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Figure 8

Periostin induces the secretion of MMPs from VICs, ECs, and macrophages in vitro. (A) Light microscopy, immunofluorescence staining, and
Western blot analysis of cultured rat VICs. The VICs were fibroblast-like in appearance and expressed chondromodulin |, but did not express
acetylated LDL. The ECs in the inset and the rat eye in the Western blot served as positive controls. Scale bars: 100 um. (B) Expression and
secretion of collagen |, «-SMA, MMP-2, and MMP-13 by VICs following periostin stimulation. Conditioned media and cell lysates were obtained
from VICs with or without periostin stimulation and subjected to Western blot analysis. Periostin prominently stimulated secretion of MMP-2 and
MMP-13 by VICs, whereas collagen | production and a-SMA expression were unchanged. Densitometric quantitative analysis of MMP levels
in the conditioned media from the VIC cultures is also shown. (C) RT-PCR analysis of MMP expression in VICs after periostin stimulation. Peri-
ostin increased the transcription of Mmp13, but not that of Mmp2 or Mmp9. Cartilage served as a positive control. Also shown is Mmp2 mRNA
expression in VICs after stimulation with or without periostin for 5 days. (D and E) Expression and secretion of MMPs by human coronary artery
ECs (D) and cultured mouse BM-derived macrophages (E) following periostin stimulation. Densitometric quantitative analyses of MMP levels
in the conditioned media from cultures of ECs and macrophages is also shown. Periostin significantly induced secretion of MMP-2 and MMP-9
from ECs and macrophages, respectively. *P < 0.05.
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a-SMA-positive cells was signifi-
cantly lower in the infarct areas of
Postn~~ mice than in those of WT
mice and that adenovirus-medi-
ated Postn gene transfer into the
knockout mice restored the num-
ber of a-SMA-positive cells to che
levels seen in WT mice (37).

In the present study, we focused
on the pathophysiologic func-
tions of periostin in degenerative
atherosclerotic and rheumatic
VHD and found chat periostin is
a critical facror in the degenera-
rion of the cardiac valve complex.
The therapeutic effect of HMG
CoA reductase inhibitors on
aortic valve stenosis is currently
a controversial issue. Therefore,
periostin may represent a novel
therapeutic target to prevent the

Figure 9

Conceptual framework for the roles of periostin and chondromodulin | in the progression of atheroscle-
rotic and rheumatic VHD. The circulating CD14-positive inflammatory cells (and possibly fibrocytes) that
express periostin initially infiltrate the zona atrialis/ventricularis of the cardiac valve. Thereafter, periostin
secreted from these cells not only promotes angiogenesis by induction of EC migration and inhibition of
EC apoptosis, but also stimulates the production of MMP-2, MMP-9, and MMP-13 by ECs, VICs, and
engrafted macrophages, which advance cardiac valve degeneration. Valve degeneration in turn facili-
tates the infiltration of circulating periostin-expressing cells, thereby creating a vicious circle. The origin
of the engrafted ECs is unknown; it is possible that periostin enhances the recruitment of circulating
endothelial progenitor cells into the valves or promotes the penetration of microvessels from the annulus
region or roots into the leaflets. In contrast, chondromodulin | blocks angiogenesis through inhibition of
EC migration and induction of EC apoptosis, although other angioinhibitory factors are involved during the
earlier stages of valve degeneration. Therefore, the equilibrium between periostin and chondromodulin |
(as well as other angioinhibitory factors) defines the progression of atherosclerotic and rheumatic cardiac

valve degeneration by controlling angiogenesis and MMP production.

expressing exogenous inflammartory cells and myofibroblasts,
thereby creating a vicious circle in degenerative VHD (Figure 9).

The HF dier significantly induced the expression of periostin,
-SMA, MMP-2,and MMP-13 in the cardiac valve complexes of WT
mice, although the underlying mechanism remains unclear. Because
the periostin promoter contains a site for activator protein-1 (AP-1)
and a Smad binding element (63) and is induced by various cellu-
lar stresses (64), we hypothesize that the upregulation of periostin
expression is due to periostin induction and/or the accumulation of
exogenous myofibroblasts and inflammatory cells as a result of HF
diet-provoked oxidative stress and inflammartion.

The HF diet increased body weights and serum total cholester-
ol levels by 1.8-fold in both WT and Postn™" mice, reflecting the
increases observed clinically in humans. Surprisingly, degeneration
and the expression of -SMA, MMP-2, and MMP-13 in the cardiac
valve complex were strikingly diminished in the Postn /- mice. The
detailed mechanisms underlying this phenotypic change are not
elucidared by this experiment, given the limitation that the role of
periostin in specific cell types is not demonstrable in the germline
knockout mice used. However, it is possible that these findings
reflect the decreased abilities of myofibroblasts and inflamma-
tory cells to adhere to and infiltrace the valves of Postn/ mice. In
support of this notion, a recent study showed that the number of
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progression of atherosclerotic and
rheumatic VHD, including aortic
valve stenosis. Further studies are
required to address this issue.

Methods

Animals. WT ICR mice and Wistar rats
were purchased from Japan CLEA. The
genetic backgrounds of the Postn/~
mice (37) and the Lect] /- mice (23)
have been described previously. The
offspring were genotyped by either
Souchern blotting or PCR, and WT
lictermates of these knockout strains
were used as controls. All experimen-
tal procedures and protocols were
approved by the Animal Care and Use Committee of Keio University and
conformed to NIH guidelines for the care and use of laboratory animals.

Human samples. Samples of 10 aortic and 11 micral valves were collected
from patients (9 males and 12 females; average age, 63.9 + 12.0 years) who
were undergoing valve replacement surgery due to valvular stenosis or regur-
gitation. The average ages of the patients with atherosclerotic valves (1 = 8),
rheumatic valves (n = 9), and valvular prolapse (n = 4) were 70.0 £ 9.2 years,
64.7 £ 7.8 years, and 50.0 + 15.3 years, respectively. Specimens were fixed in
formaldehyde immediately after removal and then embedded in paraffin.
As controls, 12 microscopically and macroscopically normal, noncalcified,
smooth, and pliable valves (7 aortic and 5 mitral valves) were collecred
from 10 autopsied patients (8 males and 2 females; average age, 65.2 + 5.8
years) who died of noncardiac diseases. The use of autopsied and surgi-
cal specimens of human tissues was approved by cthe institutional review
board of Keio University. All participants provided informed consent for
their tissue to be used.

RT-PCR. Total RNA was prepared with the TRIzor reagent (Gibco;
Invitrogen). RT-PCR was performed as described previously (23) using
the following primers: mouse Postn forward, 5'-AACCAAGGACCTGAAA-
CACG-3'; mouse Postn reverse, 5'-CAAAGAGCGTGAAGTGACCA-3"; mouse
Postn primer pair 1 forward, 5"-GATAAAATACATCCAAATCAAGTTT-
GTTCG-3"; mouse Postn primer pair | reverse, 5'-AAACTCTGTGGTCT-
GGCCTCTGGG-3'; mouse Postn primer pair 2 forward, 5-GATAAAATA-
Volume 120

Number7  July 2010 2303



research article

CATCCAAATCAAGTTTGTTCG-3'; mouse Postn primer pair 2 reverse,
5'-CGTGGATCACTTCTGTCACCGTTTCGC-3'; mouse Lect] forward 1,
5 TTGGTTGATGCTTCAGTGTG-3'; mouse Lectl forward 2, 5'-
CCGCTTCCTCGTGCTTTACGG-3'; mouse Lect! reverse, 5'-CTTGTGCA-
CAGACCAGAACAA-3'; mouse GAPDH forward, 5" TTCAACGGCACAGT-
CAAGG-3"; mouse GAPDH reverse, 5'-CATGGACTGTGGTCATGAG-3';
rat Mmp2 forward, 5'-ACACTGGGACCTGTCACTCC-3'; rat Mmp2 reverse,
5'“TCCAGTTAAAGGCAGCGTCT-3'; rat Mmp9 forward, 5'-CACTGTA-
ACTGGGGGCAACT-3'; rat Mmp9 reverse, 5'-AGGGGAGTCCTCGTG-
GTAGT-3'; rat Mmpl3 forward, 5'"-TGTGGCTGGCTTTACATTTG-3; rat
Mmp13 reverse, 5'-ACATGGAGGAGCATGAAAGG-3'; rac Lect] forward,
5'-AAGCAGTGCTCCCTCTACCA-3'; rat Lect! reverse, 5-AATTCTTGCTT-
GGCAGTGCT-3".

Western blotting. Western blot analysis was performed as described previ-
ously (23). To obrain cell lysates, murine cardiac valves were homogenized,
then concentrated using a Microcon centrifugal ultrafilcration filcer (Mil-
lipore). The primary antibodies used were as follows: anti-mouse periostin
antibody (directed against the C-terminus of periostin and recognizing
both the long and short isoforms; ref. 37); anti-periostin (provided by R.
Markwald, Medical University of South Carolina, Charleston, Souch Caro-
lina, USA); anti-a-SMA (Sigma-Aldrich); anti-collagen type I (C-18; Santa
Cruz Biotechnology); anti-phospho-FAK (Tyr397; Cell Signaling Technol-
ogy); anti-FAK (Cell Signaling Technology); anti-phospho-Ake (Ser473; Cell
Signaling Technology); anti-Akr (Cell Signaling Technology); anti-MMP-1
(SA-102; BIOMOL Research Laboratories); anti-MMP-2 (42-5D11; Daiichi
Fine Chemical); anti-MMP-9 (C-20; Santa Cruz Biotechnology); and anti-
MMP-13 (AB8120; Chemicon International). The level of total protein was
assessed by reblotting with anti-actin antibody (C-11; Santa Cruz Biotech-
nology) or by staining with Ponceau-S (Sigma-Aldrich).

Histology, immunobistochemistry, and immunofluorescence staining. Mouse and
rat specimens were perfused from the apex with 4% paraformaldehyde, fixed
overnight, and then embedded in paraffin; histology and immunostaining
were performed as previously described (23). Some samples were embedded
in OCT compound (Sakura Finetek Japan) after fixation, and then frozen
in liquid nitrogen. Primary antibodies were as follows: anti-periostin (pro-
vided by R. Markwald; for triple immunofluorescence, MAB3548; R&D
Systems); anti-periostin antibody 1 (RD181045050; BioVendor); anti-peri-
ostin antibody 2 (directed against the N-terminus of human periostin);
anti-chondromodulin I (23); anti-vWF (A0 and R7; Thermo Scientific);
anti-VEGF (A-20; Santa Cruz Biotechnology); anti-collagen type I (Rock-
land); anti-elastin (Elastin Products); anti-vimentin (GP53; PROGEN Bio-
technik); anti-CD 14 (M-305; Santa Cruz Biotechnology); anti-cadherin 11
(5B2HS; [nvitrogen); and anti-NFATc1 (7A6; BD Biosciences — Pharmin-
gen). The M.O.M. Immunodetection Kic (Vector Laboratories) was used to
detect the mouse primary antibody used to blot the murine tissues.

For [HC, antigen unmasking was performed by heating in a microwave
oven the sections in 10 mM citric acid monohydrate (pH 6.0; DAKO) for 3
minutes. Immunohistochemical signals were then detected using the Dako-
Cytomation EnVision+ System-HRP (DAB) Kit (DAKO) or the Universal
LSAB+ Kit/HRP for Mouse/Rabbit/Goat (DAKO). Percentages of stained
areas in the sections were analyzed using NIH Image ] software version 1.37.

For immunofluorescence analyses, sections were incubated with secondary
antibodies conjugated with Alexa Fluor 488 or Alexa Fluor 546 (Invitrogen).
The slides were observed under a confocal laser-scanning microscope (LSM
510 META, Carl Zeiss) or an immunofluorescence microscope (BIOREVO
BZ-9000; Keyence). As a negative control in each immunostaining experi-
ment, nonimmune rabbit serum was substituted for the primary antibody.

Feeding protocol. Postn * mice and their WT lictermates at 12 weeks of
age were fed either normal diet CE-2 (Japan CLEA) or High Fat Diet 32
(Japan CLEA) for 4 months, and were then subjected to analysis. [n che
2304
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HF diet, 57% of the toral calories are derived from fat, compared with
10% in che normal diet.

Echocardiography. Transthoracic echocardiography was performed on WT
and Postn/ mice (n = 8 per group) using a Vevo 770 echocardiogram (Visu-
alSonics) equipped with a 45-MHz sector-array transducer. Mice were anes-
thetized with isoflurane inhalation, and the hearts were scanned ac a rate of
100 frames/s using 2D mode or M-mode. The high-echogenic areas of the
aortic and mitral valve annuli were traced using the 2D mode of the long
axis view. The aortic valve thickness, the thickness of the interventricular
septum and LV posterior wall, and the end-diastolic and end-systolic diam-
eters of the LV were measured using the M-mode of the long axis view.

Preparation of adenovirus. Construction of adenoviruses that express eicher
the long or the short isoform of mouse periostin or nuclear localization sig-
nal-LacZ was performed with the Adeno-X Expression System 2 (BD Biosci-
ences), as described previously (37). COS7 cells were infected with these ade-
noviruses in serum-free DMEM, and the conditioned media were collected.

Isolation and primary culture of adult rat VICs and mouse BM-derived macro-
phages. The isolation and primary culture of VICs were performed accord-
ing to the previously described protocol (23), with minor modifications.
The valvular pieces cut by a blade were grown in M199 medium (Sigma-
Aldrich) with 50% FBS for 24 hours at 37°C. Medium was then replaced
with M199 that contained 10% FBS.

Mouse BM-derived macrophages were isolated as previously described
(65). Briefly, the femur and tibia were excised from the mice, cut at both
ends, and flushed with the medium using a syringe. The BM cells were plat-
ed and cultured for 7 days at a concentration of 2 x 106 cells/ml in RPMI
1640 GlutaMAX I medium (Invitrogen) supplemented with 10% FBS, 1%
penicillin-strepromycin, and 50 ug/ml recombinant human M-CSF (Pepro-
Tech). Cells were washed wicth PBS, and the medium was changed every 3
days. More than 95% of the cells were identified as macrophages based on
nonspecific esterase staining.

Cell culture. Human coronary artery ECs were purchased from Takara Bio-
technology, maintained as described previously (23),and used at passages 3-5.
MC3T3-El cells (ATCC) were purchased and maintained according to the
manufacturer’s instructions. In some experiments, VICs and ECs were treated
with 10 ug/ml Dil-conjugated acetylated LDL (Invitrogen) for 1 hourat 37°C
and observed under an immunofluorescence microscope. For the MMP pro-
duction analyses, VICs, coronary artery ECs, and BM-derived macrophages
were serum-starved and stimulated for 7 days (VICs) or 2 days (ECs and mac-
rophages) with § pg/ml recombinant human periostin (R&D Systems), which
corresponds to the long isoform of periostin, and the conditioned mediaand
cell lysates were collected. In some experiments, BM-derived macrophages
were stimulated with or without 50 uM H,O; (Wako), 10 ng/ml recombinant
human TNF-o. (R&D Systems), 10 ug/ml LPS (from E. coli 0111:B4; Sigma-
Aldrich), or 10 ng/ml human TGF-B, (R&D Systems) for 24 hours.

Tube formation assay. A tube formation assay using ECs was performed as
described previously (23), with minor modifications. After incubation for
4 hours under starvation conditions, the ECs were trypsinized and sus-
pended in conditioned medium, which contained the long or short perios-
tin isoform or LacZ. The assays were performed with 6 replicates.

Cell migration assay. The cell migration assay was performed as
described previously (23), with minor modifications. ECs were cultured
in modified Boyden chambers with 8-um-pore filter inserts (Chemotaxi-
cell; Kurabo) for 24-well plates (BD Labware). The conditioned medium
was placed in the lower chamber, and ECs were seeded (5 x 10" cells per
well) into the upper chamber under serum-free conditions. The assays
were performed with 6 replicates.

In vitro 3D vasculogenesis assay. The 3D vasculogenesis assay for ECs was
performed according to a previously described protocol (66), with minor
modifications. Rat tail collagen (High Concentration, type 1; BD Biosci-
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ences), 1 N NaOH, and serum-free EBM-2 (Lonza) with or without peri-
ostin were mixed on ice to prepare the collagen I solution. The ECs were
trypsinized and added to the collagen solution to produce the EC-collagen
mixeure (1 x 105 cells/ml and 3 mg/ml collagen). Aliquots (50 ul} of the
mixture were placed in the wells of a 96-well plare and allowed to gel at
37°C for 30 minutes. EBM-2 supplemenced wich 0.5 mg/ml BSA and 1%
ITS Liquid Media Supplemenc (Sigma-Aldrich) was added to each well and
incubared at 37°C for 24 hours. The cells were fixed with 2% PFA overnighe,
stained with 0.05% toluidine blue solution (Muto Pure Chemicals), for
45 minutes, washed with water for 2 hours, and observed undet a phase-
contrast microscope. The assays were performed with 6 replicates.

Cell proliferation assay. The effects of periostin on EC and VIC prolifera-
tion were examined using the BrdU Labeling and Detection Kit [ (Roche
Diagnostics) according to the manufacturer’s instructions. Cells were
grown to 50% confluence, and then starved for 4 hours (ECs) or 24 hours
(VICs). The cells were then incubated with 10 uM BrdU for 2 hours and
subjected to immunostaining. The fluorescenc cells in 4 random fields per
well were counted under an immunofluorescence microscope. The assays
were performed with 5 replicates.

Apoptosis assay. The annexin V-FITC Apoptosis Detection Kit (Bio-
Vision) was used according to the manufacturer’s instructions. ECs
or VICs were cultured in medium with or without periostin. The cells
were then labeled with annexin V~FITC and propidium iodide, washed
with PBS, and fixed with 2% formaldehyde for 15 minutes. The annexin
V-positive, propidium iodide-negative cells in 4 random fields per well
were counted under an immunofluorescence microscope. The assays
were performed with 6 replicates.

Ex vivo aortic ring angiogenesis assay. The aortic ring assay was performed as
previously described (65). Briefly, the aortic roots and annuli just above the
aortic valves were dissected from WT and Pastn~- mice, cleaned of blood and
periaortic fibroadipose tissue, and sectioned into 1-mm rings with a scalpel.
The aortic root rings were embedded in 2 mg/ml collagen [ gel so that the
luminal axis lay parallel to the botrom of the well. The rings were cultured in
serum-free EBM-2 in 96-well plates ar 37°C, and the medium was replaced

research article

every 3 days. The microvessels thar radiated outward from the aorric root
were counted ac the indicated time points under a phase-contrast micro-
scope. In some experiments, 5 ug/ml recombinant human periostin was
added co the medium. The assays were performed with 6 replicates.

Statistics. All results are presented as mean + SD. Statistical significance
was evaluated with the unpaired 2-tailed Srudent’s ¢ test for comparisons
between 2 mean values. Multiple comparisons of more than 3 groups
were performed by ANOVA. P values of less than 0.05 were considered
staristically significant.
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Abstract

Background: Inositol 1,4,5-trisphosphate receptors (IP3R1, 2, and 3) are intracellular Ca?* release channels that regulate
various vital processes. Although the ryanodine receptor type 2, another type of intracellular Ca®* release channel, has been
shown to play a role in embrycnic cardiomyocytes, the functions of the IP3Rs in cardiogenesis remain unclear.

Methodology/Principal Findings: We found that IP;R17/7-IP;R2™"~ double-mutant mice died in utero with developmental
defects of the ventricular myocardium and atrioventricular (AV) canal of the heart by embryonic day (E) 11.5, even though
no cardiac defect was detectable in IP_,RI"/ T or IP,R2" ~ single-mutant mice at this developmental stage. The double-
mutant phenotype resembled that of mice deficient for calcineurin/NFATc signaling, and NFATc was inactive in embryonic
hearts from the double knockout-mutant mice. The double mutation of IP;R1/R2 and pharmacologic inhibition of IP;Rs

mimicked the phenotype of the AV valve defect that result from the inhibition of calcineurin, and it could be rescued by
constitutively active calcineurin.

Conclusions/Significance: Our results suggest an essential role for IP3Rs in cardiogenesis in part through the regulation of
calcineurin-NFAT signaling.
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Introduction

Intracellular Ca®* signaling is crucial for cardiac functions [1].
Two types of Ca® release channels on the sarcoplasmic/
endoplasmic reticulum (SR/ER) serve to regulate Ca™ release
from intracellular Ca* stores: the ryanodine receptor (RyR} and
inositol  1,4,3-trisphosphate receptor (IP;R). RyR is mainly
required for physiologic excitation—contraction coupling in the
heart, whereas [P;R mediates Ca® mobilization, in response to
IP; produced by phospholipase C activation, not only in most non-
excitable cells but also in excitable cells including cardiomyocytes
[2]). There have been identified three subtype of IP3Rs (IP;RI1,
IP;R2 and IP;R3), derived trom three distinct genes in mammals
[3,4]. We previously generated mice that lacked IP;R1, IP;R2 and
IP4sR3 by disrupting the corresponding gene within the first exon
[5,6], and reported the cerebellar phenotype of IP;RI™"™ mice [3]
and the pancreatic phenotype of IP;R2™/™-IP;R3™’" mice [6],
thereby demonstrating the specific and redundant roles of IP;Rs in
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organ development and function. Regarding the heart, each
IPsRI, IP;R2, and [P3;R3 single-mutant mouse showed normal
cardiogenesis, in contrast to the ryanodine receptor type 2 single-
mutant mouse, which showed embryonic lethality owing to
dysfunction of the SR in the embryonic cardiomyocyte [7].
Extracellular ligands binding to many receptors, including G-
protein coupled receptors and tyrosine-kinase coupled receptors,
lead to a transient release of Ca®* from ER/SR, through IP;Rs.
IP;-induced Ca™ release concurrently results in depletion of
intracellular Ca®" store, which triggers Ca®" release activated Ca™
(CRAC) channels [8]. Subsequent increase of cytosolic [Ca™]
through CRAC channels activates several Ca®*- binding proteins,
including calcineurin, which in turn dephosphorylates and induces
the nuclear localization of the nuclear factor of activated T cells
(NFAT) transcription complexes {9]. During heart development,
NFATc] is expressed in the endocardium of the AV canal that will
make up the endocardial cushion [10]. NFATcl knockout
embryos show abnormal valvulogenesis [11,12], while NFATc2/
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3/+4 triple knockout embryos and calcineurin-deficient embryos
demonstrate impaired endocardial cushion formation, thinning of
ventricular myocardium and dysregulation of vascular develop-
ment [10,13,14]. To determine the function of the intracellular
Ca® signaling cascade via IP;Rs in the embryounic hearts, here we
generated and analyzed IPsR1 and IP;R2-deficient mice. Our
findings support an essential redundant role of IP;R1 and IPsR2
during cardiogenesis, possibly implicating the calcineurin/NFAT
signaling pathway.

Results

Overlapping Expression Patterns of IP;3R1 and IP3R2 in
Embryonic Hearts

Firstly, we examined the normal pattern of expression of the
IP;Rs by RNA in situ hybridization. Consistent with a previous
report {13], expression of IPsRI mRNA was detected at
embryonic day (E}8.5 in the heart, where it was enhanced in the
posterior part of the primitive heart, including the atrium (Fig. 14).
IP;R1 mRNA expression extended to the ventricles through the
AV canal at E9.5-10.5 (Fig. 14). In contrast, IP;JR2 mRNA
expression was not detected at E8.5 but was detected at E9.5
throughout the heart, including the atrium, AV canal, and
ventricles (Fig. 1B). These expression signals were not detected by
sense riboprobes as a control {data not shown). Quantitative RT-
PCR using total RNA extracted from hearts at E8.3 to E16.0 and
western blot analysis of proteins at E9.5 and E12.5 indicated that
the [PsR1 and IP,R2 transcripts and proteins were expressed at
significant levels in the developing hearts (Fig. 1C and D),
consistent with the results of the RNA in situ hybridization
experiments. We performed an immunohistochemical analysis on
sections of the heart at £9.25, E9.73 and E10.5 to determine the
cell types in the embryonic heart that express the IP;R proteins. At
E9.25, IP;R1 was expressed in both endocardial cells and
myocardial cells, whereas IP;R2 was expressed dominantly in
endocardial cells (Fig. 1 E). Co-expression of IP;R1 and IP;R2 was
observed in the endocardial cells of the AV canal (Fig. 1£). At
E9.75 to El0.5, the expression of IP;R2 expanded to the
myocardium and IP;R1 and IP3R2 were co-expressed not only
in the endocardial cells but also in the myocardial cells (Fig. 1E).
These expression signals with anti- IP;R1 and anti- IP;R2
antibodies were not detected in the sections of the [P;RI] e
IP,R2™’" double-mutant embryos as a control {data not shown).

Cardiac Defects in /P;R1/"-1P;R2™’~ Double-Mutant
Mice

To explore further the roles of the IP;Rs in cardiac
development, we delineated the cardiac phenotype of the IP;R
mutant mouse. [P;RI™’™-IP;R2™’ double-mutant mice showed
embryonic lethality by E11.5 (see supporting information (SI)
Table S1) with heart defects, while either IP3R1+/"—IP5R2_/_ or
IPsRI™'™-IP;RZ*"* mouse developed normally through EL1.5.
The IP;,-RI—/_-[PgR?'/— double-mutant mice began to show
growth retardation at E9.3, although they appeared normal by
E9.25 and had regular cardiac contractions comparable to those of
wild-type. Detailed analysis of mouse hearts at E9.75 showed that
the ventricles of [PgR[-/_'1P3R2_/_ mice were more transparent
than those of IP;RI™' ™ -IP,R2™ '~ mice, even though comparable
29 pairs of somites were developed, cardiac looping occurred
normally, and morpholo)gic atria and ventricles were apparent in
both [P,RI™/-IP;R?™'" mice and I[P;RI"'™-IP;R2™’™ mice
(Fig. 24). Histological analysis revealed thin myocardial walls and
poor trabeculation in the ventricles of [P;RITT-IP;R2™7™ mice
at E9.75 (Fig. 2B). Together with the ventricular abnormalities,
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hypocellularity in the cushion of AV canal was documented in the
IP;RI™/™-IP,R2™"™ hearts (Fig. 2B). Taken together with the
evidence of overlapping expression of [P;R/ and [P;R2 in the
developing ventricles and AV canal at E9.5 or later, these results
suggest that these two genes play redundant roles in cardiogenesis.
Although histologic abnormalities were noted, analysis using
electron microscopy found no structural defects in the subcellular
organelles, in the IP.RI™T-IP;R2™'™ hearts at E9.5 (Fig. S1).

We performed a molecular analysis to investigate the association
between the [PsR1™’"-IP;R2™’~ double-mutant phenotype and
the differentiation of atrial and ventricular cardiomyocytes.
Nkx2.3, Mlc2a, and Mlc2v are the earliest markers of cardiomy-
ocyte differentiation in the atrium and ventricle during cardiogen-
esis [16,17,18]. These markers were expressed at normal levels in
[P;RI™ ™ -IPsR2™ ’~ hearts at E9.5 (Fig. $2). Markers for the right
ventricle (Hand2 (19]), left ventricle (Handl [19]) and both
ventricles (Hrt2 [20]) were also expressed normally in PRI
IP;R27'" hearts at E9.5 (Fig. $2). These results suggest that
cardiomyocyte differentiation and the specification of both
ventricles occur normally in [P;RI™/7-IP;R27'" hearts despite
poor formation of the ventricles.

In spite of the well-developed organs other than hearts in
IP,RI™'7-IP;R2™’" embryos the early embryonic lethality of
IP;R1™/-IP;R2™'™ mice and a previous report on the require-
ment for certain isotypes of phospholipase Cj that produce IPs for
placentation [21,22] led us to investigate the possibility of placental
defects in IP;RI™’™-IP;R2™’" mice. Histologic analysis revealed
that the embryonic vessels elongated and contact with the
maternal blood vessels in the IP;RI™/T-IP,RZ*'™ or IP,RI™™
-IP;R2”’" placentas at E9.5. The area of the labyrinth layer,
which comprises a network of embryonic and maternal blood
vessels, was significantly smaller in the [P;RIT/T-IPsR27/7
placenta than that in the IP;RIT/™-IP;R2™’™ placenta at E9.3
{Fig. S3).

Downregulated Cell Proliferation Activity in IP;R1 ™"~
IP;R2™/~ Double-Mutant Ventricles

Next, we looked in the ventricles of IP;RI™ /= IPsRYTT mice
at E9.5 for cell proliferation markers using the anti-phospho-
histone H3 (PH3) antibody and 3-bromo-2'-deoxy-uridine (BrdU),
and performed the TUNEL assay for apoptosis (Fig. 3 4 and B).
The numbers of PH3-positive cells and BrdU-incorporated cells
were lower in the 1P3R1-f_—IP3R24/- ventricular endocardium
and myocardium than in those of IR.;R1+/7-IP,-R2A/_ hearts,
whereas the numbers of proliferating cells in the pharyngeal arch
and the numbers of apoptotic signals detected by the TUNEL
assay were similar between [P;RI™ /= IP,R2™'" and IPRIT-
IP;R2™ "™ embryos (Fig. 34 and B). These results indicate that the
redundant functions of IP;R1 and IP3R2 are essential for
ventricular cell proliferation. The IP,RI™™-1P3RZ™7" mouse
phenotype is similar to that of mice lacking both Ca®*-sensitive
transcription factors, NFATc3 and NFATc4, where the prolifer-
ation of the ventricular cells is considerably reduced [14].

IPsR1 and IP3R2 Redundantly Control Endocardial
Cushion Development through Calcineurin/NFATc
Signaling

Histological analyses of the developing hearts were performed
using alcian blue staining, which detects acidic mucosubstances, as
well as staining with biotinylated hyaluronan binding protein for
visualizing hyaluronan production (Fig. td). These analyses
revealed the absence of mesenchymal cells in the cushion of the
AV canal of {P,RI™'T-IP,R2™'T mice at 9.3, whereas the
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Figure 1. Both IP;R1 and IP3R2 are expressed in the embryonic heart. (A, B) Whole-mount in situ hybridization using IP3R1 (A) and IP;R2 (8)
antisense riboprobes at E8.5, E9.5, and E10.5. Whole-mount views (upper panels) and close-up views of the hearts (lower panels) are shown. Scale
bars: 1 mm (whole-mount views) and 0.2 mm (heart close-up views). (C) Quantitative RT-PCR of IPsR1 (black bars) and IP;R2 (gray bars) using total
RNA samples extracted from embryonic hearts at E8.5 to E16.0. Error bars indicate standard deviations. (D) Western blot of embryonic hearts with
anti-IP3R1 (18A10) and anti-IP3R2 (KM1083) antibodies. Lysates (10 ug) of hearts at £9.5 and E12.5 were analyzed. The protein contents of the heart
extracts were determined by the Bradford method. (F) The transverse sections of the wildtype embryos at E9.25, E9.75 and E10.5 were

immunostained with the anti-IP;R1 (upper panels) and anti-IP3R2 (lower panels) antibodies. Scale bars: 0.1 mm. a, atrium; avc, atrioventricular canal;
e, endocardium; h, head; ht, heart; m, myocardium; pa, pharyngeal arch; v, ventricle.
doi:10.1371/journal.pone.0012500.g001

volume and content of the cardiac jelly in the 1P3R1_/—-IP3R?" 7
hearts were comparable with those in the IR;RI*/-—]P-,R?i/*
hearts. Expression of the transcription factor Tbx2 was also
normal in the AV canals of IP3R1_/_-IP3R2—/_ mice, which
suggests that specification and differentiation of the AV canal is
unaffected in the mutant mice (Fig. 44). These findings led us to
hypothesize that IP;R1 and IP3R2 were required for the

epithelial-mesenchymal transformation (EMT) in the developing
AV cushion. To determine whether IP;R-mediated Ca®* signaling
could affect the process of EMT in the AV cushion, we performed
an in vitro EMT assay [23]. The E9.5 wild-type AV canal tissues
were explanted and treated with 2-aminoethoxydiphenyl borate
(2APB) onto a collagen gel, which is a non-selective membrane-
permeable inhibitor of [P;Rs and CRAC channels [24]. After 24 h

A E9.25 EQ.75 E9.75

|P3R1*"2"‘

femsf
IPoR1772

B ___Anterior Middle Posterior
533 e v.\ SRR {1 Ve N

IPyR1 2"

A
IP;R172

Figure 2. Cardiac defects in /P;R1™/7-IP;R2™/~ mice. (A) The morphologies of the embryos and developing hearts of IP;R1*~-IP;R2™/" (upper
panels) and IP;R17/7-IP;R27"" (lower panels) mice at £9.25 and at £9.75. Scale bars, 0.5 mm (whole-mount views) and 0.2 mm (heart close-up views).
(B) Hematoxylin and eosin-stained transverse sections of the anterior, middle and posterior segments of the hearts of IP;R1™~-1P3R2™"™ (upper
panels) and IP;R17/~-IP;R2™/~ (lower panels) mice at E9.75. The insets in the middle panels are higher-magnification images of the boxed areas. Scale

bars, 0.2 mm. a, atrium; avc, atrioventricular canal; fg, foregut; h, head; ht, heart; lv, left ventricle; oft, outflow tract; pa, pharyngeal arch; ph, pharynx;
rv, right ventricle.

doi:10.1371/journal.pone.0012500.g002
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Figure 3. IP;R1 and IP;R2 redundantly regulate cardiomyocyte proliferation in the developing ventricles. (A) Transverse sections of
9.5 IP;R1™/-IP;R2™/~ (upper panels) and IP;R1™/~-IP;R2™/~ (lower panels) embryos that were immunostained with the anti-phospho-histone H3
(PH3) antibody, immunostained with the anti-BrdU antibody after injection of BrdU, and subjected to the TUNEL assay. The green signals (white
arrowheads) in the left panels, brown signals in the middle panels (arrows) and yellow signals (white arrowheads) in the right panels indicate the
nuclei of the PH3-, BrdU-, and TUNEL-positive cells, respectively. Scale bars, 0.2 mm. a, atrium; v, ventricle. (8) The left and middle graphs show the
percentages of proliferating cells in the whole ventricles, the endocardium and myocardium of the ventricles, and the pharyngeal arches of IP;R1™"~-
IP;R2™/~ mutants (gray bars), compared with those of IP;R1*~ -IPsR2™"~ controls (black bars) (*P<0.05, n = 3). The right graph shows the number of

apoptotic cells (P=0.45, n=7). Error bars indicate standard deviations.
doi:10.1371/journal.pone.0012500.g003

of treatment with 2APB, EMT was inhibited, resulting in a
significant decrease in the number of cells that transformed and
migrated into the collagen gel compared with control explants
treated with DMSO (Fig. 4B). Similarly, EMT was significantly
inhibited in the AV canal explants from IP;RI™/™-[P;R2™/~
embryo at E9.5 (Fig. 4B8).

Of the several signaling pathways implicated in AV cushion and
myocardial development, we focused on calcineurin/NFAT
signaling because of the similarities noted between the phenotypes
of the [P;RI™7-IP;R2™’" mice and calcineurin- or NFATe-
deficient mice [10,13,14]. To determine whether IP;R1 and
IP,R2 regulate intracellular Ca** signaling upstream of calci-
neurin/ NFATe, we examined the cellular localization of NFATc|

in the AV canals of IP;RI™'7-IP;R2™’" mice. Immunohisto-
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chemical analysis revealed that NFATc! failed to translocate into
the nuclei of the endocardial cells in the AV canals of IP;RI™~
-IP;R?2™’" mice at E9.5, and that the expression of NFATcl was
downregulated by E10.5 (Fig. 4C). Nuclear translocation of
NFATcl appeared normal at E9.25 but was inhibited from E9.5
(Fig. S4). Next, we examined the activation of NFATc4 by western
blot analysis using the lysates from IP;R1™'"-IP;R2™’™ hearts at
9.75. The quantity of the dephosphorylated form of NFATc4 was
decreased in the [PyRI™7-IP;R2™ heart compared to the
[P,RIT'™-IP,R2™'" heart (Fig. 4D). These observations are
reminiscent of those made for calcineurin B*/* mice, in which
the activation of calcineurin B is disrupted [13]. To provide
further evidence for the possible interaction between IPsRs and
calcineurin/NFATc signaling, we tested whether constitutively
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Figure 4. IP;Rs are essential for EMT through calcineurin activity during endocardial cushion development in mice. (4) Hematoxylin
and eosin staining, alcian blue staining, staining with biotinylated hyaluronan binding protein and whole-mount in situ hybridization for a2 marker of
the atrioventricular (AV) myocardium (Tbx2) of fP;R1*/~-1P;R2™/" (upper panels) and iP;R1 ™/~ -1P;R2™"~ (lower panels} embryos at E9.5. Mesenchymal
cells are absent from the IP;R1™/"-IP;R2™/~ AV cushion (arrowheads), whereas the staining levels for alcian blue (blue signals), hyaluronan (green
signals) and Tbx2 (purple signals) are not altered. Scale bars, 0.1 mm. (B) In vitro EMT assay using the endocardial cushion from the AV canal. The left
panels show that treatment of wild-type (WT) cushion explants with the IP;R inhibitor 2APB inhibits the outgrowth of spindle-shaped cells as
compared with the control treatment (DMSO). The right panels show the IP;R1*7-IP;R27/™ and the IP3R1™/-IP;R2™/~ AV cushion explants. The
higher magnification views of the explants are shown besides. The spindle-shaped cells migrating into collagen gel are indicated with yellow
arrowheads. The number of the spindle-shaped migrating cells is significantly lower in the culture that contains 2AP8 {left graph) and in the culture
from the IP;R1™"7-IP;R2™/~ AV cushion (right graph) (*P<0.05, n=3). Error bars indicate standard deviations. (Q) Transverse sections at the level of
the AV canal stained with the anti-NFATc! antibody and TOPRO3 show impairment of translocation of NFATC1 into nuclei at E9.5. The expression
tevel of NFATC is decreased at E10.5 in IPsR1™/"-1P3R2™"" hearts. Scale bars, 0.05 mm. Arrowheads indicate the AV canal and higher-magnification
images of the boxed area. (D} Western blot analysis with anti-NFATc4 antibody using heart lysates of the wildtype and the I1P;R1™~-1P;,R2™/~ embryos
at £9.75. Blotting with anti-GAPDH antibody on each lane was used as a loading control. The inactive form of NFATc4 (p-NFATc4) remained and active
form (NFATc4) was reduced in IP;R17/7-IP;R2™"" hearts compared to IP,R1*~-1P;R2™'™ hearts. (E) The structures of the wildtype calcineurin (WT CN)
and the constitutively active form of calcineurin {CA CN) cDNA are shown. Infection with CA CN cDNA resulted in significant increase in the number of
the spindle-shaped and o smooth muscle actin («SMA)-positive cells (yellow arrowheads) in the culture of IPsR1™/7-IP,R27/" AV cushion explants

(*P<0.05, n=4). a, atrium; e, endocardium; Iv, left ventricle; m, myocardium, rv, right ventricle; v, ventricle.

doi:10.1371/journal.pone.0012500.g004

active calcineurin could rescue the phenotype of IP3R1‘/_—
IP;R27/7 . Infection of cytomegalovirus-associated constitutively
active calcineurin, which can be activated independently of Ca®
increase by deletion of its calmodulin binding domain and
autoinhibitory domain (23], significantly restored the EMT
activity in [P;RI™/T-IP;R2™'" AV explants (Fig. 4E). Taken
together, our results indicate that IPsR1 and IP;R2, at least in
part, redundantly activate and maintain calcineurin/NFATc
signaling.

To investigate further whether IP;R-mediated Ca®* signaling is
required for AV cushion development, we utilized a relatively
simple model of heart development in zebrafish treated with an
inhibitor of [P4R (Fig. 54). As described previously [10], treatment
with the calcineurin inhibitors cyclosporine A (CsA) or FK506
benween 24 h and 33 h postfertilization (hpf) affects AV cushion
development and heart valve formation in zebrafish. Intriguingly,
treatment with 2APB between 24 hpf and 33 hpf disrupted AV
cushion development in zebrafish (Fig. 54) in a dose-dependent
fashion (Fig. 53B). This results in a massive regurgitation of the AV
valve and heart failure with pericardial effusion reminiscent of
treatment with CsA (Fig. 34 and Video S1). Although myocardial
development appeared normal by staining of the sarcomeric
protein MF20, disruption of AV canal cushion development, and
possibly decreased myocardial function, was common in CsA-
treated and 2APB-treated zebrafish (Fig. 34 and B). These data
further support that [P;R-mediated signaling is essential for AV
cushion development, possibly implicating the calcineurin/NFAT
signaling across species.

Discussion

In the present study, we used a series of molecular, pha-
rmacologic and genetic manipulations in mice and zebrafish to
demoustrate that IPsRs are involved in the local control of Ca®*
that is necessary to activate the calcineurin-NFATc signaling
pathway required for cardiogenesis. To date, it has been shown
that calcineurin/NFATc signaling has an important role for AV
cushion formation, valvulogenesis, and cardiomyocyte develop-
ment [10,11,12,14], however, the process by which this signaling is
activated by Ca’ has not been elucidated. In Xeropus embryos,
NFAT is a downstream effecter of the [Ps-Ca™ signal during
dorsoventral axis formation [26]. In mammals, IP;Rs act upstream
of calcineurin/ NFAT signaling in T lymphocytes in vitro [27]. In
this study, we have indentified that [P;R[ and IPsR2 may exist, at
least in part, upstream of calcineurin/NFATc signaling during
heart development. Our data provide new insights into the way
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how Ca®* signals regulate Ca®"-binding molecules essential for
cardiogenesis, such as the Ca®* dependent phosphatase, calci-
neurin,

Here, we have shown several lines of findings that support that
the IP;R-mediated Ca signaling may be implicated in the
calcineurin/NFATc signaling pathway although it is difficult to
clarify whether IP;Rs may directly activate calcineurin during
cardiogenesis. We showed that NFATc] and NFATc4 were not
activated in fP;RI™'7-IP,R2™’" mice at E9.5 (Fig. 4C and D),
and that the expression of NFATcl was downregulated by E10.5
(Fig. 40), using immunohistological and biochemical experiments.
Moreover, we showed that the disturbance of endocardial cushion
development in [P;R1™/"-[P;R2™"" embryos could be rescued by
addition of constitutively active calcineurin (Fig. 4E). These data
indicate that IP3R1 and IP;R2 may, directly or indirectly, function
redundantly in the activation of calcineurin/NFAT signaling.
Vascular endothelial growth factor (VEGF), inducing NFATc1
nuclear translocation, markedly increases the proliferation of valve
endothelial cells in vatro [28]. The VEGF receptor tyrosine kinase
activating phospholipase Gy- IP; signal triggers intracellular Ca%*
increase [29], suggesting that VEGF might be a candidate of
extracellular signals upstream of IP;Rs-NFATcl activation in the
endocardium. Failure of nuclear translocation and downregulation
of NFATcl is probably due to disruption of some of the following
positive feedback mechanisms: 1) NFATcl-binding to the
promoter/enhancer of the NFATe gene [30]; 2) activation of
calcineurin transcription by NFATc [31]; and 3) induction of the
IP;R! gene as previously documented in neurons [32].

We also showed that the phenotype of IP;RI™/-IP;R27'™
embryos involved that of the NFAT:2/3/4 knockout mice
[10,13,14] and was much more severe than that of the NFATc/
null mice [11,12]. Therefore, it is likely that IP;R-mediated Ca**
signaling during cardiogenesis regulates NFATc family members
in addition to NFATc] as well as unknown downstream targets
other than the calcineurin/NFATc signaling pathway. It is also
unclear whether endocardial or myocardial cells are primarily
affected in the [P;RI77-IP,R2™' embryos. In characterizing
the role of this pathway in heart development, our study revealed
the co-expression and involvement of IPyR1 and IP4R2 in the
development of hoth endocardial and myocardial cells. Unequiv-
ocal answer about the functions of IP4R1 and IP;R2 for cardiac
development awaits further study of cell-specific conditional
knockout mice.

Although our experiments in AV explants and in zebrafish using
2APB support our hypothesis led by our experiments using
[P.R1I™'T-IP,R?™’™ mice, there is a limitation for using 2APB.
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Figure 5. Inhibition of IP;Rs and calcineurin results in a
common developmental defect in zebrafish hearts. (4) The left
panels show the gross abnormalities in the hearts of zebrafish treated
with DMSO, CsA (calcineurin inhibitor), and 2APB (IP3R inhibitor).
Atrioventricular regurgitation is induced by the addition of CsA and
2APB, resulting in heart failure with pericardial swelling (yellow
arrowheads). The middle panels show the histologic abnormalities
including a decrease in the number of cushion cells in the
atrioventricular valves (arrowheads). The right panels show the
expression of sarcomeric protein MF20 in zebrafish hearts that did
not alter with CsA- or 2APB-treatment. (B) The significant increase in the
number of zebrafish with pericardial swelling following the addition of
CsA, FK506, or 2APB, is indicated in the graph (*P<<0.05, n=3). Error
bars indicate standard deviations. a, atrium; ey, eye; ht, heart; v,
ventricle; y, yolk.

doi:10.1371/journal.pone.0012500.g005

fish with heart defects (%)

Because 2APB is non-selective inhibitor, it is a potent CRAC
channel inhibitor in addition to having an inhibitory effects on not
only IP3R1 and IP3R2, but also other subtype of IPsR [33].
Unfortunately, there is no selective IP;R inhibitor presently
available. The observed defect in AV explants and in zebrafish
with 2APB should include the possible effects of 2APB on CRAC
channel activity, although AV explants from IP;R17"~-IP;R2™/~
mice showed similar defect. There also is a limitation to determine
the cause of death in the IP;R1™"7-IP;R2™/" mice in this study.
The placental defect, in conjunction with the cardiac defect, are
likely to account for embryonic lethality in these mice, however,
we could neither correctly estimate impact of each defect nor rule
out defects of other organs. Further strategy for inactivation of the
specific IP;R in specific tissues and organs would be required to
overcome these limitations appeared in this study.
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The DSCRI/MCIPI gene encoding a calcineurin inhibitor is
located on human chromosome 21 and a reduction of NFATc
activity is associated with a 1.3-fold increase in gene dosage of
DSCRI and many of the features of Down (Trisomy 21)
syndrome, including AV canal defects [34]. The balance between
Ca®*-sensitive positive (e.g., IP;Rs) and negative (e.g., DSCRI)
regulation of NFATc may be crucial for organogenesis. Under-
standing the novel roles of IPsR-mediated Ca®* signaling opens
new avenues of research regarding the molecular embryology of
the heart, which may lead to regenerative interventions for
patients with congenital heart defects.

Materials and Methods

Animals

IP3R1/2 double-knockout mice were generated by intercrossing
IPsRI"'™-IP;R 27/~ paired mice [5,6]. Genomic DNA samples
prepared from tail biopsies or yolk sacs were subjected to PCR for
genotyping, as described previously (5,6]. Zebrafish (Danio rerio)
embryos were obtained from the natural spawning of a wild-type
ABK line. CsA (50 pg/mL) or 2APB (5 uM) was added between
24 hpfand 33 hpf, and the zebrafish were harvested at 72 hpf for
analysis [10]. All experimental procedures and protocols were
approved by the animal care and use committees of Keio
University (the approval number 09122-(3)) and conformed to
the National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals.

Western Blotting, Quantitative RT-PCR, Whole-Mount
in situ Hybridization, and Immunohistochemistry

Total heart extracts (10 pg) from E9.5 and E12.5 mice were
subjected to 5% SDS-PAGE and analyzed by western blotting
with anti-IP4R1 (18A10) [33] and and-IP;R2 (KM 1083) antibod-
ies [36]. For quantitative RT-PCR analysis of [P;R1 and IP;R2
expression, cDNAs were synthesized using the High Capacity
cDNA Archive kit (Applied Biosystems) from total RNA samples
extracted from embryonic hearts or placentas using the RNeasy kit
(Qiagen). These cDNAs were used as templates in a TaqMan
Real-Time PCR with the ABI 7500 Real-Time PCR system
(Applied Biosystems). The data are normalized to the levels
obtained for GAPDH. The TagMan probes used for IP;RI and
IP3R2 were Mm00439917_m1 and Mm00444937_m1 (Applied
Biosystems), respectively. The whole-mount RNA in situ hybrid-
ization and immunohistochemistry were performed as previously
described [13,37]. The antibodies used for immunohistochemistry
on the sections were: mouse anti-NFATcl (7A6) monoclonal
antibody (1:100; Santa Cruz Biotechnology), anti-phospho-histone
H3 (Serl0) antibody (1:100; Upstate), anti-BrdU antibody (1:75;
Becton Dickinson), anti-NFATc4 (H-74) antibody (1:250; Santa
Cruz Biotechnology) and anti-a smooth muscle actin (1A4)
antibody (1:400; Sigma).

EMT Assay

The EMT assay was performed as reported previously [23].
Endocardial cushions from the atrioventricular canal were
explanted onto rat-tail collagen gel (BD Biosciences). After 24 h
of incubation with 2APB, which is a non-selective inhibitor of
IP;Rs [24], or with DMSO as a control, the total number of
mesenchymal cells in each dish was counted. AV canal explants
were infected using inactivated adenovirus harboring the gene
encoding cytomegalovirus-driven constitutively active calcineurin
[25] (Adeno-X ViraTrak Expression System 2, Clontech). After
overnight incubation to allow attachment, each explant was
incubated with 6.4x10" viral particles in culture medium.
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Whereupon, the AV explants were cultured for an additional 3
days and then assessed as indicated.

Statistical Analysis

All data are expressed as mean * s5.d. (n=3). Statistical analysis
was performed using the Student’s ttest. The results shown are
representative of more than three independent experiments.

Supporting Information

Materials and Methods §1
Found at: doi:10.1371/journal.pone.0012500.s001
DOC)

(0.03 MB

/=

Table 81 Genotype Distributions of Embryos from IP;R1
IP,RZ™"™ Intercrosses.

Found at: doi:10.1371/journal.pone.0012500.5002 (0.03 MB
DOC)

Figure 81 The ultrastructures of the subcellular organelles of the
IP;RI™/7-IP,R2™’" mice are comparable with those of the
IP;RI™™-IP;R?™’" mice. Scale bars, | um. g, golgi, m,
mitochondrion; mf, myofilament; n, nucleus; rer, rough endoplas-
mic reticulum; sr, sarcoplasmic reticulum.

Found at: doi:10.1371/journal.pone.0012500.5003 (1.74 MB TIF)

Figure 82 Expression of site-specific markers in embryonic
hearts. Whole-mount in situ hybridization images of the left- or
right-side of the hearts of E9.5 IP,RI*"~-IP3R2™ " (upper panels)
and IP;R1™'7-IP;R2™'™ (lower panels) embryos. The expression
patterns of Nkx2.5, MLC2a, and MLC2v (carliest markers of the
embryonic heart), and of Hand2, Hand! and Hrt2 (markers of the
right, left, and both ventricles, respectively) are shown. Scale bars,
0.2 mm. a, atrium; lv, left ventricle; oft, outflow tract; pa,
pharyngeal arch; rv, right ventricle.

Found at: doi:10.1371/journal.pone.0012500.5004 (5.26 MB TIF)

Figure 83 Cross-sections of E9.5 placentas from [P;RI™/™-
IP,RTH™ (upper panels), IP;RI* ~-IP;R2™’™ (middle panels) and
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Reactive oxygen species (ROS) attack polyunsaturated fatty acids of the membrane and trigger lipid
peroxidation, which results in the generation of o,3-unsaturated aldehydes, such as 4-hydroxy-2-nonenal
(4-HNE). There is compelling evidence that high concentrations of aldehydes are responsible for much of the

Available online 4 June 2010 da.mage elicited by'cardiac ischemia-reperfusion injury, while subleth.al coqcentrations of aldehydes

stimulate stress resistance pathways, to achieve cardioprotection. We investigated the mechanism of
Keywords: cardioprotection mediated by 4-HNE. For cultured cardiomyocytes, 4-HNE was cytotoxic at higher
4-Hydroxy-2-nonenal concentrations (>20 pM) but had no appreciable cytotoxicity at lower concentrations. Notably, a sublethal
Ischemia-reperfusion injury concentration (5 pM) of 4-HNE primed cardiomyocytes to become resistant to cytotoxic concentrations of 4-
Nrf2

HNE. 4-HNE induced nuclear translocation of transcription factor NF-E2-related factor 2 (Nrf2), and
enhanced the expression of vy-glutamylcysteine ligase (GCL) and the core subunit of the Xc~ high-affinity
cystine transporter (xCT), thereby increasing 1.45-fold the intracellular GSH levels. Cardiomyocytes treated
with either Nrf2-specific siRNA or the GCL inhibitor t-buthionine sulfoximine (BSO) were less tolerant to 4-
HNE. Moreover, the cardioprotective effect of 4-HNE pretreatment against subsequent glucose-free anoxia
followed by reoxygenation was completely abolished in these cells. Intravenous administration of 4-HNE
(4 mg/kg) activated Nrf2 in the heart and increased the intramyocardial GSH content, and consequently
improved the functional recovery of the left ventricle following ischemia-reperfusion in Langendorff-
perfused hearts. This cardioprotective effect of 4-HNE was not observed for Nrf2-knockout mice. In
summary, 4-HNE activates Nrf2-mediated gene expression and stimulates GSH biosynthesis, thereby
conferring on cardiomyocytes protection against ischemia-reperfusion injury.

© 2010 Elsevier Ltd. All rights reserved.

Hormesis
Glutathione

1. Introduction (OHe+), which are the most potent ROS, are formed from hydrogen

peroxides through the Fenton reaction. No endogenous enzymes exist to

Reactive oxygen species (ROS) originate from various sources, eliminate these radicals. The OHe attack neighboring polyunsaturated
including the Nox family of NADPH oxidases, xanthine oxidase, and fatty acids in the cell membrane, thereby triggering lipid peroxidation,
mitochondria, in which superoxide radicals are the byproducts of  which results in the generation of lipid hydroperoxides and o3-
oxidative energy production. Superoxide radicals are dismuted by unsaturated aldehydes, including 4-hydroxy-2-nonenal (4-HNE). These
superoxide dismutase (SOD), to produce hydrogen peroxides, which in aldehydes are highly electrophilic and react with biomolecules, such as
turn are degraded into water and molecular oxygen by catalase, proteins and nucleic acids, to generate various adducts [1]. By virtue of
glutathione peroxidase (Gpx), and peroxiredoxin (Prx). Hydroxyl radicals their high chemical stability, these lipid peroxidation products diffuse
greater distances than their precursor ROS, so they can disseminate

oxidative injury and amplify damage. Aldehydes accumulation is found in
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(ALDH2), reduced infarct size by 60% in a rat model of ischemia-
reperfusion injury [4], which indicates that much of the damage inflicted
by ischemia-reperfusion is attributable to aldehydes generated in the
ischemic heart.

Although the pathogenic effects of ROS are well established,
antioxidant supplements for the prevention of cardiovascular events
have been found to lack efficacy, and may even be harmful [5]. This
discrepancy may be attributable to the dual role of ROS. ROS are not simply
toxic byproducts, since they also play important roles in establishing
antioxidant defense mechanisms. The sensing of aldehyde accumulation
in injured tissues enables the cell to activate a variety of stress resistance
pathways in a cell-type-specific manner, so as to counteract oxidative
stress-mediated injury [6-8]. This induction of protective mechanisms by
stressors is referred to as “stress-response hormesis” [9]. Therefore,
aldehydes may be regarded as second messengers that propagate ROS-
initiating favorable signaling.

In the present study, we investigated whether 4-HNE, which isone
of the most abundant aldehydes produced by lipid peroxidation in
vivo, induces stress-response hormesis in cultured cardiomyocytes
and in in vivo hearts, and determined the underlying mechanisms.

2. Materials and methods
2.1. Animals

All animal experiments were reviewed and approved by the
Institutional Animal Care and Use Committee at Keio University School
of Medicine. Male C57BL/6 ] mice at 10 weeks of age were obtained from
CLEA Japan (Tokyo, Japan). Nrf2-knockout mice on a C57BL/6]
background were generated as previously described [10]. For comparison,

Nrf2-wildtype mice (C57BL/6 J) were obtained from siblings of the Nrf2-
knockout.

2.2. Cell culturing

Neonatal ventricular myocytes from 1- to 2-day-old Sprague-Dawley
rats were subjected to Percoll gradient centrifugation and differential
plating, to enrich for cardiac myocytes and to deplete non-myocytes [11].
Cell viability was determined using the LIVE/DEAD Viability/Cytotoxicity
Assay Kit (Molecular Probes), which is based on the simultaneous
determination of live and dead cells with the calcein AM and ethidium
homodimer-1 probes, which are specific for intracellular esterase activity
and membrane integrity, respectively. Fluorescence imaging of the cells
(live cells were labeled green, whereas the nuclei of dead cells were

labeled red) was performed with a fluorescence microscope (BZ-9000;
Keyence).

2.3. Western blotting

Nuclear extracts were prepared as described previously [11]. The
following rabbit polyclonal antibodies were used: anti-Nrf2 and anti-xCT
(core subunit of the Xc high-affinity cystine transporter) (Santa Cruz
Biotechnology); anti-HO1 (hemoxygenase-1), (Stressgen); anti-catalase
and anti-Gclc (catalytic subunit of y-glutamylcysteine ligase) (Abcam);
anti-Gsta2 (glutathione-S-transferase A2) (Novus Biologicals); anti-4-
HNE adduct (Calbiochem). Immunoreactive proteins were visualized
using horseradish peroxidase-conjugated secondary antibodies, enhanced
chemiluminescence (Amersham Biosciences), and the LAS-3000 luminoi-
mager (Fujifilm).

2.4. Quantitative Real-Time PCR

Total RNA samples from cultured cardiomyocytes and hearts were
prepared using the Trizol reagent (Invitrogen), according to manufac-
turer's instructions. Samples of total RNA (2 pg) were reverse-transcribed
using the RNA PCR Kit (Takara Biotechnology, Japan), and the resulting
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cDNA was used as a PCR template. The mRNA levels were determined by
Real-Time PCR with the ABI PRISM 7700 Sequence Detector (Applied
Biosystems), according to the manufacturer's instructions. Predesigned
gene-specific primer and probe sets (TagMan Gene Expression Assays)
were used. The 18s ribosomal RNA was amplified as an internal control.
The relative gene expression level (the amount of target, normalized to
the endogenous control gene) was calculated using the comparative Ct
method formula; 2 744,

2.5. siRNA oligonucleotides and transfection

The siRNA oligonucleotides directed against the rat Nrf2 and a
control siRNA (Ambion) were transfected into cells using the
Lipofectamine RNAIMAX reagent (Invitrogen) .

2.6. Determination of intracellular glutathione concentration

The intracellular concentration of GSH was measured spectropho-
tometrically (U-2810 spectrophotometer; Hitachi) using the Bioxytech
GSH/GSSG-412 kit (Oxis Research), according to the manufacturer's
instructions. All assays were performed in triplicate on at least three
separate occasions.

2.7. Langendorff perfusion of the heart

Hearts were excised rapidly from heparinized mice, perfused with
modified Krebs-Henseleit buffer (120 mmol/L NaCl, 25 mmol/L NaHCOs,
5.9 mmol/L KCl, 1.2 mmol/L MgS0,, 1.75 mmol/L CaCl,, and 10 mmol/L
glucose), and gassed with 95% O, and 5% CO, at 37 °C according to the
Langendorff procedure. Coronary perfusion pressure was maintained at
90 mm Hg. A plastic catheter with a polyethylene balloon was inserted
into the left ventricle (LV) through the left atrium. Before the induction of
ischemia, the left ventricular end-diastolic pressure was adjusted to
10 mm Hg by filling the balloon with water. The indices of LV function,
including LV systolic pressure (LVSP), LV end-diastolic pressure (LVEDP),
and positive dP/dt, were recorded as described previously. The total
lactate dehydrogenase (LDH) activity released into the perfusate was
measured with a commercially available kit (Sigma) [11]. To examine the
effect of 4-HNE treatment on function recovery after ischemia-reperfu-
sion, mice were injected with either 4 mg/kg 4-HNE or vehicle (50 pl of
saline) via the retro-orbital vein [12] [13]. The efficacy of injection via the
retro-orbital vein was confirmed using Evans Blue (Supplemental Fig. 1).

2.8. Statistical analysis

The values are presented as mean 4 SEM. Statistical significance was
evaluated using 2-tailed, unpaired Student's t-tests for comparisons of
two mean values. Multiple comparisons involving more than three
groups were performed using ANOVA. A P-value less than 0.05 was
considered statistically significant.

3. Results
3.1. High-dosage 4-HNE causes cardiomyocyte cell death

Neonatal rat cardiomyocytes were treated with various concentrations
of 4-HNE for 24 h, and 4-HNE-induced cardiomyocyte toxicity was
monitored (Fig. 1A, B). The viabilities of the cardiomyocytes in the
presence of 0, 5, 10, 20, and 40 pM 4-HNE were 82.17% + 3.19%, 80.96% +
2.76%, 72.85% 4 2.06%, 28.95% 1 3.54%, and 0.00%, respectively (Fig. 1A).
At concentrations >20 pM, HNE significantly decreased cell viability,
whereas 5 pM or 10 pM 4-HNE showed no appreciable cytotoxicity. Based
on these observations, concentrations of 4-HNE <10 uM were selected for
subsequent studies on the potential favorable effects of 4-HNE.
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Fig. 1. 4-HNE causes cell death at higher concentrations but lacks cytotoxicity at lower concentrations. (A) Representative images of cardiomyocytes that were treated with different
concentrations of 4-HNE. (B) Quantification of cell viability. Data shown are mean + SEM (n=5). "P<0.05 vs. vehicle-treated cardiomyocytes (unpaired Student's t-test).

3.2. Pretreatment with a sublethal concentration of 4-HNE protects

cardiomyocytes against subsequent oxidative cell death induced by a high
dosage of 4-HNE

To examine the effects of 4-HNE, cardiomyocytes were pretreated
with either vehicle or 5pM 4-HNE for 14 h, and then treated with
cytotoxic concentrations of 4-HNE for 24 h. The viabilities of the vehicle-
pretreated cardiomyocytes were 24.59%4-4.31% for 20 uM 4-HNE and
15.42% +1.76% for 30 pM 4-HNE. Pretreatment with 5pM 4-HNE
significantly increased the cardiomyocyte viabilities to 72.09% +5.53%
for 20 uM 4-HNE and 38.65% +4.12% for 30 uM 4-HNE (Fig. 2A, B).

3.3. 4-HNE induces antioxidant enzymes and GSH synthesis in
cardiomyocytes

We examined the underlying molecular mechanisms responsible for
the cytoprotective effect of 4-HNE on cardiomyocytes. 4-HNE treatment
increased both the mRNA and protein expression levels of various
antioxidant enzymes, including HO-1, catalase, Gsta2, Gclc, and xCT (Fig.
3A, B). The rate of glutathione (GSH) synthesis is determined primarily
by Gclc activity and the availability of precursor amino acids, especially
cysteine. Consistent with the increased levels of Gclc and xCT, the
intracellular concentration of GSH was increased 1.45-fold in cardio-
myocytes that were treated with 5 uM 4-HNE for 24 h, as compared to
cells that were treated with vehicle (261.08 £ 19.35 uM/g vs. 179.89 +
11.59 uM/ g, respectively) (Fig. 3C).

3.4. Nrf2 plays a key role in the induction of stress responses

Nrf2 has been implicated as a key transcription factor that induces the
expression of antioxidant genes. Under non-stress conditions, Nrf2 is
bound to Kelch-like ECH-associated protein 1 (I<eap1) in the cytoplasm.
This complex directs Nrf2 polyubiquitination and degradation. During
oxidative stress, Nrf2 is liberated from Keap1 and enters the nucleus,
where it can form a heterodimer with the small Maf transcription factor
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Nrf2, to stimulate the expression of antioxidant response element (ARE)-
containing genes [14]. Therefore, we investigated the possibility that Nrf2
accumulates in the nucleus after 4-HNE treatment. Cultured cardiomyo-
cytes were treated with 4-HNE for 1 h, and nuclear extracts of these cells
were subjected to immunoblotting. Nuclear accumulation of Nrf2 in
response to 4-HNE treatment was observed (Fig. 4A).

To investigate whether Nrf2 signaling is important for the favorable
response to 4-HNE, the cardiomyocytes were subjected to RNA
interference to block Nrf2 expression and then stimulated with 4-HNE
(5 uM) or vehicle for 6 h. Nrf2 silencing almost completely suppressed the
4-HNE-mediated increases in the expression levels of Gclc, xCT, and Gsta2.
In contrast, Nrf2 silencing only modestly suppressed the 4-HNE-mediated
increase in HO-1 expression (Fig. 4B). Therefore, we examined the
possible involvemnent of Nrf2 in the observed increased in GSH level. Nrf2
silencing cells and control cells were treated with 4-HNE (5 pM) or vehicle
for 14 h. Nrf2 silencing resulted in no appreciable cytotoxicity under these
conditions (data not shown). The 4-HNE-mediated increase in GSH level
was markedly suppressed in Nrf2 siRNA-treated cardiomyocytes, as
compared to control siRNA-treated cardiomyocytes (115.98 + 8.63 uM/
mg vs. 213.43 £+ 16.24 pM/mg, respectively) (Fig. 4C).

Next, we examined the effect of Nrf2 silencing on cardiomyocyte
viabilities. Cardiomyocytes were treated with either Nrf2-specific
siRNA or a control siRNA for 24 h, and then stimulated with 4-HNE
(5 uM or 10 uM) for 24 h. Whereas neither 5 uM nor 10 pM 4-HNE
was toxic for cardiomyocytes treated with the control siRNA
(81.89% +£2.95% for 5uM 4-HNE; 71.97% +4.44% for 10 uM 4-
HNE), Nrf2 silencing significantly decreased cardiomyocyte viability
in the presence of 4-HNE (48.94% +3.30% for 5uM 4-HNE; and
14.49% + 1.40% for 10 uM 4-HNE) (Fig. 5A, B).

To examine the role of Nrf2 in the induction of protection
mediated by 4-HNE, Nrf2-depleted cardiomyocytes were preincu-
bated with 5 uM 4-HNE for 14 h, and then stimulated with 10 pM or
20 uM of 4-HNE for an additional 24 h. Preincubation with 5 M 4-
HNE for 14 h had no appreciable cytotoxic effect on either the Nrf2-
wildtype or Nrf2-depleted cardiomyocytes. However, the viabilities of
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Fig. 2. Exposure to a sublethal concentration of 4-HNE enables cardiomyocytes to adapt to cytotoxic concentrations of 4-HNE. Cardiomyocytes were treated with either vehicle or 4-
HNE (5 M) for 14 h, and then incubated with a toxic concentration (20 M or 30 gM) of 4-HNE for 24 h. (A) Representative images of cardiomyocytes that were treated with toxic
concentrations of 4-HNE. (B) Quantification of cell viability. Data shown are mean + SEM (n=15). *P<0.05 vs. vehicle-pretreated cardiomyocytes (unpaired Student's t-test).

the Nrf2-depleted cardiomyocytes in 10 uM 4-HNE and 20 pM 4-HNE
were 0.00% and 0.00%, respectively, while those of the control cells
were 86.69% +3.49% and 71.18% + 3.43%, respectively (Fig. 5C, D).

3.5. BSO treatment sensitizes cardiomyocytes to 4-HNE-induced cell death

To investigate whether GSH is an important factor in tolerance to
4-HNE, cardiomyocytes were incubated with 50 pM BSO, an
inhibitor of GSH biosynthesis, in the presence or absence of 4-HNE
(5uM) for 14 h. BSO treatment decreased the intracellular GSH
concentration from 162.47 +3.02 pM/mg (vehicle-treated cardio-
myocytes) to 98.98 + 12.13 uM/mg (BSO-treated cardiomyocytes).
In addition, simultaneous 4-HNE treatment (5 uM) failed to increase
the intracellular GSH levels of the BSO-treated cardiomyocytes
(Fig. 6A). This concentration of BSO showed no appreciable effect on
cardiomyocyte viability in the absence of 4-HNE, whereas it
sensitized the cardiomyocytes to 4-HNE-induced death, as com-
pared to the vehicle treatment. The viabilities of the vehicle-
pretreated cardiomyocytes were 82.64% + 3.07% for 5 uM 4-HNE and
72.61% +2.02% for 10 pM 4-HNE. Pretreatment with BSO signifi-
cantly decreased the cardiomyocyte viabilities to 53.60 + 2.79% for
5 uM 4-HNE and 35.16% + 2.40% for 10 pM 4-HNE (Fig. 6B, C).
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To examine the role of GSH biosynthesis in the induction of 4-HNE-
mediated protection, cardiomyocytes were incubated with 5 pM 4-HNE in
the presence of 50 uM BSO for 14 h, and then stimulated with 10 pM or
20 puM 4-HNE for an additional 24 h. The preincubation with 5 pM 4-HNE
for 14 h had no appreciable cytotoxicity even in the presence of 50 pM
BSO. However, the cardiomyocyte viabilities for treatment with 10 iM 4-
HNE and 20 pM 4-HNE were 5.88% + 0.46% and 0.00%, respectively, in the
BSO-treated groups, and 88.52% 4 1.39% and 73.77% £ 1.60%, respectively,
in the control groups (Fig. 6D, E).

3.6. 4-HNE pretreatment improves the functional recovery of
Langendorff-perfused hearts after ischemia-reperfusion injury

The effect of 4-HNE treatment on function recovery after ischemia-
reperfusion was studied in Langendorff-perfused mouse hearts. Mice
were injected with either 4 mg/kg 4-HNE or vehicle (50 pl of saline) via
the retro-orbital vein [12] [13], and 24 h later, the hearts were isolated
and subjected to 25 min of total global ischemia, followed by 60 min of
aerobic reperfusion. We selected 4 mg/kg 4-HNE as the optimal dosage
based on a pilot study in which various amounts of 4-HNE were
administered via the retro-orbital vein. We confirmed that sufficient
reactive 4-HNE reaches the heart upon systemic administration within
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Fig. 3. 4-HNE increases the cardiomyocyte expression levels of antioxidant enzymes and GSH. (A) Cardiomyocytes were treated with different concentrations of 4-HNE (0, 5, 10,
20 pM) for 6 h. Antioxidant gene expression was determined by Q-PCR analysis. n =5; *P<0.05 vs. vehicle-treated cardiomyocytes. (B) Cardiomyocytes were treated with different
concentrations of 4-HNE (0, 5, 10 pM) for 14 h. The antioxidant enzyme expression levels were determined by immunoblotting. (C) Cardiomyocytes were treated with 4-HNE for
24 h. The intracellular levels of GSH were measured using Bioxytech GSH/GSSG-412 (Oxis Research), based on the Tietze method; n =5, *P<0.05, compared to the vehicle-treated

cardiomyocytes.

60 min (Supplemental Fig. 2) and activated Nrf2 in the hearts
(Supplemental Fig, 3A). The administration of 4-HNE via the retro-orbital
vein significantly upregulated the levels of mRNA for antioxidant
enzymes (Supplemental Fig. 3B) and increased the GSH levels, as
compared to vehicle-treated control hearts (237.41 + 12.24 mM/g for
the 4-HNE-treated group vs. 214.26 - 489 mM/g for the control group;
n=4, P<0.05).

4-HNE pretreatment did not affect the cardiac parameters at baseline
(data not shown), whereas it significantly improved the recovery of LVDP,
positive dP/dt, and negative dP/dt, as compared to the control treatment

(Fig. 7). Consistent with these findings, the level of total LDH release into
the perfusate during reperfusion was significantly lower in the 4-HNE-
pretreatment hearts than in the control hearts.

Next, we examined the changes in the levels of 4-HNE in the hearts
using antibodies specific for 4-HNE adduct proteins. Despite the
significant changes in cardiac gene expression and GSH content, we did
not detect any difference in the levels of 4-HNE adduct proteins between
the vehicle-treated and 4-HNE-treated hearts. Ischemia-reperfusion
significantly increased the levels of 4-HNE adduct proteins in the
Langendorff-perfused hearts. Consistent with the significant reduction
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