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CLINICAL PERSPECTIVE
Most of the acute clinical manifestations of coronary atherosclerosis result from plagque rupture that produces the acute
coronary syndrome, and apoptosis is considered 1o be essential for plaque rupture. The endoplasmic reticulum (ER) is |
of the largest cellular organelles and has multiple functions, such as regulating the folding of proteins. Various stimuli
cause ER stress, including ischemia, heat shock, mutation, increased protein synthesis, and reactive oxygen species, all of
which can potentially lead to ER dysfunction. The ER responds to stresses by upregulation of ER chaperones, but
prolonged ER stress eventually causes apoptosis. However, the influence of ER stress and apoptosis on rupture of unstable
coronary plaques remains unclear. We examined histological sections from coronary artery segments obtained at autopsy
from 71 patients and atherectomy specimens obtained from 40 patients. Smooth muscle cells and macrophages in the
fibrous caps of thin-cap atheromi and ruptured plaques showed a marked increase of ER chaperone expression and
apoptotic cells. ER chaperones also showed higher expression in atherectomy specimens from patients with unstable angina
pectoris than from those with stable angina. We also investigated possible signaling pathways for ER-initiated apoptosis
and found that the C/EBP homologous protein (a transcription factor induced by ER stress)-dependent pathway was
activated in unstable plagues. In addition, knockdown of C/EBP homologous protein expression by small interfering RNA
decreased ER stress-dependent death of cultured coronary anery smooth muscle cells and THP-1 cells. Increased ER stress
oceurs in unstable plaques. Our findings suggest that ER stress-induced apoptosis may contribute to plague vulnerability.
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A cardiac myosin light chain kinase regulates
sarcomere assembly in the vertebrate heart
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Marked sarcomere disorganization is a well-documented characteristic of cardiomyocytes in the failing
human myocardium. Myosin regulatory light chain 2, ventricular/cardiac muscle isoform (MLC2v), which is
involved in the development of human cardiomyopathy, is an important structural protein that affects physi-
ologic cardiac sarcomere formation and heart development. Integrated cDNA expression analysis of failing
human myocardia uncovered a novel protein kinase, cardiac-specific myosin light chain kinase (cardiac-
MLCK), which acts on MLC2v. Expression levels of cardiac-MLCK were well correlated with the pulmonary
arterial pressure of patients with heart failure. In cultured cardiomyocytes, knockdown of cardiac-MLCK by
specific siRNAs decreased MLC2v phosphorylation and impaired epinephrine-induced activation of sarco-
mere reassembly. To further clarify the physiologic roles of cardiac-MLCK in vivo, we cloned the zebrafish
ortholog z-cardiac-MLCK. Knockdown of z-cardiac-MLCK expression using morpholino anrisense oligo-
nucleotides resulted in dilated cardiac ventricles and immature sarcomere structures. These results suggesta

significant role for cardiac-MLCK in cardiogenesis.

Introduction
Despite recent advances in pharmacologic and surgical therapies,
chronic heart failure (CHF) is still a leading cause of death world-
wide (1). Currently, heart transplant is thoughe to be the most
effective therapy for end-stage CHF. However, this approach obvi-
ously cannort be used for all of the numerous affected patients and
1s not suitable for patients with a mild disease state. Therefore,
there is increasing demand for new therapeutic targets for CHF.
Cardiomyocytes, the most basic cellular unit of the myocardium,
express several sarcomeric proteins, including myosin and actin;
abnormalities in these sarcomeric proteins are major causes of idio-
pathic cardiomyopathies and lead to CHF (2-4). Type Il myosin is
the major constutuent of sarcomeres. In the neck region of this pro-
tein, there are binding sites for a pair of myosin light chains, which
are called the essennial light chain and the regulatory light chain.
Among the several paralogs of the myosin regulatory light chain in
vertebrates (5), myosin regulatory light chain 2, ventricular/cardiac
muscle 1soform (MLC2v) is expressed in the myocardium, where it
performs specific roles in cardiogenesis by contributing to the for-

Nonstandard abbreviarions used: ANP, arrial natruretic pepoide; BNP, brain natn
wrenic pepride; CHE, chronie hearr fallure; cardiae-MLCK, cardiac-specific MLOK;
D, end-chastolic dimension; Ds, end-syswolic dimension; FS, fractional shoreening:
hpt, hours postfertilization; M1, myocardial infarcnon, MLC2y, myosin regulatory
light chain 2. ventricular/cardiac muscle isoform; MLCK, myoun light chain kinase
M-maode, motion mode; MO, morpholing antisense oligonucleotide; p-s1SMLC
anubodies for phosphorylated MLC2v; PAP, pulmonary artenal pressure; ReME.
antibodies specific for rodent cardiac-MLCK: s1-cME. stRNA targeting cardiac- MLCK,
sismMEK, sURNA tugeting rat smMLOK; skMLCK, skeleral muscle MLUK; smMLCK,
smooth muscle MLUK, EIMLC, antibodies for total MLO2v; 2-, zebrafish;
reMEaugMO, MO targeting the AUG translicional start site of 2-cardiae-MLCK
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mation of sarcomeres and in increasing the Ca® sensitivity of muscle
tension at submaximal Ca®* concentrations (6, 7). Currently, 2 mem-
bers of the myosin light chain kinase (MLCK) protein family that act
on myosin regulatory light chain in muscle cells have been identi-
fied, skeletal muscle MLCK (skMLCK) and smooth muscle MLCK
(smMLCK) (8). Among these MLCK family members, smMLCK,
including nonmuscle 1soforms, is distributed ubiquirously in vari-
ous rissues and contributes to the contraction of smooth muscle
and several cell acuvities. Conversely, skMLCK is thoughr to local-
ize and function in both cardiac muscle and skeletal muscle (9); to
our knowledge, no cardiac-specific MLCK has been reported to date.
skMLCK-deficient mice, however, did not show any heart weighr,
body weight, or heart weight/body weight ratio phenotypes, despite
effective knockdown of skMLCK expression (10). Additionally, there
were no significant differences berween the knockour and wild-type
animals in regard to MLC2v phosphorylation, suggesting the exis-
tence of as-yet unknown kinases in cardiac muscle cells.

Genome-wide analyses, which have recently become available
in a wide range of clinical settings, such as cancer research, allow
for a global view of gene expression in certain disease states and
the identification of unknown molecules and molecular pachways
that can be exploited as novel therapeutic targets. CHF 1s a can-
didare disease for this type of genome-wide analysis, because of
its heterogeneous properties and previous difficulties identifying
responsible genes using other conventional modalities.

In this study, we performed microarray analysis of the failing
human myocardium and examined the correlation berween the
obtained genomic data and the clinical, physiological, and bio-
chemical characteristics of CHF. In this manner, we sought to
identify candidate genes thar are involved in the pathophysiology
of CHF. Consequently, we identified what we believe ro be a novel
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Table 1
Clinical characteristics of the patients used for microarray analysis
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Using 5"-RACE, we identified specific sequences
idenrical ro those of NM_182493 (MYLK3) located

Pt Age Sex Diagnosis Operation Dd EF  PAP ANP

4 kb upstream of the probe set sequence The relative

BNP expression level of this candidate gene was significancly

(yr) (mm) (%) (mmHg) (pg/mi) (pg/mi) correlated with the relarive PAP value (Figure 1B); in

1 53 M OCM/M Batista 88 25 20 25 90.4 addition, the expression of this gene was restricred to
2 45 M OCM™ Batista 81 33 45 85 217 the heart (Figure 1C). A homology search using the
i n M ocM Batista 714 25 88 201 transcript sequence, particularly the sequence coding
; gg : HG:FM[ g:’ ;g ;4 “1 2_0 &; for the C-terminal kinase domain, idennfied MYLK3
o & o Bam:a o 5 so 432 asa member of the MLCK family. Thus, we named the
7 40 W AR Unknown 76 42 6 52 m protein encodedl by MYLK3 “cardiac-MLCK." Two dis-
8 ™ M M Dor 51 55 . a9 174 uncr MLCK family genes have been previously reported:
9 32 M DCM Batista 81 26 26 300 869 MYLK, which encodes SHIMLCK, and MYLK2, which
10 51 F Sarcoidosis Dor 68 35 = 89 339 encodes skMLCK (8). Domain structure analysis
11 54 M M Dor 63 37 = 84 302 revealed a well-conserved serine/threonine kinase
12 58 M Myocarditis  Dor won - 800 2710 domain that includes an ATP-binding site and an
N1 27 M Normal - = = i = = active serine/threonine kinase domain positioned
N2 24 M Normal = = ™ - near the C terminus of the cardiac-MLCK protein (Fig-
- - - — e x ure 1D). The expression patterns of the MLCK family
:wRMmT_ W Dm“'rmfdu' ke 'p,‘"p.u;,.:;' . i members were confirmed by Northern blot analysis. As

cardiac-speafic MLCK (cardiac-MLCK; encoded by MYLK3). Phos-
phorylation of MLC2v by cardiac-MLCK regulated the reassembly
of sarcomere structures in cultured neonaral rat cardiomyocytes.
Suppression of cardiac-MLCK expression in zebrafish embryos
using specific morpholino antisense oligonucleondes (MOs) led
to dilation of the cardiac ventricle with incomplete sarcomere for-
macion, suggesting critical roles for cardiac-MLCK in the heart.

Resuits

ldentification of cardiac-MLCK from failing human myocardia using
microarray analysis. To identify candidate genes involved in the
pathophysiology of CHF, we used an HG-U95 Affymetrix GeneChip
to analyze the gene expression profiles of failing myocardial tussues
obtained from 12 patients who had undergone cardiac exclusion
surgery, such as che Dor or Bansta procedures, for end-stage CHF
(Table 1). Figure 1A is an ovtmew flowchart for the selection of
candidate genes. Compared with those of 2 normal control sam-
ples, the expression of 626 probe sets was significantly upregulared
in the failing myocardia. Of these, we selecred probe sets whose
expression levels were positively correlated (r > 0.7) with pulmonary
arcerial pressure (PAP) measurements (129 probe sers) and brain
natriuretic peptide (BNP) mRNA levels (194 probe sets). The nssue
localization of each selected probe set was then analyzed using the
commercially available BioExpress database (Gene Logic Inc.). We
selected 10 probe sets, for which the cardiac expression level was
at least 10-fold the mean expression level of 24 other ussues, for
furcher analysis. These probe sets represented a set of genes that
included atnal natmuretic pepride (ANP), BNP, small muscle pro-
tein, and a-acan, all of which are known to be involved in hearr fail-
ure, cardiac muscle remodeling, and striated muscle function. We
calculared the ratios of expression in cardiac muscle to thar in skel-
etal muscle in these probe sers. ANP (36663 _ac and 73106_s_ar),
BNP (39215_ar), Imporun9 (84730_ac), and 75678_at exhibited
expression levels that were at least 10-fold greater in the heart than
in skeleral muscle. Expression levels of 75678 _ar, for which anno-
tation was not available, were similar to those of ANP and BNP.
We hypothesized that this unknown transcript was involved in the
pathophysiology of heare failure.
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previously described (11), 2 major transcripes of MYLK
were almost ubiquitously expressed. The larger tran-
script codes for a nonmuscle isoform of smMLCK generated by
alternative splicing. Restricted expression patterns were observed
for both MYLK2 and MYLK3. MYLK2 expression was only derected
in skeletal muscle, whereas MYLK3 expression was only observed
in the heart (Figure 1E). MYLK was also found to be expressed in
the heart, although its expression was not upregulated in failing
myocardia as much as the expression of MYLK3 (data not shown).
To assess the physiological significance of cardiac-MLCK, we gen-
erated an adenovirus vector encoding cardiac-MLCK. In serum-
free conditions, cultured neonacal ratr cardiomyocytes showed
predominantly disorganized sarcomere strucrures. Overexpression
of cardiac-MLCK in cultured al rar cardiomyocytes aug-
mented sarcomere organization under serum-starved conditions
(cells with organized sarcomeres, 28.7% + 11.1% versus 3.1% = 2.4%;
P < 0.001; Figure 1, F and G), suggesting that cardiac-MLCK par-
ticipares in sarcomere formarion in cardiomyocytes.
Cardiac-specific myosin regulatory light cham is a speafic substrate of
cardiac-MLCK. Because this protein kinase contained a consen-
sus kinase caralyric domain, we artemptred to idennify potential
substrates of cardiac-MLCK. To identfy physiological substrates
of cardiac-MLCK, we screened murine heart homogenates using
an in vitro kinase reaction. After fractionarion of murine heart
homogenares using a cation exchange column, aliquots of each
fraction were subjected to an in vitro kinase reaction with recom-
binant cardiac-MLCK. Fractions 10 and 11 each contamned a dis-
tinct 20-kDa band that was labeled with *P only in the presence of
recombinant cardiac-MLCK (Figure 2A). This 2P-labeled 20-kDa
protein was purified (Figure 2B) and analyzed using marnx-assisted
laser desorprion/ionizarion-time-of-flight mass spectrometry and
peptide mass fingerprinting. The 20-kDa protein contained frag-
ments with amino acid sequences that were homologous to murine
MLC2v (Figure 2C). No additional **P-labeled proteins were derect-
ed in fractions obrained following cation or anion exchange col-
umn purification. Further analysis of this phosphorylation event
in vitro revealed endogenous MLC2v, purified from murine heart
homogenares, was phosphorylared by recombinant cardiac-MLCK
in a Ca**-calmodulin-dependent manner (Figure 2D). Thus, we
conclude thar cardiac-MLCK is a calmodulin-dependent kinase.

Number 10 Ocrober 2007 m3
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Figure 1

Microarray analysis for candidate gene selection. (A) Flowchart for the selection of candidate genes. (B) The relative expression levels of
75678 _at correlated well with the relative PAP values in the respective patients. (C) Tissue localization of the candidate gene expression was
analyzed using the GeneExpress database; 75678_at was specifically expressed in the heart. (D) Each MLCK family member possesses a highly
conserved serine-threonine kinase domain in the C-terminal region of the protein. Amino acid residues on black backgrounds are the most com-
monly conserved residues at each position; residues on gray backgrounds are similar to the consensus amino acids. (E) Expression analysis of
MLCK family members using multiple human tissue Northern blot membranes. The 2 transcripts transcribed from MYLK (encoding smMLCK)
were ubiguitously expressed with the exception of skeletal muscle, thymus, and peripheral blood leukocytes. In contrast, MYLK2 (encoding
skMLCK) and MYLK3 (encoding cardiac-MLCK) were only expressed in skeletal muscle and heart, respectively. (F) Fluorescence microscopy of
cardiomyocytes cultured in serum-free conditions and infected with adenovirus encoding LacZ (Ad-LacZ) revealed predominantly round-shaped
cells with disorganized sarcomere structures. Infection with adenovirus encoding cardiac-MLCK (Ad-cMK) at a MOI of 120 increased the number
of the cells with organized sarcomere structures. Original magnification, x1,000. (G) The percentage of cells with organized sarcomeres was
significantly higher in cardiomyocytes infected with adenovirus encoding cardiac-MLCK than in those infected with adenovirus encoding LacZ.
Values are mean + SEM, *P < 0.001.
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Next, we generated polyclonal antibodies specific for rodent
cardiac-MLCK (ReMK). Anubodies that detected phosphorylated
MLC2v (p-s15SMLC; anti-rodent serine is phosphorylated MLC2v)
and rotal MLC2v (tMLC) were also generared. RcMK derected rar
cardiac-MLCK from whole-cell cardiomyocyte extracts as well as
recombinant FLAG-tagged murine cardiac-MLCK (Figure 2E).
Phosphorylared MLC2v and nonphosphorylared MLC2v could be
clearly separated using urea-glycerol gel electrophoresis (12). eMLC
derecred both phosphorylared and nonphosphorylated MLC2v,
whereas p-s15MLC specifically detected the phosphorylated form
of MLC2v (Figure 2F), Overexpression of cardiac-MLCK increased
the levels of phosphorylated MLC2v in cultured cardiomyocytes
(Figure 2G). However, there was no effect on the expression of
other sarcomere proteins involved in sarcomere orgamization
such as troponin T, desmin, and a-actnin. mRNA expression of
ANP and B myosin heavy chain, representarive markers of cardiac
hypertrophy, were also unaffected by cardiac-MLCK overexpres-
sion (data not shown). To further investigate the phosphorylation
of MLC2v by endogenous cardiac-MLCK, we used specific siRNAs
targeting cardiac-MLCK (si-cMKs). These siRNAs effectively sup-
pressed the level of cardiac-MLCK mRNA by more than 70%, as
derermined using quanoranve real-ume PCR 24 hours after trans-
fection (Figure 2H). These siRNAs also effectively suppressed the
level of cardiac-MLCK protein and the amount of phosphorylated
MLC2v 60-72 hours after transfection (Figure 2I), whereas no
remarkable effects were seen for the expression of other sarco-
mere proteins. On the contrary, suppression of smMLCK expres-
sion, which is also disenbuted in heart, using siRNA targeting rat
smMLCK (si-smMK) did not change either the phosphorylation
starus of MLC2v or the expression of sarcomere proteins (Figure
2]). These resules indicated that cardiac-MLCK predominantly
phosphorylates MLC2v, which is selecrively expressed in cardio-
myocytes. Thus, cardiac-MLCK may regulate morphologic change
in cardiomyocyres, including sarcomere organization, through
MLC2v phosphorylation.

Cardiac-MLCK regulates sarcomere assembly in cultured cardiomyocytes.
To elucidate the precise role of cardiac-MLCK in the sarcomere
structure, we analyzed the effects of MLC2v phosphorylation on
sarcomeres in cultured neonatal rar cardiomyocyres. Polymerized
actin stained with rhodamine-phalloidin revealed a regularly orga-
nized pattern of striations (Figure 3A). Phosphorylated MLC2v
labeling with p-s15SMLC demonstrated a similar strated pactern,
although che labeling was predominantly observed in the A-band
region, a portion of the sarcomere primarily made up of thick fila-
ments (Figure 3, B-D). Diffuse cytosolic fluorescent labeling was
seen when cardiac-MLCK was labeled with ReMK (Figure 3, E-G).

When cardiomyocytes were cultured in serum-free conditions,
the organized striation pattern of actin was disrupted and the
phosphorylated MLC2v-specific signal decreased (Figure 3K). To
evaluate the morphologic changes observed in cardiomyocytes
upon activation of endogenous cardiac-MLCK, we treared cardio-
myocytes cultured under serum-free conditions with epinephnne.
Stimulation of G protein-coupled receprors with epinephrine
should activare cardiac-MLCK by increasing intracellular Ca** con-
centrations (13). A marked upregulation of MLC2v phosphory-
lation was obtained following treatment with 2 uM epinephrine
(Figure 3H). Epinephrine-induced phosphorylation of MLC2v,
which was observed as early as 5 minurtes after sumulation,
peaked within 30 minutes (Figure 3I). Treatment of the cardio-
myocytes cultured in serum-free conditions with 2 uM epineph-
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rine also induced reassembly of sarcomere structures and MLC2v
phosphorylation (Figure 3, ], K, and L). To confirm the relevance
of MLC2v phosphorylation by cardiac-MLCK, we introduced
si-cMKs into cardiomyocyres and analyzed the sarcomere patterns
in these cells. The level of phosphorylated MLC2v was reduced
72 hours after transfection with the si-cMKs; however, we did
not observe any remarkable changes in the structures of the sar-
comeres in cardiomyocytes cultured with serum. The sarcomeres
of control siRNA- and si-cMK-treated cells contained organuzed
filamenc strucsures (cells with organized sarcomeres, 97.0% £ 1.0%
versus 90.0% = 1.0%; NS; Figure 4, A-F and I). In contrast, the
knockdown of cardiac-MLCK produced significant effects on sar-
comere reassembly. si-cMK inhibited sarcomere reassembly after
epinephrine creacment in cardiomyocytes cultured under serum-
free conditions (cells with organized sarcomeres, 76,0% £ 8.5% ver-
sus 43.6% = 7.0%; P < 0.005; Figure 4, A-F and [}. We also confirmed
the phosphorylanion of MLC2v using immunoblor analysis (Fig-
ure 4G). The resules of the immunoblot analysis are quantified
in Figure 4H, and the relative MLC2v phosphorylarion levels in
this experiment exhibited a similar patrern as cthe percentages of
cardiomyocytes with organi (Figure 41), excepr in
baseline, serum-containing conditions. These dara suggest that
MLC2y phosphorylation by cardiac-MLCK plays a critical role in
initiating sarcomere reassembly.

Cardiac-MLCK 15 essential for normal cardiac development and func-
tion in zebrafish embryos. In order to further evaluate the physiologic
roles of cardiac-MLCK, genetically engineered animals must be
examined. In mice, however, targeted deletion of the cardiac ven-
tricular myosin light chain, a specific substrare of cardiac-MLCK,
was embryonic lethal ar embryomic day 12.5 (6). Because cardiac-
MLCK is an upstream modulator of MLC2v, deletion of the gene
encoding cardiac-MLCK could also be embryonic lethal. There-
fore, we performed in vivo knockdown experiments in Danio rerio,
in which the phenotype generated by disrupring che functions of a
targeted gene can be analyzed even if loss of the gene's functions is
faral. First, we generated a zebrafish cDNA library from which we
cloned the zebrafish ortholog of MYLK3 (zmylk3; encoding z-car-
diac-MLCK). The amino acid sequence of cardiac-MLCK 1s highly
similar ro cthose of other verrebrate orthologs, especially within
the C-terminal senine/threonine kinase domain (Figure SA). Fur-
thermore, like MYLK3, zmylk3 is locared berween the genes VPS35
and NP001001436.1 (Assembly ZvSsc; Wellcome Trust Sanger
Insticute), indicating that this was the region of synteny between
human and zebrafish. We also performed whole-mount in situ
hybridizations using zmylk3-specific probes; the resulrs indicared
that zmylk3 was expressed only in the heart at 24 and 48 hours
postferrilizacion (hpf; Figure 5, B-1).

We injected zebrafish embryos with a specific MO directed
against the AUG translational start site of the z-cardiac-MLCK
mRNA (z-cMKaugMO). At 33 hpf, compared to control mock-
injected zebrafish embryos, the heart region was slightly swollen
in the z-ceMKaugMO morphants. At 48 hpf, ventral swelling was
observed in 45.6% = 6.8% of the z-cMKaugMO morphants (Fig-
ure 6A). The ventral swelling became more apparent ar 72 hpf
(Figure 6B). In contrast, zebrafish embryos injected with an MO
containing S-base mismatches compared with z-<MKaugMO were
indistinguishable from control zebrafish embryos (Figure 6C). We
further examined the effects of 3 addinonal MOs, which were tar-
geted to delete specific exons of z-cardiac-MLCK and z-MLC2v. Of
these MOs, 2 were directed against the splice donor and accepror
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Figure 2

Identification of MLC2v as a specific substrate of cardiac-MLCK. (A) A putative 20-kDa substrate that was labeled with P32 in the presence of
cardiac-MLCK was identified in fractionated murine myocardium extracts (arrows). Fraction numbers are shown at top. (B) P¥-labeled MLC2v
was purified and visualized by autoradiography (left lane) and silver staining (right lane). (C) Peptides from the purified protein, which matched
the sequences of murine MLC2v, are shown in red. (D) Purified MLC2v from murine myocardia was phosphorylated by cardiac-MLCK in a
Ca?*-caimodulin—dependent manner. (E) ReMK detected rat cardiac-MLCK from cultured cardiomyocyte cell extracts and FLAG-tagged murine
cardiac-MLCK. (F) Nonphosphorylated MLC2v and phosphorylated MLC2v were separated using urea-glycerol gel electrophoresis. tMLC and
p-s15MLC were confirmed to specifically detect each target protein. (G) Overexpression of murine cardiac-MLCK in cultured cardiomyocytes
following infection with an adenovirus vector encoding murine cardiac-MLCK at MOls of 90 and 150 upregulated the phosphorylation of MLC2v
In a dose-dependent manner. Endogenous rat cardiac-MLCK is shown at top; overexpressed murine cardiac-MLCK is shown below. (H and 1)
Both si-cMK-1 and si-cMK-3 effectively suppressed the mRNA (H) and protein levels (1) of cardiac-MLCK, resulting in reduced phosphoryla-
tion of MLC2v. smMLCK, a-actinin, desmin, and troponin T were not affected by suppression of cardiac-MLCK expression, siCTL, control
siRNA. (J) The protein levels of smMLCK were effectively decreased by si-smMK; no remarkable changes were observed in protein levels of
phosphorylated MLC2v or other sarcomere-related proteins.
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Figure 3

Epinephrine treatment induced sarcomere assembly through MLC2v phosphorytation, Original magnification, x1,000 (A-C and E-G). (A-D)
Polymerized actin stained with rhodamine-phalloidin (A) as well as phosphorylated MLC2v labeled with p-s15MLC (B) exhibited regular pat-
terns of striation. (C) Merged Image of A and B. (D) Higher magnification of boxed area in C revealed that rhodamine-phalloidin predominantly
stained the |-band, whereas phosphorylated MLC2v (p-MLC2v) was localized in the A-band. Original magnification, x4,000 (D). (E-G) Cardiac-
MLCK (cMLCK) labeled with RcMK showed a diffuse cytosolic labeling pattern. (H) Cultured cardiomyocytes were stimulated with 0.2-20 uM
apinephrine (Epi), which upregulated MLC2v phosphaorylation in a dose-dependent manner. (I) Cultured cardiomyocytes were stimulated with
2 uM epinephrine for the indicated time periods. Epingphrine-induced phosphorylation of MLC2v in cultured cardiomyocytes was observed as
early as 5 minutes after stimulation; maximal phosphorylation was obtained after approximately 30 minutes. (J-L) Cardiomyocytes cultured
with serum contained organized pattems of striation and a modarate level of MLC2v phospharylation. Middle panels show higher magnification
of boxed regions in top panels. Cardiomyocytes cultured in serum-free conditions were incubated in the absence (K) or presence (L) of 2 uM
epinephrine. (K) Cardiomyocytes cultured under serum-free conditions contained disorganized, punctuated actin staining with a reduced level
of MLC2v phosphorylation. (L) Stimulation with epinephrine provoked rapid sarcomere reassembly and augmented MLC2v phosphorylation.
Original magnification, x1,000 (J-L, upper and lower panels); x3,000 (J-L, middle panels).

sites of exons 4 and 6 of z-cardiac-MLCK, respectively. Deletion  diac-MLCK, and its deletion was expected to diminish che pro-
of exon 4 caused a frameshift and resulted in premature termina-  tein’s kinase activity. The third MO was designed to delete exon 2
tion of the transcript. Exon 6 includes the cartalytic center of z-car-  of 2-MLC2v, which includes the phosphorylatable serine. These 3
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Figure 4

Cardiac-MLCK regulates the initiation of sarcomere assembly in cultured cardiomyocytes through MLC2v phosphorylation. Original magnification
x1,000 (upper and lower panels); 2,000 (middle panels). (A-F) Cardiomyocytes were transfectad with control siRNA (A=C) or si-cMK (D-F).
Middie panels show higher magnification of boxed regions in top panels. In serum-containing conditions, si-cMK-transfected cardiomyocytes
showed reduced levels of MLC2v phospharylation (D) compared with control siRNA—transtected 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 upragulation of MLC2v phosphorylation and
sarcomere reassembly in control siRNA-transfected cardiomyocytes (C), but not in si-cMK—transfected cardiomyocytes (F). (G) We confirmed
the levels of MLC2v phosphorylation shown in A-F using immunoblot analysis. (H) Quantitation of the levels of phosphorylated MLC2v shown
in G. Values are mean + SEM. (1) 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-transtected cardiomyocytes than for the si-cMK-transfected
cardiomyocytes. Values are mean + SEM. p-MLC2v, phosphorylated MLC2v. **P < 0.001.

MOs effectively deleted the targeted exons, inducing comparable
ventral swelling phenortypes (Figure 6, D-F). The finding thar 4
different MOs produced similar results suggests that the cardiac
phenotypes resulted from a loss of the kinase acuvity of z-cardiac-
MLCK. To evaluate the cardiac phenotype of the z-cMKaugMO
morphants in derail, we examined the SAG4A zebrafish scrain,
which specifically expresses GFP in the cardiac ventricle (14). Aftet
injecting z-cMKaugMO into SAG4A embryos, cardiac motion at
72 hpf was imaged with a high-sensitivity digital camera attached
to a fluorescence stereomicroscope (Figure 6G and Supplemental

2818
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Movies | and 2; supplemental material available online wich this
arricle; doi:10.1172/JCI30804DS1). Recordings were converted
to motion mode (M-mode) images using our onginal software
(Figure 6H). From these images, we determined the end-diastolic
dimension (Dd), end-systolic dimension (Ds), and fractional shorr-
ening (FS) of the cardiac ventricle. These dara 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 pm; P < 0.0001 for both com
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Figure 5

Cardiac-MLCK is highly conserved
in several vertebrates, including
zabrafish. (A) Cardiac-MLCK is avo-
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 serinefthreonine 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-l) Whole-
mount in situ hybridizations depict
the expression of z—cardiac-MLCK
(z-cMK) in zebrafish ambryos hybrid-
ized with z—cardiac-MLCK-specific
antisense probe (B, C, F, and G) or
z—cardiac-MLCK sense probe (D, E,
H, and I). At 24 hpf, z-cardiac-MLCK
was expressed in heart precursor
cells (arrow). At 48 hpt, z—cardiac-
MLCK was selectively expressed in
the heart (asterisks denote atrium [a]
and ventricle [v]).

48 hpt

z-cMK antisense

parisons). We did not, however, observe a significant difference
in cardiac contractility as assessed by the FS (36.9% = 7.1% versus
34.9% £ 4.1%; NS), likely because of a compensartory upregulation
of inotropy. In support of this hypothesis, we observed that the
hearr rate was significandy 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 arcularory disturbances. Histopathologic anal-
ysis demonstrated that the ventral swelling in the z-cMKaugMO
morphants reflected pericardial edema. Although the cardiacatna
were almost normal, the ventricular walls of the morphants were
thinner than those of control zebrafish embryos (Figure 7, A-D).
Transmission electron microscopy revealed that only a few poorly
differentiated sarcomere structures were present in the ventricles
of the z-cMKaugMO morphants (Figure 7, G-]); no other appar-
ent abnormaliries were detected in the atrial sarcomeres (Figure

The Journal of Clinical Int ion
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7, E and F). These data suggest that cardiac-MLCK is required for
sarcomere formation in the developing heart.

Cardiac-MLCK 15 upregulated during myofibrillogenesis and in mam-
malian models of heart fatlure. 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,A and B), The expression of cardiac-MLCK mRNA was also ana-
lyzed in mammalian models of heart failure. Myocardial infare-
tions (Mls) were produced in Wistar rats by permanently ligating
the left anterior descending arrery. At 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 rars, the LV end-diastolic pressure and
LVDd were significancly higher than in sham-operared racs (LV
end-diastolic pressure, 20.5 £ 8.2 versus 3.2 £ 1.0 mmHg; P<0.01;
Volume 117 October 2007
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the results obtained with the
microarray analysis of human
failing myocardia.

Discussion

In chis study, we performed
microarray analysis of human
failing myocardia to iden
z-cMKaugMO

2-MLCspMO2

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 candidare gene, MYLK3
(encoding cardiac-MLCK), thar
had not been isolated in previ-
ous microarray studies of heart
failure (15). Upregulation of
MYLK3 transcriprion in failing
myocardia was confirmed in
mammalian models of heart
failure, such as MI rars. In this
experiment, mRNA expression
of cardiac-MLCK was signifi
cantly upregulared in MI rats
with heart failure, and the rela-
tive expression profile was well
correlated with that of ANP, a

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 controls. (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-cMKspMOSE; 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 cardlac ventricular cycle in a control embryo and z-cMKaugMO morphant. (H) Represen-
tative M-mode images of both control embryo and z-cMKaugMO morphant hears. 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 upregulared com-
pared wich chat 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

2820 The Journal of Clinical Investigarion
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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 thoughr 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 cardiomyocyres, cardi-
ac-MLCK regulates sarcomere assembly cthrough 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 sumulation by epinephrine promoted sarcomere
Ocrober 2007
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Table 2
Cardiac physiological characteristics of control and morphant
zebrafish embryos

Cantrol Morphant P
Dd (um) 796437 17+104 <0.0001
Ds (um) 503265 760+7.0 <0.0001
FS (%) 36971 349:41 NS
HR (bpm) 184 £+ 145 216247 0.0017

Values are mean = SEM. n = 12 par group. HR, hean rata

reassembly through MLC2v phosphorylation. Similar findings
have previously been reported using recombinant constitutively
actuve skMLCK (13). We furcher elucidaced the physiologic
roles of endogenous cardiac-MLCK using siRNAs. Decreases in
MLC2v phosphorylation following the introduction of si-cMK
significancly impaired epinephrine-induced sarcomere reassem-
bly. Additonally, specific knockdown of cardiac-MLCK did not
affect to the expression of other sarcomere-related proteins such
as troponin T, desmin, and a-actunin. These proteins are thoughr
to have important roles in sarcomere and myofibril formation
(17-19). Thus, in cardiomyocytes, phusphuryiatmn 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
phosphorylanon of MLC2v 1s upregulated in cultured cardiomyo-
cytes unal 36 hours after plating, after which 1t 1s gradually down.-
regulared. In the siRNA-mediated gene knockdown expenment, a
reduction in the cardiac-MLCK protein level thar was sufficient ro
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-
phorylarion did not disrupr established sarcomere strucrures
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 abnormalinies in zebrafish embryos (20, 21). The reliabilicy
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 um. (E~J) Trans-
mission electron micrographs. Scale bars: 2 um. (A and B) Histology
of control zebrafish hearts at 48 hpl. A relatively thick ventricular wall
was apparent (B, arrowheads). (C and D) Pericardial edema and a
thinner ventricular wall (D, arrowheads) were cbserved in z-cMKaug-
MO mormphants. (E and F) In the atria, the sarcomere structures wera
wall differentiated in both the control embryos and the z-cMKaugMO
morphants. In the ventricles of control embryos, robust sarcomere
structures were observed (G and H), whereas the ventricles of the
z-cMKaugMQ morphants contained sparse and immature sarcomera
structures (I and J). Images in B, D, H, and J show higher magnifi-
cations of the boxed areas in A, C, G, and |, respectively. Astarisks
denote sarcomere structures (s).
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mulrple MOs thar targeted not only cardiac-MLCK bur also its
substrave, MLC2v. In each experiment, reproducible results were
obtained. Another MO thar has 5-base mismarch ro z-cMKaugMO
was also examined as a negarive control MO. Furcher analysis
revealed dilatation of the ventricle wich a thinned venrricular wall
and immarure sarcomeres in the morphants. The fragility of the
vencricular wall as a resule of insufficient sarcomere formartion may
have caused the ventricular dilaranion. Although ventncular 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 che increased heart rate observed in the z-ceMKaugMO
morphants. Although several reports have investigated the effects of
MLC2v phosphorylation in stnated muscle contracuons, including
in cardiac muscle, the in vivo venrricular role of MLC2v phosphory-
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Figure 8
Expression of cardiac-MLCK is upregulated in
infantile rat myocardia and failing rat myocar-
dia. (A) mRANA expression of cardiac-MLCK
was also upregulated in rat myocardia from 1
week after birth 1o 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)
mANA expression of cardiac-MLCK was sig-
nificantly upregulated in failing rat myocardia.
n =5 (sham-operated), 8 (MI). Filled symbols
represent values from individual mice; open sym-
b 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).
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lation 1s sull 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 investigaring the zebra-
fish tel mutant, in which the gene encoding MLC2v was disrupred
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
resultung i a dilared ventricle in zebrafish embryos after injection
of z-cMKaugMO can be explained by an inability to initiare sarco-
mere assembly as a resulr 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, rogether with the sarcomere defects, have been iden-
tified (25, 26). Reduced expression of MLC2v protein as a result
of prorease-mediated cleavage and reduced phosphorylarion 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-
ated mice. Previous reports and our present results suggest that
cardiac-MLCK may be upregulated to compensare 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
contracrility of the failing hear,

Methods

Animals. All procedures were performed in conformity with the Guede for
the care and use of laborstory animals (NTH publication no. 85-23, revised
1996) and were approved by the Osaka University Committee for Labora-
tory Animal Use.

The Journal of Clinical Investigation  hrep:/ /www jei org

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 anri-
human desmin Annbody (Dako Corp.), and palyclonal goat anti-@-actinin
(N-19) antibody (Santa Cruz Biotechnology Inc.). Epinephtine hydrochlo-
ride was purchased from Sigma-Aldnch. We also generare ReMK, anri-
human smMLCK, tMLC, and p-s1SMLC

Microarray analysis, For mucroarray 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
Barista or Dor operation after obtaining the patents’ written informed
consent. PAP was measured 2-4 weeks before the operation, and ejection
fraction (EF) was measured by echocardiography che day before the opera-
tion. Normal samples were purchased from Biochain Inc. Cardiac gene
expression was derermined using the HG-U95 Affymernix GeneChip. All
expression data were normalized by global scaling and analyzed by Gene-
Spring software (Agilent Technologies). All expression data were normal-
1zed per gene and analyzed after ing noise and unreliable data. 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 Ml and
sham-operated rats

Sham Mi P
LVSP (mmHg) 1268+108 1255+11.0 NS
HR (bpm) 4154104 407.6+23.0 NS
Max dP/dt (mmHg/s) 9,440 + 644 58451156  <0.01
LVEDP (mmHg) 3210 205+8.2 <0.01
LVDd (mm) 68205 88103 <0.01
FS (%) 440478 12031 <0.01

Values are mean = SEM. n =5 (sham), 8 (MI). LVEDP, LV end-diastolic
pressure; LVSP, LV systolic pressure; HR, heart rate; Max dP/dt, LV
peak rate of change in pressure during isovolumic contraction.
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ared To further select genes that are exp 1 almost excl ly in hearr,
expression values for the candidare genes were retrieved in 24 major us-
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| ml RNA-Bee reagent
(Tel-Test Inc.), and total RNA was isolaved and converted to cDNA using
Omnuscripe RT kit (QIAGEN) according to the f: 's Instructions.
Spmﬁcpmswmphﬁtnrm,pmymmdm.urdax‘m
and GAPDH mRNA were purchased from Applied Biosystems. Quantitative
RT-PCR reactions were run in duplicate using the ABI Prism 7700 Sequence
Detector System (Applied Biosystems). The level of each Eranscript was
quantified by che chreshold cycle (Ct) method using GAPDH as an endog-
enous control. For RT-PCR, specific primers that cover the region of targer-
ed exons were designed to amplify the transcripts of z-cardiac-MLCK and
2-MLC2v. See Sup | Mechods for primer

Northern blor '; C lly available h mulople nssue
Northern blot and polyA® RNA thumm heart and skeletal muscle were
purchased from Clontech. Each polyA* RNA was reverse transcribed
and amplified using an Omniscripe RT kit (QIAGEN) according to

research article

assisted laser desorpuon; time-of-flight mass spectrometry and
pepuide mass fingerprinting.

ﬁmqmwmmmwm;m RNA

. Primary ¢ of al yocytes were preg

me Wistar rars as described previously (29). Cardiomyocytes were cul-
tured in DMEM (Sigma-Aldnich) supplemented with 10% FBS (Equitech-
Bio). At 6 hours afrer isol of cardiomyocyres, cells were transfected
with siRNAs (100 nmol/1) using Oprifect reagent (Imtrogen) according o
the manufacturer’s instrucnons. Both si-<MK (see Supplemental Methods)
and si-smMK (see Supplemental Methods) were purchased from B-bridge.
As a negatve control, cells were transfected with siControl Non-Targeting
siRNA#1 (B-bndge). Isolation of mRNA was performed ar 24 hours after
transfection and protein experiments were performed ar 72 hours afrer
fecnion. For g, 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 adulr zebrafish cDNA
library in Lambda Zap I1 (Straragene) using polyA” RNA from adule
zebrafish. The cDNA library was screened with the probe designed o the
5 side in the ORF of the purative zebrafish ortholog of cardiac-MLCK

the manufacturer’s prorocol. Hybridization probes of human cardiac-
MLCK and smMLCK were amplified by PCR from cDNA of human
heare, and a hybridization probe of human skMLCK was amplified by
PCR from cDNA of human skeletal muscle. Membrane was hybridized o
ip-labeled probe in Rapid-Hyb buffer (Amersham Bioscience) at 65°C
for 1 hour. Final wash conditions were 0.1x SSC wich 0.1% SDS at 65°C
for 5 minutes. Hybridized membrane was visualized by autoradiography
using the BAS system (Fuyi).

[ o—

Prep and tranife of adenavr Ad constructs
were generated using ViraPower Ad 1 Exp Sy (L gen)

essentially as instructed by the manufacturer, Ademnuvtmnmcod.mg
munne cardiac-MLCK and LacZ were infected to cultured cardiomyocytes
for 12 hours in various MOIs. Protein collection and

q e, Positive phage clone was determined by using phage plaque
screen method and single clone excision protocol according to the man-
ufacturer’s inscrucnions (Seratagene),

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

Whole-mosunt i sits lrybrids: The digoxgenin-labeled and
sense RNA probes (see Supplemental Methods) were transcribed using SP6
and T7 RNA polymerase. Zebrafish embryos at 24 and 48 hpf wete fixed
with 4% paraformaldehyde, digested with proteinase K, and hybridized
with each probe ar 68" C. Alkal, jugared anti-digoxig body
was used to detect the signals. After staining, embryos were refixed wn:h
4% paraformaldehyde and stored in PBS.

In) 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

u“" s
performed 48 hours after adenovirus infection.
ldentification of the sub of cardiac-MLCK. Recomb 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 Na@l, 10% glycerol, and 1% CHAPS) and
recombinant cardiac-MLCK was punfied by immunoprecipitation using
anti-FLAG-M2 affinity gel (Sigma-Aldrich), Hearts dissected from male
C57BL/6 mice (10-12 weeks of age) were mechanically homogenized
using a Polytron homogenizer in 10 ml of tssue lysis buffer (30 mM
MOPS, pH 6.8, 5% glycerol, 0.1% 2-mercaptoethanol, and 1 mM EGTA).
Lysate was centnifuged for 40 minures ar 100,000 g and 9 ml of super-
natant was collected. Munne heart extracts were then applied to SP650
canon exchange col The coll was equilibrated with elution buf-
fer A (30 mM MOPS, 5% glycerol, 0.1% 2-mercaptoethanol) at pH 6.8,
and the excracts were eluted wich a linear gradient of NaCl (0-0.5 M) ara
flow rate of 1 ml/min. Each 1-ml fraction collected was incubarted for 30
minutes with activated recombinant cardiac-MLCK, commercially avail-
able recomt calmodulin (Upstate), 2 mM CaCl, and [y-P**]ATP and
then subjected to SDS-PAGE. After drying, the gel was autoradiographed
and visualized wich BAS (Fuji). The fractions containing 20-kDa sut

Tkl

es of MOs are

dara were collected before the 96-hpf stage. S
in the Supplemental Methods.

Analyns of zebrafish cardiac nstology and cardiac function. We studied hearrs
of control mock-injected zebrafish emhqms. and z- tMK.\ugMU—m)ec:ed
zebrafish embryos at 72 hpf by rourine } hology inc g trans-
mussion electron micrography. To visualize the monion of zdaraﬁsh car-
diac ventnicle, the SAG4A strain of zebrafish, which specifically expresses
GFP in its cardiac ventricular wall (14). was applied to MO-mediated
gene knockd exg GFP i control mock-injected and
z-f.Ml(A.ugl\-‘l()-m}n:lld zebrafish hearts at 72 hpf were imaged with Leica
digital camera DFC 350 FX on a Leica MZ 16 FA fluorescence stereomu-
croscope. Acquired images were compiled as digital movie files using Letca
FW4000 software. Each recorded movie was converted ro M-mode image
using our original software, and Dd, Ds, FS, and heart rate were measured
from the M-mode images.

Expersmental prococols of rats. Male Wistar rats (0 days, 1 week, 2 weeks, and
10 weeks for mRNA and p 1 analysis; 8 weeks for production
of Ml rars; Japan Animals) were uucl in these expenments. Ml was induced

4

(fractions 10 and 11) labeled wich [y-P*|ATP were poolcd and applied to 2
phenyl-RPLC column (SPh-AR-300; lai resque) equulit d wich 0.3%
tnfluoroacetic acid and 5% acecoritrile. Fractions were eluted with a linear
gradienr of 100% acetonitrile at flow rate of 1 ml/min. After separation
with SDS-PAGE, the gel was simulraneously silver stained and auroradio-
graphed. After identifying the 20-kDa substrate with silver-stained gel, the
bands were excised from the gel, and proteins were identified by matrix-

The J | of Clinical Invest
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by per ligacion of che left anterior descending coronary artery as
previously described (29). The same surgical procedure was performed in
1 sham-operared group of rats excepe chat the sucure around the coronary
artery was not ted. Isolanion of total RNA was performed ar 4 weeks after
the onset of Ml from farcted myocard of d LVs.

Stansnes. Stanistical analysis was performed using Mann-Whitney U test
and single regressi lysis. Data are g d a5 mean = SEM, A Pvalue
less than 0.05 was considered sigmificant.
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IGFBP-4 is an inhibitor of canonical Wnt signalling

required for cardiogenesis

Weidong Zhu'*, Ichiro Shiojima'*, Yuzuru Ito™*, Zhi Li', Hiroyuki Ikeda', Masashi Yoshida', Atsuhiko T. Naito',
Jun-ichiro Nishi', Hiroo Ueno", Akihiro Umezawa', Tohru Minamino', Toshio Nagai', Akira Kikuchi’,

20,7

Makoto Asashima "’ & Issei Komurao'

Insulin-like growth-factor-binding proteins (IGFBPs) bind to and
modulate the actions of insulin-like growth factors (IGFs)'.
Although some of the actions of IGFBPs have been reported to
beindependent of IGFs, the precise mechanisms of IGF-independ
ent actions of IGFBPs are largely unknown'”. Here we report a
previously unknown function for IGFBP-4 as a cardiogenic growth
factor. IGFBP-4 enhanced urdium}‘ocytc differentiation in vitro,
and knockdown of Igfbp4 attenuated cardi is both in

vitro and in vivo. The cardiogenic effect of I(.FBP-al was independ-
ent of its IGF-binding activity but was mediated by the inhibitory
effect on canonical Wnt signalling. IGFBP-4 physically interacted
with a Wnt receptor, Frizzled 8 (Frz8), and a Wnt co-receptor, low-
density lipoprotein receptor-related protein 6 (LRP6), and inhib-
ited the binding of Wnt3A to Frz8 and LRP6. Although IGF-inde-
pendent, the cardiogenic effect of IGFBP-4 was attenuated by 1GFs
through IGFBP- sequestration, IGFBP-4 is therefore an inhibitor
of the canonical Wnt signalling required for cardiogenesis
and provides a molecular link between 1GF signalling and Wnit
signalling.

The heart is the first organ to form during embryogenesis, and
abnormalities in this process result in congenital heart discases, the
most common cause of birth defects in humans'. Molecules that
mediate cardiogenesis are of particular interest because of their
potential use for cardiac regeneration™”. Previous studies have shown
that soluble growth factars such as bone morphogenetic proteins
(BMPs], fibroblast growth factors (FGFs), Wits and Wat inhibitors
mediate the tissue interactions that are crucial for cardiomyocyte
specification™. We proposed that there might be additional soluble
factors that modulate cardiac development and/or cardiomyocyte
differentiation.

P19CL6 cells differentiate into cardiomyocytes with high efficiency
in the presence of 1% dimethylsulphoxide (DMSO)'. We cultured
P19CLo cells with culture media conditioned by various cell types in
the absence of DMSO, and screened the cardiogenic activity of the
conditioned media, The extent of cardiomyocyte differentiation was
assessed by the immunostaining with MF20 monoclonal antibody
that recognizes sarcomeric myosin heavy chain (MHC). Among the
several cell tvpes tested, culture media conditioned by a murine stro-
mal cell line OPY induced cardiomyocyte differentiation of P19CL6
cells without DMSO treatment (Fig. 1a, left and middle panels).
Increased ME20-positive area was accompanied by the induction
of cardiac marker genes such as aMHC, Nkx2.5 and GATA-4, and
by the increased protein levels of cardiac troponin T (¢TnT) (Fig. la,

right panel). In contrast, culture media conditioned by COST cells,
mouse embryonic fibroblasts, NTH3T3 cells, Hela cells, END2 cells
(visceral endoderm-like cells), neonatal rat cardiomyocytes and nea-
natal rat cardiac fibroblasts did not induce cardiomyocyte differenti
ation of P19CL6 cells in the absence of DMSO (Fg. 1o and data not
shown), From these observations, we postulated that OP9 cells
secrete one or more cardiogenic growth factors

To identify an OP9-derived cardiogenic factor, complementary
DNA clones isolated by a signal sequence trap method from an
OP9 ¢ell ¢<DNA library were tested for their cardiogenic activities
by transient transfection. When available, recombinant proteins were
also used to confirm the results. Among candidate factors tested,
IGFBP-4 induced cardiomyocyte differentiation of PI9CL6 cells, as
demonstrated by the increase in ME20-positive area and the induc-
tion of cardiac markers (Fig, 1b). We alsa cultured P19C 16 cells with
OPY-conditioned media pretreated with an anti-1GFBP-4 neutral
izing antibody. The application of an anti-IGFBP-4 neutralizing anti-
body attenuated the efficiency of cardiomyocyte differentiation
induced by OP9-conditioned media i Fig. 1¢). These findings strongly
suggest that IGFBP-4 15 a cardiogenic lactor secreted from OP9 cells,

Because IGFBPs have been characterized as molecules that bind 1o
and modulate the actions of IGFs, we tested whether IGFBP-4 pro
motes cardiogenesis by either enhancing or inhibiting the actions of
IGFs, We first treated P19CL6 cells with a combination of anti- 1GF-|
and IGF-1l-neutralizing antibodies or a neutralizing antibody against
type-1 IGF receptor. If IGFBP-4 induces cardiomyocyte differenti-
ation by inhibiting IGF signalling, treatment with these antibodies
should induce cardiomyocyte differentiation and/or enhance the
cardiogenic effects of IGFBP-4. In contrast, if IGFBP-4 promotes
cardiogenesis by enhancing IGF signalling, treatment with these anti-
bodies should antenuate IGFBP-4-mediated cardiogenesis, However,
treatment with these antibodies did not affect the efficiency of
IGFBP-4-induced cardiomyocyte differentiation (Fig. Id and data
not shawn). Treatment of PI9CL6 cells with IGF-1 and 1GF-11 also
did not induce cardiomyocyte differentiation (data not shown)
Furthermore, treatment with an 1GFBP-4 mutant (1GFBP-4-H74P;
His 74 replaced by Pro)” that is unable to bind 1GFs induced cardi-
omyocyte differentiation of P19CL6 cells even more efficiently than
wild-type IGFBP-4 (Fig. l¢). This is presumably due to the sequest-
ration of wild-type IGFBP-4 but not mutant IGFBP-4-H74P by
endogenous 1GFs. In agreement with this idea, exogenous IGFs atte
nuated wild-type IGFBP-4-induced but not IGFBP-4-H74P-induced
cardiogenesis (Fig, 11, Taken together, these observations indicare

'Du-p.mmrr! of Cardiovascular Soence and Medicine Chiba Urneversity Graduate School of Medicine. Chiba 260-8670, Japan ICORP Organ Regenetat.on Project Japan Science and

Technalogy Agency (15T), Tokya 153-8902, japan |
USA “Department of Reproductive Biology, National In
Biomede al Scences. Hiroshoma Uinversity, Hirmstema 7
153-8902 Japan National institute of Advanced indust
*Thewe authors cortributed equally to ths work

nstitute ot Stem Cell Biology and Regenerative Medicine Stan
te for Child Heaith and Development Tokyo 157-853%
551 Japan "Department of Lite Sciences (Biology ), Graguate Schag
13l Seipnces and Technology (AISTY, Ibaraki 305-8562 lapan

ford University School of Megicine Stanfora Calfermia 94305
"Department of Bochemistry, Graduate
of Artsand Science. The Unwverity

apan

£2008 Macmillan Publishers Limited. All rights reserved

..93_



LETTERS

a
cos oPa

Percantage of
MF20-positive ares
o w8 & 3

*8z

ELRFR
E3 5k
'

il

COs OPa cos oPe
b c
: . —
20
58 Nk § 5
gx" GATA- &
£ ]
30 - —
Ed cTaT -—
2t
ol At ——
C B8Py C Br4
d e f

FPeccentage of
MF20-poartiv

e 3258
R E
E ;“ "’; g &

LERg T ] L Ci g% o LR .
#5F & d o & &g
& o & p. P
e & L &
&
cTnY - CTnT — T - cThT e —

ACHN o o o AT - m— A e e Act — - —

N o veg g O
FF W 3 ng\ s’“,&
& & & & &

&

Figure 1| IGFBP-4 p t diomyocyte differentiation in an IGF-
independent manner. a, Culture media conditioned by OP9 cells but not by
COS7 cells induced cardiomyocyte differentiation of P19CL6 cells as
assessed by MF20-positive area, cardiac marker-gene expression and ¢Tn'l
protein expression. Scale bar, 100 ym. Error bars show s.d. b, Treatment with
IGFEP-4 (1 pgml 'Y induced cardiomyocyte differentiation of P19CL6 cells
in the absence of DMSO. Error bars show s.d. ¢, Treatment with o
neutralizing antibody against IGFBP-4 (anti BP4; 40 pgml ') attenuated
cardiomyocyte differentiation of P19CL6 cells induced by OP9-conditioned
media. Error bars show s.d. d, Treatment with neutralizing antibodies
against IGF-| and IGF-I1 (anti-1GFs; Spgml ' each) had no effect on
1GFBP4-induced cardiomyocyte differentiation of PI9CL6 cells. Error bars
show s.d. e, Mutant IGFBP-4 (BP4(H74P)) that is incapable of binding 1o
1GFs retained cardiomyogenic activity, Error bars show s.d. £, IGFs (100
ngml ' each) attenuated wild-type IGFBP-4-induced but not mutant
IGFBP-4-H74P-induced cardiomyooyte differentiation of P19CL6 cells.
Error bars show s.d.

that IGFBP-4 induces cardiomyocyte differentiation in an 1GF-inde
pendent fashion,

To explore further the mechanisms by which IGFBP-4 induces
cardiomyogenesis, we tested the hypothesis that IGFBP-4 might
modulate the signals activated by other secreted factors implicated
in cardiogenesis. It has been shown that canonical Wt signalling is
crucial in cardiomyocyte differentiation”. In P19CL6 cells, Wnt3A
treatment activated  [-catenin-dependent  transcription  of the
TOPFLASH reporter gene, and this activation was attenuated Iy
IGFBP-4 (Fig, 2a). Wnt/f-catenin signalling is transduced by the
cell-surface receptor complex consisting of Frizzled and low-den
sity-lipoprotein receptor (LDLR)-related protein 506 (LRP5/6)°
and 1GFRP-4 attenuated TOPFLASH activity enhanced by the
expression of LRP6 or Frizeled 8 (Frz8) (Fig. 2a). As a control,
IGERP-4 did not alter BMP-mediated activation of a BMP-respons
ive reporter BRE-luc (Supplementary Fig. 1hi. These findings sug-
gest that 1GFBP-4 is a specific inhibitor of the canonical W
pathwav. To examine this possibility i vive, we performed axis
duplication assays in Xewopus embryos. Injection of X8 or Lpé

MRNA caused secondary axis formation, and injection of Nenaps
[GEBP-4 (XIGFBP-4) mRNA alone had minimal effects on axis

346
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formation, However, Xwnt8-induced or LRPa-induced secondan
axis formation was efficiently blocked by coexpression of XIGFBP-4
(Fig. 2b, <), indicating that IGFBP-4 inhibits canonical Wnt sig-
nalling in vive. To explore the mechanisms of Wnt inhibition by
IGFBP-4, Xewopus animal cap assays and TOPFLASH reporter
gene assays were performed, In animal cap assavs, IGFBP-4
inhibited LRP6-induced but not [-catenin-induced Wnt-target
gene expression (Supplementary Fig. 1c). Similarly, IGFBP-4 atte-
nuated Wnt3A-induced or LRP6-induced TOPFLASH activity but
did not alter Dishevelled-1  (Dvl-11-induced, LiCl-induced or
f-catenin-induced TOPFLASH activity (Supplementary Fig. 14,
¢l. These findings suggest that IGFBP-4 inhibits canonical Wt
signalling at the level of cell-surface receptors. To examine
whether IGFBP-4 antagonizes Wt signalling via direct physical
interaction with LRP3/6 or Frizzled, we produced conditioned
media containing the Myc-tagged extracellular portion of LRP6
(LRPaN-Myc), the Myc-tagged cysteine-rich domain (CRD) of
Frz8 (Frz8CRD-Myc), and V5-tagged IGFBP-4 (IGFBP-4-V5),
Immunoprecipitation (1P)/western blot experiments revealed that
IGFBP-4 interacted with LRP6N (Fig. 2d) and Frz8CRD (Fig, 2e).
A liquid-phase binding assay with ""I-labelled IGFBP-4 and con
ditioned media  containing  LRPEN-Myc or  Frz8CRD-Mye
demonstrated that the interaction between IGFBP-4 and LRP&N
or Frz8CRD was specific and saturable (Fig. 2f, g). A Scatchard
plot analysis revealed two binding sites with different binding
affinities for LRP6N (Fig. 21, inset) and a single binding site
for FrzZ8CRD (Fig. 2g, inset). A similar binding assay with "1
labelled Wnt3A demonstrated that IGFBP-4 inhibited Wm3A
binding to LRP&N (Fig. 2h) and Frz8CRD (Fig. 2i), and a
Lineweaver-Burk plot revealed that IGFBP-4 was a competitive
inhibitor of the binding of Wnt3A to Fz8CDR (Supplementary
Fig. 2a). IP/western blot analyses with various deletion mutants
of LRP6 and IGFBP-4 revealed that IGFBP-4 interacted with
multiple domains of 1RP6 and that the carboxy-terminal thyr-
oglobulin domain of 1GFBP-4 was required for IGFBP-4 binding
to LRP6 or Frz8CRD (Supplementary Fig. 2b-fl. It has been
shown that inhibition of canonical Wnt signalling promotes car-
diomyocyte differentiation in embryonic stem (ES) cells and in
chick, Xenopus and zebrafish embryos' """, These results therefore
(ﬂl[t‘t‘fi\'l’]l\' Suggest thit IGFBP-4 promaotes l.l{(iii)gcl1u5|5 bv am
agonizing the Wnt/P-catenin pathway through direct interactions
with Frizzled and LRP5/6.

Next we investigated the role of endogenous IGEBP-4 in P19CL6
cell differentiation into cardiomyocytes. Reverse transcriptase-
mediated polymerase chain reaction (RT-PCR) analysis revealed
that the expression of Igfbpd was upregulated during DMSO-induced
PI9CL6 cell differentiation (Fig. 3a). Expression of Igfbp3 and Igfbps
was also upregulated in the carly and the late phases of differenti-
ation, respectively. Expression of Igfbp2 was not altered, and that of
Igfbp L or Igfbp6was not detected. When IGFBP-4 was knocked down
by two different small interfering RNA (siRNA) constructs, DMSO-
induced cardiomyocyte differentintion was inhibited in both cases
{Fig. 3b1, In contrast, knockdown of lefbps or Igflps did not inhibit
DMSO-induced cardiomyocyte differentiation (Fig. 3b, right panel |
Treatment wath an anti-IGFBP-4 neutralizing antibody also blocked
DMSO-induced cardiomyocyte differentiation (Fig. 3¢). Secretion of
endogenous 1GFBP-4 is therefore required for the differentiation of
PISCLe cells into cardiomyocytes, Immunostaining for 1GFBP-4
revealed that cardise myocvtes were surrounded by the IGFBIP-4-
positive cells, suggesting that a paracrine effect of IGFBP-4 on cardi-
omyoeyte differentiation is predominant (Fig, 3d). Fssentially the
same results were obtained in ES cells (Supplementary Fig. 3d—g)
To investigate whether [GFRP-4 promotes the differentiation of
P19CLS cells into cardiomyocytes by the inhibition of the canonical
Wit pathway, we expressed dominant-negative LRP6 (LRP6N in
F19C L cells. Expression of LRP6N enhanced cardiomvocyte differ
entiation of PI9CLA cells and reversed the inhibitory effect of Teflpd
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knockdown on cardiomyogenesis (Fig. 3¢). These observations sug
gest that endogenous [GFBP-4 1s required for cardiomyocyte differ
entiation of PI9CLe cells and ES cells, and that the cardiogenic effect
of IGFBP-4 is mediated by its inhibitory effect on Wnt/B-catenin
signalling

The role of endogenous IGFBP-4 in cardiac development i vvo
was also examined with Xenopus embryos. Whole-mount 1 siu
hvbridization analysis revealed that strong expression of XIGFBP-4
was detected at stage 38 in the anterior pan of the liver adjacent to the
heart (Fig. 4a). Knockdown of XIGFBP-4 by two different morpho
lino (MO constructs resulted in cardiac defects, with more than 70%
of the embryos having a small heart or no heart (Fig. 4b), The spe-
cificity of MO was confirmed by the ebservation that simultancous
injection of MO-resistant XIGFBP-4 cDNA rescued the MO-induced
cardiac defects (Fig. 4b, Supplementary Fig. 4¢), Coexpression of
IGF-binding-defective XIGFBP-4 mutant (XIGFBP-4-H74P1 of

LETTERS

dominant-negative LRP6 (LRP6N) also rescued the cardiac defects
induced by XIGFBP-4 knockdown (Fig. 4b), whereas overexpression
of Nwntd in the heart-forming region resulted in cardiac defears
similar to those induced by XIGEBP-4 knockdown (Supplementary
Fig. 4d-1), supporting the notion that the cardiogenic effect of
IGFBP-4 15 independent of 1GFs but is mediated by inhibition of
the Wt/ i-catenin pathway, The temporal profile of cardiac defects
induced by XIGFBP-4 knockdown was also examined by m st
hybridization with candiac traponn I (eTul) (Fig. 4c1. At stage 34,
morphology of the heart was comparable between contral embryos
and MO-injected embryos. However, at stage 38, when XIGFBP-4
starts to be expressed in the amterior part ofthe liver, the expression of
cInl was markedly artenuated in MO-injected embryos; expression
of ¢Tnl was diminished and no heart-like structure was abserved at
stage 42, Thus, the heart is initially tormed but it subseguent growth
is perturbed in the absence of XIGFBP-4, suggesting that IGEBP—4
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Figure 2| IGFBP-4 inhibits Wnt/[}-catenin signalling through direct
interactions with Wit receptors. a, IGFBP 4 attenuated [I-catenin-
dependent transcription in P19CL6 cells. P19CL6 cells were ransfected with
TOPFLASH reporter gene and expression vectors for LRP6 or Frz8, and then
treated with Wni3A or Wnit3A plus IGFBP-4; luciferase activities were then
measured. Error bars show s.d. b, XIGFBP-4 (XBP4) inhibited Xwnts
induced secondary-axis formation in Xenopus embryos (1 = 20 for each
group . € IGFBP-4 inhibited LRP6-induced secondary-axis formation in
Xenopus embrvos (n = 30 for each group). d, &, IGFBP interacied directly

with LRP6N (d) and Frz8CRD (e). IB, immunoblotting; 1P,
immunoprecipitation, f, A binding assay between "I labelled IGFBP-4 and
LRP6N. The insct is a Scatchard plot showing two binding sites with different
binding affinities. g, A binding assay between 'L labelled IGFBP-4 and
Frz8CRD. The inset is a Scatchard plot showing a single hinding site.

h, i, IGFBP-4 inhibited Wnt3A binding to LRP6N (h) or Frz8CRD (i), "1
labelled Winit3A binding to LRP&N or Fre8CRD was assessed in the presence
of increasing amounts of IGFBP -4,
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promotes cardiogenesis by maintaining the proliteration and/or sur
vival ot embrvonic cardiomyocvies

It has been shown that canonical Wit signals inhibit cardiogenesis

in chick and frog embryos, and that Wnt antagonists such as DRkl
and Crescent secreted from the anterior endoderm or the nrg.lni/ur
n counteract the Wint-mediated inhibitory signals and induce
cardiogenesis in the anterior lateral mesoderm', However, IGFBP-4
mediated Wat inhibition is required at later stages of development,
when the heart is already formed at the ventral portion and starts to
grow and remodel to maintain embryvonic circulation, It has been
shown that Wnt/B-catenin signalling has time-dependent effects on
cardiogencsis in ES cells: canonical Wit signalling in the early phase

of ES-cell differentiation promotes cardiomyogenesis, whereas it
inhibits cardiomvocyte differentiation in the late phase’™ ", In agree
ment with this notion, IGFBP-4 promoted cardiomyocyte different
ation ol ES cells only when IGFBP-4 was applied in the late phase

er embryoid body formation (Supplementary Fig. 3a-c). Similar
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Figure 3 | IGFBP-4 is required for the differentiation of P19CL6 cells into
cardiomyocytes. a, Expression analysis of IGFBP family members by
RT-PCR during DMSO-induced cardiomyocyte differentiation of P19CL6
cells (from day 0 1o day 8). b, Lelt: knockdown of Igfbp in P19CL6 cells
attenuated cardiac marker expression in response to treatment with DMSO,
BP4-1 and BP4-2 represent two different siRNAs for IGFBP-4. Right:
knockdown of Igfbp3 or Igfbps had no effect on <Tn T expression in response
to DMSO treatment. ¢, Treatment with a neutralizing antibody against
IGFBP-4 (anti-BP4; 40 pgml ') attenuated DMSO-induced cardiomybevte
differentiation of P19CL6 cells. Error bars show s.d. d, IGFBP-4
immunostaining during DMSO-induced differentiation of P19CL6 cells
stably transfected with 2MHC-green fluorescent protein (GFP) reporter
gene. Top left, IGFBP-4 staining (red); top right, GFP expression
representing differentiated cardiomyocytes; bottom left, nuclear staining
with DAPL (4" 6-diamidino-2-phenylindole); bottom right, a merged
picture. Scale bar, 100 im. e, Attenuated card vooyte differentiation of
PI9CLA cells by Igfhpd knockdown was rescued by inhibiting Wnt/[}-catenin
signalling. Control and Igfbp4-knocked-down PI19CL6 cells were transfected
with an expression vector for GFP or LRPEN (4 dominant-negative form of
LEP6) and induced to differentiate into cardiomyocytes by treatment with
DMSO. LRP6N overexpression rescued the attenuated cardiomyocyte
differentiation induced by Igflpd knockdown as assessed by MF20-positive
area [left panel), cardiac marker-gene expression and (ToT protein
expression [right panel). Error bars show s.d.
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time-dependent effects of Wt/ f-catenim signalling on cardiogenesis
has been shown in zebrafish embrvos''. Moreover, several recemt
reports suggest that Wnt/B-catenin signalling is a positive regulator
of cardiac progenitor-cell prolifers lary heart field

It therefore seems that canonical Wi signalling has divergent effects

min ”IS.‘ MOCO

on cardiogenesis at multiple stages of development: first, canonical
Wt signalling promotes cardiogenesis at the time of gastrulation or
mesoderm specification; second, it inhibits cardiogenesis at the time
when cardiac mesoderm is specified in the anterior lateral mesaderm;
third. it promotes the expansion of cardiac progenitors in the sec

ondary heart field; and fourth, ivinhibits cardiogenesis at later stages
when the embryonic heart is growing. It is interesting to note that
IGFBP -4 is expressed predominantly in the liver, Mouse IGFBP-4 is
a Stage 34

Stage 38 Stage 38

4
Nkx2 5

XBP4 Las
b Stage 42
No 100, 100
injection 80 80
60 60
i 40 40 WAbnormal heart
20 20 BNormal heart
P - > AL M
"“)\3‘0?? ,\-S’Qb ‘-‘%‘3@ »\"qua
L9 0__%’.\ N C. Oﬁ"-q>\ ~
Lty F SR
e ¥ <
+ -

mpachon

Figure 4 | IGFBP-4 is of the heart in Xenopus
embryos. a, In situ hybridization analysis of Nkx2.5 (an early cardiac
marker), cTnl (a mature cardiac marker), Hex (aliver marker), and XIGFBP-
4 (XBP4) mRNA expression at stages 34, 38 and 42. b, Knockdown of
XIGFBP-4 by two different morpholinos (MO1 and MO2) resulted in severe
cardiac defects as assessed by ¢Tnl in situ hybridization at stage 42 (left)
These cardiac defects were rescued by simullaneous injection of MO
resistant wild-type XIGFBP 4, mutant XIGFBP-4-H74P (BP4(HT4P) and
LRP&N (n = 30 for each group). ¢, Temporal profile of cardiac defects
induced by XIGFBP-4 knockdown. Morphology of the heart as assessed by
CTolin ity hybridization was almost normal at stage 3 but was severely
perturbed at stages 38 and 42. The right column shows sections of control
and MO-njected embryos, The arrow indicates the heart in control
embryos. No heart-hike structure was observed in MO-injected embryos

quired for the maturati
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also strongly expressed in the tissues adjacent 1o the heart such as
pharyngeal arches and liver bud at embrvonic dav (E)9.3
(Supplementary Fig. 3h). These observations and the results of
IGFBP-4 immunostaining in P19CL6 cells and ES cells suggest that
IGFBP-4 promotes cardiogenesis in a paracrine fashion. Together
with a previous report showing that cardiac mesoderm secretes
FGFs and induces liver progemitors in the ventral endoderm’’, these
observations suggest that there exist reciprocal paracrine signals
between the heart and the liver that coordinately promote the
development of each other,

IGFBPs are composed of six members, IGFBP-1 1o IGFBP-6.
Reporter gene assays and [}-catenin stabilization assays revealed that
IGFBP— was the most potent canonical Wat inhibitor and that
IGFBP-1, IGFBP-2 and IGFBP-6 also showed modest activity in
Wnt inhibition, whereas IGFBP-3 and IGFBP-5 had no such activity
(Supplementary Fig. Sa—c). In agreement with this, IP/western blot
analyses demonstrated that IGFBP-1, IGFBP-2, IGFBP-4 and IGFBP-
6 but not IGFBP-3 or IGFBP-5 interacted with LRP6 or Frz8CRD
(Supplementary Fig. 5d, ¢). Thus, the lack of cardiac phenotypes in
IGEBP-4-null mice or IGFBP-3/IGFBP-4/IGFBP-5 triple knockout
mice'” may be due to genetic redundancies between IGFBP-4 and
other IGFBPs such as IGFBP-1, IGFBP-2 and/or IGFBP-6.

The identification of IGFBP—4 as an inhibitor of Wnt/[-catenin
signalling may also have some implications for cancer biology™™. It
was shown that treatment with IGFBP-4 reduces el proliferation in
some cancer cell lines in vitro, and that overexpression of IGFBP-4
attenuates the growth of prostate cancer m vivo. Decreased serum
levels of IGFBP-4 are associated with the risk of breast cancer.
Because the activation of Wnt signalling is implicated in several
forms of malignant tumours'™", it is possible that the inhibitory
effect of IGFBP-4 on cell proliferation is mediated in part by the
inhibition of canonical Wnt signalling.

METHODS SUMMARY

Cell culture. P19CL6 cells and ES cells were cultured and induced to differentiate
into cardiomyocytes essentially as described” ", PI9CLG cells [ 2,000 cells per 35-
mm dish| were treated with various conditioned media fur screening of their
cardingenic activities. For siRNA-mediated knockdown, pSIREN. RetroQ) vec-
tors | Clontech) ligated with double-stranded oligonucleotides were transfected
into PI9CLe cells or ES cells, and puromycin-resistant clones were selected
1P/westem blot analyses and binding assays. Conditioned media for 11 west-
ern blot analyses were prndnmi by using 293 cells. Binding reactions were
periormed overnight ar 4 C. '“Llabelling of TGFBP- and WntdA was per
formed with 10D BEADS lodination Reagent [ Piercel. Aliquid-phase binding
assay was performed essentially as described ',

Xenopus experiments. Axis duplication assays, animal cap assays, and i setn
hybridization analyses i Xenapus were pertormed essentially as described ™.
Flectroporation of mENA was performed ar stage 28 essentually as desenibed’’,

Full Methods and any associated references are available in the anline version of
1he paper al www.nalure.com/nalure.
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METHODS

Plasmids and reagents. (DNA dones encading mouse 1GFBPs and Newopus
IGFRI* 4 were purchased from Open Biosvstems, XIGEFBP-4- HZAP mutant was
wenerated with 2 QuickChange Site Directed Mutagenesis kit | Stratagenc . His-
tagged human wild - type IGFRP-4 and mutant [GFBP 4-H7AP (vecton prvidal
b X Qin 1 were produced and purified with HisTrap HP Kit (Amersham), Full-
length Fres, FdCRI and LRPON were provided by X, He' . Full length LRPs,
membrane bound forms of LEP6 deletion mutants, and DRk were from C,
Niehrs ", pXunts and pCSKA- Xwni8 were from |, Chrstian’ . pUS2-fi-catenin
was from 1, Kimelman™, sMHC-GFP was from B, Fleischmann’ . BRE-luc was
from P. ten Dijke ", pCGN-IWI-1 was described presiously ™ Soluble forms of
LRP6 deletion mutants and probes for insitn hybridization analysis | Nks2.5,<Tal
andd Hex) were generated by PCR, IGFBP-, WaidA, 1GE-1, IGF-11 and BAMP2
were from R&D. Neutralizing antibodies were from R&D (anti IGFBE ), Sigma
fanti IGE Land anti-IGF 1), and Oncogene (anti-type-HTGF receptor ), The anti

hodies used for immunoprecipitation, westem blotting and
wete from Invitrogen Cant-Myc, am-V'5 0, Santa Crug (anti-cTnT, anti- IGFBE-
4, anti topoisomerase 1 ITOPO-D), Sigma (aot (Vactin, anni-f-catenin, anti-
FLAG (M21) and Develog al Studies Hybrid Bank (anti-sarcameric
mvassin heavy chain (MF20)),

Cell culture experiments, PIYCLA cells and ES cells were cultured and induced
to differentiate into cardiomyoncvies essentially as described™ ™, PI9CLA cells
(2,000 cells per 35-mm dish} were treated with various conditioned media for
screening of their cardiogenic activities. PI19CL6 cells o ES cells stably trans-
tected with 2MHC promoter driven-GFP were generated by transfection of
MHC-GEP plasmid into P19CLG cells or ht7 ES cells followed by G418 selec

tion. Luciferase reporter gene assays, western blot analyses, immunostaining and
RT-PCR were performed as described ™, Reporter gene assays were repeated at
least three times, PCR primers and PCR conditions are listed in Supplementary
Table 1. For aRNA-mediated knockdiown, sIRNAs were expressed with pSIREN -
Retren) vevtor (Clontech), Oligonudeotide sequences used are listed in
Supplementary Table 2 pSIREN. RetroQ) vectors ligated with double-stranded
oligonucleotides were trunsfected into PI9CLA cells or ES cells, and puromycin-
revistant clones were isolated and expanded. For [\-catenin stabilization assavs,
nuclear extracts of L cells were prepared with NE-PER Nuclear and Cytoplasmic
Extraction Reagents | Prercel. 13ata are shown as means and s.d.

1P blot analyscs and binding assays. Conditioned media for 1P/ wes

ern blot analvses contamng full length or various deletion mutants of 1IGFBPs,
LRPo. Fre8CRD and Dk were produced with 293 cells. Binding reactions were
perd 1 ghrard (1 ipitation was performed with Protein
G-Sephurose 4 Fast Flow { Amersham . - labelling of [GFBP-4 and Wnt 3A was
performed with TODO BEADS lodination Reagent (Piercel. A liquid- phase
binding assay was performed essentally as described™, In brief. conditioned
miedia contaiming LRP6N-Myc or Frz8CRD-Mye were mixed with vanous con-
centrations of ' T-labelled 1GFBP-4 and incubated overnight at 4 C. LRPoN-
My or FraCRD=Myc was immunoprecipitated and the radioactivity of bound
TGFRP- 4 was measured after extensive washing of the Protein G- Sepharose

taimng

nature

beads. Far o competiive binding assay, conditioned media containing
LRPON My or Fra8CRD-Mye were mixed with ' T-libelled Wnt3A and unla-
belled IGFBP-4. and incubated overnight at 4 € LRPaN-Myc or Frz8CRID-
Ave was then immunoprecipitated and the radicactivity of bound War3a was
measured.

Xenopus experiments and mouse in situ hybridization analysis. Axis duplics.
tion assavs amimal cap assavs and i sie hybridizanion analvses in Nenopis were
performed essentially as described ™. Two independent ¢cDNAs for NIGFBP 4,
presumably resulting from paeudotetraplold genomes, were identified by 3
rapid amplification of ¢DNA ends (Supplementary Fig 4a). Twor different
MOs targeting both of these two IGFRP-4 transripts were designed (Gene
Touols) (Supplementary Fig. da and Supplementary Table 23, MO sensitive
XIGFBP-4 CDNA including 4 41-base-pair 5" untranslated region (UTR) was
genetated by PCR. MO-resistant. XIGFBP A4 <DNA (wild-type and H74p
mutant | was generated by mtroducing five silent mutations in the MO rarget
sequence and excluding the 5°-UTR | Supplementary Fig 4a). To determine the
specificity of MOs. MO-sensitive or MO-resistant XIGFBP <=y mRNA was
injected o Nenoprs embrvos with or without MOs, and protein/mRNA
expression wis analysed. PCR primers and PCR conditions are listed in
Supplementary Table 1, MOs and plasmid DNAs were injected at the eight-cell
stage into the dorsal region of two dorsal-vegetal hlastomeres fated 10 be hean
and liver anlage. Flectmoporation of mENA was performed essentially as
described ' Injection of mRNA (5ng i 5nl of solution) into the vicmity of
heart anlage and application of electric pulses were performed at stage 28
Whaole-mount i sitt hybridization analysis of murine IGFBP-4 was performed
s deseribed ™.
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