research article

A 08| o = _s 25 .
0.4 ’g 20
L 03 =15
» 810
0.2 g
0.1 ~os
0.0 0.0 &=
WT Akt~ WT Akt~ WT Akt~ WT Akt
Sham  TAC2w Sham  TAC2w
*k ke
*k sk *k
600 >0.006
& *k g) *k
gm 8 0004
< 5
& 200 § 0.002
&)
[} > 0.000
WT Akt~ WT Akt* WT Akt WT Akt~
Sham TAC2w Sham TAC2w
* *
Sham TAC2w - =a—
— T 4.0
>
2
= 30
<
420
@
2
E 1.0
& 0.0
T OWT Akt~ WT Akt~
Sham  TAC2w

Figure 6

2

WT_ Akt~ WT _Akt*
Sham  TAC2w

Reduced activation of Akt attenuates systolic dysfunction due to pressure overload. (A) Akt1-deficient (Akt7+-) mice and WT littermates were
subjected to TAC or sham operation. Cardiac hypertrophy and systolic function were assessed by echocardiography at 2 weeks after operation.
n = 4-6. (B) Immunohistochemistry using antibodies against platelet and endothelial cell adhesion molecules (dark brown) and dystrophin (light
brown) was performed at 2 weeks after operation. Scale bars: 20 um. (C) CSA of cardiomyocytes and relative vascular density were estimated
as described in Methods. n = 3. (D) pAkt and Akt levels in the heart at 2 weeks after operation were examined by Western blot analysis. Graphs
indicate relative expression levels of pAkt and Akt. n = 3. Data are shown as mean + SEM. *P < 0.05; **P < 0.01.

myocardial metabolism that are characterized by a decrease of FA
metabolism and an increase of myocardial glucose metabolism, a
pattern similar to that shown in animal models of HF (33). Under
these conditions, increased FA metabolism in the heart is patho-
genic and the extent of abnormal FA metabolism predicts both
morphologic changes of the heart and a poor clinical outcome
(34). In this respect, activation of the insulin/Akt pathway in the
failing heart appears to be an adaptive response, but constitutive
activation of this pathway also leads to activation of growth sig-
nals that results in dysregulated hypertrophy, cardiac hypoxia, and
systolic dysfunction. Thus, a metabolic modulator that increases
glucose uptake (or decreases FA metabolism) without activation of
insulin signaling would be a better strategy for the treatment of HF
because these patients have systemic insulin resistance. Our results
also suggest that the use of insulin to control hyperglycemia can
be harmful, especially in the setting of pressure overload, a finding
that is consistent with the outcome of a recent clinical trial (16).
Multiple counterregulatory hormones and cytokines are
upregulated in HF and are likely to play a role in insulin resistance
and altered glucose disposition (21). Upregulation of catechol-
amines not only contributes directly to the pathogenesis of cardio-
myopathy but also increases insulin resistance and thereby indi-
rectly affects systolic function. We also found that chronic pressure
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overload increased the production of proinflammatory cytokines
by adipose tissue, thus promoting systemic insulin resistance
(I Shimizu and T. Minamino, unpublished observations). Further
investigation of the link between insulin resistance and HF will
continue to provide novel insights into the treatment of HF.

Methods

Animal models. All animal study protocols were approved by the Chiba
University Review Board. C57BL/6 mice were purchased from SLC Japan.
TAC was performed as described previously (15) in 11-week-old male mice.
Sham-operated mice underwent the same procedure except for aortic con-
striction. For the type 1 diabetic model, 7-week-old male C57BL/6 mice were
treated with i.p. STZ in 0.1 M sodium citrate (pH 4.5) at a dose of 50 mg/kg
for 5 days. TAC was performed 4 weeks after STZ treatment. In the insu-
lin-treated group, mice received daily i.p. injection of insulin (0.1 IU/g/d)
from 9 weeks (2 weeks after STZ treatment) to 13 weeks of age (2 weeks
after TAC). In some experiments, mice received an i.p. injection of insulin
(11U/kg) 30 minutes before sacrifice to investigate the insulin sensitivity
of various organs. AktI-deficient mice (Aktl*-) were a gift from Morris J.
Birnbaum (University of Pennsylvania School of Medicine, Philadelphia,
Pennsylvania, USA). The generation and genotyping of AktI-deficient mice,
floxed Insr mice, and MHC-Cre mice have been described previously (18,
19, 35). Littermate controls have the genotype Insr’o* or Insiflox/flox, We
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administered adenoviral vector encoding COMP-Ang1 to mice i.v. after
TAC operation as previously described (17).

Physiological and bistological analyses. Echocardiography was performed
with a Vevo 770 High Resolution Imaging System (Visual Sonics Inc.). To
minimize variation of the data, the heart rate was always approximately
500-600 beats per minute when cardiac function was assessed. Cardiac tis-
sue was fixed by perfusion with 4% paraformaldehyde. The fixed sample
was immersed in OCT compounds (Miles Inc.) and snap-frozen in liquid
nitrogen to prepare cryostat sections. Frozen cross sections of hearts were
immunohistochemically double stained with antibodies for PECAM (BD
Biosciences — Pharmingen) and dystrophin (Novocastra Laboratories).
For measurement of the CSA of cardiomyocytes, 50 randomly selected car-
diomyocytes in a left ventricular cross section were measured by tracing
dystrophin immunostaining with NIH Image]J software (htcp://rsbweb.
nih.gov/ij/). Using the same sections, the number of PECAM-positive
vessels was counted, and vascular density was estimated as the number
of microvessels/number of cardiomyocytes/CSA. Tissue hypoxia was esti-
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mated with the Hypoxyprobe-1 (Chemicon) according to the manufac-
turer’s instructions. Briefly, an i.p. injection of pimonidazole (60 mg/kg)
was performed 90 minutes before sacrifice. Heart samples were harvested
and fixed in 10% formalin overnight. The samples were embedded in pat-
affin, sectioned at 4-um thickness, and stained with the Hypoxyprobe-1
monoclonal antibody (clone 4.3.11.3), which binds to protein adducts of
pimonidazole in hypoxic cells. TUNEL labeling was performed according
to the manufacturer’s protocol (In Situ Apoptosis Detection Kit; TaKaRa)
in combination with immunostaining for appropriate cell markers.
Western blot analysis. Whole-cell lysates were prepared in lysis buffer (10 mM
Tris-HCI, pH 8, 140 mM NaCl, S mM EDTA, 0.025% NaN3, 1% Triton X-100,
1% deoxycholate, 0.1% SDS, 1 mM PMSF, § ug/ml leupeptin, 2 ug/ml apro-
tinin, 50 mM NaF, and 1 mM Na,VO3). The lysates (40-50 pg) were resolved
by SDS-PAGE. Proteins were transferred to a PVDF membrane (Millipore),
which was incubated with the primary antibody followed by anti-rabbit or
anti-mouse immunoglobulin-G conjugated with horseradish peroxidase
(Jackson). Specific proteins were detected by enhanced chemiluminescence
Volume 120 Number §
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(Amersham). The primary antibodies used for Western blotting were as fol-
lows: anti-plrs1 antibody (Tyr612, Biomol), anti-Irs1 antibody (C20), anti-
Akt1 antibody (C20), anti-Insr B antibody (C-19) (Santa Cruz Biotechnol-
ogy Inc.), anti-phospho-Akt antibody (Ser473), anti-phospho-p44/42 MAP
kinase antibody (Thr202/Tyr204), anti-MAP kinase (ERK1+ERK2) antibody
(Invirrogen), and anti-actin antibody (Sigma-Aldrich). Plasma insulin levels
were evaluated with an ELISA kit (Morinaga Institute of Biological Science
Inc.) according to the manufacturer’s instructions.

Cell culture. Neonatal Wistar rats were purchased from Takasugi Experi-
mental Animal Supply. Cardiomyocytes were prepared from neonatal rats
and cultured as described previously (15). Passive stretching of cultured cells
was done as described previously. Cells were plated on collagen-coated sili-
cone rubber dishes (STREX Mechanical Cell Strain Instruments), and the
silicone dishes were stretched by attaching both ends of each dish firmly to
afixed frame, resulting in longirudinal stretch by 20% of the original length.
siRNA targeting Inst, IGF, and the IGF-1 receptor was purchased from
Invitrogen and introduced into rat cardiomyocytes by using Lipofectamine
RNAiMax (Invitrogen) according to the manufacturer’s instructions.

Statistics. Data are shown as the mean + SEM. Differences between groups
were examined by 2-tailed Student’s ¢ test or ANOVA, followed by Bonfer-
roni’s correction for comparison of means. For all analyses, P < 0.05 was
considered statistically significant.
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Promotion of CHIP-Mediated p53 Degradation Protects the
Heart From Ischemic Injury

Atsuhiko T. Naito, Sho Okada, Tohru Minamino, Koji Iwanaga, Mei-Lan Liu, Tomokazu Sumida,
Seitaro Nomura, Naruhiko Sahara, Tatsuya Mizoroki, Akihiko Takashima, Hiroshi Akazawa,
Toshio Nagai, Ichiro Shiojima, Issei Komuro

Rationale: The number of patients with coronary heart disease, including myocardial infarction, is increasing and
novel therapeutic strategy is awaited. Tumor suppressor protein pS3 accumulates in the myocardium after
myocardial infarction, causes apoptosis of cardiomyocytes, and plays an important role in the progression into
heart failure.

Objectives: We investigated the molecular mechanisms of p53 accumulation in the heart after myocardial infarction
and tested whether anti-p53 approach would be effective against myocardial infarction.

Methods and Results: Through expression screening, we found that CHIP (carboxyl terminus of Hsp70-interacting
protein) is an endogenous p53 antagonist in the heart. CHIP suppressed p53 level by ubiquitinating and inducing
proteasomal degradation. CHIP transcription was downregulated after hypoxic stress and restoration of CHIP
protein level prevented p53 accumulation after hypoxic stress. CHIP overexpression in vivo prevented p53
accumulation and cardiomyocyte apoptosis after myocardial infarction. Promotion of CHIP function by heat
shock protein (Hsp)90 inhibitor, 17-allylamino-17-demethoxy geldanamycin (17-AAG), also prevented pS3
accumulation and cardiomyocyte apoptosis both in vitro and in vivo. CHIP-mediated p53 degradation was at
least one of the cardioprotective effects of 17-AAG.

Conclusions: We found that downregulation of CHIP level by hypoxia was responsible for p53 accumulation in the
heart after myocardial infarction. Decreasing the amount of p53 prevented myocardial apoptosis and amelio-
rated ventricular remodeling after myocardial infarction. We conclude that anti-p53 approach would be effective
to treat myocardial infarction. (Circ Res. 2010;106:1692-1702.)

Key Words: myocardial infarction m CHIP m p53 m hypoxia

he number of patients with coronary heart disease has infarct size,5-# implicating that antiapoptotic approach is
been increasing and cardiovascular diseases are the effective for prevention of ventricular remodeling after
leading cause of deaths in the Western world. Despite the myocardial infarction.
development of pharmacological and nonpharmacological The tumor suppressor p353 is an important transcription
interventions, 33% of the men and 43% of the women die factor that regulates cell cycle progression, cellular senes-
within 5 years after myocardial infarction (MI).! Therefore, a cence, and apoptosis. Under physiological condition, p53
novel therapeutic approach against coronary heart disease is protein level is maintained low, but is elevated when cells
awaited. are stressed or damaged.® The mechanism for keeping p53
Apoptosis of cardiomyocytes is accompanied with acute protein level low involves several E3 ubiquitin ligases
coronary occlusion.? Because apoptotic loss of cardiomyo- such as MDM2,!01! COP1,'? and Pirh2.'* Importantly, the
cytes causes heart failure,3 inhibition of apoptosis has been expression of these proteins were positively regulated by
suggested as an additional therapeutic approach to coronary p53, suggesting the role for negative-feedback loop against
heart disease.# In mice, overexpression of antiapoptotic p53 elevation.
Bcl-2 protein or genetic deletion of proapoptotic Bax Protein level of p53 is also kept low in the heart but it is
protein have been reported to prevent apoptosis and reduce elevated when cardiac cells are exposed to hypoxia.'4-16
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We have recently reported that elevation of p53 causes the
development of pressure overload-induced heart failure.!6
We have also observed the elevation of p53 protein levels
after myocardial infarction and shown that p53 gene
deletion improved cardiac function after myocardial in-
farction,'® suggesting that the inhibition of p53 might
become a novel therapeutic strategy for ischemic heart
diseases.

As an initial approach for the investigation of anti-p53
therapy, we searched for an endogenous p53 antagonist in the
heart. Through expression screening, we found that CHIP
(carboxyl terminus of Hsp70-interacting protein) is an endog-
enous p53 antagonist that keeps p53 level low in the heart.
We also found that CHIP downregulation is involved in the
mechanism of p53 accumulation in the heart after myocar-
dial infarction. Facilitating CHIP-mediated p53 degrada-
tion prevented apoptosis of cardiomyocytes and amelio-
rated ventricular remodeling in the postinfarct heart. The
present study revealed the mechanism of p53 accumulation
in the heart after myocardial ischemia and suggested that
anti-p53 approach would be effective to treat myocardial
infarction.

Methods

Expression Cloning

Expression cloning was performed as described previously!7 using
PG13-Luc (kind gift from B. Vogelstein, Ludwig Center for Cancer
Genetics and Therapeutics, Howard Hughes Medical Institute, and
Sidney Kimmel Cancer Center, Johns Hopkins Medical Institutions,
Baltimore, Md) as a reporter plasmid. Initially, cDNA expression
library from human heart (Invitrogen) was separated into small pools
that contain ~100 clones each. cDNA clones that downregulate
PG13 activity were isolated by sib-selection.

Cell Culture

COS7 and HEK293 cells are from ATCC and cultured in DMEM
containing 10% FBS (Invitrogen). Neonatal rat cardiomyocytes were
isolated from 1-day-old Wistar rats and cultured as described
previously.!'® Cardiomyocytes were exposed to hypoxic stress by
culturing under CoCl, or by culturing in hypoxic chamber (<1% O,;
Po,, 18 to =20 mm Hg).

Animals

All protocols were approved by Chiba University review board.
CHIP knockout mice and cardiac-specific inducible hypoxia-
inducible factor (HIF)-1 knockout mice were described.!6-1920 Het-
erozygous CHIP knockout mice were used in this study because
homozygous knockout mice were perinatally lethal.20 Cardiac-
specific CHIP transgenic mice were generated by pronuclear injec-
tion of aMHC-HA-CHIP transgene construct. Coronary artery liga-
tion was performed on 10-week old male mice as described
previously.?!

Statistical Analysis

Data are expressed as means*SE. The significance of differences
among means was evaluated using analysis of variance (ANOVA),
followed by Fisher’s protected least significant difference test and
Dunnett’s test for multiple comparisons. Significant differences were
defined as P<0.05.

Results

Identification of CHIP As a Novel p53 Antagonist
From Heart cDNA Library

To elucidate novel p53 antagonists in the heart, we performed
expression screening by expressing cDNA pools in COS7

CHIP Protects the Heart by Degrading p53 1693
Non-standard Abbreviations and Acronyms
17-AAG 17-allylamino-17-demethoxy geldanamycin
CHIP carboxyl terminus of Hsp70-interacting protein
HIF hypoxia-inducible factor

HRE hypoxia-responsive element

Hsp heat shock protein

HW/BW heart weight/body weight

Mi myocardial infarction

PARP poly(ADP-ribose)polymerase

siRNA small interfering RNA

cells together with a reporter plasmid, PG13-luciferase,
which contains 13 copies of p53 binding site upstream of
luciferase gene and responsive to wild-type p53 dependent
transcription. From the screening of 500 cDNA pools, each
containing around 100 individual ¢cDNA clones obtained
from human heart cDNA library, we found 5 pools that
suppress the PG13 activity. Individual ¢cDNA clone that
downregulates the PG13 activity was identified by sib-
selection. One of the molecules that was highly expressed in
the heart (Figure I, A, in the Online Data Supplement,
available at http://circres.ahajournals.org) was CHIP (also
called STUBI [Stipl homology and U-box containing pro-
tein]), a chaperone-interacting protein with E3 ubiquitin
ligase activity.?? Transfection of CHIP suppressed endoge-
nous and exogenous (by overexpression of p53) PG13 activ-
ity (Figure 1A) and decreased the protein levels of p53
(Figure 1B) in a plasmid dose-dependent manner in COS7
cells. Direct interaction between CHIP and p53 was con-
firmed both at the exogenous level in COS7 cells (Online
Figure I, B) and at the endogenous level in cardiomyocytes
(Online Figure I, C). Western blotting using anti-ubiquitin
antibody after immunoprecipitation with p53 revealed that
overexpression of CHIP increased poly-ubiquitinated p53
(which appears as a smear) (Online Figure I, D). The
proteasomal inhibitor MG132 restored p53 protein level
that was suppressed by CHIP (Online Figure I, E), indi-
cating that CHIP directs p53 for proteasome-mediated
degradation. When CHIP was knocked down in cardio-
myocytes using small interfering (si)RNA, p53 expression
was upregulated (Figure 1C), and p53 protein levels
following CHIP knockdown were comparable to those
induced by the knockdown of MDM2, a well known E3
ubiquitin ligase for p53 (Figure 1D). CHIP protein level
was not changed by knockdown of MDM2 (Figure 1D).
p53 protein levels were also markedly elevated in the heart
of CHIP heterozygous mice (Figure 1E). These results
suggest that CHIP induces degradation of wild-type p53
protein in cardiomyocytes, which is consistent with previ-
ous reports in other cells (H1299 cells and U20S
cells).2324 In addition, we revealed that CHIP is a crucial
negative regulator that keeps p53 protein levels low in the
heart under physiological conditions.
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Figure 1. CHIP is a crucial negative regulator of p53 expression in the heart. A, Transfection of CHIP expressing plasmid sup-
pressed endogenous (left) and exogenous (right) p53 transcriptional activity. *P<0.01 vs control; n=5. B, CHIP decreases p53 protein
levels in COS7 cells. IB indicates immunoblot. C, p53 expression is upregulated by CHIP knockdown in cardiomyocytes. siRNAs spe-
cific to CHIP (CHIP-1 and CHIP-2), or control siRNA were transfected into cultured cardiomyocytes and protein levels of CHIP and p53
were examined by Western blotting. CHIP-1 and CHIP-2 represent 2 different siRNAs against CHIP. Control-1 is a commercially avail-
able control RNA, and control-2 is a scrambled control RNA. D, p53 upregulation is also observed by MDM2 knockdown. siRNAs spe-
cific to MDM2 (MDM2-1 and MDM2-2) or control siRNA were transfected into cultured cardiomyocytes, and protein levels of CHIP,
p53, and MDM2 were examined by Western blotting. The extent of p53 upregulation by MDM2 knockdown was comparable to that
induced by CHIP knockdown. E, Total protein of wild-type and CHIP heterozygous mice were analyzed by Western blotting. p53
expression is upregulated in the heart of CHIP heterozygous mice.

Molecular Mechanisms of Hypoxia-Induced

p53 Accumulation

As CHIP regulates p53 status in the heart, we speculated that
CHIP might be involved in the molecular mechanism of
hypoxia-induced p53 accumulation in the heart. Cobalt chlo-
ride (CoCl,) increases HIF-1 activity through preventing
HIF-1a protein degradation and is widely used as a hypoxia
mimicking reagent.2526 Treatment of cardiomyocytes with
CoCl, (250 umol/L) increased p53 protein level with a
marked downregulation of CHIP protein level (Figure 2A).
Notably, the expression of MDM2 was rather increased in
this experimental condition. Because transcriptional regula-
tion of MDM?2 is known to be upregulated by p53 as a part of
negative-feedback loop, increased MDM?2 expression after
CoCl, treatment may possibly be attributable to this feedback
system against p53 elevation. Accumulation of p53 and
downregulation of CHIP were also observed when cardio-
myocytes were cultured in hypoxic chamber for 24 hours
(Online Figure I, F). We confirmed that both treatments
increased nuclear HIF-1a protein that binds to HIF-la
binding oligonucleotide by commercially available ELISA
system (Online Figure I, G). We also analyzed the expression
of p53 and CHIP in the heart after MI. p53 protein levels were
increased on day 1 after MI and remained upregulated
thereafter, whereas expression levels of CHIP were markedly
downregulated on day 1, and remained at lower levels than

those of controls (Figure 2B and analyzed in Online Figure II,
A and B). In contrast, MDM2 protein levels were slightly
increased after MI (Figure 2B). The inverse correlation
between CHIP and p53 protein level implies the possible
involvement of CHIP downregulation in the initiation of p53
accumulation after acute hypoxic stress. Other E3 ubiquitin
ligases whose transcription is regulated by p53, such as
MDM2, might work to reverse p53 level after initial accu-
mulation of p53 as a feedback system to prevent further
detrimental effects that might be elicited by chronic p53
elevation.

To investigate why CHIP is downregulated after hypoxic
insult, we tested whether HIF-1 mediates hypoxia-induced
downregulation of CHIP, because HIF-1 is known to down-
regulate some of its target genes through hypoxia-responsive
element (HRE).?-3°¢ Human CHIP promoter (from —329
bases upstream of transcription start site to +39 bases
downstream of transcription start site) that contains a con-
served HRE at —49 (Figure 2C) was cloned upstream of
luciferase reporter gene (pGL4-CHIP). pGL4-CHIP activity
was significantly suppressed by both CoCl, treatment (24
hours) and HIF-1a overexpression in COS7 cells (Figure
2D). When a mutation was introduced into HRE at —49
(pGL4-CHIP-mutHRE), the luciferase activity was no longer
responsive to hypoxic stress or HIF-1a overexpression (Fig-
ure 2D), suggesting that CHIP gene expression is downregu-
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lated by HIF-1 at the transcriptional level through HRE.
Real-time PCR analysis revealed that exposure of cardiomyo-
cytes to CoCl, (24 hours) and adenoviral overexpression of
constitutively active HIF-1a led to marked downregulation of
CHIP mRNA levels (Figure 2E), further supporting our data
that hypoxic stress downregulates CHIP levels. HIF-1a gene
is both required and sufficient for hypoxic stress-induced
CHIP downregulation and p53 accumulation because knock-
down of HIF-1a attenuated the effects of CoCl, treatment on
expressions of p53 and CHIP (Online Figure III, A), and
overexpression of constitutively active HIF-la suppressed
CHIP expression and increased p53 expression in cardiomyo-
cytes (Online Figure III, B). Furthermore, downregulation of
CHIP protein levels after MI was attenuated in cardiac-
specific inducible HIF-1a conditional knockout mice!6 (On-
line Figure III, C). Collectively, these findings suggest that
CHIP transcription is directly downregulated by hypoxia
through HIF-1.

CHIP Protects Cardiomyocytes From
Hypoxia-Induced p53-Mediated Apoptosis

of Cardiomyocytes

Because hypoxia or p53 overexpression induces apoptotic
cell death in cultured cardiomyocytes,'# we next examined
whether hypoxia-induced cardiomyocyte apoptosis is medi-
ated by the HIF-1-CHIP-p53 pathway. CoCl, treatment (24
hours) induced p53 accumulation and promoted apoptosis of
cardiomyocytes as assessed by cleaved poly (ADP-ribose)
polymerase (PARP) expression (Figure 3A), Annexin V
staining (Figure 3B and 3C), and caspase-3 activity (Figure
3D). CoCl,-induced apoptosis was p53-dependent, because
knockdown of p53 in CoCl,-treated cardiomyocytes attenu-
ated hypoxia-induced cell death (Figure 3A through 3D). We
next assessed whether overexpression of CHIP could rescue
CoCl,-induced apoptosis. Adenovirus-mediated overexpres-
sion of CHIP in cardiomyocytes markedly downregulated
p53 expression and attenuated apoptosis in CoCl,-treated
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cardiomyocytes (Figure 4A through 4C). These results un-
derscore our hypothesis that downregulation of CHIP is
responsible for p53 accumulation after hypoxic stress. More-
over, forced expression of CHIP prevented hypoxia-induced
cardiomyocyte apoptosis by inducing degradation of p53,
suggesting that CHIP-mediated p53 degradation is a potential
therapeutic target.

17-AAG Protects Cardiomyocytes From
Hypoxia-Induced Apoptosis
Inhibitors for heat shock protein (Hsp)90 have been shown to
promote proteasomal degradation of CHIP client proteins and
to be effective for the diseases caused by the accumulation of
CHIP substrates.?!32 We therefore examined whether an
Hsp90 inhibitor 17-allylamino-17-demethoxy geldanamycin
(17-AAG) induces degradation of p53 protein and protects
cardiomyocytes from hypoxic stress. In cardiomyocytes
treated with CoCl,, 17-AAG downregulated p53 expression
(Figure 4D). 17-AAG treatment also suppressed hypoxia-
induced cardiomyocyte apoptosis in a CHIP-dependent man-
ner, because CHIP knockdown attenuated the protective
effects of 17-AAG (Figure 4E through 4G). These results
suggest that 17-AAG protects cardiomyocytes from hypoxic
stress by promoting CHIP-mediated p53 degradation.
Interestingly, protein level of CHIP was increased by
17-AAG treatment (Figure 4E). As mRNA level of CHIP was
not changed by 17-AAG treatment (Online Figure IV, A), we
speculated that protein stability was affected by 17-AAG
treatment. When protein translation was inhibited by cyclo-
heximide, 17-AAG treatment dramatically extended the pro-
tein half-life of CHIP (Online Figure IV, B and C). 17-AAG
also upregulated the protein stability of other proteins, Hsp70

and HSF-1 (Online Figure IV, B and C). Because 17-AAG
exerted some antiapoptotic effects even in the cells of
negligible CHIP protein level (Figure 4E and 4F), upregula-
tion of these cardioprotective proteins?334 might mediate part
of the effects of 17-AAG. It remains to be determined how
17-AAG prolongs protein half-life of certain kinds of
proteins.

CHIP and 17-AAG Prevent Apoptosis and
Ventricular Remodeling After

Myocardial Infarction

We next examined whether promotion of CHIP-mediated p53
degradation could attenuate ischemic cardiac injury also in
vivo. For this purpose, transgenic mice which overexpress
CHIP specifically in the heart (CHIP-Tg) (Figure 5A) were
subjected to permanent coronary artery ligation. In CHIP-Tg
mice, elevation of p53 protein levels (Figure 5B) and apo-
ptotic cardiomyocyte death in the border zone of the infarct
area (Figure 5B and 5C) were attenuated compared to
wild-type littermates at 24 hours after the MI operation.
Apoptotic death of the cardiomyocytes in the remote zone of
the infarct was not changed between littermates (data not
shown). We next examined whether this decrease in apoptotic
cell death leads to attenuation of cardiac ventricular remod-
eling. At day 14, CHIP-Tg mice exhibited smaller heart
weight/body weight (HW/BW) ratio, better contractility and
less ventricular remodeling (Figure 5D and 5E) compared to
wild-type littermates. These results provides an evidence for
our hypothesis that CHIP downregulation is responsible for
p53 accumulation after myocardial infarction, and suggests
that CHIP overexpression is protective for the heart by
preventing p53 accumulation and cardiomyocyte apoptosis
after myocardial infarction.
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We also examined whether treatment with 17-AAG exerts
similar cardioprotective effects. 17-AAG (10 mg/kg) or vehicle
was intraperitoneally injected immediately after permanent cor-
onary artery ligation. This single injection of 17-AAG effec-
tively suppressed the elevation of p53 protein levels and apo-
ptotic cell death in the border zone of the infarct area at 24 hours

after the operation (Figure 6A and 6B). As p53 protein level was
kept elevated even 4 and 7 days after MI (Figure 2B), 17-AAG
was injected every other days and we assessed whether 17-AAG
treatment also leads to attenuation of ventricular remodeling, as
observed in CHIP-Tg mice. At day 14, mice treated with
17-AAG exhibited smaller HW/BW ratio, better contractility,
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and less ventricular remodeling (Figure 6C and 6D). Interest-
ingly, the effects of 17-AAG were greater than CHIP overex-
pression (compare Figures 5 and 6), suggesting that 17-AAG
possesses cardioprotective activities that do not involve CHIP-
mediated p53 degradation. As protein stability of cardioprotec-
tive proteins such as Hsp70 and HSF-1 was increased in vitro
(Online Figure IV, B and C), we have examined the expression
of these proteins in 17-AAG-treated mice. As expected, expres-
sion of these two proteins were increased by 17-AAG treatment
(Online Figure IV, D), indicating that 17-AAG exerts its
antiapoptotic effects by at least two mechanisms, one by induc-
ing CHIP-mediated p53 degradation and the other by increasing
cardioprotective heat shock proteins.

Finally, we examined the contribution of CHIP-mediated p53
degradation on the cardioprotective effects of 17-AAG. For that
purpose we used CHIP heterozygous mice. There were no
differences in cleaved PARP level (Figure 7A; compare WT
Sham and Het Sham) or cardiac function between CHIP het-
erozygous mice and wild-type littermates at the basal level
(Table). Following coronary artery ligation, however, apoptotic

cell death was observed more prominently in CHIP heterozy-
gous mice as assessed by increased cleaved PARP level (Figure
7A; compare WT MI and Het MI) and increased TUNEL
positive cells (Figure 7B). The level of p53 accumulation was
comparable following myocardial infarction between wild-type
and CHIP heterozygous mice, suggesting the presence of p53
independent mechanisms for enhanced apoptosis caused by
CHIP haploinsufficiency. Chronically, CHIP heterozygous mice
showed worse cardiac function and worse ventricular remodel-
ing compared with wild-type mice (Figure 7C and 7D). 17-AAG
treatment was less effective to reduce p53 protein level, cleaved
PARP level (Figure 7A; compare Het MI and Het MI 17-AAG),
and TUNEL positive cardiomyocytes in CHIP heterozygous
mice, possibly as a result of CHIP haploinsufficiency. 17-AAG
treatment had minimal effects on improvements of cardiac
function and ventricular remodeling on CHIP heterozygous mice
also in the chronic phase (Figure 7C and 7D).

However, we must emphasize that the effects of 17-AAG
were not fully attributable to CHIP-mediated p53 degradation
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because upregulation of heat shock proteins by 17-AAG was
also impaired in CHIP heterozygous mice (Figure 7A; compare
WT MI 17-AAG and Het MI 17-AAG). Therefore, it would be
fair to conclude that 17-AAG exerts multiple cardioprotective
effects after myocardial infarction and at least one of its effects
were mediated by promotion of CHIP-mediated p53
degradation.

Discussion
In the present study, we found that accumulation of p53 protein
after myocardial ischemia is initiated by HIF-1 dependent
downregulation of CHIP level. We have found that CHIP
overexpression decreased the amount of p53 and prevented
myocardial apoptosis and ameliorated ventricular remodeling

after myocardial infarction. We have also found that Hsp90
inhibitor, 17-AAG, exerted similar antiapoptotic and cardiopro-
tective effects after myocardial infarction and showed that these
effects of 17-AAG was at least in part mediated by promotion of
CHIP-mediated p53 degradation.

Although hypoxic stimuli have been reported to raise p53
protein levels in a variety of cell types, molecular mechanisms of
p53 accumulation have been largely unknown. In the present
study, we unveiled that downregulation of CHIP protein is
critically involved in this process. We found that CHIP expres-
sion was downregulated after hypoxic stress through HIF-1—-
mediated suppression of CHIP promoter (Figure 2). We also
found that overexpression of CHIP attenuated the p53 accumu-
lation after hypoxic stress (Figures 4A and 5B). These results
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Table. Basal Characterization of the Mice Used in this Study

Body Weight (g) LVEDD (mm) LVESD (mm) IVS (mm) LVPW (mm) %FS
Wild type 26.3x1.2 312+0.12 1.04+0.02 0.72+0.02 0.74=0.02 66.7=1.3
CHIP hetero KO 25.6+0.8 3.10=x0.08 1.05+0.03 0.74x+0.03 0.78+0.02 66.1+0.8
CHIP Tg 26.9%15 3.14+0.16 1.05+0.04 0.75+0.02 0.750.05 66.6+1.8
suggest that hypoxic stress downregulates CHIP, leading to Acknowledgments

decreased CHIP-mediated proteolysis of p53 protein and accu-
mulation of p53 protein. This mechanism seems to be a
‘fine-tuning’ of HIF-1 activity because p53 protein has been
reported to bind to and inhibit HIF-1 activity.'¢ After hypoxia,
first HIF-1 accumulates and induces angiogenic genes, to pro-
mote angiogenesis. Thereafter, as a negative feedback loop,
HIF-1 induces downregulation of CHIP expression and p53
accurnulates, then accumulated p53 inhibits HIF-1 activity.?s In
general, this feedback system might have an antitumor effect,
because in many tumor cells HIF-1 induces feeding vessels in
hypoxic tumors and promotes tumor growth. HIF-1-induced,
CHIP-mediated p53 accumulation acts to suppress tumor growth
by (1) suppressing HIF-1 activity and blocking neovasculariza-
tion and (2) inducing p53-mediated apoptosis of tumor cells.
However, in the heart, this negative feedback system worsens
hypoxic situation by blocking neovascularization!® and by in-
ducing apoptosis (this study).

The important role of apoptosis in the progression of ventric-
ular remodeling and the possibility of antiapoptotic approach
against heart failure has already been elegantly shown by
Wencker et al.> Antiapoptotic approach after myocardial infarc-
tion has been reported to be cardioprotective not only in
ischemia-reperfusion model but also in permanent coronary
ligation model.!2637 Therefore, inhibition of apoptotic death
does not only reduce initial infarct size but also prevents
ventricular remodeling through inhibiting apoptosis in the border
zone of the infarct.

Accumulation of p53 has been reported to initiate many
proapoptotic triggers.’® In the heart, p53 accumulates (Figure
3C) and pS53-dependent apoptosis occurs?®® after permanent
coronary occlusion. We have also observed that p53 gene
deletion lead to less ventricular remodeling after myocardial
infarction.'s In the present study, we have shown that CHIP
overexpression or 17-AAG treatment could prevent cardiomyo-
Cyte apoptosis and ameliorate ventricular remodeling after myo-
cardial infarction. We have also shown some evidences that
inhibition of p53 accumulation is at least one of the mechanisms
for the effect of CHIP overexpression and 17-AAG. However, it
should be noted that Hsp90 chaperones various proteins includ-
ing prosurvival factors such as Akt/protein kinase B4 in tumor
cells and that Hsp90 inhibitors induced degradation of aberrantly
overexpressed prosurvival factors in those tumor cells. Although
the nature of the effects of 17-AAG seems to induce degradation
of aberrantly expressed proteins, it is also possible and taken into
account that 17-AAG could also induce degradation of prosur-
vival factors and play detrimental effects in cardiomyocytes.

In conclusion, our observations indicate that investigation
of novel anti-p53 approach would open a way toward new
treatment of myocardial infarction.
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Novelty and Significance

What Is Known?

e [nhibition of myocardial apoptosis after myocardial infarction is
cardioprotective.

* p53 expression is increased after myocardial infarction and induces
cardiomyocyte apoptosis.

What New Information Does This Article Contribute?

o We identified CHIP as the endogenous p53 antagonist expressed in
the heart.

* We found that CHIP downregulation is critically involved in the molecular
mechanisms for p53 elevation after myocardial infarction.

e We showed several possibilities of the anti-p53 treatment after
myocardial infarction.

Accumulation of tumor suppressor protein p53 in the myocardium
causes the transition from adaptive cardiac hypertrophy to heart

failure. However, the mechanisms of p53 accumulation in the heart
and its therapeutic implications have been elusive. Here we show
that downregulation of the chaperone-associated E3 ubiquitin ligase
CHIP (carboxyl terminus of Hsp70-inferacting protein) mediates
hypoxia-induced p53 accumulation in the heart and that promation
of CHIP-induced p53 degradation protects the heart from ischemic
injury. Under physiological conditions, CHIP limited the p53 protein
amount at low levels by inducing proteasomal degradation of p53.
Under hypoxic conditions, hypoxia inducible factor-1 (HIF-1) down-
regulated CHIP, resulting in the accumulation of p53. Overexpres-
sion of CHIP or administration of an Hsp90 inhibitor promoted
CHIP-mediated p53 degradation and attenuated ischemic cardiac
injury. These results indicate that CHIP is a crucial negative
regulator of p53 in the heart and suggest that promotion of
CHIP-mediated p53 degradation could be a novel therapeutic
strategy for heart diseases.

Downloaded from circres.ahajournals.org at Osaka University on June 19, 2011

32



Heart Failure

Ca®*/Calmodulin-Dependent Kinase II6 Causes
Heart Failure by Accumulation of p53 in
Dilated Cardiomyopathy

Haruhiro Toko, MD, PhD; Hidehisa Takahashi, MD, PhD; Yosuke Kayama, MD; Toru Oka, MD, PhD;
Tohru Minamino, MD, PhD; Sho Okada, MD, PhD; Sachio Morimoto, PhD; Dong-Yun Zhan, PhD;
Fumio Terasaki, MD, PhD; Mark E. Anderson, MD, PhD; Masashi Inoue, MD, PhD;

Atsushi Yao, MD, PhD; Ryozo Nagai, MD, PhD; Yasushi Kitaura, MD, PhD;

Toshiyuki Sasaguri, MD, PhD; Issei Komuro, MD, PhD

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 a-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 118 (CaMKII5). The
inhibition of CaMKIIS prevented the increase in p53 and apoptotic cardiomyocytes and ameliorated cardiac function.

Conclusion—CaMKII$ 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. (Circulation. 2010;122:891-899.)

Key Words: apoptosis @ CaMKII m cardiomyopathy m heart failure m genes, p53

Heart failure is an important cause of morbidity and
mortality in many industrial countries, and dilated car-
diomyopathy (DCM) is one of its major causes.! 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.

Clinical Perspective on p 899

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,! and advances in molecular
genetic studies during the last decade have revealed many
mutations of various genes in DCM patients.>->

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 transmis-
sion from the sarcomere to the surrounding syncytium.+¢ On
the other hand, mutations in genes encoding contractile
proteins such as a-tropomyosin and cardiac troponin T have
been reported to induce the decrease in myofilament calcium
(Ca®™) sensitivity.” An increase in apoptotic cardiomyocytes
and/or destruction of membrane structure by calpain activa-
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tion have been reported to play a critical role in mutant
gene—induced cardiac dysfunction.8-1° 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.!'-'3
The mdx mouse is a model of Duchenne muscular dystrophy,
which has mutations in the dystrophin gene.'' Unlike hu-
mans, 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,'? the mus-
cular dystrophy dogs are very difficult to maintain and
handle. Although BIO 14.6 hamsters lacking 8-sarcoglycan
are a good model of DCM, ' it is difficult to apply genetic
approaches to the hamster. To elucidate the molecular mech-
anisms 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 «-actin gene (mActin-Tg), which has been
reported in patients with DCM, in the heart.> mActin-Tg mice
showed gradual dilatation and dysfunction of the left ventri-
cle, 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 a-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-,
or nuclear factor of activated T cell (NFAT)-luciferase has been
described previously.'4-'6¢ Heterozygous p53-deficient mice were
purchased from The Jackson Laboratory (Bar Harbor, Me).!” Wild-
type littermates served as controls for all studies. KN-93 (10 pmol *
kg™! - /d™') was used to inhibit activation of Ca**/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 Image] software
(National Institutes of Health, Bethesda, Md).

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

Force Measurements

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

RNA Extraction and Quantitative Real-Time

Polymerase Chain Reaction Analysis

Quantitative real-time polymerase chain reaction was performed
with the LightCycler with the Tagman Universal Probe Library and
Light Cycler Master. Relative levels of gene expressions were
normalized to the mouse GAPDH expression with the AACt
method. '8

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 ¢ 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 a-actin
R312H mutant with an HA tag under the control of a-myosin
heavy chain promoter (mActin-Tg). We obtained 3 indepen-
dent founders of the transgenic mice (lines 301, 307, and
311). The protein levels of the cardiac a-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 a-actin
(Figure IA in the online-only Data Supplement). To confirm
the expression of the transgene in cardiomyocytes, we per-
formed immunohistological analyses with antibodies against
HA and actinin. The mutated cardiac a-actin protein was
colocalized with actinin, suggesting that the cardiac a-actin
R312H mutant is incorporated into myofilaments (Figure 1B
in the online-only Data Supplement). Cardiac systolic func-
tion was decreased in mActin-Tg mice at 10 months of age,
and the reduction was well correlated with protein levels of
the cardiac a-actin R312H mutant (Figure IC in the online-
only Data Supplement). To further investigate whether car-
diac expression of the cardiac a-actin R312H mutant led to
heart failure, we examined another transgenic mouse that
expressed cardiac a-actin A331P mutant with an HA tag in
the heart. This mutant has been reported to cause hypertro-
phic cardiomyopathy in human.'®> We obtained 2 independent
founders of the transgenic mice that expressed almost the
same levels of the cardiac a-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), echocardiog-
raphy revealed that there were no significant differences in
cardiac systolic function, wall thickness, and left ventricular
dimension between cardiac a-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 a-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 a-actin R312H mutant in the heart,
not to high-level expression of the cardiac a-actin protein

- with the tag (lines 307 and 311).
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Figure 1. Mutated cardiac a-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 pm.
C, Relative levels of collagen types | and Ill 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 um. 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.

We used line 307, which expressed the cardiac a-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 Supple-
ment). 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). Echocar-
diography revealed that left ventricular dimension was grad-
ually increased and that fractional shortening was reduced in
mActin-Tg mice compared with wild-type littermates (Table
IT in the online-only Data Supplement and Figure 1E). The
expression levels of ANP and SERCA2a were gradually
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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 record-
ing did not show life-threatening arrhythmia in mActin-Tg
mice (data not shown), spontaneous Ca>" sparks and Ca>*
waves were significantly increased in the cardiomyocytes of
mActin-Tg mice (Table III in the online-only Data Supple-
ment), 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.
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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 um. 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.

Apoptotic Cardiomyocytes Are Increased in
mActin-Tg Hearts

It has been reported that apoptosis of cardiomyocytes is
observed in hearts of human DCM'? and that cardiomyocyte
death might cause cardiac dysfunction.?> 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 cardio-
myocytes causes cardiac dysfunction in mActin-Tg mice, we
generated double-transgenic mice by crossing mActin-Tg
mice and the transgenic mice, which overexpress the antiapo-
ptotic protein Bcl-2 in cardiomyocytes [mActin(+)/Bcl-
2(+)-DTg]."* The number of apoptotic cardiomyocytes in
mActin(+)/Bcl-2(+)-DTg mice was significantly less com-
pared 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
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 a-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 p53,2! and increased
expression of p53 induces left ventricular dilatation and
dysfunction in several types of mice.?22* 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,'” we
used heterozygous p53-deficient mice [p53(+/—)] for this
study. Echocardiography revealed that left ventricular dimen-
sion 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 cardio-
myocyte 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 Ca** sensi-
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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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tivity.” We examined myofilament Ca®>" sensitivity in
mActin-Tg mice. The force-pCa relationship was shifted
rightward in mActin-Tg mice compared with wild-type lit-
termates (Figure 4A). The pCa value at half-maximal force
generation (pCaS0, an index of Ca>" sensitivity) was signif-
icantly lower in mActin-Tg mice (Figure 4B), suggesting that
skinned cardiac muscle fibers prepared from mActin-Tg mice
show a decrease in Ca** sensitivity of force generation. The
degree was the same between 2 and 10 months of age (Figure
4B), suggesting that the reduction in Ca®>" sensitivity is not a
result of cardiac dysfunction. Despite the reduced Ca>*
sensitivity, there was no significant difference in maximum
force-generating capabilities between wild-type littermates
and mActin-Tg mice (Figure 4C). The decrease in myofila-
ment Ca>* sensitivity is expected to influence intracellular
Ca®" handling in cardiomyocytes of mActin-Tg mice. To
clarify whether intracellular Ca** levels in cardiomyocytes
are changed in mActin-Tg mice, we examined the activity of
Ca®*-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.!5 The NFAT-lucif-
erase 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

37

4E). We next examined Ca®" transients in cardiomyocytes
using fluo-3AM (Figure IVA in the online-only Data Supple-
ment). Although the time to peak amplitude of Ca** 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*/Ca>* exchanger,
were decreased in mActin-Tg mice (Figure III in the online-
only Data Supplement).

CaMKII® Is Activated in mActin-Tg Mice
It has been reported that among Ca®*-dependent proteins,
expression of CaMKIIS is increased in human DCM hearts2*
and that overexpression of CaMKIIS induces heart failure in
mice.?526 We thus examined the expression and phosphory-
lation of CaMKII$ and phosphorylation of its target protein,
phospholamban (Thr17). The protein levels of total (both
CaMKIISB and CaMKIISC) and phosphorylated CaMKIIS
and of phosphorylated phospholamban (Thrl7) were in-
creased in mActin-Tg mice compared with wild-type litter-
mates (Figure 5A and Figure VA in the online-only Data
Supplement), suggesting that CaMKII$§ is activated in
mActin-Tg mice. The protein levels of phosphorylated phos-
pholamban (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 B-adrenergic
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Figure 5. CaMKII5 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 CaMKIIé (p- CaMKII6) or phosphorylat-
ed phospholamban (p-PLB). Arrow and arrowhead indicate CaMKII3B and CaMKII3C, 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=4in 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.

receptor signal activates CaMKII3,>” we treated mActin-Tg
mice with the B-blocker bisoprolol to clarify the relationship
between B-adrenergic receptor signal and activation of
CaMKIIS. 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 CaMKIIS levels in mActin-Tg mice was prevented by
bisoprolol treatment (Figure VC in the online-only Data
Supplement), suggesting that the activation of CaMKII$ in
mActin-Tg mice might be due to activation of B-adrenergic
receptor signaling.

To test whether activation of CaMKII8 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). Echocardi-
ography revealed that KN-93 treatment prevented left ven-
tricular 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 CaMKII§ 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].!¢ Echocardiography revealed that fractional
shortening was better in mActin(+)/AC3-I(+)-DTg mice
than in mActin(+)/AC3-I(—)-Tg mice (Figure 5D), suggest-
ing that the activation of CaMKII8 in the DCM mouse model
induces left ventricular dilatation and contractile dysfunction.

We next examined the relation between CaMKIIo activa-
tion and p53. The increase in p53 was attenuated by treatment
with KN-93 or overexpression of AC3-I (Figure 6A and
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Figure VIA in the online-only Data Supplement). Further-
more, KN-93 treatment inhibited the increase in Bax expres-
sion and TUNEL-positive cardiomyocytes (Figure 6A and
6B). It has been reported that CaMKIISC, but not CaMKIISB,
induces cardiomyocyte death.27-2% To clarify the mechanism
of how CaMKIIS increases protein levels of p53 and which
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Figure 6. CaMKII5 regulates expression of p53 in cardiomyo-
cytes. A, Western blot analyses in the hearts of wild-type litter-
mates (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.



