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Figure 4 Apoptosis and apoptotic signalling pathways in ¥YT and SMP30-KO mice after Angll infusion. (&) Upper panels show representative images of
TUMEL staining of left ventricular tissug sections, Lower bar graph shows the per centof TUNEL -positive nuclel. {B) Activation of caspase-3 was examined
by western blotting with anti-activated-caspase-3 antibody using myocardial samples. Experassion levels of activated-caspase-3 were normalized by B-actin.
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been investigated. In this study, we dermonstrated the first evidence that
deficiency of SMP30 exacerbates Ang Il-induced cardiac hypertraphy,
dysfunction, and adverse remodelling. Cur results revealed that
SMP30 has a cardio-protective role with anti-oxidative and anti-
apoptotic effects in response to Ang L.

It has been well known that Ang it plays an important role in the de-
velopment of pathological cardiac hypertrophy, remodelling, and subse-
quent heart failure.*® Subcutaneous chranic infusion of Ang Il induces
cardiac hypertrophy and fibrosis with hypertensicn. #* Ang lf also sti-
mulates NADPH oxidase to produce ROS,* and consequent myocar-
dial oxidative stress is assoclated with the development of left
ventricular remodeiling and heart failure,® Furthermore, it has been
considered that apoptosis plays an adverse role in cardiac remodelling
and contributes to progressive myocardial dysfunction®” and that Ang
il exaggerates apoptotic respenses in ca:'dion*gyocz/tes.38 interestingly,
we observad that deficiency of SMP30 exacerbates Ang ll-induced
cardiac hypertrophy and fibrosis in SMP30-KO mice (Table 1, Figure 2,
and Supplementary material online, Figure ST). Moreover, we found
that Ang Il-infused SMP30-KQ mice showed left ventricular dilatation
and depressed systolic function in addition to more severely impaired
diastolic function comparad with Ang il-infused WT mice, suggesting
that the absence of SMP30 caused more progressive cardiac dysfunction
and remodelling (Table 1 and Supplementary material anline, Table $Tand
Figure $2). These remarkable changes were independent of Angll-induced
hypertension because increased systemic blood pressure of SMP30-KO
mice was similar to that of WT mice (Table 7). SMP30-KC mice had
much maore elevated NADPH oxidase-generated ROS by Ang H stimula-
tion (Figure 3). In addition, SMP30-KO mice were more susceptible to Ang
-induced apoptosis associated with activation of caspase-3, increase in
Bax, decrease in Bcl-2, and phosphorylation of SAPK/NK (Figure 4). Al-
though we were unable to show the direct observation of TUNEL-
positive cardiomyocyte nuclei, apoptosis of non-cardiomyocytes plays
an important role in Ang i-induced cardiac remadelling and dysfunction
as previously reported.”® These data indicate that SMP30 has a protective
role against Ang ll-associated cardiac hypertrophy, dysfunction, and re-
modelling by inhibiting oxidative stress and apoptosis.

SMP30 has been proposed as an important ageing marker, and the lack
of SMP30 causes various dysfunctions of organs during ageing
process, 13" Concerning the vitamin C biosynthesis pathway, similar
to humans, SMP30-KO mice cannot synthesize vitamin C and
SMP30-KO mice may mimic the human physiclogy closer than other
rodents,*” The potent anti-ageing and anti-oxidative actions of a low-
calorie diet effectively suppressed the age-related down-regulation of
SMP30, indicating that SMP30 expression was influenced by oxidative
stress.”! These previous reports suggest that SMP30 expression accounts
for the age-assacizted detericration of cellular function and the enhanced
susceptibility to harmful stimuli in aged tissues. On the other hand, very
few reports demorstrated cellular senescence of cardiomyocytes in
vivo 2% We demonstrated that Ang Il could increase senescent cells
detected by SA P-gal activity in vive. Importantly. Ang fl-induced cellutar
senescence was accornpanied with markedly elevated p21 gene expres-
" sion. SMP30-KO mice showed significantly increased SA B-gal-positive
cells with elevated expression of p2 gene by Angll stimulation, indicating
that SMP30Q inhibits premature celiular senescence through the signalling
pathway of p21 in response to Ang It (Figure 5).
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Figure 5 Senescence markersin hearts of WT and SMP30-KO mice
after Ang Il infusion. {A) Senescent cells were detected by SA B-gal
staining of left ventricular tissue sections, and the numbers of SA
{3-gal-positive cells were counted. (B) The mRINA expression levels
of p21 gene were analysed by RT-PCR. Expression levels of p21
gene were normalized by B-actin. Results are mean + SD from 6 to
8 mice in each group. *P <0 0.01 vs. control in the same strain mice;
TP < 0.01 vs. Ang llinfused WT mice.
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Thare were no differencas between WT mice and SMP30-KQ mics
under basal conditions at 12- 1o 16-week-old. but we observed that

12-month-old SMP30-KO mice showed exaggerated left ventricular
hyzertrophy. diastalic dysfunction. and myocardial fibrosis compared
Ti-month-old W onlire
Table 523,
the S'*Dp essive effect
oxidase activation,
The suppressive role of SMP30 in

mice  {Supplementary  material
One central role of SMP30 in the heart is considered to be
of ROS ge eration by inhibiting NADPH
in the present study {F e 3.
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as demonstrated
cative strass contributes
reduction of senascent marker expr’essi‘sns‘
orevents myocardial dys Ang i
mulation and ageing 53,
Since detailed mechanisms have not been fully clarified, we should

ent specific effects of SMP30 in the

function from varicus strasses such as 4

{Supplermentary material online, Figure
evaluate the cellular compartm

future study.

5. Conclusions

l-inducad
se in oxidative

In summary. deficiency of SMP30 adversely mod:
cardiac hypertrophy and remodelliing through increa
stress and progressicn of apoptosis. These data provide that SMP30

jes Ang

role in cardiac remodelling and up-regutation of
t for treatment of heart failure,

has a protective

SMP30 could be a therapeutic target

Supplementary material

Supplementary material is available at Cardiovasculor Research enline.
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ABSTRACT: Dilated cardiomyopathy (DCM) is character-
ized by dilation of left ventricular cavity with systolic dys-
function. Clinical symptom of DCM is heart failure, often
associated with cardiac sudden death. About 20-35% of
DCM patients have apparent family histories and it has
been revealed that mutations in genes for sarcomere pro-
teins cause DCM. However, the disease-causing mutations
can be found only in about 17% of Japanese patients with
familial DCM. Bcl-2-associated athanogene 3 (BAG3) isa
co-chaperone protein with antiapoptotic function, which
localizes at Z-disc in the striated muscles. Recently, BAG3
gene mutations in DCM patients were reported, but the
functional abnormalities caused by the mutations are not
fully unraveled. In this study, we analyzed 72 Japanese fa-
milial DCM patients for mutations in BAG3 and found two
mutations, p.Arg218Trp and p.Leu462Pro, in two cases
of adult-onset DCM without skeletal myopathy, which
were absent from 400 control subjects. Functional stud-
ies at the cellular level revealed that the DCM-associated
BAG3 mutations impaired the Z-disc assembly and in-
creased the sensitivities to stress-induced apoptosis. These
observations suggested that BAG3 mutations present in
2.8% of Japanese familial DCM patients caused DCM
possibly by interfering with Z-disc assembly and inducing
apoptotic cell death under the metabolic stress.

Hum Mutat 32:1481-1491, 2011. © 2011 Wiley Periodicals, Inc.
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Introduction

Dilated cardiomyopathy (DCM) is a primary heart muscle dis-
order caused by functional abnormalities in the cardiomyocytes,
which is characterized by ventricular chamber dilation and dimin-
ished cardiac contractility. DCM is a major cause of chronic heart
failure and the most common indication for cardiac transplantation
[Maron et al., 2006]. Various etiologies including gene mutations,
viral infections, toxins such as alcohol, mitochondrial abnormal-
ities, and metabolic disorders cause DCM [Maron et al., 2006].
Because 20 to 35% of DCM patients have family histories mostly
consistent with autosomal dominant inheritance, linkage studies
in multiplex families and/or candidate gene approaches have been
taken to identify the disease genes and it has been revealed that DCM
can be caused by various genetic abnormalities [Kimura, 2010]. The
majority of genetic causes are heterozygous mutations in genes for
sarcomere proteins induding contractile elements, sarcolemma el-
ements, Z-disc elements, and Z-I region components, which play
key roles in the generation and/or transmission of contractile force.
On the other hand, it has recently been demonstrated by extensive
whole-genome analyses that sequence variations in the gene for Bd-
2-associated athanogene 3 (BAG3; MIM# 603883) were associated
with DCM (CMD1HH; MIM# 613881) [Norton et al., 2011; Villard
et al., 2011], although molecular mechanisms of DCM caused by
the BAG3 mutations are not fully unraveled.

BAG3 is a member of antiapoptotic BAG protein family. BAG3
protein binds heat shock protein 70 (Hsp70; MIM# 140550) within
the C-terminal BAG domain, which is an evolutionary conserved
domain among the BAG family, and serves as a co-chaperone factor
controlling the chaperone activity of Hsp70 [Takayama et al., 1999].
It was reported that BAG3 prominently expressed in the striated
muscle and localized at the Z-discs [Homma et al.,, 2006]. In addi-
tion, Bag3 knockout mice displayed degeneration of muscle fibers
with apoptotic nuclei in the striated muscles, resulting in a severe
form of skeletal myopathy and cardiomyopathy, which lead to a hy-
pothesis that BAG3 protein might play a role as a Z-disc signaling
molecule [Homma et al., 2006]. In accordance with the hypothe-
sis, apart from the association with DCM described above [Norton
etal, 2011; Villard et al., 2011}, a heterozygous Pro209Leu mutation
was found in patients with myofibrillar myopathy (MFM) accompa-
nied by cardiomyopathy (MFM6; MIM# 612954) [Lee et al., 2011;
Odgerel et al,, 2010; Selcen et al., 2009]. Moreover, it was demon-
strated that knockdown of bag3 in a zebrafish model developed
heart failure resembling to human DCM [Norton et al., 2011].

© 2011 WILEY PERIODICALS, INC.
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We report here two heterozygous BAG3 gene mutations, identi-
fied in Japanese patients with familial DCM, which cause abnormal
Z-disc assembly and increase the sensitivity to apoptosis in cul-
tured cardiomyocytes. This is the first report demonstrating that
the stress-induced apoptotic cell death accompanied by abnormal
sarcomerogenesis is associated with DCM.

Materials and Methods

Subjects

A total of 72 genetically unrelated Japanese patients with DCM
were included in this study. Each patient had an apparent family
history (at least one patient among the first-degree family rela-
tives). The patients were diagnosed based on medical history, physi-
cal examination, 12-lead electrocardiogram, echocardiography, and
other special tests if necessary. The diagnostic criteria for DCM
were described previously [Hayashi et al., 2004] and the patients
who manifested with apparent skeletal musde involvement were
excluded from the study. The patients had been analyzed for muta-
tions in 22 known cardiomyopathy-associated genes incdluding genes
for titin/connectin (TTN), desmin (DES), eB-crystallin (CRYAB),
ZASP/Cypher (LDB3), and four-and-half LIM protein 2 (FHL2)
[Kimura, 2010}, and no mutation was found in any of them. Four
hundred Japanese healthy individuals served as controls. Blood sam-
ples were obtained from each subject after given informed consent.
The protocol for research was approved by the Ethics Review Com-
mittee of Medical Research Institute, Tokyo Medical and Dental
University, Tokyo, Japan.

Mutational Analysis

Genomic deoxyribonudeic acids (DNAs) extracted from periph-
eral blood of subjects were used to amplify protein-coding ex-
ons of BAG3 (GenBank Accession No. NM_004281.3) by poly-
merase chain reaction (PCR) in exon-by-exon manner using primer
pairs; 5-CGAGGAGGCTATTTCCAGAC-3' and 5-TGCCGTC-
GAGGTGGCGCCACCGACC-3' for exon 1, 5'-AGTGTTTCCTC-
TGCCAGGAG-3' and 5'-TGGGAAGCACAGCGGCTTGCTC-3' for
exon 2, 5-CAAGCCAGGGGAGTCATTTG-3' and 5-GACAT-
ACCACCATAACCAGTC-3' for exon 3, 5'-CAATTTCTIGTGACTT-
TCAGTCAG-3" and 5-GTCAGTCTTCTTGCCTITCAAAG-3' for
the 5'-side half of exon 4, and 5'-ATCCAGGAGTGCTGAAAGTG-3'
and 5'-AAGTCTCTGAAATGCATGCAAC-3’ for the 3'-side half of
exon 4. The PCR condition was composed of a denaturing step of
95°C for 2 min, 30 cycles of 95°C for 30 sec, 56°C for 30 sec, and
72°C for 30 sec, followed by an additional extension step of 72°C
for 2 min. The PCR products were analyzed by direct sequencing on
both strands using Big Dye Terminator chemistry (version 3.1) and
ABI3100 DNA Analyzer (Applied Biosystems, CA).

Amino Acid Sequence Comparison of BAG3 from
Various Species

Amino acid sequences of human BAG3 protein predicted
from NM_004281.3 were aligned with those of rhesus monkey
(XM_001104106), cattle (NM_001082471), rat (NM_001011936),
mouse (NM_013863), chicken (XM_001233434), xenopus
(BC043807), and zebrafish (BC078249).
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Indirect Inmunofivorescence Microscopy

Complementary DNA (cDNA) of human BAG3 were obtained
by reverse transcriptase PCR from total messenger ribonucleic acid
of adult heart. A wild-type (WT) full-length BAG3 cDNA fragment
spanned from bp307 to bp2034 of NM_004281.3 (corresponding
to aal-aa576). Five equivalent mutant cDNA fragments carrying
a C to T (MFM-associated Pro209Leu mutation) [Selcen et al.,
2009], a C to T (DCM-associated Arg218Trp mutation), a C to
T (nondisease-associated Arg258Trp polymorphism), or a T to C
(DCM -associated Leu462Pro mutation) substitution were obtained
by the primer-directed mutagenesis method. The cDNA fragments
of BAG3 were cloned into pEGFP-C1 vector (Clontech, CA) and
they were sequenced to ensure that no errors were introduced.

All care and treatment of animals were in accordance with the
guidelines for the Care and Use of Laboratory Animals published
by the National Institute of Health (NIH Publication 85-23, re-
vised 1985) and subjected to prior approval by the local animal
protection authority. Neonatal rat cardiomyocytes (NRCs) from
one-day-old Sprague-Dawley rats were prepared as described pre-
viously [Arimura et al., 2009]. NRCs (1 x 10* cells) were plated
onto the Collagen Type I Cellware 8-Well Culture Slide (BD Bio-
sciences, MA) in low-glucose DMEM supplemented with 0.01
mg/ml insulin (Sigma-Aldrich, MO), 10% fetal bovine serum
(FBS), and 1% penicillin/streptomycin at 37°C with 5% CO, for
24 hr. Each pEGFP-based construct (0.3 pg) was transfected into
the cells with 0.6 pl of TransFectin Lipid Reagent (Bio-Rad, CA),
according to the manufacturer’s instructions. Forty-eight hours af-
ter the transfection, the NRCs were washed with PBS and fixed for
15 min in 100% ethanol at ~20°C. Transfected cells were incubated
in blocking solution and stained by primary mouse anti-a-actinin
(1:800, Sigma-Aldrich) or anti-desmin (1:200, Dako, Glostrup, Den-
mark), followed by secondary Alexa fluor 568 goat anti-mouse IgG;
(1:500, Molecular Probes, OR).

C2C12 cells (8 x 10° cells), a mouse myoblast cell line, were
plated onto the gelatin-coated Lab-Tek 2 well Chamber Slide (Nal-
gen Nunc International, NY) in DMEM supplemented with 20%
FBS and 1% penicillin/streptomycin at 37°C with 5% CO, for
24 hr. The cells were transfected with each pEGFP-based construct
(2 ng) in 4 pl of Turbofect in vitro Transfection Reagent (Fermentas
Inc., ML) according to the manufacturer’s instructions. Forty-eight
hours after the transfection, the cells were cultured in differentia-
tion medium (DMEM with 2% horse serum, 0.01 mg/ml insulin,
and 1% penicillin/streptomycin) for 5 days. Differentiated myotubes
were washed with PBS, fixed for 15 min in 100% ethanol at -20°C,
incubated in blocking solution, and stained by primary mouse anti-
MF20 (1:50, DSHB in University of Iowa, IA) monoclonal antibody
(Ab), followed by secondary Alexa fluor 568 goat anti-mouse IgG
(1:500, Molecular Probes).

All cells were mounted on a cover-glass using Mowiol 4-88
Reagent (Calbiochem, Darmstadt, Germany) with 4'6-diamidino-
2-phenylindole (DAPI, Sigma-Aldrich), and images from atleast 200
transfected cells were analyzed by using the LSM510 laser-scanning
microscope (Carl Zeiss Microscopy, Jena, Germany).

Apoptosis Assay

For the apoptosis assay, 24 hr after the transfection with BAG3
constructs, the NRCs were cultured under serum-deprived (FBS-
free medium) condition for additional 24 hr, washed with PBS,
fixed for 1 hr in 4% paraformaldehyde/PBS at room tempera-
ture, and permeabilized for 2 min in 0.1% Triton X-100/0.1%

—241—



sodium citrate on ice. Apoptosis was evaluated with the termi-

nal deoxynucleotidyltransferase-mediated dUTP nick end-labeling
(TUNEL) assay using in situ Cell Death Detection Kit, TMR red
(Roche Diagnostics, Mannheim, Germany) according to the man-
ufacturer’s instructions.

Quantitative analysis of apoptosis was performed with the Cell
Death Detection ELISAPYYS kit (Roche Diagnostics) according to the
manufacturer’s instructions. H9¢2 cells, a cell line derived from rat
embryonic ventricular myocardial cells, were cultured in DMEM
supplemented with 10% FBS and 1% penicillin/streptomycin at
37°C with 5% CO,. The BAG3 constructs were transfected into
H9c2 cells using the TransFectin Lipid Reagent (Bio-Rad) according
to the manufacturer’s instructions, and transfectants were selected
using Geneticin (Life Technologies Japan Ltd., Tokyo, Japan). After
establishment of the stable H9¢2 transfectants, 4 x 10> cells in
each line were plated onto collagen type I-coated 96-well plates.
Doxorubicin (1 pM; Sigma-Aldrich) was added to culture media
and the cells were cultured for various intervals (24, 48, and 72 hr).
Cells were lysed with 0.2 ml of the lysis buffer provided in the kit at
room temperature for 30 min. Quantities of histone-associated DNA
fragments (mono- and oligonucleosomes) were determined by an
absorbance at 405 nm and a reference at 490 nm. Numerical data
were arbitrarily expressed as means = SEM. Statistical differences
were analyzed using two-way analysis of variance and then evaluated
using a Turkey adjustment for post hoc multiple comparison. A P-
value ofless than 0.05 was considered to be statistically significant.

Resuits

Identification of BAG3 Mutations in DCM

We searched for BAG3 variations in 72 proband patients
with familial DCM and eight distinct variations were identified
(Fig. 1A). Among them, two synonymous substitutions, Pro334Pro
(c.1002T>G in exon 4, rs3858339) and Val432Val (c.1296A>G in
exon 4, rs196295), and three nonsynonymous variations, Arg258Trp
(c.772C>T in exon 3, rs117671123), Asp300Asn (c.898G>A in exon
3, rs78439745), and Pro407Leu (c.1220C>T in exon 4, rs3858340),
were known polymorphisms registered in the dbSNP database
(http://www.ncbi.nlm.nih.gov/projects/SNP/). In addition, a non-
synonymous variation, Glu553Asp (c.1659A>T in exon 4) found in
one patient, was considered to be a polymorphism, because it was
found in heterozygous state in nine of the 400 control subjects, that
is allele frequency was 0.011 in Japanese patients.

On the other hand, two missense mutations, Arg218Trp
(c.652C>T in exon 3) and Leu462Pro (c.1385T>C in exon 4), iden-
tified in heterozygous state in two DCM patients (designated II-1
in Fig. 1B and C, respectively) were not observed in the 400 control
subjects. A family study suggested a co-segregation of the Leu462Pro
mutation with DCM, because the mutation was present in a pos-
sibly affected sister, but not present in her father and brother who
did not suffer from DCM (Fig. 1C). Most of the BAG3 sequence
variations including polymorphisms were found at the residues that
were evolutionary conserved from various species except for ze-
brafish (Fig. 1D).

Clinical parameters of the patients with BAG3 mutations are
shown in Table 1. The proband patients carrying Arg218Trp or
Leu462Pro mutation developed DCM at age 73 or 34, respectively,
suggesting that the mutations was associated with DCM of adult on-
set. It should be noted that a sister of patient carrying the Leu462Pro
mutation did not manifest with overt DCM at age 27, but she showed
a slight systolic dysfunction of heart. Electrocardiogram findings of

the affected individuals demonstrated no primary conduction de-
fect. Serum creatine kinase (CK) level was not increased in both
cases with the Leu462Pro mutation. They did not show apparent
sign of skeletal myopathy or neuropathy.

Abnormal Assembly of Z-Discs Caused hy the
DCM-Associated BAG3 Mutations in NRCs

To investigate a possible functional consequence of the BAG3 mu-
tations, we analyzed cellular distribution of BAG3 proteins by using
green fluorescence protein (GFP) chimeras of BAG3 transfected
into NRCs. For this purpose, we constructed GFP-tagged BAG3 of
WT and DCM-associated mutations, Arg218Trp and Leu462Pro.
We also tested an MFM-associated mutation, Pro209Leu [Lee et al.,
2011; Odgerel et al., 2010; Selcen et al., 2009], and a nondisease-
related missense variant, Arg258Trp (Fig. 1A), which was found
in one patient and 11 controls in this study. Control NRCs trans-
fected with GFP-alone construct showed diffuse localization of GFP
signals (data not shown). Western blot analyses showed that the
expression of each GFP-BAG3 construct was similar at the pro-
tein level in the transfected cells, suggesting that the mutation did
not affect the expression of GFP-BAG3 (data not shown). In the
mature myofibrils where Z-discs were well organized, GFP-BAG3-
WT was assembled in the striated pattern and co-localized with
a-actinin and desmin, markers for the Z-disc (Figs. 2A—C and 3A~
C, respectively). It was found that most (~90%) of NRCs did not
show nuclear localization of GFP-BAG3-WT (Figs. 2A~C and 3A-
C). GFP-BAG3-Pro209Leu and GFP-BAG3-Arg258Trp also showed
striated pattern co-localized with a-actinin and desmin at the Z-
discs and did not show the nuclear localization (Figs. 2D-F and
3D-F and Figs. 2]-L and 3]-L, respectively). In clear contrast, stri-
ated distribution was not found for both GFP-BAG3-Arg218Trp
(Figs. 2G-I and 3G-I) and GFP-BAG3-Leu462Pro (Figs. 2M~O and
3M-0) in about 90% of transfected NRCs. Of note was that the Z-
disc assembly represented by localization of a-actinin and desmin
was impaired in the NRCs transfected with GFP-BAG3-Arg218Trp
or GFP-BAG3-Leu462Pro (Figs. 2H and 3H, or Figs. 2N and 3N,
respectively). Quite interestingly, these mutant proteins displayed
localization within the nudlei in approximately 80% of the trans-
fected NRCs (Figs. 2G and 3G, or Figs. 2M and 3M, respectively).
These data suggested that the DCM-associated mutations disturbed
the assembly and integrity of Z-discs, along with the nuclear local-
ization of BAG3 protein, while such abnormalities were not observed
with the MFM-associated mutations.

Myotube Formation was Affected by the MFM-Associated
BAG3 Mutation hut Not by the DCM-Associated BAG3
Mutations in C2C12 Cells

The DCM patients carrying BAG3 mutations in this study did
not manifest with apparent skeletal muscle involvement, but some
other BAG3 mutations were reported in patients with MEM. There
is a possibility that the DCM-associated mutations might affect
the function of BAG3 protein in striated muscles differently from
the MFM-associated mutation. To investigate whether the BAG3
mutations would affect the skeletal muscle differentiation from
myoblasts to myotubes, C2C12 myoblast cells were transfected
with BAG3 constructs and differentiated into multinucleated my-
otubes by low-serum culture condition. After 5 days of differentia-
tion, myosin heavy chain positive (recognized by MF20 Ab) my-
otubes could often be observed in this condition. Control cells
transfected with GFP-alone construct (data not shown) and the
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Figure 1. Mutational analysis of BAG3in dilated cardiomyopathy. A: Sequence variations found in this study are listed. Single-letter code is used
to indicate the amino acid residue. DCM-associated mutations and polymorphisms are indicated above and below the schematic representation
of BAG3 gene, respectively. Known polymorphisms are indicated with reference single nuclectide polymorphism (rs) number in the parentheses.
Solid boxes represent coding exons. B and C: Pedigrees of DCM families carrying the R218W mutation (B; CM 2019 family) or L462P mutation (C;
CM 2053 family} are shown. Filled square and filled circle indicate affected male and female, respectively. Open square and open circle represent
unaffected male and female with DCM, respectively. Arrows indicate the proband patients. Presence {+) or ahsence (-) of the mutations is noted
for analyzed individuals. II-3 in (C), who is represented by a shadowed circle, showed a regional hypokinesia in posterior ventricular wall. SD,
sudden death. D: Alignment of amino acid sequences of BAG3 proteins from various species around the DCM-associated mutations, Arg218Trp
(R218W) and Leu462Pro (L462P), along with polymorphisms identified in the Japanese populations. Protein sequence of human BAG3 predicted
from the nucleotide sequences was aligned with that of rhesus monkey, cattle, rat, mouse, chicken, xenopus, and zebrafish.
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Table 1. Clinical Characteristics of Individuals Carrying BAG3 Mutations

Age at exam

(years) and  Age at onset
D Mutation gender (years) LVDd (mm) LVDs(mm) IVST(mm) PWT (mm) %FS %EF Other remarks
CM2019 family 11-1 R218W 76, male 73 54 48 10 10 11 29 ECG; ectopic atrial rhythm,
CM2053 family 11-1 L462P 41, female 34 59 47 6 6 20 40 ECG; premature ventricular

contraction, CK = 66 TU/1

CM2053 family [I-3 L462P 27, female 27 48 31 7 6 35 64 EchoCG; partial hypokinesia

in posterior ventricular
wall, CK = 62 1U/1

LVDd, left ventricular end-diastolic dimension; LVDs, left ventricular end-systolic dimension; IVST, interventricular septum thickness; PWT, posterior wall thickness; %FS,
percent fractional shortening; %EE percent ejection fraction; ECG, electrocardiogram; EchoCG, echocardiogram; CK, creatine kinase.

cells transected with GFP-BAG3-WT showed similar morphological
differentiation, because about half (40 to 50%) of myotubes trans-
fected with GFP-BAG3-WT were over trinucleation (Fig. 4A-C).
Similarly, after 5 days of differentiation, numbers of myotubes with
over trinucleation were about half in cells transfected with GFP-
BAG3-Arg218Trp (Fig. 4G-I), GFP-BAG3-Arg258Trp (Fig. 4J-L),
and GFP-BAG3-Leu462Pro (Fig. 4M-0). In clear contrast, most
(~90%) of myotubes transfected with GFP-BAG3-Pro209Leu were
inbinuclear state (Fig. 4D-F). These observations suggested that the
MFM-associated mutation, Pro209Leu, might disturb the multin-
ucleation during the differentiation into skeletal muscle myotubes.
It should be noted that GFP-BAG3 proteins showed diffuse local-
ization in the cytoplasm and did not show nuclear localization in
the myotubes transfected with GFP-BAG3 constructs, even with the
DCM-associated mutations (Fig. 4).

Altered Sensitivity to Apoptosis Caused by the
DCM-Associated BAG3 Mutations

Because BAG3 is an antiapoptotic protein, we hypothesized that
the BAG3 mutations might render the cells susceptible to stress-
induced apoptosis. To investigate the possible involvement of BAG3
mutations in the abnormal regulation of cellular apoptosis, we first
performed a TUNEL assay on NRCs transfected with GFP chimeras
of BAG3. There was no difference in the frequency of TUNEL-
positive cells among the nontransfected and transfected NRCs un-
der the culture condition without serum starvation; less than 1%
of NRCs were TUNEL positive. Under the serum-deprived condi-
tion for 24 hr, most (~90%) of NRCs expressing GFP-BAG3-WT
showed negative TUNEL staining (Fig. 5A-C). In contrast, about
half of NRCs transfected with GFP-BAG3-Arg218Trp (Fig. 5G-
I) or GFP-BAG3-Leud62Pro (Fig. 5M-O) demonstrated positive
TUNEL staining with disorganized GFP signals under the serum
deprivation for 24 hr, albeit most (~90%) of NRCs transfected
with GFP-BAG3-Pro209Leu (Fig. 5D~F) or GFP-BAG3-Arg258Trp
(Fig. 5]-L) showed negative TUNEL staining with well-organized
striated pattern of GFP signals. These observations indicate that the
cardiomyopathy-associated BAG3 mutations, but not the MFM-
associated BAG3 mutation or nondisease-related BAG3 polymor-
phism, may increase the susceptibility to stress-induced apoptosis
of NRCs.

To confirm the increased sensitivity to stress-induced apopto-
sis by the DCM-associated BAG3 mutations by another method, we
quantified apoptosis of H9¢2 cells stably expressing GFP alone, GFP-
BAG3-WT, or GFP chimera of each variant by the cell death ELISA
assay. Stable transfected cell lines were treated with doxorubicin at
the concentration of 1 uM for 24, 48, or 72 hr, and subjected to
the assay. It was demonstrated that doxorubicin induced formation
of oligonucleosomes in a time-dependent manner, and there was
no significant difference among the nontransfected H9¢2 cells and

transfected cell lines expressing GFP only, GFP-BAG3-WT, GEP-
BAG3-Pro209Leu, or GFP-BAG3-Arg258Trp (Fig. 6). On the other
hand, significantly higher amounts of oligonucdeosomes were ob-
served in the stable transfectants expressing GFP-BAG3-Arg218Trp
or GFP-BAG3-Leu462Pro than the transfectants expressing GEP-
BAG3-WT, under the treatment by doxorubicin (Fig. 6). These ob-
servations further indicated that the DCM-associated BAG3 mu-
tations increased the sensitivities to apoptosis under the stressed
condition.

Discussion

In the present study, we identified two DCM-associated muta-
tions in a Z/I-band signaling protein, BAG3, which were not found
in the controls and caused functional alterations. In addition, we
found four other BAG3 variations with amino acid replacements, but
they were not considered to be associated with DCM, because they
were present in the healthy individuals, even though evolutionary
conserved residues were replaced. The DCM-associated mutations
affected the Z-disc assembly of cardiomyocytes and increased the
sensitivity to apoptosis under the metabolic stress. The latter func-
tional change might be the reason for that the BAG3 mutations
were found in late-onset DCM. In other words, metabolic stresses
to cardiomyocytes might be required to develop overt DCM in the
subjects with the BAG3 mutations found in this study.

We observed no functional alterations caused by the Arg258Trp
variant in NRCs, a cardiomyocyte cell line H9¢2, and a skeletal
muscle cell line C2C12, suggesting that it was not a pathogenic
mutation. Although the Arg258Trp mutation was recently reported
in a Chinese patient with MEM, it was also found in the unaf-
fected father of the patient and the patient carried another mutation
Pro209Leu [Lee et al., 2011]. In this study, we demonstrated that the
MFM -associated Pro209Leu mutation impaired the differentiation
of skeletal musdle cell line C2C12, although it caused no functional
alterations in the NRCs and in a cardiomyocyte cell line H9¢2. The
observations further suggested that the Arg258Trp variant was a
simple polymorphism not associated with the diseases.

BAGS3 is a co-chaperone protein and might not be directly in-
volved in the muscle contractile function. Recent genetic studies
have revealed that DCM is caused by the gene abnormalities not only
in the cytoskeletal/contractile proteins, but also in the noncytoar-
chitectural molecules distributed in the Z/I-band region [Kimura,
2010]. We previously reported a DCM-associated Argl57His mu-
tation in another chaperone protein, eB-crystallin, and this muta-
tion did not show abnormal localization in the cytoplasm of NRC,
whereas a myopathy-associated Argl20Gly mutation formed ag-
gregated cytoplasmic depositions [Inagaki et al., 2006]. BAG3 and
oB-crystallin bind with each other and both proteins serve to main-
tain protein homeostasis against the environmental stress [Hishiya
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Figure 2. Distribution of x-actinin and transiently expressed GFP chimeras of BAG3in NRCs. NRCs transfected with GFP-tagged BAG3constructs
for WT (A-C) or mutant {P209L, R218W, R258W, or L462P) (D-F, G-I, J-L, or M—0, respectively) were fixed 48 hr after the transfection, and stained
with DAPI and anti-«-actinin antibody followed by secondary antibody (B, E, H, K, and N). Merged images are shown in C,F, I, L, and 0. Inthe NRCs
showing myofibrils with Z-discs, GFP-BAG3-WT is observed at the Z-discs and cytoplasm (A-C). GFP-tagged BAG3 proteins carrying the MFM-
associated mutation, Pro209Leu, and nondisease-related variant, Arg258Trp, showed similar localization to that of WT {D-F and J-L, respectively).
In contrast, GFP-tagged BAG3 proteins carrying the DCM-associated mutations, Arg218Trp and Leu462Pro, showed diffused localization that
was associated with the disorganization of sarcomeric a-actinin (G-I and M-0). Arrows and arrowheads indicate the absence and presence,
respectively, of GFP-BAG3 protein in nuclei. Scale bars = 10 pm.
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Figure 3. Distribution of desmin and transiently expressed GFP chimeras of BAG3 in NRCs. NRCs transfected with GFP-tagged BAG3 constructs
for WT (A-C) or mutant (P209L, R218W, R258W, or L462P) (D-F, G-I, J-L, or M-0, respectively) were fixed 48 hr after the transfection, and stained
with DAPI and anti-desmin antibody followed by secondary antibody (B, E, H, K, and N). Merged images are shown in C, F, I, L, and O. In the
NRCs showing myofibrils with Z-discs, GFP-BAG3-WT is observed at the Z-discs and cytoplasm (A-C). GFP-tagged BAG3 proteins carrying the
Pro209Leu and Arg258Trp, showed similar localization to that of WT (D-F and J-L, respectively). In contrast, GFP-tagged BAG3 proteins carrying
the Arg218Trp and Leu462Pro, showed diffused localization that was associated with the disorganization of cytoskeletal desmin {G-| and M-0).
Arrows and arrowheads indicate the absence and presence, respectively, of GFP-BAG3 in nuclei. Scale bars = 10 pm.
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Figure 4. Differentiation of myoblasts into myotubes in C2C12 cells transiently expressed GFP chimeras of BAG3. C2C12 cells transfected with
GFP-tagged BAG3 constructs for WT (A-C) or mutant (P209L, R218W, R258W, or L462P) (D-F, G-I, J-L, or M-0, respectively) were differentiated for
5 days in low-serum culture condition, and stained with DAPI and anti-MF20 antibody followed by secondary antibody (B, E, H, K, and N}. Merged
images are shown in C, F, I, L, and Q. In the myotubes positively stained with MF20, GFP-BAG3 proteins were diffusely distributed in cytoplasm (A,
D, G, |, and M). Trinucleations (arrows) were observed in the myotubes transfected with GFP- BAG3 WT, Arg218Trp, Arg258Trp, and Leu462Pro,
but not in the myotubes transfected with GFP- BAG3 Pro209Leu (arrowheads). Scale bars = 10 um. [Color figure can be viewed in the online issue,
which is available at wiley.com/humanmutation.]
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Figure 5. Apoptosis induced by serum deprivation in NRCs transfected with GFP-BAG3. NRCs were transfected with GFP chimeras of WT
(A-C) or mutant (P209L, R218W, R258W, or L462P) (D-F, G-I, J-L, or M0, respectively). The NRCs were cultured under FBS-free condition for
additional 24 hr, fixed, subjected to the TUNEL assay, and stained with DAPI (B, E, H, K, and N). Merged images are shown in C, F, I, L, and O.
Representative images of TUNEL assays are shown (A, B, G, J, and M). Arrows indicate apoptotic cells with positive TUNEL staining as visualized
by red fluorescence; scale bars = 10 pum. [Color figure can be viewed in the online issue, which is available at wiley.com/humanmutation.]
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Figure 6. Quantitative analysis of apoptosis induced by doxorubicin in H9¢2 cells stably expressing GFP-BAG3. H9¢c2 cells stably expressing
each GFP chimera of BAG3in 96-well dishes were treated with 1 uM of doxorubicin for 24, 48, and 72 hr. Cell lysates were subjected to cell death
ELISA assay. Amounts of mono- and oligonucleosomes were measured at 405 nm, and referenced by 490 nm. Data are arbitrarily expressed as
means 4= SEM (n = 6 for each case). * P <0.01 versus WT; ** P< 0.001 versus WT.

et al,, 2011]. In addition, they have crucial roles in protein folding,
inhibition of protein aggregation, and degradation of misfolded
proteins as chaperone-related proteins [Hishiya et al., 2011]. How-
ever, disrupted co-localization of BAG3 and a-actinin was observed
for GFP-BAG3-Arg218Trp and GFP-BAG3-Leu462Pro without any
cytoplasmic aggregation of mutant BAG3 proteins, indicating that
the abnormal Z-disc assembly was directly associated with the BAG3
mutations. Itis worth noting that the functional alteration caused by
the DCM-associated BAG3 mutations was different from that by the
DCM-associated aB-crystallin mutation, which was the decreased
binding to titin N2-B region without disturbing the Z-disc assembly
[Inagaki et al., 2006].

The mechanism of altered Z-disc assembly caused by the DCM-
associated BAG3 mutations is not clear, but a knockdown of Bag3
in cardiomyocytes induced rapid myofibrillar degeneration and Z-
disc disruption under the condition of mechanical stress [Hishiya
et al., 2010], suggesting that BAG3 might play a pivotal role in the Z-
disc assembly during the myofibrillogenesis. In the transition from
nascent to mature myofibrils, Z-disc precursors, Z-bodies, eventu-
ally fuse laterally to form Z-discs at the trunk of myocytes, which
is accompanied by the induction of myofibrillar proteins, and this
may stabilize the sarcomere structure required for muscle contrac-
tion. In this study, it was suggested that the DCM-associated muta-
tions affected the assembly of sarcomere in NRCs. However, because
we did not assessed the turnover and/or reorganization of the Z-
discs, molecular mechanisms of disturbing the Z-disc organization
during myofibrillogenesis should be further investigated in future
studies.

The myofibrillar integrity under mechanical stress is maintained
by the BAG3-Hsc70 interaction [Hishiya et al., 2010}, and Hsc70 is
aregulator of a chaperone-dependent E3 ligase CHIP [Murata et al.,
2003; Pratt et al., 2010]. It was reported that CHIP-mediated degra-
dation of p53 was involved in the protection against myocardial
damage under ischemic condition [Naito et al., 2011]. These ob-
servations imply a possible link between the myofibrinogenesis and
stress-induced apoptosis of cardiomyocytes. It is well known that
serum deprivation and doxorubicin induce apoptosis of cultured
cardiomyocytes incdluding NRCs [Chao et al., 2005] and H9¢2 cells
[Chua et al., 2006}, and we demonstrated that the DCM-associated
BAG3 mutations increased the sensitivity to apoptosis of the car-
diomyocytes under the stressed conditions. Because BAG3 protein
possess antiapoptotic function by enhancing the activity of bel-2
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[Lee et al.,, 1999}, increased number of TUNEL-positive cells and
oligonucleosomes in NRCs and H9c2 cells, respectively, expressing
the DCM-associated BAG mutations might be due to the impaired
function of BAGS3 protein. Quite interestingly, we observed nuclear
localization of GFP-BAG3-Arg218Trp and GFP-BAG3-Leu462Pro
proteins in NRCs. Because the abnormal intranuclear accumulation
was not observed in the NRCs transfected with GFP-BAG3-WT,
GFP-BAG3-Pro209Leu, or GFP-BAG3-Arg258Trp, recruitment of
BAG3 protein into nuclei may be a specific phenomenon caused
by the DCM-associated mutations, which might be involved in the
apoptosis of cardiomyocytes leading to DCM. Because the nuclear
localization of mutant GFP-BAG3 proteins was observed in both
apoptotic and nonapoptotic cells, we could not conclude whether
the apoptosis was a direct consequence of the nuclear localization
of mutant GEP-BAG3 proteins. Additional studies will be required
to darify the issue.

Anumber of skeletal muscle diseasesand isolated DCM are caused
by mutations in the same genes [Arimura et al, 2007]. The pa-
tients with muscular diseases often suffer from cardiac involvement,
but most of the patients with isolated DCM do not manifest with
the skeletal muscle phenotype. The etiological link between the
inherited skeletal muscle diseases and hereditary DCM has raised
a question as how the mutations in the genes/proteins expressed
in both skeletal and cardiac muscles cause heart-specific pheno-
types in the isolated DCM. The most probable explanation was that
the phenotypic differences between the skeletal muscle disease and
DCM might be due to that mutations in specific and/or different
functional domains would affect specific functions. In this study,
we found that the MFM-associated mutation, Pro209Leu, did not
affect either the Z-disc assembly or the sensitivity to apoptosis. In
clear contrast, the DCM-associated Arg218Trp mutations, which lo-
cated near the Pro209Leu mutation, and the other DCM-associated
Leu462Pro mutation caused abnormalities in both Z-disc assem-
bly and sensitivity to apoptosis. It was reported that BAG3 protein
with the Pro209Leu mutation was found predominantly in the ab-
normal form of small discrete granules in the COS-7 cells [Selcen
etal,, 2009], but such abnormality was not observed in NRCs, H9c2
cells, and C2C12 cells in this study. The reason why the Pro209Leu
mutation did not show aggregations in the cardiomyocytes and
skeletal muscle cell line is not clear, but the COS-7 cells are used for
overexpression of genes from transfected constructs containing the
replication origin of SV40, raising a possibility that the aggregation
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was caused by the overexpression of mutant BAG3 proteins in the
COS-7 cells.

The MEM patients carrying the Pro209Leu mutation were re-
ported to demonstrate cardiac phenotypes of hypertrophic and/or
restrictive cardiomyopathy, which are different from DCM. It is
notable that the MEM patients manifested with cardiac pheno-
types of early onset in childhood. Because the patients carrying
the Arg218Trp or Leu462Pro mutations suffered from adult-onset
DCM (Table 1), it was speculated that the pathological mechanisms
of BAG3 mutations might be different between the cardiomyopathy
accompanied by MEM and isolated DCM. We demonstrated that
the MFM-associated Pro209Leu mutation impaired the formation
of multinuclear myotubes during the differentiation of C2C12 cells,
which was not found with the DCM-associated mutations. However,
this functional deficit may not associate with the cardiac phenotype
caused by the Pro209Leu mutation, because cell fusion during the
differentiation is specific to skeletal muscle cells and not found in
cardiomyocytes. On the other hand, disturbance of myotube forma-
tion by the Pro209Leu mutation might be an underlying mechanism
leading to skeletal muscle phenotypes in MEM, although it is not
clear how the Pro209Leu mutation causes axonal neuropathy with
giant axons [Odgerel et al., 2010]. Further studies will be required
to reveal the difference in the molecular mechanisms of disease
phenotypes caused by the BAG3 mutations.

In condlusion, we report here two heterozygous missense mu-
tations of BAG3 found in familial DCM, which cause abnormal
Z-disc assembly and increase the sensitivity to apoptosis in the car-
diomyocytes. We demonstrate here for the first time the association
between DCM and increased sensitivity to apoptosis accompanied
by the abnormality in myofibrillogenesis. However, the overexpres-
sion of mutant proteins in cultured cardiac myocytes has significant
limitation to mimic the situation in intact hearts. Further studies
on the functional role of BAG3 protein in the cardiac muscle will
help understanding the association between the abnormal function
of BAG3 protein and DCM.
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The Ca?* content in the sarcoplasmic reticulum (SR) determines the amount of Ca?* released, thereby
regulating the magnitude of Ca?* transient and contraction in cardiac muscle. The Ca®* content in the SR
is known to be regulated by two factors: the activity of the Ca?* pump (SERCA) and Ca®* leak through the
ryanodine receptor (RyR). However, the direct relationship between the SERCA activity and Ca?* leak has
not been fully investigated in the heart. In the present study, we evaluated the role of the SERCA activity
in Ca?* leak from the SR using a novel saponin-skinned method combined with transgenic mouse models
in which the SERCA activity was genetically modulated. In the SERCA overexpression mice, the Ca?*
uptake in the SR was significantly increased and the Ca?* transient was markedly increased. However,
Ca?* leak from the SR did not change significantly. In mice with overexpression of a negative regulator
of SERCA, sarcolipin, the Ca?* uptake by the SR was significantly decreased and the Ca?®" transient was
markedly decreased. Again, Ca®* leak from the SR did not change significantly. In conclusion, the selective
modulation of the SERCA activity modulates Ca?* uptake, although it does not change Ca?* leak from the
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1. Introduction

Cardiac muscle contraction is regulated by Ca?* released from
intracellular Ca?* stores in a region named the sarcoplasmic reti-
culum (SR), a central player in excitation—-contraction coupling
that allows actin-myosin interactions to produce active tension
[1]. Membrane depolarization opens L-type Ca2* channels, thereby
leading to Ca%* influx through the sarcolemma. A small increase in
[Ca?*]; due to Ca?* influx can trigger a large amount Ca2* release
from the SR through the Ca?* release channel (ryanodine receptor,
RyR) which is known as the Ca2*-induced Ca?* release mechanism
[2]. The amplitude of the intracellular Ca2* transient, which deter-
mines cardiac contractility, is largely dependent on the Ca%* content
in the SR [1]. Two important regulators of the Ca%* content in the
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Medicine, The Jikei University School of Medicine, 3-25-8 Nishi-shimbashi, Minato-
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SR are the activity of the Ca?* pump (sarco/endoplasmic reticu-
lum Ca?*-ATPase, SERCA), which actively transports Ca®* from the
myoplasm to inside the SR, and Ca?* leak through the RyR. The
amount of Ca2* released from the SR is known to exhibit a steep
relationship with the Ca?* content in the SR, and a small change
in the Ca?* content can produce a large change in the amount of
Ca?* released [3]. This mechanism is thought to be important for
changes in the activity of SERCA to modulate [Ca®*];. Recent stud-
ies revealed that changes in the amount of Ca2* leak through the
RyR also regulate the Ca2* content and the amplitude of [Ca?*};
under both physiological and pathophysiological conditions [4,5].
Under physiological conditions, Ca2* leak occurs during diastole
and can prevent Ca2* overload upon the increased Ca®* cycling
(such as sympathetic nervous stimulation) [5]. Moreover, a recent
report suggested that differences in the amount of CaZ* leak can
explain the strain differences observed in Ca?* handling among
mouse strains [6]. Under pathophysiological conditions, such as
heart failure, excess Ca2* leak from the SR decreases the Ca®* con-
tent in the SR and hence reduces the amount of Ca?* available to
produce cardiac contractions, possibly due to the phosphorylation
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of the RyR [4,7]. Although these two regulators (the SERCA activity
and Ca?* leak) are important for modulating cardiac contractility,
the direct relationship between the SERCA activity and Ca®* leak
has not been fully investigated due to the lack of ideal models to
estimate these two activities separately in the same experimental
sample and the difficulty of selectively modulating the SERCA activ-
ity in vitro. The Ca?* leak function has been investigated in single
cardiomyocytes using Ca?* spark measurement {8] and pharma-
cological inhibition of Ca?* leak {7] and in the lipid bilayer using
electrical Ca?* flux measurement [9]. In contrast, the Ca* uptake
function has been estimated in microsomal fraction-enriched SR
using fluorescence dye or radioisotopes [10]. Therefore, it is diffi-
cult to estimate Ca?* uptake and Ca?* leak separately in the same
experimental sample using the above methods.

Recently, we reported a novel method to estimate Ca%*
uptake and Ca2* leak separately in the same preparation using
saponin-skinned mouse left ventricular preparations [5]. We also
created two transgenic mouse models of selectively increasing or
decreasing the SERCA activity [10,11]. In the present study, we
investigated the direct interaction between the SERCA activity and
Ca?* leak using the saponin-skinned method combined with trans-
genic ' mouse models in which the SERCA activity was selectively
modulated. We also determined the changes in the level of [Ca?*];
and contractions in these transgenic mouse models to estimate the
relationship between the SERCA activity and Ca®* leak under beat
to beat conditions.

2. Materials and methods
2.1. Animals

All experiments were performed in accordance with the Guide-
lines on Animal Experimentation of The Jikei University School of
Medicine. The study protocol was approved by the Animal Care
Committee of The Jikei University School of Medicine (Approval
number: 19-049C1). The investigation conformed to the Guidelines
for the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23, revised
1996).

Transgenic (TG) mice with cardiac-specific overexpression of
rabbit cardiac SERCA (SERCA-TG) were generated under the control
of the cardiac a-MHC gene promoter in the C57BL/6 background
using the same procedure we previously employed to generate
mutant SERCA2 (K397/400E)-overexpression mice [10]. Genotyp-
ing was performed to identify mice with the transgene using the
following primers: 5-AGG AGA AGG ACG GAC AAG GA-3' and
5'-TGG AGG AGG TGG CAG AAA CA-3'. Non-transgenic littermate
(NTG) mice were used as controls. The SERCA-TG mice were born
in the expected Mendelian ratios and had a normal life span as
wild-type mice.

The generation of mice with a cardiac-specific overexpression
of sarcolipin (SLN-TG) has been previously reported [11]. Briefly,
flag-tagged SLN was overexpressed under the control of the car-
diac B-MLC gene promoter in the FVB background, and genotyping
was performed in the mice with flag-tagged SLN using the fol-
lowing primers: 5'-CAG CCT CTG CTA CTC CTC TTC CTG CCT GIT
C-3" and 5'-GTA GGA CCT CAC AAG GAG CCA AAT AAG-3'. NTG
mice were also used as control. The SLN-TG mice were born in
the expected Mendelian ratios and had a normal life span com-
pared with wild-type mice. The left ventricular pressure and heart
rate values were also the same between the SLN-TG mice and NTG
mice (data not shown). No major Ca* handling proteins, including
SERCA, were altered. The SERCA activity was significantly decreased
in the SLN-TG mice hearts, without changes in sensitivity to the Ca?*
concentration, as previously described [11].

2.2. Preparations

The papillary muscles or trabeculae dissected from the left ven-
tricle of 10- to 12-week-old mice were used for the experiments
[5,12]. The hearts were quickly removed from mice anesthetized
with sodium pentobarbital (200-300mg/kg i.p.). The aorta was
cannulated with a blunted 18 G needle, and the heart was mounted
on a Langendorff apparatus perfused with Tyrode’s solution con-
taining 2 mmol/L of Ca®* at constant pressure for five minutes
[5,12]. The heart beat was completely stopped by changing the
solution to a solution containing 20 mmol/L of 2, 3-butanedione
monoxime (BDM) (Nacalai Tesque, Inc., Kyoto, Japan). The left ven-
tricle was opened, and the papillary muscles or thin trabeculae
were dissected.

2.3. Measurement of intracellular Ca®* transient and isometric
tension

A Ca?* sensitive photoprotein aequorin was used to measure
the intracellular Ca?* transient (CaT) simultaneously with isomet-
ric tension in the left ventricular papillary muscle preparations
[12]. The aequorin was microinjected into 50-100 superficial cells
of each preparation by applying high pressure with nitrogen gas
using glass micropipettes. The preparation was electrically stim-
ulated with platinum electrodes (1 mmol/L Ca%*, 0.5Hz, 30°C)
and the evoked aequorin light signal was recorded using a
photomultiplier (EMI9789A, Ruislip, UK) simultaneously with
measurement of the isometric tension (BG-10, Kulite, NJ, USA).
The aequorin light signals were averaged and converted to
the intracellular Ca?* concentration using in vitro calibration
[13].

2.4. Measurement of the Ca®* content in the SR

The method used to estimate the SR function has been pre-
viously reported (Supplementary Figure I) [5] [14]. Briefly, the
papillary muscles or trabeculae were cut along the longitudinal axis
(=200 pm x 2-5mm) in the experimental solution and both ends
of the preparation were tied to a tungsten wire with silk threads.
Then, the preparation was permeabilized with saponin (50 p.g/ml)
in the relaxing solution for 30 minutes and inserted into a glass
capillary tube placed on an inverted microscope (Nikon, Tokyo,
Japan). An excitation light wavelength of 488 nm and emission
wavelength of longer than 510nm through a cut-off filter (DM-
510, Nikon, Tokyo, Japan) were used to monitor the fluorescence
signal of fluo-3 (Dojindo Laboratories, Kumamoto, Japan) using a
fluorometry system (CAM-230, JASCO, Tokyo, Japan).

In the Ca?* uptake assay (Supplementary Figure IA-D), after
the SR was loaded with Ca* by activating SERCA with adenosine
triphosphate (ATP) (4 mmol/L), caffeine (50 mmol/L) was applied
to release the accumulated Ca2* from the SR into the experimen-
tal solution containing fluo-3 (30 pM). As fluo-3 predominantly
binds most of the Ca?* released from the SR, the fluo-3 fluo-
rescence change upon Ca?* binding provides an estimate of the
amount of accumulated Ca2* in the SR before caffeine application.
In the Ca?* leak assay (Supplementary Figure IE-H), the preparation
was perfused with the experimental solution containing ethylene
glycol bis[B-aminoethylether]-N, N, N’,N'~tetraacetic acid (EGTA)
(1 mmol/L) for various durations following Ca2* loading, and then
the remaining Ca2* was measured using the same protocol. We then
estimated the maximal Ca2* content, which reflects the level of
Ca?* fully-loaded in the SR, by extrapolating of the sampling point
of each Ca®* content to reach the Ca?* content at time zero. The
amount of Ca2?* leak was estimated by subtracting the remaining
Ca?* content from the maximal Ca* content (see the Supplemen-
tary Data for details).
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2.5. Solutions and chemicals

Tyrode’s solution buffered with N-2-hydroxyethyl-piperazine-
N-2-ethanesulfonic acid (HEPES) was used for Langendorff
perfusion of the hearts, dissection of the preparations and the
aequorin experiment. The composition of the Tyrode’s solution was
as follows: 136.9 mmol/L of NaCl, 5.4 mmol/L of KCl, 0.5 mmol/L of
MgClp, 1-2 mmol/L of CaCl,, 0.33 mmol/L of NaHPOy4, 5 mmol/L of
HEPES and 5 mmol/L of glucose. The pH was adjusted to 7.40 4 0.05
with NaOH at 30°C, and the solution was equilibrated with 100%
0;.

The solutions used to estimate the SR function was based on
potassium methanesulfonate (KMS) (103-164 mmol/L) to main-
tain a constant ionic strength under various conditions. The Ca%*
concentration was below pCa 8, except for the “loading” period
(between pCa 8 and pCa 5.6). The experimental solution contained
20mmol/L of NaNs to block the Ca?* uptake in the mitochon-
dria and 20 mmol/L of piperazine-N-N’-bis[2-ethanesulfonic acid]
(PIPES) (ionic strength, 0.2 mol/L; temperature, 22 °C; pH adjusted
with KOH). ATP (4 mmol/L) was present during the “load” period
to activate the SERCA in the loading step. Each assay solution
contained 50 mmol/L of caffeine and 25 mmol/L of adenosine-5'-
monophosphate (AMP) to open the Ca?* release channel (RyR) of
the SR effectively. Fluo-3 was added to the “pre-assay” and “assay”
solutions at a final concentration of 30 uM [5,14] (see Supplemen-
tary Table 1 for details).

All reagents were purchased from Sigma-Aldrich (Saint Louis,
MO), unless otherwise indicated.

2.6. Statistics

All measured data are presented as the means + standard error
of the mean (SEM). Statistical significance was estimated using the
unpaired Student’s t-test for two sets of data and using a one-
way analysis of variance (ANOVA) followed by the Bonferroni post
hoc test for multiple comparisons, with the significance level set
at p<0.05. All statistical analyses were performed using the SPSS
software program version 11.5 (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Protein expression levels and hemodynamics of the
SERCA-TG mice

In the hearts of the SERCA-TG mice, the SERCA protein levels
were significantly increased (1.68 £0.10-fold increase) compared
to those observed in the NTG mice, as demonstrated by Western
immunoblotting (n=3 for SERCA-TG, n=3 for NTG) (Supplemen-
tary Figure II). No other major Ca2* handling proteins were altered.
The left ventricular pressure and heart rate values were the same
between the SERCA-TG mice and NTG mice (n=6 for SERCA-TG,
n=6 for NTG) (Supplementary Figure III).

3.2. Effects of selective upregulation of the SERCA activity on the
Ca?* transient and isometric tension in the intact preparations

First, we investigated the Ca?* handling and contractions in the
SERCA-TG heart. We evaluated the Ca2* transient and isometric ten-
sion under field stimulation at 0.5 Hz, because the contractility of
the isolated muscle preparation is stable at a lower stimulation fre~
quency during the long period of the experiments [12]. However,
we also evaluated these under a higher stimulation frequency (up
to 2 Hz) and found similar results to those observed at 0.5 Hz (data
not shown). The left graphs of Fig. 1 present representative traces
of the Ca?* transient (A) and isometric tension (B) recorded from
the intact papillary muscle preparations of the SERCA-TG and NTG

hearts. The peaks of the Ca%* transient and isometric tension were
significantly increased in the SERCA-TG hearts compared to that
observed in the NTG hearts (p<0.05) (n=6 for SERCA-TG, n=8 for
NTG). The time to reach the peak of the Ca?* transient (TP) did not
change significantly; however, the decay time of the Ca?* transient
from the peak to half of the peak (DT) was significantly shortened
in the SERCA-TG hearts (p<0.01). Both the time to reach the peak
of tension (TPT) (p<0.01) and the relaxation time from the peak
tension to half the peak (RT) (p < 0.01) were significantly shortened
in the SERCA-TG hearts.

3.3. Effects of selective upregulation of the SERCA activity on the
SR function in the saponin-treated preparations

We then estimated the SR function in the SERCA-TG hearts.
Fig. 2A shows the time-dependent changes in Ca%* uptake into the
SR estimated in the loading solution at pCa 7 using the saponin-
skinned preparations (n=13 for SERCA-TG, n=8 for NTG). The
amount of Ca2* uptake was significantly accelerated in the early
phase (less than 10 s) of Ca2* loading in the SERCA-TG hearts. Fig. 2B
shows the Ca?*-dependent changes in the Ca?* uptake estimated
at the early phase of Ca?* loading (n=16 for SERCA-TG, n=16 for
NTG). At the fixed loading time of 105, the amount of Ca?* uptake
into the SR was significantly increased between pCa 7.4 and pCa 6.6
in the SERCA-TG hearts. The maximal Ca®* content was estimated
in the SERCA-TG and NTG hearts. As shown in Fig. 2C, the maximal
Ca?* content in the SERCA-TG hearts was not significantly different
from that observed in the NTG hearts (n=29 for SERCA-TG, n=24
for NTG).

Finally, we investigated Ca?* leak from the SR under the selec-
tive overexpression of SERCA. Fig. 2D shows the time-dependent
changes in Ca?* leak from the SR (n=29 for SERCA-TG, n=24 for
NTG). The time course of Ca2* leak was identical between the
SERCA-TG and NTG hearts.

3.4. Effects of selective downregulation of the SERCA activity on
the Ca?* transient and isometric tension in the intact preparations

In the next series of experiments, we investigated the role of the
selective downregulation of SERCA on excitation-contraction cou-
pling using SLN-TG hearts. We first estimated the Ca?* transient
and isometric tension of the intact papillary muscle preparations
obtained from the SLN-TG and NTG mice. The left graphs of Fig. 3
show the representative traces of the Ca?* transient (A) and iso-
metric tension (B) recorded from the preparations of the SLN-TG
and NTG hearts. Both the peak of the Ca?* transient (p<0.01) and
the peak of tension (p<0.01) were significantly decreased in the
SLN-TG hearts (n=7 for SLN-TG, n=10 for NTG). The TP did not sig-
nificantly change, whereas the DT was significantly prolonged in
the SLN-TG hearts (p <0.01). Both the TPT (p <0.05)and RT (p <0.01)
were significantly prolonged in the SLN-TG hearts. .

3.5. Effects of selective downregulation of the SERCA activity on
the SR function in the saponin-treated preparations

We then estimated the SR function in the SLN-TG and NTG hearts
using the saponin-skinned preparations. The amount of Ca?* uptake
was significantly attenuated in the early phase (less than 15s) of
exposure to the loading solution at pCa 6.2 in the SLN-TG hearts
(Fig. 4A) (n=11 for SLN-TG, n=12 for NTG). At the fixed loading
time of 15 s, the amount of Ca?* uptake was significantly decreased
between pCa 6.6 and pCa 6.2 in the SLN-TG hearts (Fig. 4B) (n=18
for SLN-TG, n=16 for NTG). We also estimated the maximal Ca?*
content in the SR and found no significant differences between the
SLN-TG and NTG hearts (Fig. 4C) (n=29 SLN-TG, n=28 for NTG).
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Fig. 1. Ca?" transient and isometric tension in the intact preparations from the SERCA-TG hearts. (A) The left graph shows representative traces of the Ca?* transient from
the left ventricular papillary muscle in the SERCA-TG (red) and NTG (black) hearts. The bar graphs show the amplitude, time to reach the peak (TP) and decay time from the
peak to half of the peak (DT) of the Ca* transient in the SERCA-TG (red) and NTG (black) hearts. (B) The left graph shows representative traces of isometric tension in the
preparations obtained from the SERCA-TG (red) and NTG (black) hearts. The bar graphs show the amplitude, time to reach the peak (TPT) and relaxation time from the peak
to half of the peak (DT) of tension in the SERCA-TG (red) and NTG (black) hearts.
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during exposure to the loading solution at pCa 7. (B) The Ca?* uptake estimated at 10s of exposure to the loading solution of various pCa. (C) The maximal Ca?* content of
the SR in the SERCA-TG and NTG hearts. (D) The time-dependent changes in Ca?* leak from the SR following Ca®* loading at pCa 6.2 for 120s.
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peak to half of the peak (DT) of the Ca?* transient in the SLN-TG (green) and NTG (black) hearts. (B) The left graph shows representative traces of isometric tension in the
preparations obtained from SLN-TG (green) and NTG (black) hearts. The bar graphs show the amplitude, time to reach the peak (TPT) and relaxation time from the peak to
half of the peak (DT) of tension in the SLN-TG (green) and NTG (black) hearts.
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