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Figure 4 .

Cardiac-MLCK regulates the initiation of sarcomere assembly in cultured cardiomyacytes through MLC2v phosphorylation. Original magnification,
x1,000 (upper and lower panels); x2,000 (middle panels). (A—F) Cardiomyocytes were transfected with control siRNA (A~C) or si-cMK (D—F).
Middle panels show higher magnification of boxed regions in top panels. In serum-containing conditions, si-cMK~transfected cardiomyocytes
showed reduced levels of MLC2v phosphorylation (D) compared with control siRNA-~transfected cardiomyocytes (A), although both exhibited
regularly organized sarcomere structures. Actin staining in cardiomyocytes cultured in serum-free conditions revealed a punctuated pattern in
the sarcomeres (B and E); moreover, the degree of MLC2v phosphorylation was reduced in the si-cMK—transfected cardiomyocytes compared
with the control siRNA—transfected cardiomyocytes. Stimulation with 2 uM epinephrine provoked upregulation of MLC2v phosphorylation and
sarcomere reassembly in control siRNA-transfected cardiomyocytes (C), but not in si-cMK-{ransfected cardiomyocytes (F). (G) We confirmed
the levels of MLC2v phosphorylation shown in A=F using immunaoblot analysis. (H) Quantitation of the levels of phosphorylated MLC2v shown
in G. Values are mean + SEM. (l) Percentage of the cells with organized sarcomeres. There was no significant difference between the popula-
tions of cardiomyocytes transfected with control siRNA and si-cMK under either serum-containing or serum-free conditions. The percentage of
the cells with organized sarcomeres was significantly higher for the control siRNA-transfected cardiomyocytes than for the si-cMK—transfected
cardiomyocytes. Values are mean + SEM. p-MLC2v, phosphorylated MLC2v. **P < 0.001.

MO:s effectively deleted the targeted exons, inducing comparable
ventral swelling phenotypes (Figure 6, D-F). The finding that 4
different MOs produced similar results suggests that the cardiac
phenotypes resuited from a loss of the kinase acdvity of z-cardiac-
MLCK. To evaluate the cardiac phenotype of the z-cMKaugMO
morphants in detail, we examined the SAG4A zebrafish strain,
which specifically expresses GFP in the cardiac ventricle (14). After
injecting z-cMKaugMO into SAG4A embryos, cardiac motion at
72 hpf was imaged with a high-sensitivity digital camera atcached
to a fluorescence stereomicroscope (Figure 6G and Supplemental
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Movies 1 and 2; supplemental material available online with this
article; doi:10.1172/JCI30804DS1). Recordings were converted
to motion mode (M-mode) images using our original software
(Figure 6H). From these images, we determined the end-diastolic
dimension (Dd), end-systolic dimension (Ds), and fractional short-
ening (FS) of the cardiac ventricle. These data are summarized in
Table 2, and the results indicate that the cardiac dimensions of
the z-cMKaugMO morphants were significantly larger than those
of control zebrafish embryos (Dd, 79.6 + 3.7 versus 117.0 £ 10.4
wm; Ds, 50.3 + 6.5 versus 76.0 £ 7.0 um; P < 0.0001 for both com-
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Figure 5

Cardiac-MLCK is highly conserved
in several vertebrates, inciuding
zebrafish. (A) Cardiac-MLCK is evo-
lutionarily conserved in vertebrates,
including humans (Hu), dogs (Ca),
mice (Mm), chickens (Gg), and
zebrafish (z), with the highest degree
of homology in the C-terminal por-
tion of the serine/threonine kinase
domain. Black backgrounds indicate
identical amino acids. Amino acids
in the ATP-binding region are shown
in blue; those in the kinase active
site are shown in red. {(B—{) Whole-
mount in situ hybridizations depict
the expression of z—cardiac-MLCK
(z-cMK) in zebrafish embryos hybrid-
ized with z—cardiac-MLCK-specific
antisense probe (B, C, F, and G) or
z—cardiac-MLCK sense probe (D, E,
H, and ). At 24 hpf, z-cardiac-MLCK
was expressed in heart precursor
cells (arrow). At 48 hpf, z—cardiac-
MLCK was selectively expressed in
the heart (asterisks denote atrium [a]
and ventricle [v]).

48 hpt

z-cMK antisense

2-cMK sense

parisons). We did not, however, observe a significant difference
in cardiac contractility as assessed by the FS (36.9% t 7.1% versus
34.9% £ 4.1%; NS), likely because of a compensatory upregulation
of inotropy. In support of this hypothesis, we observed that the
heart rate was significantly higher in the z-cMKaugMO morphants
(184 £ 14.5 versus 216 £ 24.7 bpm; P = 0.0017). At 5-6 days after
fertilization, the z-cMKaugMO morphants developed systemic
edema and died of circulatory disturbances. Histopathologic anal-
ysis demonstrated that the ventral swelling in the z-cMKaugMO
morphants reflected pericardial edema. Although the cardiac atria
were almost normal, the ventricular walls of the morphants were
thinner than those of control zebrafish embryos (Figure 7, A-D).
Transmussion electron microscopy revealed that only a few poorly
differentiated sarcomere structures were present in the ventricles
of the z-cMKaugMO morphants (Figure 7, G-J); no other appar-
ent abnormalities were detected in the atrial sarcomeres {Figure
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7, E and F). These dara suggest that cardiac-MLCK is required for
sarcomere formation in the developing heart.

Cardiac-MLCK is upregulated during myofibrillogenesis and in mam-
malian models of beart failure. Sarcomere organization in cardiomy-
ocytes in vivo is supposed to occur during myofibrillogenesis. In
the rat heart, the mRNA and protein levels of cardiac-MLCK were
upregulated from 1 week after birth through adulthood (Figure
8, Aand B). The expression of cardiac-MLCK mRNA was also ana-
lyzed in mammalian models of heart failure. Myocardial infarc-
tions (MIs) were produced in Wistar rats by permanently ligating
the left anterior descending artery. Ac 4 weeks after the onset of
MI, heart failure developed. The hemodynamic and echocardio-
graphic parameters of the MI and sham-operated rats are sum-
marized in Table 3. In MI rats, the LV end-diastolic pressure and
LVDd were significantly higher than in sham-operated rats (LV
end-diastolic pressure, 20.5 + 8.2 versus 3.2 + 1.0 mmHg; P < 0.01;
October 2007
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the results obtained with the
microarray analysis of human
failing myocardia.

Discussion

In this study, we performed
microarray analysis of human
failing myocardia to iden-
tify new genes involved in the
pathophysiology of CHF. By
comparing mRNA expres-
sion analysis with the clinical
parameters of the patients, we
identified what we believe to be
a novel candidate gene, MYLK3
(encoding cardiac-MLCK), that
had not been isolated in previ-
ous microarray studies of heart
failure (15). Upregulacion of
MYLK3 transcription in failing
myocardia was confirmed in
mammalian models of heart
failure, such as MI rats. In this
experiment, mRNA expression
of cardiac-MLCK was signifi-
cantly upregulated in MI rats
with heart failure, and the rela-
tive expression profile was well
correlated with that of ANP, a

z-cMKaugMO
z-MLCspMO2

Figure 6

Suppression of z—cardiac-MLCK expression induced dilatation of the cardiac ventricle in zebrafish embryos.
(A and B) Control mock-injected zebrafish embryos and zebrafish embryos injected with z-cMKaugMO
produced the phenotype of ventral swelling at 48 hpf (A) and 72 hpf (B). (C) Zebrafish embryos injected
with MOs with 5-base mismatch to z-cMKaugMO (z-mismatchMO) showed phenotypes comparable to
those of controis. (D and E) Injection of specific MOs designed to interfere with the splicing of z—cardiac-
MLCK exon 4 (z-cMKspMO4; D) or exon 6 (z-cMKspMOS; E) or with the splicing of z-MLC2v exon 2
(2-MLCspMO2; F), which coded for the phosphorylatable serine residue, also induced the phenotype of
ventral swelling. RT-PCR products amplified from cDNA produced from the morphants were shorter than
those obtained from control embryos due to the removal of the targeted exons. (G) Cardiac motion in
the control embryos and z-cMKaugMO morphants. Shown are end-diastolic (left) and end-systolic (right)
phases of the cardiac ventricular cycle in a control embryo and z-cMKaugMO morphant. (H) Represen-
tative M-mode images of both control embryo and z-cMKaugMO morphant hearts. Scale bars: 50 um.

Original magnification, x20 {(A-F); x100 (G).

LVDd, 9.8 £ 0.3 versus 6.8 + 0.5 mm; P < 0.01), whereas the maxi-
mum LV peak rate of change in pressure during isovolumic con-
traction (Max dP/dt) and FS were significantly lower than in
sham-operated rats (Max dP/dt, 5,845 + 1,156 versus 9,440 + 644
mmHg/s; P < 0.01; FS, 12.0 + 3.1 versus 44.0 + 7.8%; P < 0.01).
In MI rats, MYLK3 expression was significantly upregulated com-
pared with that in the sham-operated rats (relative cardiac- MLCK
mRNA expression, 1.46 £ 0.42 versus 1.00  0.15; P < 0.05; Figure
8C). Furthermore, the relative mRNA expression level of cardiac-
MLCK was significantly correlated with that of ANP (r = 0.778,
P < 0.005; Figure 8D). Upregulation of cardiac-MLCK expres-
sion in the infantile heart suggests cardiac-MLCK participates in
myofibrillogenesis. Additionally, upregulation of cardiac-MLCK
mRNA levels in mammalian models of heart failure confirmed
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representative marker of CHF.

MLCK family members in
muscle are sarcomeric protein
kinases that phosphorylate a
serine residue near the amino
terminus of the myosin regula-
tory light chain. In cardiac mus-
cle, phosphorylation of MLC2v
led to sarcomere organization,
an event that represents cardiac
hypertrophy in cultured neo-
natal rat cardiomyocytes (13).
skMLCK is thought to be the
predominant kinase that acts
on MLC2v, and a gradient of
MLC2v phosphorylation in the
cardiac wall from endocardium
to epicardium is responsible for the generation of cardiac torsion
(9). A recent study using skMLCK-deficient mice, however, revealed
that removing skMLCK did not result in a cardiac phenotype (10).
Furthermore, in the current study and previous studies, skMLCK
expression was not detected in the heart by either Western blotting
or RT-PCR (16), suggesting the existence of an as-yet unknown
kinase that phosphorylates MLC2v in cardiac muscle.

We identified cardiac-MLCK, which serves as a specific kinase
for MLC2v in.cardiac muscle. In cultured cardiomyocytes, cardi-
ac-MLCK regulates sarcomere assembly through the phosphory-
lation of MLC2v. When isolated cardiomyocytes were cultured
under serum-free conditions, established sarcomere structures
were disrupted. Overexpression of recombinant cardiac-MLCK
and exogenous stimulation by epinephrine promoted sarcomere
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Table 2
Cardiac physiological characteristics of contro} and morphant
zebrafish embryos

Contro! Morphant P
Dd (um) 796+ 3.7 117+ 104 <0.0001
Ds (um) 503+ 6.5 760£7.0 <0.0001
FS (%) 369271 349141 NS
HR (bpm) 184 + 14.5 216+ 24.7 0.0017

Values are mean + SEM. n = 12 per group. HR, heart rate.

reassembly through MLC2v phosphorylation. Similar findings
have previously been reported using recombinant constitutively
active skMLCK (13). We further elucidated the physiologic
roles of endogenous cardiac-MLCK using siRNAs. Decreases in
MLC2v phosphorylation following the introduction of si-cMK
significantly impaired epinephrine-induced sarcomere reassem-
bly. Additionally, specific knockdown of cardiac-MLCK did not
affect to the expression of other sarcomere-related proteins such
as troponin T, desmin, and a-actinin. These proteins are thought
to have important roles in sarcomere and myofibril formation
(17-19). Thus, in cardiomyocytes, phosphorylation of MLC2v by
cardiac-MLCK is an essential step for the initiation of sarcomere
assembly. Upregulation of the protein levels of cardiac-MLCK in
infantile rat heart supports this idea.

In this experimental model, no phenotypic alterations were
observed following knockdown of cardiac-MLCK in cultured car-
diomyocytes. This apparently paradoxical result occurred because
phosphorylation of MLC2v is upregulated in cultured cardiomyo-
cytes until 36 hours after plaring, after which it is gradually down-
regulated. In the siRNA-mediared gene knockdown experiment, a
reduction in the cardiac-MLCK protein level that was sufficient to
decrease the phosphorylation of MLC2v was only obtained 60-72
hours after isolation. Therefore, by the time the required level of
protein suppression was achieved, primary sarcomere assembly
had been completed, and the subsequent decreases in MLC2v phos-
phorylation did not disrupt established sarcomere structures.

Reduction of cardiac-MLCK levels in zebrafish embryos through
the injection of z-cMKaugMO resulted in ventral swelling, which
has been previously reported to be a representative phenotype of
cardiac abnormalities in zebrafish embryos (20, 21). The reliability
of the results obtained with z-cMKaugMO was confirmed using

Figure 7

Histology of the zebrafish heart at 48 hpf. (A-D) Longitudinal sections
stained with hematoxylin and eosin. Scale bars: 50 ym. (E—J) Trans-
mission electron micrographs. Scale bars: 2 um. (A and B) Histology
of control zebrafish hearts at 48 hpf. A relatively thick ventricular wall
was apparent (B, arrowheads). (C and D) Pericardial edema and a
thinner ventricular wall (D, arrowheads) were observed in 2-cMKaug-
MO morphants. (E and F) In the atria, the sarcomere structures were
well differentiated in both the control embryos and the 2-cMKaugMO
morphants. In the ventricles of control embryos, robust sarcomere
structures were observed (G and H), whereas the ventricies of the
2-cMKaugMO morphants contained sparse and immature sarcomere
structures (I and J). images in B, D, H, and J show higher magnifi-
cations of the boxed areas in A, C, G, and I, respectively. Asterisks
denote sarcomere structures (s).
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multiple MOs that targeted not only cardiac-MLCK but also its
substrate, MLC2v. In each experiment, reproducible results were
obtained. Another MO that has 5-base mismactch to z-cMKaugMO
was also examined as a negarive control MO. Further analysis
revealed dilatation of the ventricle with a thinned ventricular wall
and immature sarcomeres in the morphants. The fragility of the
ventricular wall as a result of insufficient sarcomere formation may
have caused the ventricular dilatation. Although ventricular func-
tion as assessed by FS was preserved in the morphants, this might
have been due to some positive inotropic effects, which were sug-
gested by the increased heart rate observed in the z-cMKaugMO
morphants. Although several reports have investigated the effects of
MLC2v phosphorylarion in striated muscle contractions, including
in cardiac muscle, the in vivo ventricular role of MLC2v phosphory-
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Figure 8
Expression of cardiac-MLCK is upregulated in
infartile rat myocardia and failing rat myocar-
dia. (A) mRNA expression of cardiac-MLCK
was also upregulated in rat myocardia from 1
week after birth to adulthood. The levels of car-
diac-MLCK protein were upregulated in infantile
myocardia 1-2 weeks after birth. (B) The levels
of cardiac-MLCK protein were upregulated in
infantile myocardia 1-2 weeks after birth. (C)
mRNA expression of cardiac-MLCK was sig-
nificantly upregulated in failing rat myocardia.
n = 5 (sham-operated); 8 (Ml). Filled symbols
represent values from individual mice; open sym-
i bols with bars represent mean + SEM. *P < 0.05.
(D) The relative mRNA expression levels of ANP
and cardiac-MLCK were significantly correlated
{r = 0.778; P < 0.005).

20 2 4 6 8 1012 14 16 18 20

Ratio of mRNA expression (ANP)

lation is still not well understood (22, 23). To explore how cardiac-
MLCK contributes to ventricular function, other experiments, such
as a skinned fiber study, should be performed. A similar cardiac
phenotype was reported in a recent study investigating the zebra-
fish tel mutant, in which the gene encoding MLC2v was disrupted
by an N-ethyl-N-nitrosourea-induced mutation. The authors con-
cluded that MLC2v is essential for the assembly of myosin thick
filament (24). The observation of incomplete sarcomere formation
resulting in a dilated ventricle in zebrafish embryos after injection
of z-cMKaugMO can be explained by an inability to initiate sarco-
mere assembly as a result of reduced cardiac-MLCK levels.

Our results prompt the important question of how cardiac-
MLCK is involved in the pathophysiology of CHF. In failing myo-
cardia, decreases in myofibrillar proteins such as titin, myosin,
and actin, together with the sarcomere defects, have been iden-
tified (25, 26). Reduced expression of MLC2v protein as a result
of protease-mediated cleavage and reduced phosphorylation of
MLC2v have also been reported in the myocardia of patients with
dilated cardiomyopathy. These changes produced unstable, short
myofilaments following defective assembly of the myosin thick
filaments (27, 28). Our preliminary data also revealed that the pro-
tein expression of cardiac-MLCK and the extent of MLC2v phos-
phorylation were remarkably decreased in failing myocardia of
trans-aortic constriction mice compared with those of sham-oper-
ared mice. Previous reports and our present results suggest that
cardiac-MLCK may be upregulated to compensate for the lower
expression and reduced phosphorylation of MLC2v. As a possible
therapeutic modality in patients with CHF, upregulation of car-
diac-MLCK may promote sarcomere reassembly and enhanced
contractility of the failing heart.

Methods

Animals. All procedures were performed in conformity with the Guide for
the care and use of laboratory animals (NIH publication no. 85-23, revised
1996) and were approved by the Osaka University Committee for Labora-
tory Animal Use.
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Materials. We used commercially available anti-FLAG-M2 antibody and
anti-FLAG-M2 affinity gel (Sigma-Aldrich), monoclonal mouse anti-tro-
ponin T cardiac isoform antibody (NeoMarkers), monoclonal mouse anti-
human desmin Antibody (Dako Corp.), and polyclonal goat anti-a-acrinin
(N-19) antibody (Santa Cruz Biotechnology Inc.). Epinephrine hydrochlo-
ride was purchased from Sigma-Aldrich. We also generate RcMK, anti-
human smMLCK, tMLC, and p-s15MLC.

Microarray analysis. For microarray analysis, 2 RNA samples of human
normal myocardium and 12 samples of failing myocardium were used.
Failing myocardium samples were obtained from severe CHF parients by
Batista or Dor operation after obtaining the parients’ written informed
consent. PAP was measured 2-4 weeks before the operation, and ejection
fraction (EF) was measured by echocardiography the day before the opera-
tion. Normal samples were purchased from Biochain Inc. Cardiac gene
expression was determined using the HG-U9S Affymetrix GeneChip. All
expression data were normalized by global scaling and analyzed by Gene-
Spring software (Agilent Technologies). All expression data were normal-
ized per gene and analyzed after removing noise and unreliable dara. PAP,
EF, and BNP values were normalized to their median values, and the cor-
relation between gene expression and the clinical parameters was evalu- .

Table 3
Hemodynamic and echocardiographic characteristics of Mi and
sham-operated rats ’

Sham Ml P
LVSP (mmHg) 126.8+ 109 125.5+11.0 NS
HR (bpm) 4154104 407.6£23.0 NS
Max dP/dt (mmHg/s) 9,440 + 644 5,845 + 1,156 <0.01
LVEDP (mmHg) 3210 205+8.2 <0.01
LVDd (mm) 68:05 98:03 <0.01
FS (%) 440+78 12.0+3.1 <0.01

Values are mean + SEM. n = 5 (sham); 8 (Ml). LVEDP, LV end-diastolic
pressure; LVSP, LV systofic pressure; HR, heart rate; Max dP/dt, LV
peak rate of change in pressure during isovolumic contraction.
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ated. To further select genes that are expressed almost exclusively in heart,
expression values for the candidate genes were retrieved in 24 major tis-
sues for analysis from GeneExpress database (Gene Logic Inc) containing
GeneChip expression profiles of human samples.

RNA extraction, RT-PCR, and quantification. Rat tissues (20-50 mg) and
zebrafish embryos at 72 hpf were homogenized in 1 m! RNA-Bee reagent
(Tel-Test Inc.), and rotal RNA was isolated and converted to cDNA using
Omniscript RT kit (QIAGEN) according to the manufacturer’s instructions.
Specific primers to amplify rat ANP,  myosin heavy chain, cardiac-MLCK,
and GAPDH mRNA were purchased from Applied Biosystems. Quantitarive
RT-PCR reactions were run in duplicate using the ABI Prism 7700 Sequence
Detector System (Applied Biosystems). The level of each transcript was
quantified by the threshold cycle (Ct) method using GAPDH as an endog-
enous control. For RT-PCR, specific primers that cover the region of target-
ed exons were designed to amplify the transcripts of z-cardiac-MLCK and
z-MLC2v. See Supplemental Methods for primer sequences.

Northern blot analysis. Commercially available human multiple tissue
Northern blot and polyA® RNA of human heart and skeletal muscle were
purchased from Clontech. Each polyA* RNA was reverse transcribed
and amplified using an Omniséripc RT kit (QIAGEN) according to
the manufacturer’s protocol. Hybridization probes of human cardiac-
MLCK and smMLCK were amplified by PCR from ¢cDNA of human
heart, and a hybridization probe of human skMLCK was amplified by
PCR from ¢cDNA of human skeletal muscle. Membrane was hybridized to
32p-labeled probe in Rapid-Hyb buffer (Amersham Bioscience) at 65°C
for 1 hour. Final wash conditions were 0.1x SSC with 0.1% SDS at 65°C
for 5 minutes. Hybridized membrane was visualized by autoradiography
using the BAS system (Fuji).

Preparation and transfection of adenovirus constructs. Adenovirus constructs
were generated using ViraPower Adenoviral Expression System (Invitrogen)
essentially as instrucred by the manufacturer. Adenovirus vectors encoding
murine cardiac-MLCK and LacZ were infected to cultured cardiomyocytes
for 12 hours in various MOls. Protein collection and immunostaining were
performed 48 hours after adenovirus infection.

Identification of the substrate of cardiac-MLCK. Recombinant cardiac-MLCK
was expressed in HEK293T cells as FLAG-tagged protein. HEK293T cells
expressing FLAG-tagged cardiac-MLCK were lysed with cell lysis buffer
(20 mM MOPS, pH 7.0, 0.15 M NaCl, 10% glycerol, and 1% CHAPS) and
recombinant cardiac-MLCK was purified by immunoprecipitation using
anti-FLAG-M2 affinity gel (Sigma-Aldrich). Hearts dissected from male
CS7BL/6 mice (10-12 weeks of age) were mechanically homogenized
using a Polytron homogenizer in 10 ml of tissue lysis buffer (30 mM
MOPS, pH 6.8, 5% glycerol, 0.1% 2-mercaptoethanol, and 1 mM EGTA).
Lysate was centrifuged for 40 minuces ac 100,000 g, and 9 ml of super-
natant was collected. Murine hearr extracts were then applied to SP650
cation exchange column. The column was equilibrated with elution buf-
fer A (30 mM MOPS, 5% glycerol, 0.1% 2-mercaptoethanol) at pH 6.8,
and the extracts were eluted with a linear gradient of NaCl (0-0.5 M) ata
flow rate of 1 ml/min. Each 1-ml fraction collected was incubared for 30
minutes with activated recombinant cardiac-MLCK, commercially avail-
able recombinant calmodulin (Upstate), 2 mM CaCly, and [y-P3ZJATP and
then subjected to SDS-PAGE. After drying, the gel was autoradiographed
and visualized with BAS (Fuji). The fractions containing 20-kDa substrarte
(fractions 10 and 11) labeled with [y-P32JATP were pooled and applied to a
phenyl-RPLC column (SPh-AR-300; nacalai tesque) equilibrared with 0.3%
trifluoroacetic acid and 5% acetoritrile. Fractions were eluted with a linear
gradient of 100% acetonitrile at flow rate of 1 ml/min. After separation
with SDS-PAGE, the gel was simulraneously silver stained and autoradio-
graphed. After identifying the 20-kDa substrate with silver-stained gel, the
bands were excised from the gel, and proteins were identified by matrix-
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assisted laser desorprion/ionizadon-time-of-flight mass spectrometry and
peptide mass fingerprinting.

Preparation of cultured neonatal rat cardiomyocytes and gene silencing via RNA
interference. Primary cultures of neonatal cardiomyocytes were prepared
from Wistar rats as described previously (29). Cardiomyocytes were cul-
tured in DMEM (Sigma-Aldrich) supplemented with 10% FBS (Equitech-
Bio). At 6 hours after isolation of cardiomyocytes, cells were transfected
with siRNAs (100 nmol/1) using Oprifect reagent (Invitrogen) according to
the manufacturer’s instructions. Both si-cMK (see Supplemental Methods)
and si-smMK (see Supplemental Methods) were purchased from B-bridge.
As a negarive control, cells were transfected with siControl Non-Targeting
siRNA#1 (B-bridge). Isolation of mRNA was performed at 24 hours after
transfection and protein experiments were performed at 72 hours after
transfection. For immunostaining, the same procedures of siRNA transfec-
tion were performed in one-fifth scale on Lab-Tek Chamber Slides (nunc).

Cloning of z—cardiac-MLCK. We generated an adult zebrafish cDNA
library in Lambda Zap II (Stratagene) using polyA* RNA from adult
zebrafish. The cDNA library was screened with the probe designed to the
5’ side in the ORF of the putarive zebrafish ortholog of cardiac-MLCK
sequence. Positive phage clone was determined by using phage plaque
screen method and single clone excision protocol according to the man-
ufacturer’s instructions (Stratagene).

Gene accession numbers. DDBJ accession numbers for the zebrafish MLCK
family were as follows: cardiac-MLCK, AB267907; smMLCK, AB267908;
skMLCK, AB267909.

Whole-mount in situ hybridization. The digoxigenin-labeled antisense and
sense RNA probes (see Supplemental Methods) were transcribed using SP6
and T7 RNA polymerase. Zebrafish embryos at 24 and 48 hpf were fixed
with 4% paraformaldehyde, digested with proteinase K, and hybridized
with each probe ar 68°C. Alkaline-conjugated anti-digoxigenin antibody
was used to detect the signals. After staining, embryos were refixed with
4% paraformaldehyde and stored in PBS.

Injection of MO. All MOs were synthesized by Gene-Tools. At cell stages
1-4, 4-10 ng of these MOs were injected into zebrafish embryos. Several
data were collected before the 96-hpf stage. Sequences of MOs are available
in the Supplemental Methods.

Analysis of zebrafish cardiac histology and cardiac function. We studied hearts
of control mock-injected zebrafish embryos and z-cMKaugMO-injected
zebrafish embryos at 72 hpf by routine histopathology including trans-
mission electron micrography. To visualize the motion of zebrafish car-
diac ventricle, the SAG4A strain of zebrafish, which specifically expresses
GFP in its cardiac ventricular wall (14), was applied to MO-mediated
gene knockdown experiments. GFP-expressed control mock-injected and
z-cMKaugMO-injected zebrafish hearts at 72 hpf were imaged with Leica
digital camera DFC 350 FX on a Leica MZ 16 FA fluorescence stereomi-
croscope. Acquired images were compiled as digital movie files using Leica
FW4000 software. Each recorded movie was converted to M-mode image
using our original software, and Dd, Ds, FS, and heart rate were measured
from the M-mode images.

Experimental protocols of rats. Male Wistar rats (0 days, 1 week, 2 weeks, and
10 weeks for mRNA and protein expression analysis; 8 weeks for production
of MI rats; Japan Animals) were used in these experiments. MI was induced
by permanent ligation of the left anterior descending coronary arrery as
previously described (29). The same surgical procedure was performed in
a sham-operated group of rats except that the suture around the coronary
artery was not tied. Isolation of total RNA was performed at 4 weeks after
the onset of Ml from noninfarcted myocardiums of resected LVs.

Statistics. Statistical analysis was performed using Mann-Whitney U test
and single regression analysis. Data are presented as mean + SEM. A Pvalue
less than 0.05 was considered significant.
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