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Abstract
Background—Dilated cardiomyopathy (DCM), characterized by dilatation and dysfunction of
the left ventricle, is an important cause of heart failure. Many mutations in various genes,
including cytoskeletal protein genes and contractile protein genes, have been identified in DCM
patients, but the mechanisms of how such mutations lead to DCM remain unknown.

Methods and Results—We established the mouse model of DCM by expressing a mutated
cardiac α-actin gene, which has been reported in patients with DCM, in the heart (mActin-Tg).
mActin-Tg mice showed gradual dilatation and dysfunction of the left ventricle, resulting in death
by heart failure. The number of apoptotic cardiomyocytes and protein levels of p53 were increased
in the hearts of mActin-Tg mice. Overexpression of Bcl-2 or downregulation of p53 decreased the
number of apoptotic cardiomyocytes and improved cardiac function. This mouse model showed a
decrease in myofilament calcium sensitivity and activation of calcium/calmodulin-dependent
kinase IIδ (CaMKIIδ). The inhibition of CaMKIIδ prevented the increase in p53 and apoptotic
cardiomyocytes and ameliorated cardiac function.

Conclusion—CaMKIIδ plays a critical role in the development of heart failure in part by
accumulation of p53 and induction of cardiomyocyte apoptosis in the DCM mouse model.
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Heart failure is an important cause of morbidity and mortality in many industrial countries,
and dilated cardiomyopathy (DCM) is one of its major causes.1 Although treatments for
heart failure have been progressed well in both pharmacological and nonpharmacological
aspects, mortality of DCM patients remains high, and the only treatment for DCM patients
with severe symptoms is heart transplantation. Because the number of hearts for
transplantation is limited, the development of novel therapies for DCM has been awaited.

DCM, characterized by dilatation and impaired contraction of the left ventricle, is a
multifactorial disease that includes both hereditary and acquired forms. The acquired forms
of DCM are caused by various factors.2 Twenty percent to 35% of patients have hereditary
forms,1 and advances in molecular genetic studies during the last decade have revealed
many mutations of various genes in DCM patients.3–5

Several hypotheses have been reported on the mechanisms of how gene mutations lead to
DCM phenotypes. Mutations in genes encoding cytoskeletal proteins such as desmin and
muscle LIM protein might disturb the interaction between the sarcomere and Z disk,
resulting in impaired force transmission from the sarcomere to the surrounding
syncytium.4,6 On the other hand, mutations in genes encoding contractile proteins such as α-
tropomyosin and cardiac troponin T have been reported to induce the decrease in
myofilament calcium (Ca2+) sensitivity.7 An increase in apoptotic cardiomyocytes and/or
destruction of membrane structure by calpain activation have been reported to play a critical
role in mutant gene–induced cardiac dysfunction.8–10 However, the precise mechanisms
remain largely unknown as a result, at least in part, of a lack of good animal models of
DCM.

Several animal models of DCM have been reported.11–13 The mdx mouse is a model of
Duchenne muscular dystrophy, which has mutations in the dystrophin gene.11 Unlike
humans, mdx mice rarely show cardiac abnormality, which has limited the utility of mdx
mice as a model to examine the pathogenesis of DCM. Although Golden Retriever–based
muscular dystrophy dogs show DCM phenotypes,12 the muscular dystrophy dogs are very
difficult to maintain and handle. Although BIO 14.6 hamsters lacking δ-sarcoglycan are a
good model of DCM,13 it is difficult to apply genetic approaches to the hamster. To
elucidate the molecular mechanisms of how gene mutations cause DCM, appropriate animal
models, particularly mouse models, are necessary. We established here a mouse model of
DCM by expressing a mutated cardiac α-actin gene (mActin-Tg), which has been reported in
patients with DCM, in the heart.5 mActin-Tg mice showed gradual dilatation and
dysfunction of the left ventricle, resulting in death by heart failure. These phenotypes of
mActin-Tg mice were quite similar to those of human DCM. In this study, we examined the
underlying mechanisms of how this gene mutation leads to DCM using the new mouse
model of DCM.

Methods
Detailed experimental methods are described in the online-only Data Supplement.

Mice
We generated transgenic mice (mActin-Tg) that expressed a mutated cardiac α-actin
(R312H) with an HA tag in the heart. This mutation has been reported in patients with
DCM.5 Generation of transgenic mice with cardiac-restricted overexpression of human
Bcl-2, AC3-I, or nuclear factor of activated T cell (NFAT)–luciferase has been described
previously.14–16 Heterozygous p53-deficient mice were purchased from The Jackson
Laboratory (Bar Harbor, Me).17 Wild-type littermates served as controls for all studies.
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KN-93 (10 μmol · kg−1 ·/d−1) was used to inhibit activation of Ca2+/calmodulin-dependent
kinase II (CaMKII). Echocardiography was performed on conscious mice.

Histology
For detection of apoptotic cardiomyocytes, we performed terminal deoxynucleotidyl
transferase–mediated dUTP nick-end labeling (TUNEL) staining, along with
immunostaining for dystrophin.

Western Blot Analysis
Whole-cell lysates were resolved by SDS-PAGE. Western blot analyses were performed
with some antibodies. The intensities of Western blot bands were measured with NIH
ImageJ software (National Institutes of Health, Bethesda, Md).

Luciferase Assay
Left ventricles were homogenized in luciferase assay buffer as described previously.15

Force Measurements
A small fiber was dissected from the skinned left ventricular papillary muscle, and isometric
force was measured as described previously.7

RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction Analysis
Quantitative real-time polymerase chain reaction was performed with the LightCycler with
the Taqman Universal Probe Library and Light Cycler Master. Relative levels of gene
expressions were normalized to the mouse GAPDH expression with the ΔΔCt method.18

Statistical Analysis
Data are shown as mean±SEM. Multiple-group comparison was performed by 1-way
ANOVA followed by the Bonferroni procedure for comparison of means. The F test was
used to assess equal variances before comparison between 2 groups. Then, comparisons
between 2 groups were performed with the Student t test (when P>0.05 in the F test) and the
Welch t test (when P<0.05 in the F test). Survival rates were analyzed with the log-rank test.
Values of P<0.05 were considered statistically significant.

Results
DCM Model Mouse

Because there are few useful DCM mouse models, we first generated transgenic mice that
expressed a cardiac α-actin R312H mutant with an HA tag under the control of α-myosin
heavy chain promoter (mActin-Tg). We obtained 3 independent founders of the transgenic
mice (lines 301, 307, and 311). The protein levels of the cardiac α-actin R312H mutant were
1.6-fold in line 301, 3.3-fold in line 307, and 2.2-fold in line 311 compared with those of
endogenous cardiac α-actin (Figure IA in the online-only Data Supplement). To confirm the
expression of the transgene in cardiomyocytes, we performed immunohistological analyses
with antibodies against HA and actinin. The mutated cardiac α-actin protein was colocalized
with actinin, suggesting that the cardiac α-actin R312H mutant is incorporated into
myofilaments (Figure IB in the online-only Data Supplement). Cardiac systolic function was
decreased in mActin-Tg mice at 10 months of age, and the reduction was well correlated
with protein levels of the cardiac α-actin R312H mutant (Figure IC in the online-only Data
Supplement). To further investigate whether cardiac expression of the cardiac α-actin
R312H mutant led to heart failure, we examined another transgenic mouse that expressed
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cardiac α-actin A331P mutant with an HA tag in the heart. This mutant has been reported to
cause hypertrophic cardiomyopathy in human.19 We obtained 2 independent founders of the
transgenic mice that expressed almost the same levels of the cardiac α-actin A331P mutant
protein. Although the protein levels of the mutant in the A331P mutant transgenic mice were
almost same as those of the R312H mutant in line 307, which had the highest expression
(Figure II in the online-only Data Supplement), echocardiography revealed that there were
no significant differences in cardiac systolic function, wall thickness, and left ventricular
dimension between cardiac α-actin A331P mutant transgenic mice and their wild-type
littermates (Table I in the online-only Data Supplement). Although it is not known at present
why the expression of cardiac α-actin A331P mutant did not induce hypertrophic
cardiomyopathy, these results suggest that cardiac dysfunction of mActin-Tg mice is due to
cardiac expression of the cardiac α-actin R312H mutant in the heart, not to high-level
expression of the cardiac α-actin protein with the tag (lines 307 and 311).

We used line 307, which expressed the cardiac α-actin R312H mutant at the highest levels,
for further studies. The hearts in mActin-Tg mice were larger than those of wild-type
littermates (Figure 1A), and heart weight and the ratio of heart weight to body weight were
much increased in mActin-Tg mice (Table II in the online-only Data Supplement). Marked
cardiac fibrosis was observed in mActin-Tg mice at 10 months of age, with increased
expression of collagen types I and III (Figure 1B and 1C). Electron microscopic analyses
showed that there were degenerated cardiomyocytes with an increase in vacuolar formation
and lysis of myofibrils in mActin-Tg mice (Figure 1D). Echocardiography revealed that left
ventricular dimension was gradually increased and that fractional shortening was reduced in
mActin-Tg mice compared with wild-type littermates (Table II in the online-only Data
Supplement and Figure 1E). The expression levels of ANP and SERCA2a were gradually
increased and decreased in mActin-Tg mice, respectively (Figure III in the online-only Data
Supplement). There was no significant difference in blood pressure, but heart rate was
increased in mActin-Tg mice (Table II in the online-only Data Supplement), suggesting that
the sympathetic nervous system is activated. Surface ECG monitoring showed low
amplitude of the R wave in mActin-Tg mice (Table II in the online-only Data Supplement),
which is often observed in human DCM patients. Many mActin-Tg mice died by 35 weeks
of age (Figure 1F). Although telemetric ECG recording did not show life-threatening
arrhythmia in mActin-Tg mice (data not shown), spontaneous Ca2+ sparks and Ca2+ waves
were significantly increased in the cardiomyocytes of mActin-Tg mice (Table III in the
online-only Data Supplement), suggesting that not only cardiac pump failure but also
arrhythmia could be the cause of death. These phenotypes of mActin-Tg mice were quite
similar to those of human DCM.

Apoptotic Cardiomyocytes Are Increased in mActin-Tg Hearts
It has been reported that apoptosis of cardiomyocytes is observed in hearts of human DCM10

and that cardiomyocyte death might cause cardiac dysfunction.20 We thus examined
apoptosis of cardiomyocytes by TUNEL labeling in left ventricular sections of wild-type
littermates and mActin-Tg mice at 5 months of age. The number of TUNEL/dystrophin
double-positive cardiomyocytes was significantly larger in mActin-Tg mice compared with
wild-type littermates (Figure 2A). To examine whether the increase in apoptotic
cardiomyocytes causes cardiac dysfunction in mActin-Tg mice, we generated double-
transgenic mice by crossing mActin-Tg mice and the transgenic mice, which overexpress the
antiapoptotic protein Bcl-2 in cardiomyocytes [mActin(+)/Bcl-2(+)-DTg].14 The number of
apoptotic cardiomyocytes in mActin(+)/Bcl-2(+)-DTg mice was significantly less compared
with mActin-Tg mice (Figure 2A). Echocardiography revealed that the left ventricular
dimension was smaller and fractional shortening was better in mActin(+)/Bcl-2(+)-DTg
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mice than in mActin-Tg mice at 5 months of age (Figure 2B), suggesting that the increase in
apoptotic cardiomyocytes causes cardiac dysfunction in the DCM mouse model.

p53 Is Involved in Cardiomyocyte Apoptosis in mActin-Tg Mice
To clarify the mechanisms of how the cardiac α-actin R312H mutant induces apoptosis of
cardiomyocytes, we examined expression levels of apoptosis-related proteins by Western
blot analyses. The protein levels of p53 and Bax were higher in mActin-Tg mice compared
with wild-type littermates (Figure 3A). Several key proapoptotic genes have been reported
to be positively regulated by p53,21 and increased expression of p53 induces left ventricular
dilatation and dysfunction in several types of mice.22,23 To determine the role of p53 in gene
mutation–induced DCM, we crossed mActin-Tg mice and heterozygous p53-deficient mice
[p53(+/−)]. Because many of homozygous p53-deficient mice [p53(−/−)] died of tumors
before 5 months of age,17 we used heterozygous p53-deficient mice [p53(+/−)] for this
study. Echocardiography revealed that left ventricular dimension was smaller and fractional
shortening was better in mActin-Tg/p53(+/−) mice than in mActin-Tg/p53(+/+) mice at 5
months of age (Figure 3B). Loss of a single p53 allele attenuated the increase of Bax (Figure
3C) and reduced the number of apoptotic cardiomyocytes in mActin-Tg mice (Figure 3D).
These results suggest that p53-induced cardiomyocyte apoptosis induces dilatation and
dysfunction of the left ventricle in the DCM mouse model.

Myofilament Calcium Sensitivity Is Decreased and Calcium-Dependent Enzymes Are
Activated in mActin-Tg Mice

Many gene mutations associated with DCM have been reported to induce the decrease of
myofilament Ca2+ sensitivity.7 We examined myofilament Ca2+ sensitivity in mActin-Tg
mice. The force-pCa relationship was shifted rightward in mActin-Tg mice compared with
wild-type littermates (Figure 4A). The pCa value at half-maximal force generation (pCa50,
an index of Ca2+ sensitivity) was significantly lower in mActin-Tg mice (Figure 4B),
suggesting that skinned cardiac muscle fibers prepared from mActin-Tg mice show a
decrease in Ca2+ sensitivity of force generation. The degree was the same between 2 and 10
months of age (Figure 4B), suggesting that the reduction in Ca2+ sensitivity is not a result of
cardiac dysfunction. Despite the reduced Ca2+ sensitivity, there was no significant difference
in maximum force-generating capabilities between wild-type littermates and mActin-Tg
mice (Figure 4C). The decrease in myofilament Ca2+ sensitivity is expected to influence
intracellular Ca2+ handling in cardiomyocytes of mActin-Tg mice. To clarify whether
intracellular Ca2+ levels in cardiomyocytes are changed in mActin-Tg mice, we examined
the activity of Ca2+-dependent enzymes such as calcineurin and calpain. We generated
double-transgenic mice by crossing mActin-Tg mice and the transgenic mice carrying a
luciferase reporter driven by a cluster of NFAT binding sites, which is activated by
calcineurin-dependent NFAT proteins.15 The NFAT–luciferase reporter activity was higher
in mActin-Tg mice than in wild-type littermates at 5 months of age (Table IV in the online-
only Data Supplement and Figure 4D). Furthermore, the ratio of the calpain-induced cleaved
forms of talin and caspase-12 to total proteins was significantly increased in mActin-Tg
mice compared with wild-type littermates (Figure 4E). We next examined Ca2+ transients in
cardiomyocytes using fluo-3AM (Figure IVA in the online-only Data Supplement).
Although the time to peak amplitude of Ca2+ was significantly slower in mActin-Tg mice
than in wild-type littermates (Figure IVB in the online-only Data Supplement), there was no
significant difference in peak amplitude between wild-type littermates and mActin-Tg mice
at 2 and 10 months of age (Figure IVC in the online-only Data Supplement). The expression
levels of SERCA2a, but not Na+/Ca2+ exchanger, were decreased in mActin-Tg mice
(Figure III in the online-only Data Supplement).
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CaMKIIδ Is Activated in mActin-Tg Mice
It has been reported that among Ca2+-dependent proteins, expression of CaMKIIδ is
increased in human DCM hearts24 and that overexpression of CaMKIIδ induces heart failure
in mice.25,26 We thus examined the expression and phosphorylation of CaMKIIδ and
phosphorylation of its target protein, phospholamban (Thr17). The protein levels of total
(both CaMKIIδB and CaMKIIδC) and phosphorylated CaMKIIδ and of phosphorylated
phospholamban (Thr17) were increased in mActin-Tg mice compared with wild-type litter-
mates (Figure 5A and Figure VA in the online-only Data Supplement), suggesting that
CaMKIIδ is activated in mActin-Tg mice. The protein levels of phosphorylated
phospholamban (Ser16), which is activated by protein kinase A, were also increased in
mActin-Tg mice (Figure 5A).

Because it has been reported that the sympathetic nervous system is activated in failing
hearts and that β-adrenergic receptor signal activates CaMKIIδ,27 we treated mActin-Tg
mice with the β-blocker bisoprolol to clarify the relationship between β-adrenergic receptor
signal and activation of CaMKIIδ. The treatment with bisoprolol ameliorated cardiac
dysfunction of mActin-Tg mice, and there was no significant difference in cardiac function
between wild-type littermates and mActin Tg mice with bisoprolol treatment (Figure VB in
the online-only Data Supplement). Furthermore, the increase in CaMKIIδ levels in mActin-
Tg mice was prevented by bisoprolol treatment (Figure VC in the online-only Data
Supplement), suggesting that the activation of CaMKIIδ in mActin-Tg mice might be due to
activation of β-adrenergic receptor signaling.

To test whether activation of CaMKIIδ induces cardiac dysfunction, we first treated mActin-
Tg mice with KN-93, a CaMKII inhibitor. Levels of both phosphorylated phospho-lamban
(Thr17) and phospholamban (Ser16) were decreased by KN-93 treatment in mActin-Tg
mice (Figure 5B and Figure VD in the online-only Data Supplement). Echocardiography
revealed that KN-93 treatment prevented left ventricular dilatation and preserved cardiac
function in mActin-Tg mice (Figure 5C). On the other hand, KN-92, an inactive derivative
of KN-93, did not show any effects (Figure VE in the online-only Data Supplement). To
confirm the role of CaMKIIδ in mActin-Tg mice, we crossed mActin-Tg mice and AC3-I
mice, which expressed the CaMKII-inhibitory peptide AC3-I in the heart [mActin(+)/AC3-
I(+)-DTg].16 Echocardiography revealed that fractional shortening was better in mActin(+)/
AC3-I(−)-DTg mice than in mActin(+)/AC3-I(−)-Tg mice (Figure 5D), suggesting that the
activation of CaMKIIδ in the DCM mouse model induces left ventricular dilatation and
contractile dysfunction.

We next examined the relation between CaMKIIδ activation and p53. The increase in p53
was attenuated by treatment with KN-93 or overexpression of AC3-I (Figure 6A and Figure
VIA in the online-only Data Supplement). Furthermore, KN-93 treatment inhibited the
increase in Bax expression and TUNEL-positive cardiomyocytes (Figure 6A and 6B). It has
been reported that CaMKIIδC, but not CaMKIIδB, induces cardiomyocyte death.27–29 To
clarify the mechanism of how CaMKIIδ increases protein levels of p53 and which CaMKIIδ,
δB or δC, plays an important role in apoptosis of cardiomyocytes, we transfected
constitutively active forms of CaMKIIδ (caCaMKIIδ) into cardiomyocytes. Only
caCaMKIIδC, not caCaMKIIδB, increased protein levels of p53 (Figure VIB in the online-
only Data Supplement). Furthermore, p53 protein levels in caCaMKIIδC-transfected
cardiomyocytes did not increase with MG132 treatment compared with MOCK-treated
cardiomyocytes (Figure VIC in the online-only Data Supplement). These results suggest that
activation of CaMKIIδC increases apoptotic cardiomyocytes at least in part via stabilization
of p53 in the DCM mouse model.
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Discussion
In the present study, we established a novel mouse model of DCM to clarify the mechanisms
of how mutant genes lead to DCM (Table II in the online-only Data Supplement and Figure
1). The mice expressing cardiac α-actin R312H mutant in the heart, which has been reported
to cause DCM in humans,5 showed dilatation and dysfunction of left ventricle with an
increase in ANP messenger RNA levels, which is consistent with human heart failure
(Figure 1A and 1E and Table II and Figure III in the online-only Data Supplement). Higher
heart rate and hyperphosphorylated phospholamban (Ser16) (Table II in the online-only
Data Supplement and Figure 5A) suggest the activation of the sympathetic nervous system
to compensate for reduced cardiac systolic function, resulting in an increase in spontaneous
Ca2+ sparks and Ca2+ waves (Table III in the online-only Data Supplement). Myofilament
Ca2+ sensitivity was decreased in mActin-Tg mice even at 2 months of age (Figure 4B),
when cardiac phenotypes such as left ventricular dilatation and cardiac fibrosis were not
recognized (Table II in the online-only Data Supplement and Figure 1). These results
suggest that the decrease in myofilament Ca2+ sensitivity is a primary cause of, not a
secondary result from, cardiac dysfunction. Because these phenotypes were quite similar to
those of human DCM, mActin-Tg mice are useful for examining the underlying mechanisms
of how gene mutations lead to DCM.

There was no significant difference in the peak amplitude of Ca2+ transients between wild-
type littermates and mActin-Tg mice (Figure IVC in the online-only Data Supplement),
suggesting that global Ca2+ levels underlying each contractile cycle do not differ between
the 2 groups. It has been reported that the peak amplitude of Ca2+ transients, which is
associated with decreased Ca2+ sensitivity and systolic dysfunction, is higher in another
mouse model of DCM, 7 suggesting that Ca2+ transients are augmented to compensate for
decreased myofilament Ca2+ sensitivity in this model. In mActin-Tg mice, despite the
preserved Ca2+ transients (Figure IVC in the online-only Data Supplement), global cardiac
function was gradually impaired (Table II in the online-only Data Supplement). Local Ca2+

concentration has been reported to be important for the activation of Ca2+-dependent
enzymes such as calcineurin, calpain, and CaMKII in cardiomyocytes.30 The activation of
these molecules in mActin-Tg mice (Figures 4D, 4E, and 5A) might be attributed to an
increase in local Ca2+ levels. It still remains to be determined whether local Ca2+ levels are
really increased and, if so, how the decrease in Ca2+ sensitivity increases local Ca2+ levels.

Recent reports have shown that CaMKIIδ plays a crucial role in cardiovascular diseases.16,31

The transgenic mice that overexpressed CaMKIIδ showed heart failure with systolic
dysfunction and left ventricular dilatation.25,26 In this study, CaMKIIδ was activated in the
hearts of mActin-Tg mice (Figure 5A), and inhibition of CaMKIIδ by KN-93 or AC3-I
ameliorated cardiac dysfunction in mActin-Tg mice (Figure 5C and 5D), suggesting that
CaMKIIδ also plays an important role in gene mutation–induced cardiac dysfunction.

It has been reported that apoptosis of cardiomyocytes is observed in hearts of human DCM10

and that cardiomyocyte death could cause cardiac dysfunction.20 However, it remains
unclear whether apoptosis of cardiomyocytes causes cardiac dysfunction and how
cardiomyocyte apoptosis is induced in hearts of DCM. In this study, there were more
apoptotic cardiomyocytes in mActin-Tg mice (Figure 2A), and cardiac function was
improved by protecting cardiomyocytes from apoptosis through overexpression of Bcl-2
(Figure 2B). These results suggest that cardiomyocyte apoptosis plays a crucial role in the
development of DCM. Several key proapoptotic and antiapoptotic genes have been reported
to be positively or negatively regulated by p53, and increased expression of p53 induces left
ventricular dilatation and dysfunction in mice deficient in MDM4, an E3 ligase for p53.23

Furthermore, we have recently demonstrated that p53 is critically involved in pressure
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overload–induced cardiac dysfunction.22 The protein levels of p53 were increased in
mActin-Tg mice (Figure 3A), and loss of a single p53 allele reduced the number of
apoptotic cardiomyocytes (Figure 3D) and improved cardiac function (Figure 3B). These
results suggest that p53 is critically involved in induction of cardiomyocyte apoptosis,
resulting in left ventricular dysfunction in the mouse model of DCM.

The present study indicates that p53 might be a therapeutic target for DCM. In this study,
CaMKIIδ was activated in the hearts of mActin-Tg mice (Figure 5A), and the inhibition of
CaMKIIδ attenuated the increase in p53 protein levels (Figure 6A and Figure VIA in the
online-only Data Supplement), suggesting that CaMKIIδ regulates protein levels of p53 in
the DCM model mice. Although it remains to be determined how CaMKIIδ regulates protein
levels of p53, inhibition of CaMKIIδ may become a new therapeutic strategy for DCM
patients by reducing p53 protein levels in the heart.

Limitations
This study has a couple limitations. First, we cannot completely rule out the nonspecific
effects of overexpression of cardiac α-actin gene with tag because of a lack of transgenic
mice that overexpress wild-type cardiac α-actin gene. However, we think the cardiac
dysfunction observed in mActin-Tg was due to cardiac expressions of the cardiac α-actin
R312H mutant in the heart, not to high-level expressions of the cardiac α-actin protein with
tag because of the following reasons: We obtained 3 independent founders of the transgenic
mice, and the reduction in cardiac function was well correlated with protein levels of the
cardiac α-actin R312H mutant (Figure I in the online-only Data Supplement). Another
transgenic mouse that expressed cardiac α-actin A331P mutant with an HA tag in the heart
did not show cardiac dysfunction (Table I in the online-only Data Supplement), although the
protein levels of the mutant in the A331P mutant transgenic mice were almost same as those
of the R312H mutant in line 307, which had the highest expression (Figure II in the online-
only Data Supplement). Second, we found that CaMKIIδC increases p53 protein levels
mainly by its stabilization, but the underlying mechanisms remain to be determined.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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CLINICAL PERSPECTIVE

Heart failure is an important cause of morbidity and mortality in many industrial
countries, and dilated cardiomyopathy (DCM) is one of its major causes. Molecular
genetic studies over the last 2 decades have revealed many mutations of various genes in
DCM patients, but the precise mechanisms of how such mutations lead to DCM remain
largely unknown partly because of a lack of good animal models of DCM. Here, we
established the mouse model of DCM by expressing a mutated cardiac α-actin gene,
which has been reported in patients with DCM, in the heart. The transgenic mice showed
gradual dilatation and dysfunction of the left ventricle, resulting in death by heart failure.
These phenotypes of the transgenic mice were quite similar to those of human DCM. The
number of apoptotic cardiomyocytes and protein levels of p53 were increased in the
hearts of the DCM mice. Overexpression of Bcl-2, an antiapoptotic factor, or
downregulation of p53 decreased the number of apoptotic cardiomyocytes and improved
cardiac function. The DCM mice showed activation of CaMKIIδ. The inhibition of
CaMKIIδ prevented the increase in p53 and apoptotic cardiomyocytes and ameliorated
cardiac function. These results suggest that CaMKIIδ plays a critical role in the
development of heart failure in part by accumulation of p53 and induction of
cardiomyocyte apoptosis in the DCM mouse model. The inhibition of CaMKIIδ may
become a new therapeutic strategy for DCM patients.
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Figure 1.
Mutated cardiac α-actin R312H transgenic mice. A, Gross morphology (top) and sections
(bottom) of wild-type littermates (WT) or mActin-Tg (Tg) hearts at 2, 5, and 10 months (M)
of age. Scale bar=1 mm. B, Masson trichrome staining. Scale bar=100 μm. C, Relative
levels of collagen types I and III in hearts were normalized to GAPDH expression. *P<0.05
vs WT mice. n=4 in each group. D, Electron microscopic analyses. Cytoplasmic
vacuolization (arrow) and lysis of myofibrils (arrowhead) were detected in the hearts of Tg
mice. Scale bar=10 μm. E, Echocardiographic analysis. Scale bar=1 mm. LVDd indicates
left ventricular end-diastolic dimension; FS, fractional shortening. *P<0.05. F, Kaplan-
Meier survival curve. *P<0.05 vs WT mice. WT, n=32; Tg, n=37.
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Figure 2.
Increase in Bcl-2 preserves cardiac function in mActin-Tg mice. A, Double immunostaining
for TUNEL (black) and dystrophin (red) of the heart (left). The graph indicates quantitative
analyses of TUNEL-positive cardiomyocytes. Scale bar=100 μm. n=4 in each group.
*P<0.05. B, Echocardiographic analyses at 5 months of age. *P<0.05. WT/Bcl-2(−), n=5;
WT/Bcl-2(+), n=10; Tg/Bcl-2(−), n=10; Tg/Bcl-2(+), n=5. WT indicates wild-type
littermates; Tg, mActin-Tg mice; LVDd, left ventricular end-diastolic dimension; and FS,
fractional shortening.
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Figure 3.
Inhibition of p53 preserves cardiac function in mActin-Tg mice. A, Western blot analyses in
the hearts of wild-type littermates (WT) or mActin-Tg (Tg) mice at 5 months of age. The
graph indicates relative protein levels of p53 (n=8 in each group) or Bax (n=10 in each
group). *P<0.05. B, Echocardiographic analyses at 5 months of age. WT/p53(+/+), n=12;
WT/p53(+/−), n=10; Tg/p53(+/+), n=19; Tg/p53(+/−), n=14. *P<0.05. C, Western blot
analyses in the hearts. The graph indicates relative protein levels of Bax. n=6 in each group.
*P<0.05. D, Quantitative analyses of TUNEL-positive cardiomyocytes. n=5 in each group.
*P<0.05.
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Figure 4.
Myofilament Ca2+ sensitivity is decreased and Ca2+-dependent enzymes are activated in
mActin-Tg mice (Tg). A, Force-pCa relationship in skinned cardiac muscle fiber at 5
months of age. The broken line indicates pCa50. Wild-type (WT; n=11) and Tg (n=10)
fibers were prepared from 3 isolated hearts. B, Ca2+ sensitivity (pCa50) of force-pCa
relationships in skinned cardiac muscle fibers at 2, 5, and 10 months (M) of age. *P<0.05.
C, Maximum force-generating capabilities. Fibers (n=9 to 11) were prepared from 3 isolated
hearts of each group. D, The NFAT–luciferase reporter activity (RLU μg−1) in the hearts at
5 months of age. n=4 in each group. *P<0.05. E, Western blot analyses in the hearts. Arrows
indicate the calpain cleaved forms of talin and caspase-12. The graph indicates relative
protein levels of cleaved talin or caspase-12 and ratio of cleaved forms to total proteins. n=4
in each group. *P<0.05.
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Figure 5.
CaMKIIδ is activated in mActin-Tg mice. A, Western blot analyses in the hearts of wild-
type littermates (WT) or mActin-Tg (Tg) mice at 5 months of age. The graph indicates
relative protein levels of total and phosphorylated CaMKIIδ (p- CaMKIIδ) or phosphorylat-
ed phospholamban (p-PLB). Arrow and arrowhead indicate CaMKIIδB and CaMKIIδC,
respectively. n=6 in each group. *P<0.05. B, Western blot analyses in the hearts at 5 months
of age. The graph indicates relative protein levels of p-PLB (Thr17). n=4 in each group.
*P<0.05. C and D, Echocardiographic analyses at 5 months of age. WT/KN-93(−), n=11;
WT/KN-93(+), n=7; Tg/KN-93(−), n=8; Tg/KN-93(+), n=6; WT/AC3-I(−), n=8; WT/AC3-
I(+), n=18; Tg/AC3-I(−), n=10; Tg/AC3-I(+), n=14. KN indicates KN-93; LVDd, left
ventricular end-diastolic dimension; and FS, fractional shortening. *P<0.05.
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Figure 6.
CaMKIIδ regulates expression of p53 in cardiomyocytes. A, Western blot analyses in the
hearts of wild-type littermates (WT) or mActin-Tg (Tg) mice. The graph indicates relative
protein levels of p53 or Bax. n=4 in each group. *P<0.05. B, Quantitative analyses of
TUNEL-positive cardiomyocytes. n=5 in each group. *P<0.05.
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