of the SCF complex, we purified
GST-atrogin-1 fusion proteins in bacteria (WT, lacking the F-box,
or lacking the calcineurin-binding domain; Figure 7A) and tested
formation of the Skp1-Cull-Rocl complex by coimmunoprecipi-
tation of epitope-tagged proteins. Under these conditions, Myc-
tagged Cull immunoprecipitated T7-tagged Skp1 and HA-tagged
Rocl (Figure 7B). GST pull-down assays demonstrated that Skpl1,
Cull, and Rocl proteins present in cell extracts bound efficiently
to immobilized GST-atrogin-1 but not GST alone, and only weak-
ly to a fusion protein lacking the F-box (Figure 7C). These observa-
tions extend previous reports (11, 12) and confirm that atrogin-1
incorporates into SCF complexes in an F-box-dependent fashion.

Ubiquitin ligases interact functionally with specific E2 ubiquitin-
conjugating enzymes to facilitate substrate recognition and
ubiquitin transfer (18). We tested the ability of the SCFogin-l com-
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Atrogin-1 participates in an SCFatrogin-t complex that ubiquitinates calcineurin A in vitro. (A) GST—atrogin-1 (WT), atrogin-1 AF-box, and atrogin-1
1-284 were purified from bacteria. The purity of each purified protein was verified by SDS-PAGE and Coomassie staining. (B) Association of
Skp1 and Roc1 with Cul1 was confirmed by cotransfection with T7-Skp1, Myc-Cul1, and HA-Roc1 in COS-7 cells. Equal amounts of cell extract
were immunoprecipitated with Myc antibody and analyzed by immuoblotting with antibodies against T7 (Skp1, top), Myc (Cul1, middle), and HA
(Roc1, bottom), respectively. (C) Interaction of atrogin-1 with Skp1, Cul1, and Roc1 was analyzed in in vitro GST pull-down assays. The ability
of Skp1 (top), Cul1 (middle), and Roc1 (bottom) to bind GST, GST-atrogin-1, or GST—-atrogin-1 AF-box was analyzed by immunoblotting. (D)
The SCFatrgin1 complex was evaluated for ubiquitin ligase activity in the presence of recombinant E1, UbcH3/CDC34 (E2 UbcH3), and ubiquitin
(Ub) as indicated. (E) The SCFatrogin-! complex was evaluated for its capacity to ubiquitinate purified GFP-tagged calcineurin A. After the in vitro
ubiquitylation reaction, the samples were analyzed by immunoblotting with an anti-ubiquitin antibody to identify ubiquitinated products or with an
anti-GFP antibody directed to calcineurin A to reveal ubiquitinated calcineurin A species. (F) Purified GFP-tagged calcineurin A was incubated
with SCFatregin-1 complex for the indicated times, and calcineurin A ubiquitination was examined by anti-GFP (top) or anti-ubiquitin (bottom) anti-
bodies. (G) Purified GFP-tagged calcineurin A was incubated with SCFatogin1 complex containing atrogin-1 WT, the AF-box mutant, or the 1-284

mutant, and calcineurin A ubiquitination was examined by immunoblotting.

plex to assemble polyubiquitin chains in the presence of a panel of
E2 ubiquitin-conjugating enzymes. We found that UbcH3/CDC34
was able to interact efficiently with the SCF2oginl complex. However,
other ubiquitin-conjugating enzymes — including UbcHS, UbcH4,
E2-20, and E2-25 — were ineffective in facilitating SCF*ogin! com-
plex-mediated polyubiquitin chain formation (data not shown).
To determine whether atrogin-1-containing SCFaoginl complexes
have intrinsic ubiquitin ligase activity, we performed an in vitro
ubiquitination assay with the immunoprecipitated Skp1-Cull-Rocl
complex, purified GST-atrogin-1 or GST alone, recombinant E1,
E2 (UbcH3/CDC34), and ubiquitin. SCFeogin! complex-dependent
multiubiquitin chain assembly (an established marker of ubiquitin
ligase activity [ref. 18]) was readily detected and dependent on the
presence of atrogin-1 and E1 and E2 enzymes (Figure 7D). Thus,
atrogin-1 assembles a functional ubiquitin ligase complex in vitro.
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To examine directly whether the SCFatrogin! complex can promote
calcineurin A ubiquitination in vitro, we reconstituted a reaction
using the immunoprecipitated Skp1-Cull-Rocl complex, GST-
atrogin-1, and recombinant E1 and UbcH3. Reactions were per-
formed with calcineurin A expressed as a GFP fusion in COS-7 cells.
Ubiquitination of calcineurin A was evaluated by immunoblotting.
A high-molecular weight species indicative of polyubiquitin chain
assembly was detected in the presence of the SCFrogin-l complex,
ubiquitin, E1, and UbcH3; Roc1 (the RING finger component of the
reaction) dramatically enhanced the ubiquitination of calcineurin
A (Figure 7E). Omitting ubiquitin, E1, UbcH3, or GST-atrogin-1
abolished formation of the polyubiquitin chain, and GFP alone
was not efficiently ubiquitinated under these conditions (data not
shown), which is consistent with previous observations that unmod-
ified GFP is not a substrate for the ubiquitination machinery (19).
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trophy in vivo, we created transgenic mice
that overexpress atrogin-1 in the heart
under the control of the a-myosin heavy
chain (a-MHC) promoter (data not shown)
(20). Two independently derived atrogin-1
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Effects of overexpressed atrogin-1 on calcineurin A activity, protein level, and cardiac function. (A)
Northern blot analysis of transgene expression. Ten micrograms of total RNA from heart of Tg5
and Tg14 (second and third lanes) and WT (first lane) was analyzed by Northern blotting with a
cDNA probe corresponding to a 1.1-kb fragment containing the mouse atrogin-1 coding sequenc-
es. The bottom panel corresponds to the ethidium bromide staining of ribosomal 18S RNA of the
same RNA sample separated on an identical gel. (B) Eight-week-old mice were subjected to
thoracic aortic banding (TAB) or to sham surgery. Fourteen days later, mice were sacrificed, the
hearts were freshly isolated from atrogin-1 transgenic (Tg) and nontransgenic control (WT) mice,
and calcineurin A activity was determined (n = 7). *P < 0.001 vs. WT. (C) Western blot analysis of
calcineurin A and GAPDH protein levels from hearts of WT and transgenic mice was measured
14 days after thoracic aortic banding or sham surgery. Numbers indicate the expression level of
calcineurin A in aortic-banded WT and Tg hearts relative to sham-operated WT hearts, normal-
ized to GAPDH. (D) M-mode echocardiographic analysis of hearts from Tg and WT mice.

More importantly, omission of the SCF complex also prevented
calcineurin A polyubiquitination. Thus, the observed productin our
assays represents the polyubiquitinated form of calcineurin A. These
data suggest that an SCF complex containing atrogin-1 as an F-box
component catalyzes polyubiquitination of calcineurin A.

Since efficient transfer of ubiquitin to calcineurin A requires
the direct interaction of calcineurin A with the UbcH3/SCFatrogin-1
machinery, atrogin-1 mutants lacking the F-box or the calcineurin-
binding site should be resistant to ubiquitination. To test this
hypothesis, we engineered 2 mutant forms of atrogin-1, containing
either a deletion of the entire F-box (atrogin-1 AF-box) or atrogin-1
1-284, which lacks the calcineurin A-binding site. In the pres-
ence of the SCFrogin-l complex, atrogin-1 dramatically enhanced
the ubiquitination of calcineurin A in a time-dependent manner
(Figure 7F). Moreover, deletion of the F-box or the calcineurin
A-binding site markedly attenuated atrogin-1-mediated enhance-
ment of calcineurin A polyubiquitination (Figure 7G, compare
second and third lanes with first lane). Collectively, these data
indicate that atrogin-1 functions as a limiting component of an
F-box-dependent E3 ubiquitin ligase and that the F-box domain
and calcineurin A-binding site (amino acids 284-345) of atrogin-1
are both required for calcineurin A ubiquitination.

Atrogin-1 transgenic mice are resistant to pressure overload—induced
cardiac hypertrophy. To determine whether atrogin-1 is also
capable of repressing calcineurin A activity and cardiac hyper-
1066
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analysis (data not shown). Northern blot
analysis demonstrated that expression of
the atrogin-1 transgene was restricted to
the heart (data not shown), and expression
of atrogin-1 in TgS and Tg14 was increased
4.4- and 12.2-fold, respectively, compared
with that in nontransgenic mice (Figure
8A). (Because the transgenic lines showed
a similar phenotype, we will only describe
data from line Tg14.) Transgenic mice were
phenotypically indistinguishable from
their WT littermates, and none of the trans-
genic lines was characterized by premature
lethality. There was no significant differ-
ence in heart weight/body weight ratios
between WT and atrogin-1 transgenic mice,
and echocardiography failed to reveal any
abnormalities in cardiac function in trans-
genic mice up to 8 months of age (data
not shown). This is not surprising, since
calcineurin inhibitors such as cyclosporin
A do not have significant effects on base-
line cardiac function (1).

We wondered whether these mice might
be sensitized to hypertrophic stimuli based
on our observations in vitro, as would be
predicted if atrogin-1 is a suppressor of
calcineurin A activity. Transgenic mice and age- and sex-matched
WT littermates were subjected to aortic banding to induce pressure
overload (or sham surgery) for 14 days. In response to aortic band-
ing, calcineurin A activity was elevated about 3-fold in WT mice, but
cardiac calcineurin A activity was only minimally increased in hearts
from atrogin-1 transgenic mice (Figure 8B). Similarly, calcineurin A
protein levels were increased by pressure overload in WT mice but
were reduced by 70% in atrogin-1 transgenic mice (Figure 8C). These
data confirm our in vitro observations and indicate that atrogin-1
inhibits calcineurin A activity and reduces its protein levels in vivo.

To assess cardiac function accurately, transthoracic
echocardiography was performed. In the aortic-banded group,
atrogin-1 transgenic mice developed left ventricular dilation, char-
acterized by increased left ventricular end-systolic dimensions (Fig-
ure 8D; Table 1). In contrast, WT mice had reduced left ventricular
dimensions and increased septal thickness 14 days after banding.
Furthermore, atrogin-1 transgenic mice had decreased interven-
tricular septal thickness in systole compared with nontransgenic
mice and had a dramatic reduction in ejection fraction, as esti-
mated by fractional shortening (37% versus 59% in WT mice) after
aortic banding. No differences in echocardiographic parameters
were detected in sham-treated mice in either group. These mea-
surements indicate that atrogin-1 transgenic mice display left ven-
tricular dilatation and reduced cardiac function rather than the
expected ventricular hypertrophy after aortic banding.
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Table 1
Echocardiography of dimensions and function in WT and
atrogin-1 transgenic mice after 2-week aortic banding

Thoracic aortic banding Sham
WT Tg WT Tg
(n=10) (n=11) (n=10) (n=10)
BW (g) 26.7+1.20 25.6+127 26.8+157 23.1+1.56
HR (bpm) 548 + 20 568 + 14 59613 594 x15
IVSTD (mm)  1.32+0.07 1.14+0.03 1.05+0.08 1.04 +0.05
IVSTS (mm)  2.06+0.10 1.56+0.06 1.64+0.07 1.71+0.06
PWTD (mm) 1.68x0.16 1.43+012 095x0.12 1.07x0.14
PWTS (mm) 220+0.15 1.85+0.15 1.63+0.18 1.64+0.14
LVEDD (mm) 2.93+0.17 3.35+0.12 359x0.18 3.27x0.15
LVESD (mm) 1.21x0.13 213£0.16 157017 1.43x0.13
FS (%) 59+3 373 56 +4 56+5

Noninvasive transthoracic echocardiography was performed on unanes-
thetized mice. BW, body weight; HR, heart rate; bpm, heart beats per
minute; IVSTD, interventricular septal thickness in diastole; IVSTS, inter-
ventricular septal thickness in systole; PWTD, posterior wall thickness in
diastole; PWTS, posterior wall thickness in systole; LVEDD, left ventricular
end-diastolic dimension; LVESD, left ventricular end-systolic dimension;
FS, fractional shortening, calculated as (LVEDD — LVESD)/LVEDD x 100.

On gross postmortem examination, atrogin-1 transgenic mice
did not develop cardiac hypertrophy after banding (Figure 9A,
top) and had a 25% reduction in heart weight/body weight ratios
compared with age-matched aortic-banded WT mice (Figure
9A, bottom). There were no significant differences in heart size
or heart weight/body weight ratios between transgenic mice
and nontransgenic mice after sham surgery. Histologic analysis
of aortic-banded transgenic hearts revealed that the walls of the
septum and left ventricular chambers were much thinner than in
nontransgenic hearts (Figure 9B, top). Masson’s trichrome stain-
ing of heart sections from transgenic mice indicated reduced
interstitial cell fibrosis (Figure 9B, middle), which is reminis-
cent of the reduction in collagen deposition observed in MCIP1-
overexpressing hearts (21). Histologic sections were also stained
with wheat germ agglutinin-TRITC to determine cross-sectional
areas of cardiac myocytes (Figure 9B, bottom). Myocyte cross-sec-
tional area was not significantly different between transgenic and
nontransgenic mice in sham groups; however, the cross-sectional
area of cardiac myocytes in nontransgenic hearts was significantly
increased, whereas myocytes in transgenic hearts increased very
little compared with those in sham-treated mice, with the result
that the cross-sectional area of cardiac myocytes in aortic-banded
transgenic hearts was 41% less than in controls (Figure 9C).

We also examined changes in fetal gene expression to detet-
mine whether atrogin-1 transgenic hearts have a stress-associated
expression pattern. RT-PCR analysis was performed to quantify
mRNA levels of hypertrophic genes from hearts of transgenic and
nontransgenic mice after banding for 2 weeks (Figure 9D). Levels
of cardiac ANF, B-MHC, and skeletal a-actin mRNA, which are
typically induced during hypertrophy, were decreased by more
than 55% in hearts from atrogin-1 transgenic mice compared with
nontransgenic hearts. Collectively, these data indicate thatatrogin-1
acts as a suppressor of the molecular program for cardiac hyper-
trophy in vivo, at least in part by suppressing calcineurin A protein
expression and thus inhibiting calcineurin A activity. In response
to pressure overload, transgenic hearts expressing elevated levels
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of atrogin-1 fail to increase wall thickness, thereby increasing wall
stress and causing cardiac chamber enlargement.

Discussion

The principal finding of the present study is that the F-box pro-
tein atrogin-1 is capable of binding the calcineurin A-o-actinin-2
complex and inhibiting calcineurin A activity. Atrogin-1, which is
structurally distinct from other proteins that inhibit calcineurin,
is specifically expressed in heart and skeletal muscle and recruits
components of the SCF ubiquitin ligase complex to promote
ubiquitination of calcineurin. Consistent with these observations,
transgenic overexpression of atrogin-1 in the heart attenuates
induction of calcineurin A activity and protein level and blunts
cardiac hypertrophy and the fetal gene expression program. Taken
together, these observations demonstrate a new mechanism
whereby calcineurin A activity may be regulated in a muscle-spe-
cific fashion to manipulate the response to hypertrophic stimuli
and modulate cardiac function.

Atrogin-1 and inhibition of cardiomyocyte hypertrophy. The present
studies indicate that atrogin-1 attenuates the cardiac hypertro-
phic response with selectivity at the level of calcineurin signal-
ing, insofar as atrogin-1 does not affect the ability of cardiomyo-
cytes to respond to hypertrophic signaling events downstream
of calcineurin (Figure 4C). Previous studies have demonstrated
that the calcineurin-antagonist drugs cyclosporin A and FK506
can block hypertrophic responses in cultured cardiomyocytes
and in animal models (reviewed in ref. 1). Similarly, endogenous
calcineurin inhibitors including AKAP79, Cabin/Cain, and
MCIP1 attenuate pathologic hypertrophy when overexpressed
in cultured neonatal cardiomyocytes and in the heart (1, 21-23).
Although mice with cardiac-specific overexpression of
calcineurin-inhibitory proteins are in some cases protected from
adverse effects of stress signaling and heart failure progression
(21, 24, 25), these protein inhibitors are not all cardiac-specific
in their endogenous expression, and some also may have other
functions. For example, the calcineurin-inhibitory domain
of Cabin/Cain directly inhibits the transcriptional activity of
myocyte enhancer factor-2, suggesting an alternative mechanism
whereby Cabin/Cain might inhibit cardiac hypertrophy (26). In
addition, recent studies have identified dual effects of MCIP1
on calcineurin activity. Overexpression of MCIP1 can suppress
calcineurin activity through direct interaction with the catalytic
domain of the enzyme. However, mice lacking MCIP1 have either
diminished or enhanced hypertrophic responses depending on
the stimulus (22), and a 4-aminopyridine derivative that induces
MCIP1 expression paradoxically stimulates cardiac hypertrophy
in a calcineurin-dependent fashion (27). Atrogin-1 therefore
represents a unique cardiac-specific mechanism for regulating
calcineurin activity (although we do not discount the possibility
that other hypertrophy-associated atrogin-1 substrates exist). By
virtue of its ability to target calcineurin for degradation, atro-
gin-1 provides a rapid method to potently attenuate calcineurin
activity and hypertrophic signaling both in vitro and in vivo.

Calcineurin-binding domains have been identified in Cabin/
Cain and MCIP1, as well as in NFATSs. All of these proteins bind
calcineurin through a PXIXIT (or closely related) motif that inter-
acts with the C-terminus of the catalytic domain of the enzyme (5).
Interestingly, the calcineurin-binding domain of atrogin-1 (Figure
2) does not contain this motif and instead interacts through a cys-
teine/histidine-rich domain (residues 284-345). The presence of
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Atrogin-1 blunts the hypertrophic response
to pressure overload. (A) Representative
heart sizes and heart weight/body weight
ratios of atrogin-1 transgenic mice were
compared with those of nontransgenic
mice. Eight-week-old mice were subjected
to thoracic aortic banding (TAB) or sham
surgery. Fourteen days later, animals were
sacrificed, the hearts were freshly isolated
from transgenic (Tg) and nontransgenic
(WT) mice, and heart weight/body weight
ratios were determined (n = 7). Scale bar:
1 mm. (B) Representative macroscopic
histologic analysis of H&E-stained hearts
from indicated mice after 2 weeks of aor-
tic banding is shown (top panels). Scale
bar: 1 mm. Histologic sections were also
stained with Masson’s trichrome to detect
interstitial cell fibrosis in hearts (middle
panels; magnification, x200), and with
wheat germ agglutinin—TRITC conjugate
to determine cell size (bottom panels;
scale bars: 50 um). (C) Quantitation of
myocyte cross-sectional areas from the

Sham TAB indicated groups (n = 200 cells per sec-
— 19907 p<oo0t WT Tg WT Tg tion). (D) Analysis of hypertrophic mark-
£ ers. Total RNA was isolated from hearts
Z: 1200 — —— - — — — ANF of mice of the indicated genotype, and
q‘_“;’, expression of transcripts for ANF, 3-MHC,
T g0~ — — — — — e e (-MHC skeletal a-actin, and GAPDH was deter-
g mined by slot blot analysis. A representa-
5 600 ——— L W—— o wes Sk.oo-actin tive analysis is shown.
@«
w
@ 300+ ————— — — — G APDH
g
(6] g
WT Tg WT Tg
TAB Sham

sequences with the potential for highly ordered structure is typical
of protein recognition motifs in other F-box proteins. Interestingly,
we observe that the effects of atrogin-1 on calcineurin activity and
hypertrophy both in vitro and in vivo are most marked under con-
ditions in which hypertrophy is stimulated, and atrogin-1 has only
modest or no effects under physiologic conditions. This suggests
that the activity of atrogin-1 is enhanced by hypertrophic stimula-
tion. This may occur via agonist-induced posttranslational modi-
fications, which are generally known to affect the affinity of F-box
proteins for their substrates. Although the present studies do not
directly address the factors that regulate association of atrogin-1
and calcineurin, signals such as phosphorylation may also regulate
the stability of calcineurin under physiologic conditions (28).
Atrogin-1 and calcineurin regulation. Atrogin-1 localizes to the
Z-disc (Figure 1), which plays a pivotal role in diverse aspects of
cardiac muscle structure and function. One of the major compo-
nents of the Z-disc is a-actinin, which maintains the structural
integrity of the sarcomere by cross-linking actin and titin mole-
cules (29). Mutations in several proteins associated with a-actinin
and/or the Z-disc, including muscle LIM protein (29), have been
implicated in the development of cardiomyopathy. Further-
more, a-actinin interacts with several signaling molecules, such
as protein kinase N (30), G protein-coupled receptor kinases
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(31), phospholipase D2 (32), and calcineurin (5), indicating that
Z-disc proteins also link signaling pathways in the heart. The
colocalization of atrogin-1 with calcineurin A and a-actinin-2
at the Z-disc satisfies a necessary condition to allow atrogin-1 to
regulate calcineurin signaling via direct interactions.
Ubiquitin-dependent degradation requires a cascade of 3 enzymes
that catalyze ubiquitin activation, conjugation, and ligation. Among
these ubiquitination enzymes, the ubiquitin ligases provide the cru-
cial elements of specificity that direct the formation of polyubiqui-
tin chains and targeting of substrates (13). One of the best-charac-
terized ligases is the SCF complex, in which Skp1 associates with
the N-terminal domain of Cull and with the C-terminal domain of
Roc1/Rbx1/Hrtl, a small RING finger protein (33). Through Skp1,
Cull interacts with an F-box protein that in turn binds its substrate
(34-36). As the substrate-specific component of these complexes,
F-box-containing proteins are generally rate-limiting for protein
degradation. To our knowledge, our studies provide the first evi-
dence thatatrogin-1 is capable of interacting with calcineurin A and
inhibiting calcineurin-dependent transcriptional activity. Moreover,
the SCFarroginl complex has ubiquitin ligase activity and can target
calcineurin A for ubiquitination and degradation. Ubiquitina-
tion via the SCFrgin! complex therefore represents an additional
mechanism for regulating calcineurin A protein levels and activity
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Number8  October 2004



in cardiomyocytes. Our data (Figures 3 and 4) and those of others
(37) indicate that changes in calcineurin activity are closely corre-
lated with changes in calcineurin protein levels, and the SCFatrogin-l
complex provides one plausible mechanism to coordinate cues that
determine calcineurin activity at this level.

Regulation of atrogin-1 activity. Most of what is known about the
regulation of atrogin-1 is based on studies in skeletal muscle. Atro-
gin-1, like the RING finger protein MuRF1, is highly inducible at
the mRNA level by denervation and disuse (11, 12). Whether simi-
lar stimuli regulate atrogin-1 mRNA in the heart is not known, but
it would make sense that factors that regulate cardiomyocyte size
would be upstream in the pathway of atrogin-1 expression.

Recent studies implicate Foxo transcription factors as critical
regulators of atrogin-1 expression in skeletal muscle (38, 39). In its
hypophosphorylated, nuclear-localizing state, Foxo3 is a potent
transcriptional activator of the atrogin-1 promoter. However, Foxo
proteins can be phosphorylated by the IGF-1/PI3K/Akt pathway,
which results in transcriptional inactivation of Foxo3. Because
IGF-1 is a potent stimulus for skeletal muscle hypertrophy, coor-
dinate regulation of atrogin-1 by this pathway provides a mecha-
nism to determine skeletal muscle cell size through the balance
of protein synthesis and degradation. Since IGF-1 also regulates
some types of hypertrophy of the heart, it is logical to speculate
that this same pathway may regulate cardiac atrogin-1 expression.
Some data indicate that calcineurin- and IGF-1-dependent hyper-
trophy occurs via a distinct signaling pathway and reflects differ-
ences between pathologic and physiologic hypertrophy (23). Tar-
geted degradation of calcineurin by the SCFaoginl complex may
therefore represent a common pathway for reversing hypertrophy
of the heart, even if the prohypertrophic arms of the calcineurin
and IGF-1 pathways are independent of one another.

Atrogin-1 and hypertrophy-induced damage. Hearts from trans-
genic mice overexpressing atrogin-1 are functionally normal
under physiologic conditions but fail to develop hypertrophy
and instead undergo dilatation in response to pressure overload
(Figures 8 and 9). It is remarkable that increasing atrogin-1 lev-
els under physiologic conditions has no adverse consequences
on cardiac function; this may indicate that signaling events that
occur during cardiac stress are permissive for atrogin-1 activ-
ity. Although generally it is well accepted that inhibition of
calcineurin-NFAT signaling blocks the hypertrophic response,
the precise response has varied in different experimental sys-
tems. Pharmacologic inhibition of calcineurin activity with
cyclosporin A at doses that are used clinically for immunosup-
pression has little effect on the hypertrophic response, whereas
doses above those used in the clinical range inhibit pressure-
induced hypertrophy without adversely compromising cardiac
function (at least over a period of several weeks) (40). However,
cyclosporin treatment also induces myocyte apoptosis after pres-
sure overload in vivo (41), as does direct molecular inhibition of
NFAT activity in vitro (42). Thus, our observations are gener-
ally consistent with the most severe phenotypes observed after
calcineurin inhibition. That atrogin-1 both inhibits hypertro-
phy and induces stress-dependent left ventricular dysfunction
may indicate that targeted degradation is an especially efficient
means to inhibit calcineurin activity. It is also possible that the
phenotypes of atrogin-1 transgenic mice are further modified
by other substrates for the SCFatoginl complex, or through other
effects of atrogin-1 that are independent of its ubiquitin ligase
activity. Ubiquitin ligases often control the ubiquitination of
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multiple substrates (43), so further work will be required to
uncover additional substrates for atrogin-1, which may repre-
sent other arms in the cardiac hypertrophic signaling cascade.

Clinical implications. To our knowledge, the present studies
provide the first evidence of a pathophysiologic role for atrogin-
1 in the heart and identify the first substrate for its ubiquitin
ligase activity. While cardiac hypertrophy is thought to initially
benefit the heart by maintaining left ventricular function in the
setting of increased afterload, hypertrophy ultimately causes
diastolic dysfunction of the heart and is a leading predictor of
the development of sudden death and heart failure (44). In con-
trast, the clinical reversal of hypertrophy is a powerful indicator
of event-free survival in patients at otherwise high cardiovas-
cular risk (45). There are growing lines of evidence to indicate
that pharmacologic or genetic overexpression of calcineurin
inhibitors attenuates the development of cardiac hypertrophy.
Whether inhibition of calcineurin activity is sufficient to blunt
long-term changes in the heart in response to hypertrophic
stimuli remains unclear, and further studies will be necessary to
determine whether and how salutary effects can be distinguished
from hemodynamically maladaptive responses. Nevertheless, a
better understanding of how proteins such as atrogin-1 — a new
repressor of calcineurin activity with tissue-specific expression
— impact on cardiac pathophysiology may open new doors to
specific therapies that affect cardiac size and function.

Methods

Yeast 2-hybrid analyses. The C-terminus of atrogin-1 (nucleotides encoding
amino acids 272-355) was PCR-amplified from a full-length mouse atro-
gin-1 cDNA clone (AF441120). This fragment, fused to the GAL4 DNA-
binding domain in pGBKT?7 vector, was used as bait in a 2-hybrid screen of
a human heart Matchmaker cDNA library (BD Biosciences — Clontech).
From this screen, we identified a cDNA encoding a-actinin-2, and that was
characterized by sequencing using the BLAST algorithm.

Plasmid construction and antibodies. The mouse atrogin-1 cDNA was isolated
from a mouse cardiac cDNA library by PCR. The full-length and truncated
forms of mouse atrogin-1 and calcineurin A were generated by PCR. The
F-box deletion of atrogin-1 was constructed by megaprimer PCR amplifica-
tion to delete amino acids 228-267 (46). The isolated PCR products were
subcloned into mammalian expression plasmid pCMV-TBs or GST fusion
protein expression plasmid pGEX-KG. A luciferase reporter plasmid, pIL2-
Luc (containing an NFAT-responsive element, generously provided by Jeff
Molkentin, Children’s Hospital Medical Center, Cincinnati, Ohio, USA),
the B-gal reporter plasmid pCMV-lacZ, the mammalian calcineurin A and
NFATc4 expression constructs, and plasmid pTB701 HA-tagged a-actinin-2
(a gift from Ju Chen, UCSD, La Jolla, California, USA) have been described
previously (47-49). siRNA sequences (siRNA-atrogin-1, 5'-CTACGTAG-
TAAGGCTGTTG-3'; siRNA-control, 5'-GTGCGTTGCTAGTACCAAC-3")
were incorporated into 64-bp self-annealing oligonucleotides and cloned
into pSIREN-RetroQ-ZsGreen (BD Biosciences — Clontech). The following
primary and secondary antibodies were used: anti-HA (12CAS5; Roche Diag-
nostics Corp.); anti-Xpress (Invitrogen Corp.); anti-sarcomeric o-actinin
(EA-53), anti-GST (both from Sigma-Aldrich); anti-calcineurin A (clone
29; Transduction Laboratories); anti-Myc (9E10), anti-CnAa, anti-CnAf
(C-20), anti-NFATc4 (H-74), anti-Oct1 (C-21), anti-Akt1/2 (H-136), anti-
JNKI1 (C-17; all from Santa Cruz); anti-PKC9 (Upstate Group Inc.); anti-
ANF (IHC9103; Peninsula Laboratories Inc.); anti-p38 MAPK, anti-ERK
(both from Cell Signaling Technology Inc.); anti-ubiquitin, anti-GAPDH
(both from Chemicon International Inc.); and anti-mouse- or anti-rab-
bit-conjugated antibodies (both from Invitrogen Corp.). Anti-atrogin-1
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antibody was raised in rabbits against synthetic peptides corresponding to
the N-terminal 13 amino acids of mouse atrogin-1 (SKTKTQYFHQEKW)
and purified by affinity chromatography.

Cell culture and adenoviral infection. COS-7 cells were cultured in DMEM
supplemented with 10% FBS. COS-7 cells were transiently transfected using
FuGENE (Roche Diagnostics Corp.) as previously described (18). Neonatal
rat cardiomyocytes were isolated by enzymatic disassociation of 1- to 2-day-
old neonatal rat hearts with the Neonatal Cardiomyocyte Isolation System
(Worthington Biochemical Corp.). Eighteen hours after plating, cells were
infected with adenovirus expressing atrogin-1 for 2 hours and subsequent-
ly cultured for 24 hours before stimulation. To induce the hypertrophic
response, PE or FBS (1%) was added to cultures in serum-free media for 36
hours. When indicated, cyclosporin A (Sigma-Aldrich) was presentat 1 uM.
Recombinant adenoviruses expressing GFP alone (Ad-GFP), Myc-tagged
atrogin-1 and GFP (Ad-atrogin-1-GFP), siRNA-control, or siRNA-atrogin-1
driven by the cytomegalovirus promoter were generated using the AdEasy
system (MP Biomedicals Inc.) as described previously (50).

Immunocytochemistry. Neonatal rat cardiomyocytes were processed for
immunofluorescence as described previously (4). The visualization of car-
diomyocyte size, sarcomeric organization, perinuclear ANF expression, and
NFATc4 translocation was performed by immunostaining with appropri-
ate primary and secondary antibodies. Fluorescent 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. One hundred to one hundred twenty cardiomyocytes
in 15-20 fields were examined in 3 independent experiments. To identify
nuclei in some experiments, fixed cells were incubated in DAPI stain (10
ug/ml) for S minutes at room temperature before the final wash steps.

Immunoprecipitation and immunoblotting. COS-7 cells were cotransfected
with expression vectors for Xpress-tagged atrogin-1, HA-o-actinin-2,
and/or GFP-calcineurin A using FuGENE 6 (Roche Diagnostics Corp.).
Immunoprecipitation was performed as described previously (51). Tagged
proteins were immunoprecipitated for 1-2 hours at 4°C, using protein A/G
agarose and 2 ug of the appropriate antibody (anti-Xpress, anti-HA, anti-
GFP). The beads were washed and fractionated by 10% SDS-PAGE followed
by immunoblotting as previously described (51).

GST pull-down assays. Purified GST-tagged proteins were prepared as previ-
ously described (51). Five micrograms of each purified GST fusion protein or
GST protein alone was added to 500 ug of cell extracts from COS-7 cells, and
incubated in GST lysis buffer (20 mM Tris-HCI, pH 7.4,0.5 mM DTT, 150 mM
NaCl, 0.5% Triton X-100, 1 mM EDTA, plus protease inhibitors) for 1 hour at
4°C. After addition of 25 ul of glutathione-Sepharose 4B, the binding reaction
was continued for an additional 45 minutes at 4°C. The bound beads were
washed 4 times with the same lysis buffer and analyzed by SDS-PAGE.

In vitro ubiquitination reactions. Skp1, Cull, and Rocl immunocomplexes
were precipitated from transfected COS-7 cells with 2 pug of anti-Myc antibody
as described previously (52). Individual immunocomplexes were immobilized
with Myc antibody on agarose G beads and washed 3 times with lysis buffer
containing 50 mM Tris-HCI (pH 7.4), 50 mM NaCl, 1 mM EDTA, 0.1% NP-40,
1 mM DTT, 10 mM NaF, and 10% glycerol. Washed immunocomplexes were
added to a ubiquitination reaction (final volume 30 ul) containing 50 mM
Tris-HCI (pH 7.4), 5 mM MgCl, 2 mM NaF, 10 nM okadaic acid, 2 mM ATP,
0.6 mM DTT, 60 ng of E1, 600 ng of UbcH3, 1 ug of purified GST-atrogin-1,
1 ug purified calcineurin A, and 10 ug of ubiquitin. Reactions were incubated
at 30°C for 2 hours unless otherwise indicated, terminated by boiling for 5
minutes with SDS-sample buffer containing 0.1 M DTT, and resolved by
SDS-PAGE, followed by immunoblotting with appropriate antibodies.

Reporter gene assays. NFAT-driven luciferase activity assay was performed
using the Luciferase Assay System (Promega Corp.). Briefly, neonatal car-
diomyocytes were transiently transfected with expression vectors carrying
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atrogin-1 and luciferase reporter constructs (5 ug) using LipofectAMINE
PLUS (Invitrogen Corp.). Cells were harvested 40 hours after transfection
and analyzed for luciferase activity. The data represent the mean + SEM of
3 independent experiments in duplicate and are corrected for differences in
transfection efficiency by cotransfection with pCMV-f3-gal and normaliza-
tion for B-gal activity.

Calcineurin phosphatase activity assay. Endogenous calcineurin phosphatase
activity was measured with the QuantiZyme Assay System (BIOMOL
Research Laboratories Inc.). Cardiomyocytes were infected with Ad-atro-
gin-1-GFP or Ad-GFP for 24 hours and treated with PE or FBS. Calcineurin
phosphatase activity was measured colorimetrically by detection of free
phosphate released from the calcineurin-specific RII phosphopeptide using
the BIOMOL green reagent (BIOMOL Research Laboratories Inc.). Assays
were performed in duplicate at each time point in 3 separate experiments.

Generation of transgenic mice. Transgenic mice expressing atrogin-1 in
the heart were created by cloning of a cDNA fragment encoding full-
length mouse atrogin-1 downstream of the murine a-MHC promoter
(gift of Jeffrey Robbins, Children’s Hospital Medical Center, Cincinna-
ti, Ohio, USA). After purification, the resulting construct was used for
pronuclear microinjection. At 3 weeks of age, a 1-cm portion of tail was
removed from offspring for DNA analysis. The potentially transgenic
mice were screened twice by PCR using the following primers: forward,
5'-CATATGGGATGGGATATAAAGGGGCTGGAGCAC-3'; reverse, 5'-
CCACTTTTCTTGATGGAAGTACTGAGTTTTGGT-3'. Founders were
confirmed by Southern blot analysis of tail DNA. EcoRI- or BamHI-
digested genomic DNA was transferred to nitrocellulose membranes and
hybridized to a 1.1-kb radiolabeled fragment containing exons 2 and 3
from the 5’ untranslated region of the murine a-MHC gene and a portion
of atrogin-1 or a 1.1-kb fragment of atrogin-1 cDNA. In all experiments
performed in this study, age- and sex-matched nontransgenic littermate
mice were used for comparison with the atrogin-1 transgenic mice.

RNA analysis. Total RNA was purified from cultured cells or intact hearts
with Trizol (Invitrogen Corp.). For RT-PCR, hypertrophic marker gene anal-
ysis of ANF, 3-MHC, skeletal a-actin, and GAPDH (as a control) was per-
formed with primers designed to detect mouse gene products as described
previously (53). Northern blot was performed as previously described (51).
Blots were hybridized with a [y-32P]ATP-labeled oligonucleotide probe or a
[0-32P]dCTP-labeled fragment of the mouse atrogin-1 cDNA.

Transverse aortic constriction surgery and echocardiography. Transverse tho-
racic aortic constriction was performed as described previously (54).
Eight-week-old WT and atrogin-1 transgenic mice were anesthetized
with isoflurane. A 7.0 nylon suture ligature was tied against a 27-gauge
needle at the transverse aorta to produce a 65-70% constriction follow-
ing removal of the needle. Doppler analysis was performed to ensure that
physiologic constriction of the aorta was induced. Fourteen days after sur-
gery, 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 with the University of
North Carolina Institutional Animal Care and Use Committee.

Histology and microscopy. Histologic analyses of tissues were performed
according to standard protocols (37). Hearts from WT and transgenic
mice were collected at the indicated times, fixed overnight in 10%
formalin, and embedded in paraffin. Serial 5-um heart sections from
each group were analyzed. Samples were stained with H&E for routine
histologic examination, Masson’s trichrome for collagen, and wheat
germ agglutinin-TRITC conjugate to identify sarcolemmal membranes
so that myofiber diameter could be quantified.

Statistical analysis. Data are presented as means + SEM. Differences
between groups were evaluated for statistical significance using Student’s
t test. P values less than 0.05 were regarded as significant.
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