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Inhibition of Sema3E Improves Angiogenesis in
Diabetic Mice

It has been reported that the angiogenic response to ischemia
is attenuated in patients with diabetes.’® We created a murine
model of type 1 diabetes by intraperitoneal injection of
streptozotocin (50 mg/kg per day for 5 days) and examined
neovascularization after the animals were subjected to hind-
limb ischemia. Blood glucose level was significantly higher
and blood insulin level was significantly lower in
streptozotocin-induced diabetic mice than in control mice
(Online Figure V, A). Mice with streptozotocin-induced
diabetes also showed poor blood flow recovery and a smaller
vessel area in their ischemic limbs compared with control
mice (Figure 5A and 5B). To investigate whether the impair-
ment of neovascularization in diabetic mice was related to
p53 and Sema3E, we examined the expression of these
proteins in the mice. Western blot analysis revealed that p53
expression was increased in diabetic mice and that this
increase was further enhanced by ischemia (Figure 5C;
Online Figure V, B; and data not shown). Likewise, expres-
sion of Sema3E was significantly increased in diabetic mice
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Figure 3. Sema3E negatively regulates angio-
genesis in ischemic tissue. A and B, Ischemic
limbs of mice were treated with an empty vec-
tor (control) or the plexinD1-Fc expression vec-
tor (plexinD1-Fc) by intramuscular injection, and
blood flow recovery (A) and vessel area (B)
were analyzed by laser Doppler perfusion imag-
ing and immunohistochemistry for CD31,
respectively. Mice treated with plexinD1-Fc
showed better blood flow recovery and a larger
vessel area. *P<0.05, **P<0.01 vs control (n=8
for A and B). Data represent means+SEM.
Photographs show immunohistochemistry for
CD31 in ischemic limbs on 10 days after sur-
gery. Scale bar=100 um. C, Ischemic limbs

of mice were treated with mock (control),

the VEGF vector only (VEGF), the Sema3E and
VEGF vectors (3E+VEGF), or the Sema3E,
VEGF, and plexinD1-Fc vectors
(BE+VEGF+Fc), and blood flow recovery (left)
and vessel area (right) were analyzed by laser
Doppler perfusion imaging and CD31 immuno-
histochemistry, respectively. Injection of the
Sema3E vector into ischemic limbs suppressed
VEGF-induced neovascularization, which was
effectively reversed by the plexinD1-Fc vector
treatment. *P<0.05, **P<0.01 vs control;
#P<0.05, ##P<0.01 vs VEGF; §P<0.05,
§§P<0.01 vs 3E+VEGF (n=8 to 10). Data rep-
resent means=SEM. D, Ischemic limbs of wild-
type mice (WT) and Sema3E-deficient mice
(Sema3E KO) were analyzed for blood flow
recovery (left) and vessel area (right). Sema3E-
deficient mice showed better blood flow recov-
ery and a larger vessel area of ischemic limbs.
*P<0.05 vs WT mice (n=3 to 8). Data represent
means*=SEM.

compared with control mice (Figure 5C; Online Figure V, B).
Consequently, blood flow recovery and the increase of the
vessel area after VEGF treatment were significantly impaired
in diabetic mice compared with VEGF-treated control mice
(Figure 5A and 5B). To further assess the effect of inhibition
of Sema3E in diabetic mice, we injected an expression vector
encoding the plexinD1-Fc gene into the ischemic limbs of
diabetic mice. Laser Doppler perfusion imaging of ischemic
limbs and immunohistochemistry for CD31 revealed that the
poor response of neovascularization to VEGF treatment was
effectively overcome by introduction of the plexinD1-Fc
gene (Figure 5D), suggesting that overexpression of Sema3E
was responsible for impairment of neovascularization in the
diabetic mice. These results indicate that inhibition of
Sema3E is effective for promoting angiogenesis, especially
when VEGF treatment is ineffective, such as in the diabetic
state.

Discussion
The present study demonstrated that the Sema3E/plexinD1
axis inhibits postnatal angiogenesis in a murine model of
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Figure 4. p53 regulates expression of
Sema3E. A, Endothelial cells were infected
with an adenoviral vector encoding p53
(Ad-p53) or mock (Ad-mock) and sub-
jected to Western blot analysis for expres-
sion of Sema3E and p53 (left). Relative
expression levels of Sema3E and p53
were plotted in the graph (right). *P<<0.01
vs Ad-mock (n=4). Overexpression of p53
upregulated Sema3E expression. B, Endo-
thelial cells were infected with a retroviral
vector encoding HPV16 E6 (E6) or mock
(Mock) and treated with CoCl,

(100 pwmol/L) for 6, 12, 24 hours (6, 12,
24). Expression of Sema3E and p53 was
examined by Western blot analysis (left).
Relative expression levels of Sema3E and
p53 were plotted in the graph (right).
*P<0.05 vs control (Pre) (n=3). Treatment
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with CoCl, markedly upregulated Sema3E
expression compared to control (Pre), and
this upregulation was inhibited by disrup-
tion of p53. C, Western blot analysis for
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P53 | Sema3E
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p53 expression on day 3 (D3), day 7 (D7),
and day 10 (D10) after surgery (n=4).
Sham indicates sham-operated. Expres-
sion of p53 was markedly upregulated 3
days after surgery, and this upregulation

persisted for 10 days. D, Western blot analysis for Sema3E expression in ischemic limbs of wild-type (WT) or p53-deficient (p53KO)
mice on day 10 after surgery (n=4). Sema3E expression was increased in ischemic limbs of wild-type mice but not p53-deficient mice.

hindlimb ischemia. Our results also suggested that Sema3E
inhibits angiogenesis by blocking activation of the VEGFR-2
and its downstream signaling pathway. Although Sema3E
does not bind to neuropilin-1,'° attraction of axons by
Sema3E requires the presence of neuropilin-1 in addition to
plexinD1, so the mode of assembly of the ligand and receptor
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complex is thought to determine the function of Sema3E.?°
Neuropilin-1 also binds to the VEGFR-2 and plays a crucial
role in the regulation of VEGF signaling.?! Accordingly,
Sema3E may inhibit VEGF-induced angiogenesis by limiting
the availability of neuropillin-1. Because treatment with an
anti-VEGF neutralizing antibody did not completely over-

Figure 5. Sema3E inhibition improves impaired
angiogenesis in diabetic mice. A and B, Blood flow
recovery (A) and vessel area (B) in ischemic limbs
of control (control) or streptozotocin-induced dia-
betic (STZ) mice after treatment with mock [v(—)]
or the VEGF expression vector [v(+)]. Diabetic
mice showed impaired blood recovery and a
smaller vessel area in ischemic limbs compared
with control mice. They showed less response to
VEGF treatment. *P<0.05, **P<0.01 vs control/
v(—); #P<0.05, ##P<0.01 vs control/v(+) (n=5 to
12). Data represent means=SEM. C, Expression of
Sema3E and p53 was examined in limb tissues of
control (STZ-) and streptozotocin-induced dia-
betic mice (STZ+) by Western blot analysis (n=4).
Expression of Sema3E and p53 was upregulated in
diabetic mice. D and E, Blood flow recovery (D)
and vessel area (E) were analyzed in ischemic
limbs of diabetic mice treated with VEGF [Fc(—)] or
VEGF +plexinD1-Fc [Fc(+)]. Treatment of
plxinD1-Fc in addition to VEGF significantly
improved neovascularization in diabetic mice.
*P<0.01 vs Fc(—) (n=7 to 9). Data represent
means+SEM.
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come the inhibitory effect of Sema3E on angiogenesis, this
effect may also be attributable to the signaling pathway
downstream of Sema3E-plexinD1, which is currently
unknown.

Sema3E suppressed VEGF-induced phosphorylation of
ERK and Akt (Figure 1D). It is well accepted that both ERK
and Akt are crucial for the intracellular signaling pathways
stimulated by hepatocyte growth factor (HGF) or basic
fibroblast growth factor basic (bFGF) to induce angiogenesis.
Interestingly, Sema3E also inhibited bFGF or HGF-induced
tube formation in a dose-dependent manner (Online Figure
VI, A). Moreover, Sema3E significantly inhibited bFGF-
induced tube formation even in the presence of the anti-
VEGF antibody, whereas it did not inhibit HGF-induced tube
formation (Online Figure VI, B). These results suggest that
besides the suppression of VEGF-induced angiogenesis, the
antiangiogenic effect of Sema3E was partially mediated by
VEGF-independent mechanisms.

It is known that intersomitic vessels are disorganized in
Sema3E-deficient mice,'® and this phenotype is markedly
similar to that observed in mice lacking plexinD1.!3.4 How-
ever, whereas plexinD1-deficient mice develop severe car-
diovascular defects involving the outflow tract of the heart
and derivatives of the aortic arch arteries that result in
perinatal death,'* Sema3E-deficient mice do not show any
large vessel abnormalities and do not undergo embryonic
death. PlexinD1 has also been reported to bind to other
semaphorins besides Sema3E, such as Sema3A,!* Sema3C,22
and Sema4A.?? It has been shown that Sema3E only binds to
plexinD1, whereas Sema3A and Sema3C bind to plexinAl as
well as to plexinD1.510 Sema3A-deficient mice show neural
path-finding defects and abnormalities of vascular develop-
ment that result in neonatal death.24-26 Ablation of the
Sema3C gene in mice results in severe outflow tract abnor-
malities and mispatterning of intersomitic vessels.2” Because
plexinAl deficiency also leads to cardiovascular defects,?8
Sema3A/C may play a pivotal role in embryonic vascular
development regulated by the plexinA1/D1 pathway. More
recently, Sema3A and Semad4A have been shown to inhibit
postnatal angiogenesis,?® suggesting that plexinD1-Fc
treatment increases blood flow recovery in ischemic limbs
by inhibiting Sema3E but also Sema3A/4A. SemadD also
has an inhibitory effect on postnatal angiogenesis3°; how-
ever, it remains to be determined whether Sema4D binds to
plexinD1.

Our results further suggest that p53 has a crucial role in the
induction of Sema3E expression in ischemic tissue, although
the precise mechanism of how p53 regulates Sema3E expres-
sion remains unknown. Because the antiangiogenic activity of
p53 is important for tumor suppression, Sema3E/plexinD1
could be a potential target for the treatment of malignancies
with p53 mutations. It has been reported that hyperglycemia
activates p53 by increasing the production of reactive oxygen
species.?! Thus, p53-induced upregulation of antiangiogenic
factors (including Sema3E) is likely to account for the
impairment of angiogenesis in patients with diabetes. There-
fore, Sema3E/plexinD1 could also be a target for the treat-
ment of ischemic cardiovascular disease in diabetic patients
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because conventional therapeutic angiogenesis is not very
efficient in this patient population.32.33
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Excessive cardiac insulin signaling
exacerbates systolic dysfunction induced
by pressure overload in rodents
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Although many animal studies indicate insulin has cardioprotective effects, clinical studies suggest a link
between insulin resistance (hyperinsulinemia) and heart failure (HF). Here we have demonstrated that exces-
sive cardiac insulin signaling exacerbates systolic dysfunction induced by pressure overload in rodents. Chronic
pressure overload induced hepatic insulin resistance and plasma insulin level elevation. In contrast, cardiac
insulin signaling was upregulated by chronic pressure overload because of mechanical stretch-induced activa-
tion of cardiomyocyte insulin receptors and upregulation of insulin receptor and Irs1 expression. Chronic pres-
sure overload increased the mismatch between cardiomyocyte size and vascularity, thereby inducing myocardial
hypoxia and cardiomyocyte death. Inhibition of hyperinsulinemia substantially improved pressure overload-
induced cardiac dysfunction, improving myocardial hypoxia and decreasing cardiomyocyte death. Likewise, the
cardiomyocyte-specific reduction of insulin receptor expression prevented cardiac ischemia and hypertrophy
and attenuated systolic dysfunction due to pressure overload. Conversely, treatment of type 1 diabetic mice with
insulin improved hyperglycemia during pressure overload, but increased myocardial ischemia and cardiomyo-
cyte death, thereby inducing HF. Promoting angiogenesis restored the cardiac dysfunction induced by insulin
treatment. We therefore suggest that the use of insulin to control hyperglycemia could be harmful in the setting

of pressure overload and that modulation of insulin signaling is crucial for the treatment of HF.

Introduction

Cardiac hypertrophy is defined as an increment of ventricular mass
resulting from increased cardiomyocyte size and is the adaptive
response of the heart to an increased hemodynamic load due to
either physiological factors such as exercise or pathological states
such as hypertension and valvular diseases (1). Exercise-induced
cardiac hypertrophy does not progress to heart failure (HF) (2, 3)
and therefore is thought to be “physiological hypertrophy.” On the
other hand, pressure overload initially induces “adaptive hypertro-
phy,” but causes “maladaptive (pathological) hypertrophy” in the
chronic phase that results in HF (1).

Several signaling pathways have been implicated in the develop-
ment of physiological or pathological cardiac hypertrophy. The
insulin/PI3K/Akt axis plays a crucial role in the development of
physiological hypertrophy as well as in normal cardiac growth,
whereas activation of G-protein-coupled receptors in collabora-
tion with PKC and calcineurin/nuclear factor of activated T cells
(NFAT) pathways is involved in the development of pathological
hypertrophy (4). Although homozygous cardiomyocyte-specific
insulin receptor knockout (CIRKO) mice have smaller hearts than
WT controls (5), both WT and CIRKO mice have shown a compa-
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rable increase of cardiac mass in response to pathological hyper-
trophic stimuli such as pressure overload (6). Overexpression of
constitutively active p110a, a catalytic component of PI3K, in the
heart has led to enhanced cardiac growth with preserved systolic
function (7). Conversely, myocardial expression of dominant-nega-
tive p110a has inhibited the physiological hypertrophic response
during postnatal growth and following exercise in mice, whereas
the response to pressure overload has not been altered (8). Like-
wise, homozygous AktI-deficient mice have shown defective exer-
cise-induced cardiac hypertrophy (9), further supporting a crucial
role of the insulin/PI3K/Akt pathway in physiological hypertrophy
and growth of the heart.

Besides their role in physiological hypertrophy and normal car-
diac growth, insulin signals may induce pathological hypertro-
phic responses. It has been shown that chronic hyperinsulinemia
stimulates angiotensin II signaling that is involved in pathological
hypertrophy (10). Mild to moderate activation of Akt was shown to
induce cardiac hypertrophy with preservation of function (11, 12),
whereas high levels of activated Akt expression in the heart led to
pathological hypertrophy (13). Short-term Akt activation induced
physiological cardiac hypertrophy, but constitutive activation of
this pathway led to cardiac dysfunction (14). In this state, coordi-
nated tissue growth and angiogenesis in the heart were disrupted,
leading to myocardial hypoxia (14). Likewise, it has been demon-
strated that chronic pressure overload increases the mismatch
between cardiomyocyte size and vascularity and therefore induces

Number5  May 2010
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Figure 1

Upregulation of cardiac insulin signals by pressure overload. (A) Mice were subjected to TAC or sham operation (sham), and heart samples
were obtained 2 weeks later. Mice were starved for 6 hours, and insulin or PBS was injected before sacrifice. plrs1 and pAkt levels in the heart
were examined by Western blot analysis. The graphs indicate relative expression levels of plrs1 and pAkt. n = 3. TAC2w, 2 weeks after TAC.
(B) Mice were subjected to TAC or sham operation and were sacrificed 2 weeks later. Components of the insulin signaling pathway in the heart
were examined by Western blot analysis. The graphs indicate relative expression levels of these signaling molecules. n = 3. Data are shown as

mean = SEM. *P < 0.05; **P < 0.01.

myocardial hypoxia and cardiomyocyte death, leading to cardiac
dysfunction (15). Moreover, intensive glycemic control of diabetic
patients by insulin treatment has been reported to increase car-
diovascular events (16). In the present study, we examined the role
of insulin signaling in the development of cardiac dysfunction
induced by pressure overload.

Results

Cardiac insulin signaling is activated by pressure overload. To investigate
the role of the insulin signal pathway in failing hearts, we created
severe transverse aortic constriction (TAC) in mice at 11 weeks of
age. In this model, cardiac hypertrophy gradually progressed and
reached a peak on day 7 after TAC (Supplemental Figure 1; sup-
plemental material available online with this article; doi:10.1172/
JCI40096DS1). Systolic function was preserved until day 7 but was
significantly decreased on day 14 along with left ventricular dilata-
tion (Supplemental Figure 1). Seven and fourteen days after TAC, we
treated the mice with insulin (1 IU/kg) before sacrifice and examined
the downstream signaling pathway of the insulin receptor (Insr)
in the heart. Insulin-induced phosphorylation of insulin receptor
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substrate-1 (pIrs1) and Akt (pAkt) was markedly upregulated in the
hearts of the TAC group compared with the sham-operated group
(Figure 1A and Supplemental Figure 2A). We also found that the
insulin signal pathway was constitutively activated in the TAC hearts
under fasting conditions (Figure 1B and Supplemental Figure 2B).
Expression of Insr and Irs1 protein as well as pIrs1 and pAkt protein
was significantly increased in the TAC heart. These results suggest
that chronic pressure overload upregulates cardiac insulin signal-
ing. Enhanced insulin signaling was also observed in the hearts of
spontaneously hypertensive rats (Supplemental Figure 3A).
Reduction of plasma insulin ameliorates systolic dysfunction induced by
pressure overload. To determine whether upregulation of cardiac
insulin signals has a pathological role in HF, we treated the mice
with streptozotocin (STZ) (50 mg/kg i.p. for 5 days) at 4 weeks
before TAC. Injection of STZ markedly decreased plasma insulin
to below detectable levels, while the plasma glucose level gradu-
ally increased (Supplemental Figure 4). Pressure overload led to
prominent cardiac hypertrophy along with upregulation of car-
diac insulin signaling (Figure 1B and Figure 2, A and B). Systolic
function was impaired and the left ventricular systolic dimension
1507
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Figure 2

Depletion of plasma insulin attenuates systolic dysfunction induced by pressure overload. (A) STZ- or vehicle-treated mice were subjected to TAC
or sham operation. The heart weight/body weight (HW/BW) ratio was measured 2 weeks after operation. In the insulin-treated group, daily i.p.
injection of insulin (0.1 IU/g/d) was performed from 9 weeks (2 weeks after STZ treatment) to 13 weeks of age (2 weeks after TAC). n = 22-24,
(B) Cardiac hypertrophy and systolic function of the animals prepared for A were estimated by echocardiography at 1 week (IVST) or 2 weeks (FS
and LVDs) after operation. Photographs show representative results of echocardiography (M-mode). n = 6-10. Data are shown as mean + SEM.
*P < 0.05; **P < 0.01. IVST, intraventricular septal thickness; FS, fractional shortening.

(LVDs) was increased at 14 days after TAC (Figure 2, A and B).
These alterations were significantly ameliorated in the mice treated
with STZ (Figure 1B and Figure 2, A and B). Similar results were
obtained at 6 weeks after TAC (Supplemental Figure 2C). We next
examined the effect of insulin on cardiac function in this setting.
STZ-treated mice were subjected to daily injection of insulin (0.1
1U/g/d from 9 weeks to 13 weeks of age) and to TAC at 11 weeks
of age. Insulin treatment significantly improved hyperglycemia
(Supplemental Figure 4). However, this treatment significantly
enhanced cardiac hypertrophy and decreased systolic function
along with left ventricular dilatation (Figure 2, A and B), indicat-
ing thar insulin signaling influenced the development of systolic
dysfunction due to pressure overload.

Reduction of plasma insulin inhibits cardiac hypoxia during pressure over-
load. We have recently demonstrated that cardiac angiogenesis is
critically involved in the adaptive mechanism of cardiac hypertro-
phy and that an increased mismatch between cardiomyocyte size
and vascularity is a crucial determinant of the transition from car-
diac hypertrophy to HF (15). Consistent with our previous results,
chronic pressure overload increased the cross-sectional area (CSA)
of cardiomyocytes and decreased the relative vascularity (num-
ber of vessels/number of cardiomyocytes/CSA) (Figure 3, A-C),
which in turn led to exacerbation of myocardial hypoxia (Figure
3D) and cardiomyocyte death (Figure 3E). In contrast, the increase
of CSA after TAC was significantly attenuated by STZ treatment
and the relative vascular density was markedly increased (Figure
3, A-C). Consequently, depletion of plasma insulin prevented
cardiac hypoxia and cardiomyocyte death during chronic pres-
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sure overload (Figure 3, D and E). Conversely, insulin treatment
of STZ-treated mice increased CSA and decreased relative vascular
density, thereby exacerbating cardiac hypoxia and cardiomyocyte
death (Figure 3, A-E). Additional treatment with the proangio-
genic factor cartilage oligomeric matrix protein-angiopoietin-1
(COMP-Angl) (17) increased relative vascular density and thereby
improved cardiac hypoxia and systolic dysfunction (Supplemen-
tal Figure 5, A-C). We also found that a decrease of relative vas-
cular density was associated with cardiac dysfunction, along with
upregulation of insulin signaling in spontaneously hypertensive
rats (Supplemental Figure 3, A-G), suggesting that cardiac insulin
signaling plays a pathological role in HF by increasing a mismatch
between cardiomyocyte size and vascularity.

Cardiomyocyte-specific reduction of Insr expression attenuates systolic
dysfunction due to pressure overload. To further investigate the role of
cardiac insulin signaling, we generated CIRKO mice by using the
Cre-loxP system. We prepared transgenic mice in which a transgene
encoding Cre recombinase was driven by the cardiomyocyte-spe-
cific a-myosin heavy chain (MHC) promoter (18). We then crossed
these MHC-Cre mice with mice bearing floxed Insr alleles (19) and
produced TAC in the resulting mice. Since homozygous CIRKO
(Insrflx/floxCre*) mice have been shown to develop systolic dysfunc-
tion in response to pressure overload (6), we utilized heterozygous
CIRKO (Insr+/*Cre*) mice with reduced cardiac expression of Insr
(Figure 4A). These mice had a normal heart size and normal systolic
function under physiological conditions (Figure 4, B and C). How-
ever, cardiac insulin signaling was markedly attenuated in the TAC
heart of CIRKO mice (Figure 4B), and therefore chronic pressure
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overload caused less severe hypertrophy than in WT mice (Figure 4,
C and D). Both systolic dysfunction and left ventricular dilatation
were significantly inhibited in CIRKO mice compared with their
littermate controls (Figure 4D and Supplemental Figure 6). His-
tological examination showed that the increase of CSA after TAC
was significantly attenuated and relative vascular density was mark-
edly increased in CIRKO mice (Figure 5, A-C). In consequence, the
number of dead cardiomyocytes was significantly smaller in CIRKO
mice than in their littermate controls (Figure SD).

To investigate the role of Akt in HF induced by pressure over-
load, we utilized heterozygous AktI-deficient (Akt1”7~) mice. Two
weeks after TAC operation, both systolic dysfunction and left
ventricular dilatation were significantly inhibited in Akt1*/~ mice
compared with their littermate controls (Figure 6A). Histological
examination showed that the increase of CSA after TAC was sig-
nificantly attenuated and relative vascular density was markedly
increased in Akt1*/~ mice (Figure 6, B and C), which was associated
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Figure 3

Reduction of plasma insulin inhibits cardiac hypox-
ia due to pressure overload. (A) Animals were
prepared as described for Figure 2A. Immunohisto-
chemistry using antibodies against platelet and
endothelial cell adhesion molecule (dark brown)
and dystrophin (light brown) was performed at
2 weeks after operation. Scale bars: 20 um. (B and
C) CSA of cardiomyocytes (B) and relative vas-
cular density (C) were estimated as described in

Sham  TAC2w Methods. n = 4-5. (D) Cardiac ischemia (brown) in

mice prepared as described for Figure 2A was esti-

_Ek kk mated with a Hypoxyprobe-1. Scale bars: 1 mm.

il (E) Number of TUNEL-positive cells per 1 x 104

cardiomyocytes. n = 4-6. Data are shown as

mean + SEM. *P < 0.05; **P < 0.01.
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with decreased activation of Akt (Figure 6D). These data suggest
that sustained activation of Akt could cause cardiac dysfunction
under chronic pressure overload.

Mechanism of enbanced cardiac insulin signaling due to pressure overload.
To investigate the additional mechanisms by which chronic pres-
sure overload enhances insulin signaling in the heart, we examined
plrs1 levels immediately after TAC. Western blot analysis revealed
that pressure overload markedly increased the plrs1 level from as
early as 1 minute after the operation (Figure 7A). Such activation
was significantly attenuated in both heterozygous and homozygous
CIRKO mice (Figure 7A and Supplemental Figure 7), suggesting
that mechanical stress may also upregulate the insulin signaling
pathway via direct activation of Insr independent of its ligand. To
further investigate the influence of mechanical stress on insulin
signaling, we stretched cultured cardiomyocytes by 20% and exam-
ined the changes in the plrs1 level. Consistent with our hypothesis,
stretching of cardiomyocytes led to marked activation of insulin sig-
1509

Number5  May 2010

146



research article

A *k
5 1.0
>
Q208
Control _CIRKO @
e S - 0.6
insr N > £
Acti i 2 kD: g 0
—4 =
]
0.0 v
Control CIRKO
* *
— * * - Kk Kk E % *k
% 25 % 15 E 25
— 20 = * % 20
e X
1] 1.0 ©
= 15 - S 15
o ok ro
o
g 1.0 g 05 g 1.0
05 K T 05
(] g @
T 00— 00 o~ T oo-
o O o © o O o _© o ©6 o ©
Sham TAC2w Sham TAC2w Sham  TAC2w
C *k * D *k * ** *% *% k%
1.0 0.5 20
— s ‘ —_—
(=] —_
> £ 08 '\30‘4 E 1.5
é 4 £ 0.6 203 - 10
i 0 1.
; b 0.4 & 0.2 o
Q. e" =%
; Z 02 0.1 - 0.5
T L e 5 = 0 0 0
8 6 8 ©
Sham TAC2w
; “Tivst oo gy 1Y
Control EELLIESIRDE LVDd[ |LvDs mm;r ]
R Y N e O TN ¢
{IVST
(@310} vDd| [LVDs LVDd{ [LVDs ~

P

Figure 4

AT

Cardiomyocyte-specific reduction of Insr expression attenuates systolic dysfunction due to pressure overload. (A) Western blot analysis of Insr
expression in the hearts of CIRKO mice (Insrex+Cre*) and their littermate controls (control). Graphs indicate relative expression levels of Insr.
n = 3. (B) CIRKO mice (Insrex+Cre*) or littermate controls were subjected to TAC or sham operation, and components of the insulin signaling
pathway in the heart were examined by Western blot analysis at 2 weeks after operation. Graphs indicate relative expression levels of these
signaling molecules. n = 3. (C) The heart weight/body weight ratio of animals prepared as described in A was measured at 2 weeks after opera-
tion. n =7-9. (D) Cardiac hypertrophy and systolic function of animals prepared as described in A were assessed by echocardiography at 1 week
(IVST) or 2 weeks (FS and LVDs) after operation. Photographs show representative results of echocardiography (M-mode). n = 8-13. Data are

shown as mean + SEM. *P < 0.05; **P < 0.01.

naling (Figure 7B). This activation was abolished by knockdown of
Insr expression (Figure 7C), whereas knockdown of Igf1 or the Igf1
receptor showed a marginal effect (Supplemental Figure 8). These
results suggest that mechanical stress mainly enhances insulin sig-
naling through Insr and that Igf1 and the Igf1 receptor contribute
to stretch-induced activation of this signaling to a lesser extent. This
is similar to the known direct activation of the angiotensin II type
receptor by mechanical stress, which contributes to pathological
hypertrophy (20); however, the precise mechanism of how mechani-
cal stress activates insulin signaling needs further investigation.
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There is accumulating evidence that suggests a potential relation-
ship between insulin resistance and cardiac hypertrophy (21, 22).
Therefore we examined plasma glucose and insulin levels in mice
subjected to chronic pressure overload. Both glucose and insulin
levels were significantly higher in the TAC group than in the sham-
operated group (Figure 7D). More importantly, the homeostasis
model assessment-insulin resistance (HOMA-IR) index was mark-
edly elevated in the TAC group (Figure 7D). Furthermore, insulin-
induced phosphorylation of Akt was impaired in the liver of the
TAC group compared with the sham-operated group (Figure 7E).
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Figure 5

Cardiomyocyte-specific reduction of Insr expression
attenuates cardiac hypoxia due to pressure overload.
(A) CIRKO mice (Insrfox+Cre*) or littermate controls
were subjected to TAC or sham operation. Immuno-
histochemistry 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. (B and C) CSA of
cardiomyocytes (B) and relative vascular density (C)
were estimated as described in Methods. n = 4-5. (D)
Number of TUNEL-positive cells per 1 x 104 cardio-
myocytes. n = 4-5. Data are shown as mean + SEM.
*P <0.05; **P <0.01.

B Rk *k C *% D *k o
750 r— E
2 0.008 o B8
£ o
&\ v
£ 500 g 0.006 *k f‘ﬁ .8 €
= ° S €
= bl o
< & 0.004 3 3a
8 = 2 0.002 23
X [4]
§ R
0L - ol - oL -
g ¢ 8 ¢ 2 ¢ 8 ¢ s ¢ 2 ¢
E x g & e & 5 & g £ £ &
8 © 8 © 8 6 8 © 38 6 8 ©
Sham TAC2w Sham TAC2w Sham  TAC2w

These results suggest that chronic pressure overload induces hepat-
ic insulin resistance, thereby inducing hyperinsulinemia, whereas
there is no cardiac insulin resistance due to direct activation of Insr
as well as to upregulation of Insr and Irs1.

Discussion

A number of clinical studies have strongly indicated the link
between insulin resistance and nonischemic HF (23-26). Approxi-
mately two-thirds of patients with essential hypertension have
abnormal glucose metabolism (27), and there is a positive relation-
ship between cardiac hypertrophy and the plasma insulin concen-
tration (28), suggesting that elevation of insulin contributes to
myocardial growth in the presence of chronic pressure overload.
Consistent with these reports, we found that chronic pressure
overload induced hepatic insulin resistance and increased the
plasma insulin level. Myocardial stretch activated Insr, and chronic
pressure overload not only increased the activity of insulin signal-
ing (pIrs1 and pAkt levels), but also upregulated the expression of
Insr and Irs1 protein. This in turn facilitated activation of cardiac
insulin signals by hyperinsulinemia. Such activation enhanced
the mismatch between vascularity and cardiomyocyte size and
increased cardiomyocyte death. This increase was associated with
systolic dysfunction and may be one of the causes of HF induced
by chronic pressure overload. However, we have not excluded
other mechanisms by which excessive insulin signals promote car-
diac dysfunction during pressure overload. For example, cardiac
hypoxia may affect metabolism and contraction of myocytes with
their viability being unchanged. Indeed, we only showed evidence
for tissue hypoxia in the TAC heart by using pimonidazole, which
may not be sufficient. We have not demonstrated that inhibition
of cardiomyocyte death attenuates systolic dysfunction of the TAC
heart. Accordingly, we cannot definitively conclude that hypoxia-
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induced cardiomyocyte death was essential for the development of
HF. It has been reported that endothelial cells in the heart release
avariety of factors, such as neuregulin and nitric oxide, that regu-
late survival and function of cardiomyocytes and that endothelial-
myocardial interaction plays a crucial role in maintaining systolic
function (29). Thus, it is also possible that a decrease of relative
vascular density in the TAC heart impairs such paracrine mecha-
nisms, leading to systolic dysfunction.

Our results were similar to those of the study with conditional
Akt transgenic animals (14). In this model, Akt signaling could be
switched on or off in the heart. These mice developed physiological
hypertrophy following short-term induction, but exhibited patho-
logical hypertrophy with longer periods of Akt activation due to an
imbalance between cardiac growth and angiogenesis. Interestingly,
cardiac dysfunction was further impaired when Akt was switched of
after prolonged activation. These results suggest that Akt signaling
itself is beneficial for maintenance of systolic function in this model;
however, excessive cardiac growth with insufficient angiogenesis
causes pathological hypertrophy. Thus, although insulin/Akt sig-
naling has been implicated in the development of physiological
hypertrophy, constitutive activation of these signals can induce HF
when coordinated tissue growth and angiogenesis are disrupted.

Alterations of myocardial substrate metabolism have been impli-
cated in the pathogenesis of contractile dysfunction and HF (21,
30). Studies on animal models of HF have demonstrated that, dur-
ing transition from cardiac hypertrophy to ventricular dysfunc-
tion, expression of genes encoding for mitochondrial fatty acid
(FA) B-oxidation enzymes shows a coordinated decrease, resulting
in a shift of myocardial metabolism that recapitulates the fetal
heart gene program, with glucose instead of FA becoming the pri-
mary energy substrate (31, 32). Clinical studies have revealed that
patients with nonischemic cardiomyopathy exhibit alterations of
Number 5 1511
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Reduced activation of Akt attenuates systolic dysfunction due to pressure overload. (A) Akt7-deficient (Akt1+-) 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 chis 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 withi.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
(1TU/kg) 30 minutes before sacrifice to investigate the insulin sensitivity
of various organs. AktI-deficient mice (Akt1”-) 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 Insri/* or Insrflox/flox, We
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administered adenoviral vector encoding COMP-Ang] to mice i.v. after
TAC operation as previously described (17).

Physiological and histological 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 approximarely
500-600 beats per minute when cardiac function was assessed. Cardiac tis-
sue was fixed by perfusion with 4% paraformaldehyde. The fixed sample
was immetsed 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 (http://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 par-
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 Apoprosis 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-HCl, pH 8, 140 mM NaCl, 5 mM EDTA, 0.025% NaN3, 1% Triton X-100,
1% deoxycholate, 0.1% SDS, 1 mM PMSF, 5 ug/ml leupeptin, 2 pg/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
Number 5 1513
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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
(Invitrogen), 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
a fixed frame, resulting in longitudinal stretch by 20% of the original length.
siRNA targeting Insr, 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
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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 p53 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 pS3
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 p53
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 pS3 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,>-8 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 p53 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.2 Because apoptotic loss of cardiomyo- such as MDM2,'0-1t COP1,'2 and Pirh2.'* Importantly, the
cytes causes heart failure,? 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.'s
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!? 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.2® 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

] 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 PGI13 activity. Individual cDNA clone that
downregulates the PGI3 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 STUBI1 [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).23:24 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-1« protein degradation and is widely used as a hypoxia
mimicking reagent.2>2¢ Treatment of cardiomyocytes with
CoCl, (250 pmol/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 MDM2 is known to be upregulated by p53 as a part of
negative-feedback loop, increased MDM2 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-la 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).2’-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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2 02 cated time point. B, Experimental myocardial infarction was created by permanent
ligation of the coronary artery. Protein samples were extracted from total heart at
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regulated and p53 expression is upregulated after MI. C, Sequence comparison of
human and mouse CHIP promoter. Boxes indicate conserved HRE.

D, CHIP pro-

moter activity is downregulated by CoCl, treatment and HIF-1a overexpression, and mutations (CACGTG to CTGGCG) introduced into
HRE at —49 abrogated this response. CHIP promoter sequence from human genomic DNA (—329 to +39 from transcription start site)
was cloned upstream of luciferase gene. Mutation was introduced using a kit from Stratagene. Luciferase assay was performed 24
hours after CoCl, treatment or HIF-1a overexpression. *P<0.05, **P<0.01, **P=NS vs control; n=5. E, Real-time PCR analysis
revealed mRNA level of CHIP was also downregulated by hypoxic stress (Co) and HIF-1a overexpression. RNA was extracted 24 hours

after CoCl, treatment or HIF-1a overexpression. *P<0.01.

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!¢ (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 p5S3 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.?3> 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

Co 70
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Figure 3. CHIP overexpression and 17-AAG treatment protects cardiomyocytes
from hypoxic stress. A through C, CoCl, treatment induces p53 accumulation (A)
and apoptotic cell death in cardiomyocytes. Cardiomyocytes were treated with CoCI2
and analyzed 24 hours (A and C) or 6 hours (B) later. Apoptosis is assessed by
cleaved PARP expression (A), Annexin V staining (B), and caspase-3 activity (C). D
and E, p53 expression was knocked down using siRNA against p53. Knockdown of
p53 attenuates CoCl,-induced apoptosis in cardiomyocytes as revealed by cleaved
PARP expression (D) and Annexin V staining (E). *P<0.01 vs control (Con); **P<0.01

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 proteins33-3* 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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Figure 4. Promoting CHIP-mediated p53 degradation is protective against hypoxic stress. A through C, Overexpression of CHIP
attenuates CoCl,-induced p53 accumulation (A) and apoptosis in cardiomyocytes. Cardiomyocytes were infected with adenovirus har-
boring green fluorescent protein (GFP) or CHIP. Twenty-four hours later, culture medium was changed and the cells were treated with
CoCl,. Apoptosis was assessed by cleaved PARP expression (A), Annexin V staining (B), and caspase-3 activity (C). *P<0.01 vs con-
trol (Con)+AdGFP; *P<0.01 vs Co+AdGFP; n=5. D, 17-AAG downregulates p53 expression in cardiomyocytes. Neonatal rat cardio-
myocytes were treated with CoCl, with or without 17-AAG at the indicated concentration. E through G, 17-AAG inhibits CoCl,-induced
p53 accumulation (E) and apoptosis in cardiomyocytes, which is abrogated by CHIP knockdown. Neonatal rat cardiomyocytes were
transfected with control siRNA or siRNA against CHIP. Twenty-four hours later, medium was changed and the cells were treated with
CoCl, and/or 17-AAG. Apoptosis is assessed by cleaved PARP expression (E), Annexin V staining (F), and caspase-3 activity (G).

*P<0.01 vs Co; *P<0.05 vs Co +17-AAG; n=3.

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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Figure 5. Overexpression of CHIP attenuates ischemic cardiac injury in vivo. A, Cardiac-specific expression of HA-tagged human CHIP
in CHIP-Tg mice. B and C, p53 accumulation (B) and apoptosis 1 day after MI are reduced in CHIP-Tg mice. Apoptosis was assessed by
cleaved PARP expression (B) and TUNEL staining (C). Cleaved PARP level was assessed by densitometric analysis on band intensity of cleaved
PARP over uncleaved PARP. P<<0.05 vs WT; n=3. WT indicates wild-type mice. D and E, Postinfarct cardiac remodeling is attenuated in CHIP-Tg
mice (n=15). HW/BW ratio (D, left), contractile function (D, right), and percentage fibrotic area (E). *P<0.01 vs WT (n=30).

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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