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DNA synthesis assay. DNA synthesis was measured by performing a BrdU
incorporation assay with a commercially available kit (Roche) as directed
by the manufacturer. Cardiomyocyte-conditioned medium was collected as
previously described (43). Briefly, cultured cardiomyocytes were starved in
DMEM without FBS and were pretreated with EPO (10 U/ml) or saline for
48 hours, and then the medium was collected and transferred to HUVECs.
HUVECs were plated in 96-well plates at a density of 5 x 10* cells/well in
endothelial cell basal medium-2 with EGM-2 Bullet Kit (Cambrex) for
8 hours and then switched to cardiomyocyte-conditioned medium for
12 hours. BrdU was added to the medium, and BrdU incorporation was
detected by ELISA using anti-BrdU antibody. VEGF receptor antagonist
CBO-P11 (44, 45) (12 uM; Calbiochem) and anti-Ang-1 antibody (1 pg/ml;
Chemicon) were used for the inhibition studies.

Tube formation assay. Matrigel (growth factor reduced, 100 ul; BD Biosci-
ences) was added to each well of a 48-well plate and allowed to polymer-
ize at 37°C for 1 hour. HUVECs (1 x 10¢) were seeded onto Matrigel in
endothelial cell basal medium-2 with EGM-2 Bullet Kit and cultured for
1 hour and then switched to cardiomyocyte-conditioned medium
described above. After 8 hours, tube length was quantified using an angio-
genesis image analyzer (Kurabo).

Isolated heart perfusion system. Isolated heart perfusion system was used
to measure coronary flow as previously described (46). In brief, mouse
hearts were excised rapidly and mounted on a Langendorff perfusion sys-
tem. All isolated hearts were stabilized by perfusion of Krebs-Henseleit
buffer, and perfusion pressure was adjusted to 60 mmHg. The heart was
paced at 400 bpm. After an adjustment period, the coronary effluent was
collected and the coronary flow was calculated. After baseline measure-

ments, sodium nitroprusside (10-* M, Sigma-Aldrich) was infused into
the perfusate, and coronary flow was measured.

Statistics. All data are shown as mean + SEM. Multiple group comparison
was performed by 1-way ANOVA followed by Bonferroni’s procedure for com-
parison of means. Comparison between 2 groups was analyzed by the 2-tailed
Student’s ¢ test. Values of P < 0.05 were considered statistically significant.
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The unfolded protein response (UPR) is triggered to assist protein folding when endoplasmic reticulum (ER)
function is impaired. Recent studies demonstrated that ER stress can also induce cell-specific genes. In this
study, we examined whether X-box binding protein 1 (XBP1), a major UPR-linked transcriptional factor,
regulates the expression of brain natriuretic peptide (BNP) in cardiomyocytes. In samples from failing human
hearts, extensive splicing of XBP1 was observed along with increased expression of glucose-regulated
protein of 78 kDa (GRP78), a target of spliced XBP1 (sXBP1), suggesting that the UPR was induced in heart
Endoplasmic reticulum failure in humans. Interestingly, quantitative real-time PCR revealed a positive correlation between cardiac
Unfolded protein response expression of GRP78 and BNP, leading us to test the hypothesis that sXBP1 regulates BNP as well as GRP78 in
XBP1 cardiomyocytes. A pharmacological ER stressor caused a dose-dependent increase in the expression of sXBP1
Brain natriuretic peptide and BNP by cultured cardiomyocytes. Short interfering RNA targeting XBP1 suppressed the induction of BNP
AP1/CRE-like element expression by a pharmacological ER stressor or norepinephrine, which was rescued by the adenovirus-
Transcriptional regulation mediated overexpression of sXBP1. The promoter assay with overexpression of sXBP1 or norepinephrine
showed that the proximal AP1/CRE-like element in the promoter region of BNP was critical for
transcriptional regulation of BNP by sXBP1. Direct binding of sXBP1 to this element was confirmed by the
chromatin immunoprecipitation assay. These findings suggest that ER stress observed in failing hearts
regulates cardiac BNP expression through a novel promoter region of the AP1/CRE-like element.

© 2010 Elsevier Ltd. All rights reserved.

Keywords:

1. Introduction demonstrated the increased expression of genes targeted by the UPR,

such as glucose-regulated protein of 78 kDa (GRP78) and protein

The endoplasmic reticulum (ER) is an organelle that synthesizes
and folds both secretory and membrane proteins [1-3]. Stresses that
interfere with ER function lead to the accumulation of unfolded and
misfolded proteins, after which the ER transmembrane sensors
detect their accumulation and initiate the unfolded protein response
(UPR) to maintain ER function [1-3]. Recently, we and others have
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binding protein 1; UPR, unfolded protein response.
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disulfide isomerase, in patients with cardiovascular disease, suggest-
ing that activation of the UPR is involved in the pathophysiology of
such diseases [1,4,5].

The transcriptional factor X-box binding protein 1 (XBP1) is
uniquely regulated by inositol requiring kinase 1 (IRE1ax), which is
an ER stress sensor conserved in all eukaryotic cells [6]. Interestingly,
when IRE1a is activated and senses unfolded proteins in the ER, it
promotes an increase of endoribonuclease activity that specifically
cleaves the mRNA encoding XBP1 (unspliced XBP1) to form
transcriptionally active XBP1 (spliced XBP1) [1-3,6]. Spliced XBP1
(sXBP1) binds to ER stress response elements I and II (ERSE-I; CCAAT
(N9)CCACG; ERSE-II; ATTGG(N1)CCACG) and mammalian UPR ele-
ment (mUPRE; TGACGTGG/A) to regulate a variety of UPR target
genes that include ER-resident chaperones and genes involved in ER
associated protein degradation and lipid biosynthesis [7,8]. In
addition to the induction of UPR-related genes by ER stress, recent
studies demonstrated that ER stress also induces unexpected genes in
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cell type- and condition-specific manner [9,10]. However, the genes
altered by the sXBP1 in cardiomyocytes have not been well clarified.
In the present study, we found extensive splicing of XBP1 and positive
correlation between cardiac expressions of GRP78 and BNP in human
normal and failing heart samples. Then we found that sXBP1 regulates
BNP expression via a novel region of the BNP promoter in cultured
cardiomyocytes. To our knowledge, this is the first information that
links the UPR and the natriuretic peptide system which plays an
important role in maintenance of the fluid balance and in cardiovas-
cular growth [11].

2. Materials and methods
2.1. Materials

Tunicamycin (TU) and norepinephrine (NE) were purchased from
Sigma Chemical Co. (St. Louis, MO, USA). Antibodies for XBP1, a- and
(3-actin were obtained from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). An antibody for HP1a was obtained from Sigma Chemical Co.
HS-142-1 was kindly provided by Kirin-Kyowa Pharmaceutical Co.
(Tokyo, Japan).

2.2. Human heart tissue samples

Human heart tissue samples were studied according to the
protocol approved by the Institutional Review Boards of Hayama
Heart Center and Osaka University. We used heart samples of left
ventricle from 4 patients with heart failure who underwent partial left
ventriculoplasty at Hayama Heart Center. Messenger RNA of 2 control
left ventricle heart samples were obtained commercially from
Clontech Labs (Mountain View, CA, USA) and Stratagene (La Jolla,
CA, USA). Tissue samples were frozen at —80 °C until use for ex-
traction of RNA.

2.3. Analysis of XBP1 mRNA processing

Evaluation of XBP1 mRNA splicing was performed as described
previously [12]. In brief, splicing of XBP1 mRNA by activated IRE1
creates a frame shift [6].Complementary DNA (cDNA) was prepared
from human heart samples and rat cardiomyocytes. Using this cDNA
as a template, PCR was performed with specific primers for XBP1 that
covered the splicing site. (Human: sense primer: 5'-CCTTGTAGTTGA-
GAACCAGG-3’ and anti-sense primer: 5'-GGGGCTTGGTATA-
TATGTGG-3', rat: sense primer: 5'-ACGAGAGAAAACTCATGG-3' and
anti-sense primer: 5-ACAGGGTCCAACTTGTCC-3’). The human PCR
amplification products were 416 (spliced) and 442 (unspliced) base
pairs (bp) in size, respectively. The rat PCR amplification products
were 290 (spliced) and 264 (unspliced) base pairs (bp) in size,
respectively. The products were separated on 5% polyacrylamide gel,
visualized under UV light and quantified by densitometry (Scion
Image software).

2.4. Preparation of neonatal rat cardiomyocytes

Primary cultures of cardiomyocytes were prepared from neonatal
rat hearts as described previously [13]. All procedures were done in
accordance with the guiding principles of Osaka University School of
Medicine, the “Position of the American Heart Association on Research
Animal Use”, and the “Guide for the Care and Use of Laboratory
Animals” published by the US National Institute of Health (NIH
Publication No. 85-23, revised 1996).

2.5. Immunoblot analysis

Preparation of cardiomyocytes, electrophoresis, immunoblotting,
and detection were all done as described previously [13]. Nuclear and
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cytosolic fractions were separated by Dignam's method [14]. HP1a
and beta-actin were used as controls for the nuclear and cytosolic
fractions, respectively.

2.6. Quantitative real-time PCR (RT-PCR)

Human or rat samples were prepared according to the Omniscript
Reverse Transcription Handbook (QIAGEN Inc.). The primers and
probes used for quantification of sXBP1, BNP, GRP78, and GAPDH
were all designed according to the manufacturer's protocol (Applied
Biosystems, Foster City, CA. https://www.appliedbiosystems.com/).
Quantitative RT-PCR was performed as described previously [13].

2.7. RNA interference

We obtained the short interfering RNAs (siRNAs) from B-Bridge
International, Inc. to knock-down rat, but not human, XBP1
mRNA (XBP1-1 siRNA: 5-GAGAAAGCGCUGCGGAGGA-3’, XBP1-2
siRNA: 5’-CUUCAAAGGUAUUCCAAUA-3’) or rat BNP mRNA (BNP
siRNA: 5’-CAAACUUGCCACAGUGUAA-3"), as described previously [13].
Bioinformatic analysis reveals that rat siRNA targeting XBP1 did not
knock-down human XBP1. Transfection of the siRNAs was performed
as described previously [13].

2.8. Adenovirus transduction

Adenoviral vectors containing the genes for LacZ and spliced
human XBP1 were prepared as described previously [13]. Adenovirus
carrying LacZ or spliced XBP1 was transfected at 24 h after the
isolation of cardiomyocytes, and experiments were performed 48 h
after transfection.

2.9. Microarray analysis

For microarray analysis, 3 RNA samples of cardiomyocytes
transfected with adenovirus carrying LacZ (80 MOI) or spliced XBP1
(80 MOI) for 48 h were used. Cardiac gene expression was determined
using GeneChip Rat Genome 230 2.0 Array (Affymetrix). All ex-
pression data were normalized by global scaling and analyzed by
GeneSpring software (Agilent Technologies).

2.10. Confocal fluorescence microscopy

Cells were plated at a concentration of 1x10° cells/plate and
viewed with confocal fluorescence microscopy (Radiance 2100 Laser
Scanning System, Bio-Rad, Heimei Hempstead, UK), as described
previously [13]. Cell surface area was measured using Image] (http://
rsb.info.nih.gov/ij/) from 30 randomly selected cells per experiment.

2.11. Assessment of cardiomyocyte viability

The viability of cardiomyocytes was evaluated as described pre-
viously [13]. The dose of HS-142-1 used in the present study ef-
ficiently blocked BNP receptor [15].

2.12. Plasmid construction

Progressive deletion fragments of the 5’ flanking region of the BNP
gene were amplified by PCR with sense primers containing an
additional Kpn1 site (hBNP-1780F: 5'-GGTACCCCCTGGCAGTGATTAT-
GAGCTTCA-3’, hBNP-238F; 5-GGTACCGGGACTTGTCTGTGTCTCCA-3/,
hBNP-111F; 5’-GGTACCTGATCTCAGAGGCCCGGAATGT-3’, hBNP-
101F; 5'-GGTACCGGCCCGGAATGTGGCTGATAAAT-3’) and an anti-
sense primer containing a Hind III site (hBNP + 61R; 5’-AAGCTTGCT-
GCTGCTGCGATGCGTCCGGGTTTGCTT-3"). After digestion with Kpn1
and Hind I1I, the fragments were inserted between the Kpn1 and Hind
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Il sites in the firefly luciferase reporter plasmid pGL3-Basic
(Promega). A deletion mutant lacking the AP1/CRE-like element
was amplified by PCR with a sense primer (hBNP-103F: 5'-
GAGGCCCGGAATGTGGCTGATAAAT-3') and an anti-sense primer
(hBNP-112R: 5-GGGCCCGGGAATGAGCCCCTCCGCGCCT-3), and was
inserted into the pGL3-Basic plasmid. The plasmid for human sXBP1
was a kind gift from Dr. K. Mori (Kyoto University, Japan).

2.13. Luciferase gene reporter assay

Freshly prepared rat cardiomyocytes (4x 106 cells) were tran-
siently co-transfected with 10 pg of the indicated reporter construct
and 10 pg of control vector (Renilla luciferase plasmid pRL-SV40) with
or without 10pug of the effector plasmid carrying sXBP1 cDNA.
Electroporation was done at 280 V/300 pF in 0.2-cm cuvettes. Then
the cells were plated into fibronectin-coated six-well culture dishes
and incubated for 72 h to allow attachment. For the NE experiment,
cardiomyocytes were co-transfected with the indicated reporter
construct and control vector and maintained for 48 h. Then, they
were treated with NE (1 umol/L) for 24 h. Subsequently, luciferase
activity of cell lysates was measured with a luminometer according to
the manufacturer's protocol (Dual-Luciferase Reporter Assay; Pro-
mega), and reporter activity was calculated as the relative luciferase
activity (firefly luciferase/Renilla luciferase) to correct for variations
in transfection efficiency.

2.14. Chromatin immunoprecipitation (ChIP) assay

Rat neonatal cardiomyocytes (5x10°) were transfected with
adenovirus carrying human sXBP1 or LacZ and incubated for 48 h
before being cross-linked with 1% formaldehyde. The ChIP assay was
performed using a Chromatin Immunoprecipitation Assay Kit (Up-
state) according to the manufacturer's protocol. The P1/P2 primers
used for detection of rat BNP were 5’-GACAACACCAGCTGCAG-
GATGGGCTTGACGGCAAGT-3’ (rBNP-2863F) and 5'-CCGACCTCTGTG-
CATCAATGGTA-3’ (rBNP-2706R), yielding a 157 bp product. The P3/
P4 primers used for detection of rat BNP were 5-GGAAACAAG-
GACCTGTTAGTGT-3’ (rBNP-257F) and 5-GGGTGGGGTTATCTCT-
GATTT-3’ (rBNP-72R), yielding a 185 bp product.

2.15. Statistical analysis

Data are expressed as the mean £ S.E.M. Unpaired Student t-test
was used to compare the expression of BNP and GRP78 in human
hearts. Spearman rank correlation analysis was used to examine the
relationship between cardiac mRNA levels of targeted genes. The
results of quantitative RT-PCR, cardiomyocyte viability analysis, and
the promoter assay were compared by one-way factorial ANOVA
followed by Bonferroni's correction. Microarray data was analyzed
using unpaired t-test. For all analyses, P<0.05 was accepted as
statistically significant.

3. Results

3.1. Extensive XBP1 splicing and increased expression of GRP78 and BNP
in human failing hearts

To investigate activation of the UPR in failing human hearts, we
determined the extent of XBP1 mRNA splicing as an indicator of UPR
activation in samples of normal and failing myocardium. The clinical
characteristics of patients were listed in the Table 1. The major form of
XBP1 in normal human hearts was unspliced, while the major form in
failing hearts was spliced (Fig. 1A). Consistent with these findings
about XBP1 activation, quantitative RT-PCR revealed that expression
of GRP78, a target of sXBP1, was significantly higher in failing hearts
(n=4) than in normal hearts (n = 2) (Fig. 1B). These findings suggest

Table 1
Clinical characteristics of patients.

Age Gender Diagnosis BNP NYHA Echocardiographic findings

(pg/mL) class oo™ 1VDd (mm) LVDs (mm)
69 M DO 465 IN: 300 68 73
63 M DM 621 W28 68 58
50 M 1™ o4~ W g T 58
57 M 1M T RAG e 68

DCM, dilated cardiomyopathy; ICM, ischemic cardiomyopathy; BNP, brain-type
natriuretic peptide; NYHA, New York Heart Association function class; LVEF, left
ventricular ejection fraction; LVDd, left ventricular end-diastolic dimension; LVDs, left
ventricular end-systolic dimension.

that the UPR was activated in failing human hearts. In addition, the
BNP mRNA level was significantly higher in failing human hearts
(n=4) compared with that in normal hearts (n=2) (Fig. 1C).
Importantly, the quantitative real-time PCR revealed a positive
correlation between cardiac expressions of GRP and BNP (Fig. 1D).
There was no significant correlation between sXBP1 and GRP78
(Fig. 1E) or BNP (Fig. 1F).

3.2. A pharmacological ER stressor increases BNP expression via an
XBP1-dependent pathway in rat neonatal cardiomyocytes

Then, we investigated whether ER stress could induce BNP
expression via an XBP1 dependent pathway. PCR analysis showed
that treatment of cardiomyocytes with tunicamycin (TU), a pharma-
cological ER stressor, increased the level of mRNA for spliced XBP1
(Fig. 2A). TU increased the protein levels of nuclear, but not cytosolic,
XBP1 protein (Fig. 2A) and mRNA levels of BNP (Fig. 2B) in rat
cardiomyocytes. When we transfected a different dose of siRNA
targeting XBP1 (siRNA-XBP1-1), siRNA targeting XBP1 dose-depen-
dently reduced protein levels of nuclear XBP1 and mRNA levels of BNP
by tunicamycin (Fig. 2C). When we transfected 2 different siRNAs
targeting XBP1, either of the siRNAs targeting XBP1 efficiently
reduced XBP1 protein levels (Fig. 2D). We also found that increased
expression of BNP in response to pharmacological ER stress was
significantly attenuated by 2 different siRNAs targeting XBP1 (Fig. 2E).
These findings suggested that pharmacological ER stress induces
BNP expression via an XBP1-dependent pathway in cultured rat
cardiomyocytes.

3.3. Adenovirus-mediated overexpression of spliced XBP1 increases BNP
expression in cultured rat cardiomyocytes

Next, we investigated the influence of sXBP1 on BNP expression by
cultured rat cardiomyocytes. Immunohistological analysis revealed
the nuclear localization of XBP1 in rat cardiomyocytes infected with
adenovirus carrying sXBP1, but not LacZ (Fig. 3A). The transfection of
adenovirus carrying sXBP1 or LacZ did not change the cardiomyocyte
size (Fig. 3B). An increase of nuclear XBP1 protein levels by the
overexpression of sXBP1 was also confirmed by immunoblot analysis
(Fig. 3C). Adenovirus-mediated overexpression of sXBP1 increased
mRNA levels of GRP78 (Fig. 3D) and BNP (Fig. 3E) in a dose-dependent
manner.

Since the stimuli that enhance BNP expression often activate
hypertrophic program, we checked the expression levels of repre-
sentative hypertrophic genes when cardiomyocytes were transfected
with adenovirus carrying LacZ (n=3) or sXBP1 (n=3): BNP (0.47 +
0.07 versus 1.47 4 0.04, P=0.0002), GRP78 (0.83 + 0.12 versus 1.81 +
0.25, P=0.02), B-myosin heavy chain (MHC) (0.9340.05 versus
1.0540.04, P=0.15), atrial natriuretic peptide (ANP) (0.86+0.08
versus 1.1040.04, P=0.06), a-actin (0.35+ 0.13 versus 1.46 4 0.03,
P=0.001), o-MHC (1.00+0.00 versus 0.73+0.14, P=0.12) and
sarcoendoplasmic reticulum Ca ATPase (SERCA) (0.96 4 0.04 versus
0.97 +0.19, P=0.95). These findings suggest that hypertrophic genes
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Fig. 1. UPR signaling in human hearts. (A) (Upper panel) Splicing of XBP1 mRNA in myocardial tissue from normal (n=2) and failing (n=4) human hearts. (Lower panel)
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except a-actin did not significantly alter by the overexpression of
sXBP1. Furthermore, overexpression of sXBP1 did not alter cardio-
myocyte viability, suggesting that sXBP1 did not induce BNP
secondary to cellular damage (data not shown). Importantly, we
found that overexpression of sXBP1, but not LacZ, could rescue the
tunicamycin-mediated enhancement of BNP that was blocked by
siRNA for XBP1 (Fig. 3F). We could not detect the binding of XBP1 to
the proximal AP1/CRE-like element in the BNP promoter in response
to a pharmacological stressor (data not shown).

3.4. Spliced XBP1 binds to an AP1/CRE-like element in the BNP promoter
region and increases its promoter activity

To investigate whether or not sXBP1 activated the transcription of
BNP, we performed a number of luciferase reporter assays, in which

264

cultured cardiomyocytes were co-transfected with a series of reporter
plasmids containing fragments of the BNP 5'-flanking region (from
—1780 to —101) and the pGL3 vector with or without sXBP1. Under
baseline conditions, transfection of longer reporter plasmids con-
taining the promoter region (—238 to —111) increased luciferase
activity compared with transfection of the reporter plasmid lacking
the promoter region (—238 to —111) or the empty pGL3-Basic
plasmid (Fig. 4A left). These findings suggested that the proximal
region (—238 to —111) was essential for BNP promoter activity
under baseline conditions. After transfection of the pGL3-Basic vector
containing spliced XBP1 (inducible conditions), co-transfection of the
reporter gene containing the region (—111 to —101) increased
luciferase activity by 3- to 4-fold compared with the control (empty
pGL3-Basic vector) or the reporter gene lacking this region (Fig. 4A
right). The bioinformatic analysis revealed that the BNP promoter
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Fig. 2. A pharmacological ER stressor increases BNP expression via an XBP1-dependent pathway in rat neonatal cardiomyocytes. (A) Effects of TU on splicing of XBP1 in cultured
cardiomyocytes. Neonatal rat cardiomyocytes were maintained for 24 h and then treated with TU (0.5 pg/mL) for the next 24 h, Evaluation of XBP1 splicing was performed by
quantitative RT-PCR (upper panel) and immunoblot analysis (lower panel). (B) Dose-dependent effects of TU (0.25 or 0.5 pg/mL) on protein levels of XBP1 in the nuclear fraction
(upper panel) and mRNA levels of BNP (lower panels) in cultured cardiomyocytes. HP1ae was used as the internal control for protein levels in nuclear fraction. Results were
expressed as the mean + SEM. *P<0.05 versus control. (C) Dose-response effects of siRNA for XBP1 on BNP expression. Neonatal rat cardiomyocytes were maintained for 6 h and
then were treated with different dose of control and XBP1 siRNA (15 pmol/L and 100 pmol/L) for 18 h. Subsequently, cardiomyocytes were treated with TU (0.5 pg/mL) for 24 h.
(D, E) Effects of 2 different siRNAs targeting XBP1 on the protein level of XBP1 (D) and mRNA level of BNP (E) in cardiomyocytes treated with TU. Experiments were repeated twice
independently (n=2-3 per experiment). Results are expressed as the mean £ SEM. *P<0.05 versus control.

region (—111 to —101) corresponded to an AP1/CRE-like element, Next, we transfected reporter plasmids containing the BNP
which is well conserved among mammals (Fig. 4B). These findings promoter region (— 1780 to +63) with and without the AP1/CRE-
suggested that the AP1/CRE-like element is essential for BNP like element (— 111 to —101). Deletion of the AP1/CRE-like element
promoter activity under inducible conditions. resulted in a significant decrease of luciferase activity under inducible
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Fig. 3. Adenovirus-mediated overexpression of spliced XBP1 increases BNP expression in neonatal rat cardiomyocytes. (A) Representative immunohistochemistry of XBP1
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proteasome. Effects of overexpression of spliced XBP1 on GRP78 (D) and BNP (E) mRNA levels in cultured cardiomyocytes. MOI indicates multiplicity of infection. (F) Effects of
overexpression of XBP1 on mRNA level of BNP that is blocked by siRNA for XBP1. Cardiomyocytes were treated with siRNA targeting XBP1 for 24 h and were treated with
tunicamycin (0.5 pg/mL) for the next 24 h. Thereafter, they were incubated with an adenoviral vector carrying LacZ (80 MOI) or spliced XBP1 (80 MOI) for 48 h. Experiments were
repeated twice independently (n=2-3 per experiment). Results were expressed as the mean + SEM. *P<0.05 versus control.

conditions by overexpression of sXBP1 (Fig. 4C), but not baseline levels of XBP1 in the nuclear fractions and BNP expression in cultured
ones. cardiomyocytes, which was significantly attenuated by siRNA tar-

We also examined the role of XBP1 in BNP expression in response geting XBP1. The quantitative real-time analysis revealed that the
to NE. We found that the NE (1 pmol/L) for 24 h increased protein siRNA targeting sXBP1 did not block the enhancement of ANP by NE
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(Control: 1.00 £+ 0.16; NE: 1.6140.19; NE + siRNA XBP1: 1.67 +0.31;
n=3 in each group), suggesting that XBP1 is not involved in
hypertrophic program in response to NE. These findings suggest
that XBP1 is involved in BNP expression in response to NE as well as a
pharmacological ER stressor. Deletion of the proximal AP1/CRE-like
element resulted in a significant decrease of luciferase activity in
response to NE (Fig. 4D).

Finally, we performed the ChIP assay to determine whether sXBP1
binds to the AP1/CRE-like element of the endogenous BNP promoter
in vivo. Chromatin from cardiomyocytes transfected with adenovirus
carrying LacZ or sXBP1 was immunoprecipitated with an antibody
directed against XBP1. PCR products were obtained by using primers
that covered the AP1/CRE-like element (P3/P4), but not with primers
covering the — 2863 to — 2706 region (P1/P2) (Fig. 4E).

3.5. Induction of BNP by pharmacological ER stress does not affect the
viability of cultured cardiomyocytes

We investigated the effect of the induction of BNP by pharmacolog-
ical ER stress on cell viability. The siRNA targeting BNP reduced the BNP
mRNA level by 93% (n = 4). There was no difference of cell viability when
cardiomyocytes were treated with the siRNA targeting BNP (Fig. 5A) or a
BNP receptor antagonist (HS-142-1) followed by a pharmacological ER
stressor (Fig. 5B). These findings suggested that the induction of BNP by
ER stress did not directly prevent cardiac cell death by ER stress.

4. Discussion
4.1. The UPR in heart failure

The ER is an organelle with a role in protein folding, calcium
homeostasis, and lipid biosynthesis. Failing hearts show oxidative stress,
hypoxia, and enhanced protein synthesis, any of which could potentially
lead to ER dysfunction [1-3]. Indeed, we and others have found
extensive splicing of XBP1 and increased expression of GRP78 in failing
human hearts, suggesting that the UPR is activated in diseased hearts
[6,7,16]. Consistent with previous reports, we also found an increase of
BNP mRNA levels in myocardial samples from failing human hearts,
which is widely used as a marker of heart failure [11,17]. Although the
UPR triggers signaling that induces genes to maintain ER function,
recent studies have shown that the UPR is also linked to other
physiological systems [9,10]. Interestingly, we found a positive
correlation between cardiac expression of GRP78 and BNP in human
samples. These findings led us to hypothesize that BNP as well as GRP78
are commonly regulated by an UPR-dependent mechanism, although
BNP has not previously been recognized as one of the targets of the UPR.
Disappointingly, cardiac expressions of sXBP1 did not correlate with
those of GRP78 or BNP probably due to the multiple factors that would
modify their cardiac expressions in the clinical settings.

4.2. BNP expression is regulated by XBP1 in cardiomyocytes

To investigate whether BNP expression was regulated by ER
stress, we treated cultured cardiomyocytes with a pharmacological ER
stressor, tunicamycin, which is an inhibitor of glycosylation. This agent
dose-dependently increased the expression of BNP in cultured
cardiomyocytes, suggesting that BNP expression is upregulated in
response to ER stress. We also confirmed that sXBP1 had a crucial role in
the cardiac expression of BNP as well as GRP78 in response to a
pharmacological ER stressor by experiments using 2 different siRNAs
against XBP1 or an adenovirus vector carrying sXBP1. Since we showed
that overexpression of sXBP1 increased BNP expression without
affecting cardiomyocyte viability, the elevation of BNP expression did
not seem to be due to cellular damage caused by adenoviral transfection.

Many hypertrophic stimuli can enhance BNP expression along
with both the activation of hypertrophic program and the increase in

cardiomyocytes size [18]. Thus, we performed microarray analysis to
check whether overexpression of sXBP1 could alter the representative
hypertrophic gene expressions. We found that these genes except o-
actin did not significantly alter by the overexpression of sXBP1.
Interestingly, bioinformatic analysis reveals that there exists AP1/
CRE-like element in the promoter region of a-actin (—520 to —513).
These results would strength the findings that sXBP1 could regulate
the expression of some genes through the AP1/CRE-like element.
Furthermore, the overexpression of sXBP1 did not change the size of
cultured cardiomyocytes and the siRNA for sXBP1 did not block the
enhancement of ANP by NE. These findings also suggest that sXBP1
enhances BNP expression without altering hypertrophic program.

In addition to sXBP1, several factors are involved in the transcrip-
tion of genes targeted by the UPR [1-3]. These UPR-linked transcrip-
tional factors independently, and sometimes cooperatively, regulate
the target genes in response to ER stress [1-3]. Since 2 different
siRNAs targeting XBP1 almost completely suppressed BNP expres-
sion by tunicamycin and overexpression of sXBP1 could rescue the
tunicamycin-mediated enhancement of BNP that was blocked by
siRNA targeting XBP1, sXBP1 seems to be an essential regulator of BNP
transcription in response to ER stress.

4.3. Spliced XBP1 binds to the BNP promoter response element and
increases its promoter activity

Spliced XBP1 is known to bind to certain promoter regions, including
ERSE-I, ERSE-Il, and mUPRE [7,8], but our bioinformatics analysis
revealed that the promoter region of BNP does not include any of these
regions. Surprisingly, the promoter assay revealed that the AP1/CRE-
like element (— 111 to — 103) of the BNP promoter was essential for its
enhanced activity by spliced XBP1. The ChIP assay also demonstrated
that spliced XBP1 bound to the AP1/CRE-like element. AP-1/CRE-like
element is the site overlapped by AP-1 and CRE binding sequence
[19,20]. Although several factors are reported to bind to this element, to
our knowledge, this is the first to show that sXBP1 can bind to this
region. Bioinformatic analysis revealed that BNP promoter has 3
different AP-1/CRE-like elements (TGATCTCA at —111; TGAGATCA at
—385; and TGACATCA at —1472). Importantly, the promoter assay
analysis demonstrated that the only proximal AP-1/CRE-like element
has the function to enhance BNP expression in response to spliced XBP-
1. Lapointe et al. demonstrated that the proximal AP1/CRE-like element
(— 111 to —103) is required for BNP expression in response to mitogen
activated protein kinase (MAPK) kinase 6 or p38 MAPK [21].
Consistently, another study also demonstrated that only one specific
element can play an important role in gene regulation although several
of the same elements exist in the promoter region [22].

Although we performed ChIP assay using a pharmacological ER
stressor, we could not detect the binding of XBP1 to the proximal AP1/
CRE-like element in the BNP promoter (data not shown). One possible
explanation for this failure would be due to the difference in sXBP1
levels in experiments using XBP1 overexpression and pharmacolog-
ical treatment. Furthermore, we tried to use 2 different antibodies
against XBP1 for the ChIP assay, but we could detect the binding only
when we used the antibody presented in the manuscript. Thus, the
technical limitation would be the possible explanation for the failure
to detect the binding using a pharmacological ER stressor.

Recent studies demonstrated that NE can induce ER stress in PC12
cells [23,24]. The present study revealed that NE increased protein
levels of sXBP1 and that BNP expression in response to NE was
blocked by siRNA against XBP1. Since adrenergic systems are
activated in patients with heart failure, increased levels of NE might
regulate BNP via ER stress related pathways. Since NE can activate
both MAPK- and XBP1-dependnt pathways, further investigation will
be required for the interaction between sXBP1 and MAPK in the BNP
expression through the proximal Ap1/CRE-like element [20,21].
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Fig. 5. Induction of BNP by pharmacological ER stress does not affect the viability of cultured
cardiomyocytes. Effect of siRNA targeting BNP or HS-142-1, a BNP receptor blocker, on
cardiomyocyte death after exposure to pharmacological ER stress with TU, (A) Neonatal rat
cardiomyocytes were maintained for 6h and then treated with BNP siRNA for 18 h.
Subsequently, cardiomyocytes were treated with TU (0.5 pg/mL) for 24 h and cell viability
was evaluated. (B) Effect of HS-142-1, a BNP receptor blocker, on cardiomyocyte viability after
treatment with TU. Neonatal rat cardiomyocytes were maintained for 24 h and then treated
with HS-142-1 (100 or 200 pg/mL) for 6 h. Subsequently, the cells were treated with TU
(0.5 pg/mL) for 24 h and their viability was evaluated. Three independent experiments were
done to assess cell viability (n=6 per experiment). *P<0.05 versus no treatment.

4.4. Pathophysiological role of BNP induced by XBP1

Since XBP1 mainly regulates UPR-related genes that potentially
reduce cell damage due to ER stress, we checked whether the knock-
down of BNP mRNA or blockade of the BNP receptor directly influenced
cardiac cell viability in response to a pharmacological ER stressor. Our data
showed that BNP in response to ER stress did not directly influence cell
viability due to ER stress in cardiomyocytes. However, since BNP has an
important role in the maintenance of fluid balance and in cardiovascular
growth [11], induced BNP by sXBP1 would indirectly contribute to the
improvement in cardiac dysfunction in which UPR is activated.

4.5. Conclusion

In the present study, we showed that sXBP1 regulates BNP
expression in cultured cardiomyocytes. Regulation of BNP by XBP1
is another intriguing example of integration of the UPR with a range of
physiological systems. Furthermore, since BNP is used for the
treatment of heart failure [25], drugs targeting spliced XBP1 or the
other factors that bind to the AP1/CRE-like element of BNP promoter
region could be promising new therapies for heart failure.
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Fig. 4. Spliced XBP1 binds to an AP1/CRE-like element in the BNP promoter region and increases its promoter activity. (A) Mapping of the XBP1-response element in the BNP
promoter. Luciferase activity from 3 independent experiments was normalized to Renilla luciferase activity before being compared with the control (pGL3) with and without co-
transfection of spliced XBP1. Relative luciferase activity was determined as the average of duplicate measurements in 3 independent experiments. *P<0.05 versus control (pGL3).
(B) Comparative analysis of the sequence of the AP1/CRE-like element in the BNP promoter. (C, D) Effects of deletion of the AP-1/CRE-like region on BNP promoter activity
stimulated by spliced XBP1 or NE (1 pmol/L). The pGL3-BNP-luciferase reporter (—1780/+63) with or without the AP-1/CRE-like element was transfected as described in (A).
Experiments were repeated twice independently (n=2 per experiment). Relative luciferase activity was determined by averaging duplicate measurements in the 3 independent
experiments. *P<0.05 versus control (pGL3). (E) Binding of spliced XBP1 to the AP1/CRE-like element in the BNP promoter was demonstrated by the ChIP assay. Chromatin was
immunoprecipitated with IgG or an antibody for XBP1. Purified precipitates were analyzed by PCR using primers specific for the AP1/CRE-like element (P3/P4) or the region 3 kb up-

stream of the BNP promoter (P1/P2).
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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 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-pS3 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

been increasing and cardiovascular diseases are the
leading cause of deaths in the Western world. Despite the
development of pharmacological and nonpharmacological
interventions, 33% of the men and 43% of the women die
within 5 years after myocardial infarction (MI).! Therefore, a
novel therapeutic approach against coronary heart disease is
awaited.

Apoptosis of cardiomyocytes is accompanied with acute
coronary occlusion.2 Because apoptotic loss of cardiomyo-
cytes causes heart failure,? inhibition of apoptosis has been
suggested as an additional therapeutic approach to coronary
heart disease.* In mice, overexpression of antiapoptotic
Bcl-2 protein or genetic deletion of proapoptotic Bax
protein have been reported to prevent apoptosis and reduce

infarct size,>-® implicating that antiapoptotic approach is
effective for prevention of ventricular remodeling after
myocardial infarction.

The tumor suppressor p53 is an important transcription
factor that regulates cell cycle progression, cellular senes-
cence, and apoptosis. Under physiological condition, p53
protein level is maintained low, but is elevated when cells
are stressed or damaged.® The mechanism for keeping p53
protein level low involves several E3 ubiquitin ligases
such as MDM2,'%-11 COP1,'? and Pirh2.'3 Importantly, the
expression of these proteins were positively regulated by
p53, suggesting the role for negative-feedback loop against
p53 elevation.

Protein level of p53 is also kept low in the heart but it is
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 «MHC-HA-CHIP transgene construct. Coronary artery liga-
tion was performed on 10-week old male mice as described
previously.2!

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 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).
p33 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-1« protein degradation and is widely used as a hypoxia
mimicking reagent.>2¢ Treatment of cardiomyocytes with
CoCl, (250 wmol/L) increased pS3 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 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-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
MDM?2, 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).27-30 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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moter activity is downregulated by CoCl, treatment and HIF-1« 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-1« 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-1e« attenuated the effects of CoCl, treatment on
expressions of p53 and CHIP (Online Figure III, A), and
overexpression of constitutively active HIF-1a 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 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.3!: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 proteins333* 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 SA) 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 SE) 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 pS53 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
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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 pS3 accumu-
lation after hypoxic stress (Figures 4A and 5B). These results
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