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The reduction of infarct size and the improvement of
left ventricular ejection fraction might decrease
mechanical stress on the non-infarcted myocardium,
which might decrease hypertrophy and dilatation of the
non-infarcted myocardium. Since cardiac hypertrophy
and dilatation cause diastolic and systolic heart failure, a
reduction of infarct size and an increase of left ventricular
ejection fraction could mediate beneficial clinical
outcomes. However, we need to do another large-scale
clinical trial to target clinical outcomes such as
cardiovascular death, because our primary aim here was
to test the reduction of infarct size. Moreover, Hayashi
and colleagues™ showed that plasma concentrations of
angiotensin 11, aldosterone, and endothelin-1 were lower
in patients given atrial natriuretic peptide than in
controls. Sudden exposure to high concentrations of
angiotensin 11, aldosterone, and endothelin-1 for several
days caused vascular or ventricular remodelling, and
attenuation of these harmful effects by infusion of atrial
natriuretic peptide could reduce the incidence of cardiac
death and readmission to hospital for chronic heart
failure.®

One reason that nicorandil treatment did not limit
infarct size in our study could be the size of the dose.
Ishii and colleagues® have reported that one intravenous
administration of a dose of nicorandil that was three
times higher than that which we used decreased the
infarct size and reduced the rate of cardiovascular death
or readmission to hospital for chronic heart failure in
368 patients with acute myocardial infarction.

Patients in the nicorandil study who were given
nicorandil orally in the chronic phase had greater
increases in left ventricular ejection fraction, irrespective
of whether nicorandil was given intravenously or orally.
Since microvascular obstruction ten days after
myocardial infarction was associated with left
ventricular remodelling and poor prognosis, coronary
perfusion might be improved by opening KATP
channels in coronary blood vessels during the healing
stage. The IONA study” showed that nicorandil could
reduce the incidence of unstable angina in patients
with stable angina.

Our finding that treatment with atrial natriuretic
peptide in the acute phase reduced the incidence of
readmission to hospital for chronic heart failure could
help to reduce the physical, medical, and economic
burdens on people around the world. Mareover, since
intravenous nicorandil in the acute phase, followed by
oral administration in the chronic phase, increased the
left ventricular ejection fraction, chronic treatment with
nicorandil could improve ventricular function for
patients with myocardial infarction in the chronic
phase.

Several limitations of our study should be discussed.
First, physicians knew the random assignment of
patients, and treatment for acute myocardial infarction
in the chronic phase was not restricted accordingly; this

www thelancet.com Vol 370 October 27, 2007

could have affected the difference in nicorandil
treatment at the chronic phase. Second, although we
planned to do angiography of the left ventricle when
patients were admitted to hospital, some hospitals
could not take angiographs, because of the additional
medical cost. Therefore, baseline angiographs were
absent for some patients. Third, the patterns of missing
angiography data on left ventriculography differed
between the two studies (which were done at different
hospitals) and also between the atrial natriuretic peptide
group and corresponding placebo group. We cannot
explain this difference, but since we did not intervene
in this procedure, we believe that it must be due to
chance.
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Coronary Heart Disease

Increased Endoplasmic Reticulum Stress in Atherosclerotic
Plaques Associated With Acute Coronary Syndrome

Masafumi Myoishi, MD; Hiroyuki Hao, MD, PhD; Tetsuo Minamino, MD, PhD:
Kouki Watanabe, MD, PhD; Kensaku Nishihira, MD, PhD; Kinta Hatakeyama, MD, PhD;
Yujiro Asada, MD, PhD; Ken-ichiro Okada, MD, PhD; Hatsue Ishibashi-Ueda, MD, PhD:

Giulio Gabbiani, MD, PhD; Marie-Luce Bochaton-Piallat, PhD:
Naoki Mochizuki, MD, PhD; Masafumi Kitakaze, MD, PhD

Background—The endoplasmic reticulum (ER) responds to various stresses by upregulation of ER chaperones, but prolonged
ER stress eventually causes apoptosis. Although apoptosis is considered to be essential for the progression and rupture of
atherosclerotic plaques, the influence of ER stress and apoptosis on rupture of unstable coronary plaques remains unclear.

Methods and Results—Coronary artery segments were obtained at autopsy from 71 patients, and atherectomy specimens
were obtained from 40 patients. Smooth muscle cells and macrophages in the fibrous caps of thin-cap atheroma and
ruptured plagues, but not in the fibrous caps of thick-cap atheroma and fibrous 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 in specimens from those with stable angina. Expression of
7-ketocholesterol was increased in the fibrous caps of thin-cap atheroma compared with thick-cap atheroma. Treatment
of cultured coronary artery smooth muscle cells or THP-1 cells with 7-ketocholesterol induced upregulation of ER
chaperones and apoplosis, whereas these changes were prevented by antioxidants. We also investigated possible
signaling pathways for ER-initiated apoptosis and found that the CHOP (a transcription factor induced by ER
stress)-dependent pathway was activated in unstable plaques. In addition, knockdown of CHOP expression by small
interfering RNA decreased ER stress-dependent death of cultured coronary artery smooth muscle cells and THP-1 cells.

Conclusions—Increased ER stress occurs in unstable plagues. Our findings suggest that ER stress-induced apoptosis of
smooth muscle cells and macrophages may contribute to plaque vulnerability. (Circulation. 2007;116:1226-1233.)

Key Words: apoptosis m plague m myocardial infarction m endoplasmic reticulum

Mnsl of the acute clinical manifestations of coronary ath-
erosclerosis result from plaque rupture that triggers
thrombosis and vessel occlusion. producing the acute coronary
syndrome (ACS).!* Previous reports have shown that apoptosis
affects all of the types of cells residing within atherosclerotic
plagues. including smooth muscle cells (SMCs) and macro-
phages,*> with oxidized low-density lipoprotein and several
inflammatory factors being known to induce apoptosis.®” The
number of apoptotic cells depends on the plaque stage and is
generally higher in more advanced plaques.®* SMCs synthesize

most of the interstitial collagen that stabilizes the fibrous cap of

a plaque.*” Therefore, excessive apoptosis of SMCs in the
fibrous cap may compromise plaque integrity and render it

vulnerable Lo proteolytic attack by inflammatory cells, leading to
plaque rupture.®” Apoptotic macrophages are more frequent at
sites of plaque rupture than in areas where the fibrous cap
remains intacl.” A decrease in macrophages would reduce the
scavenging of apoptotic SMCs and macrophages, allowing the
cells to undergo secondary necrosis, thereby increasing throm-
bogenicity of the plaque.'”

Editorial p 1214
Clinical Perspective p 1233

The endoplasmic reticulum (ER) is 1 of the largest cellular
organelles and has multiple functions, such as regulating the
folding of proteins.'"'2 Various stimuli cause ER stress,
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including ischemia, hypoxia, heat shock, mutation. increased
protein synthesis, and reactive oxygen species, all of which
can potentially lead to ER dysfunction.'''? In response to ER
stress, there is marked upregulation of various ER chaper-
ones, such as the 94-kDa glucose-regulated protein (GRP94)
or GRP78 that stabilizes protein folding.'"-!3* When the ER
becomes overloaded with misfolded proteins. the unfolded
protein response (UPR) occurs to enhance cell survival.'s
However, prolonged ER stress can trigger apoptotic cell
death. which is promoted by transcriptional induction of
C/EBP homologous protein (CHOP) and/or by the activation
of ¢c-JUN NH;-terminal kinase (JNK)- and/or caspase-12-
dependent pathways.'® In support of this concept, our inves-
tigation of the effects of prolonged ER stress on hypertrophic
and failing hearts revealed that apoptosis of cardiac myocytes
was induced via activation of CHOP, an ER-specific proapo-
ptotic factor.!” An important role of ER-initiated cell death
pathways has also been demonstrated in several diseases,
including diabetes mellitus,'® neurodegenerative conditions.'®
and ischemia.'®

Oxidation of low-density lipoprotein plays a significant
pathogenetic role in atherosclerosis.®’*" In cultured perito-
neal macrophages, excessive accumulation of free cholesterol
(induced by acetyl low-density lipoprotein with an acyl-
CoA:cholesterol acyltransferase [ACAT] inhibitor) initiates
ER stress, increases CHOP expression. and leads to apopto-
sis.?! Studies of apoE™" mice also support the relevance of
ER stress to macrophage apoptosis and to enlargement of the
necrotic core in advanced atherosclerotic plagues.?22* How-
ever. it is still unclear whether ER stress and UPR activation
have a role in plaque rupture. Unfortunately. the absence of a
suitable animal model has greatly hindered investigation of
the molecular mechanisms of plaque rupture and evaluation
of the effects of ER stress in vivo.2425

In the present study, we examined histological sections
from atherosclerotic coronary artery lesions obtained at au-
topsy or after directional coronary atherectomy (DCA) to
investigate markers of ER stress/UPR activation and apoptot-
ic cell death. Oxysterols such as 7-ketocholesterol (7-KC)
have been reported to be partially responsible for the cyto-
toxicity of oxidized low-density lipoprotein.’®*7 Exposure of
cultured human SMCs to 7-KC induces the UPR and pro-
motes apoptotic cell death.”* so we investigated 7-KC expres-
sion in plaque specimens by immunohistochemistry. We also
examined whether 7-KC could activate ER stress using
cultured human coronary artery SMCs (CASMCs) and a
monocyte cell line (THP-1). Furthermore. we investigated the
possible signaling pathways for ER-initiated apoptosis, and
we found that the CHOP (a transcription factor induced by
ER stress)-dependent pathway was activated in unstable
plaques. whereas knockdown of CHOP expression by small
interfering RNA (siRNA) decreased ER stress-dependent
death of cultured CASMCs and THP-1 cells.

Methods

Coronary Artery Specimens

I'wo ditferent sets of specimens were obtamned under a protocol
approved by the Insututional Review Board of the Nauonal Cardio-
vascular Center and Mivazaki Umiversity. The first set of specimens

ER Stress in Atherosclerotic Plaques and ACS 1227
TABLE 1. Human Coronary Specimens (Autopsy; n=71)
No. of AHA
Histological Classification of Lesions Specimens Classification
No. of specimens obtained at autopsy 152 -
Diffuse intimal thickening (normal) 21 Type |
Fibrous plagues (fibrous) 48 Type Vc
Thick-cap atheroma (thick) 51 Type Va
Thin-cap atheroma {thin) 15 Type Va
Ruptured plagues (ruptured) 17 Type VI
AHA Classification indicates American Heart Association histological crite-
ria. 2

was obtained at autopsy. and the second set was obtained by DCA.
Classification of the histology of the lesions in autopsy specimens
was done morphologically, as described previously (Table 1).29 4
Demographic data for the study population are presented in Table |
of the Data Supplement.

In brief, 152 coronary artery segments were obtained at autopsy
from 71 pauents. including 17 consecutive patients who experienced
fatal ACS without percutaneous coronary intervention and 54 con-
secutive patients with noncardiac death. The major coronary arteries
and their branches were cut transversely at =5-mm intervals, and 17
ruptured plaques were detected in the 17 ACS patents (ruptured:
AHA type V1. n=17). The remaiming 33 pauents with noncardiac
death and the 17 ACS patients also had advanced unruptured plagues
(=75% cross-sectional luminal narrowing), and we assessed each
segment at the narrowest point (n=114). The advanced atheroscle-
rotic unruptured plaques were addiuonally divided into fibrous
plaques (fibrous: fibrocellular nssue was the predominant compo-
nent. and the lipid core was inconspicuous or absent; AHA type Ve,
n=48), thick-cap atheroma (thick: a lipid core covered by a fibrous
cap >65-um thick: AHA type Va. n=51). and thin-cap atheroma
(thin: a lipid-rich core covered by a fibrous cap <65-pm thick?;
AHA type Va. n=13). Another 21 patients with noncardiac death
who had no advanced unruptured plagques and normal coronary
arteries that only showed diffuse intimal thickeming (normal: AHA
type 1. n=21) were used as a control group.

We performed a morphological analysis of muluple lesions
(n=152) obtained at autopsy from 71 pauents (Figure 1). The
supplementary analyses included pairwise companson of unruptured
and ruptured plaques from each heart of each patent with ACS (Data
Supplement Figure [) and invesngation of the correlation between
traditional cardiovascular rnisk factors and ER stress (Data Supple-
ment Table [T and Figure [11). These supplementary analyses were
based on representanve data from each pautent. (Details of the
methods used to perform the supplementary analyses are included in
the expanded Methods section in the Data Supplement.)

Forty DCA specimens were obtained from 40 patients who were
treated for stable angina pectoris (SAP: n=20) or unstable angina
pectonis (UAP: n=20). One DCA specimen was obtained per patient,
and these specimens were classified on the basis of the chimcal
situation at the time of DCA (Table 2). These specimens ‘were fixed
in 4% paratormaldehyde for 6 hours at 4°C and then embedded in
paraffin.

Immunohistochemistry

Senal sections were examined by immunohistochemistry. as de-
scribed previously.'” In briet. sections were deparaffimzed. and
endogenous peroxidase activity was hlocked by incubation with
0.3% H,0O- 1n methanol for 30 minutes. For some antibodies. antigen
retrieval was performed as specified below. After blocking with 3%
normal bovine serum albumin, secnons were incubated with the
prnimary anubody overmght at 4°C. KDEL (Lys-Asp-Glu-Leu) ant-
body. which recogmizes both GRP78 and GRP94. was purchased
from Stressgen (San Diego, Calif) and was used at a diluton of
1:2000. Anu-CHOP antibody was obtained from Santa Cruz Bio
technology (Santa Cruz. Calif) and was applied at a dilution of 1:600



1228 Circulation

September 11, 2007

CHOP Negative Control
N .
. =™
e . o
P -
- c “
. LA
S \
A‘_.._:
i = f

TUNEL posttive cells (%)

*
| I

" Normal Fibrous Thick  Thin Ruprured

2% TUNEL positiary of CHOP-positive cells

i 2 1 e et i % ‘ *
Sy ¥ .-_::‘ s o 7 il .
d Y og w : : ¥ 4 4 ]
2 - B R S TN 34 A o =
i &
B of KDEL-positive cells / mm? C No. of CHOP-positive cells / mm? B JY { Lo
300 300
= 15+
200 200~
* P S
- Normal Fibrous Thick T hin  Ruptured

] i I
(- — e ala

Normal Fibrous Thick Thim  Ruptured

CD6R

1=

m.-.ii

Normal Fibrous Thick Thin  Ruptured

Figure 1. Induction of ER chaperones and death signals in coronary artery plagues obtained at autopsy. A, Comparison of
hematoxylin-eosin (HE) staining, KDEL immunostaining, and CHOP immunostaining of normal arteries (n—14), fibrous plaques (n=48),
thick-cap atheroma (n=51), thin-cap atheroma (n=15), and ruptured plagues (n=17) obtained at autopsy from 71 patients. Representa-
tive HE-stained low-power micrographs from each group (a through ). L indicates the lumen, and the arrow shows the site of plaque
rupture. The parts of the intima (a) and fibrous cap (b through e) indicated by boxes are shown at a higher magnification in panels f
through j. Panels k through o show KDEL immunostaining. Panels p through t show CHOP immunostaining. Panels u through y show
a-smooth muscle actin (a-SMA) immunostaining. Panels z through & show CD68 immunostaining. B and C, The number of KDEL-
positive (B) and CHOP-positive (C) cells. The absolute number per square millimeter is shown for the media of a normal artery and for
the fibrous caps of fibrous plaques, thick-cap atheroma, thin-cap atheroma, and ruptured plaques (B, C). D, ISH analysis of GRP78 (a,
d), CHOP (b, e}, and negative control (c, f) mMRNA expression in thick- and thin-cap atheromas. E, Comparison of HE staining (a) with
double immunostaining (b). Colocalization of CHOP (red) with TUNEL-positive cells (brown) in the cap of a ruptured plague. The area
indicated by asterisks is shown at a higher magnification in the inset. Arrows show CHOP and TUNEL double-positive cells. F and G,
Percentage of TUNEL-positive cells (F) and percentage of TUNEL-positive cells among CHOP-positive cells (G) in the fibrous cap.
Scale bars represent 1 mm (A, a through e), 50 um (A, f through &, D, and E), and 20 um (E, in inset). *P<0.05 vs normal plaque.

after antigen retrieval by incubation for 10 minutes at room temper- at a dilution of 1:200. The EnVision kit (DAKQ) was then used for

ature m 5 pg/mL proteinase K. Anti-phospho-c-JUN NH.-terminal
kinase antibody was used to detect ¢-JUN kinase (JNK), which is
involved in the UPR.'* It was obtained from Cell Signaling (Dan-
vers. Mass) and was applied at a dilution of 1:100 after heat retrieval
for 15 minutes at a sub-boiling temperature in 1 mmol/L EDTA (pH
8.0). Colon carcinoma sections were stained with anti-phospho-JNK
antibody as a positive control. Anti-a-smooth muscle actin antibody
and anti-human CD68 antibody (DAKO, Glostrup, Denmark) were
used to identify SMCs and macrophages. respectively, and were used

TABLE 2. Human Coronary Specimens (Atherectomy; n=40)

Origin and Classification of Plaques No. of Specimens

SAP 20
UAP 20

immunostaining, Application of the KDEL anubody or the CHOP
antibody after preincubation with each synthetic peptide used for
immunization (KDEL: synthetic peptide SEKDEL, 10 pg/mL, Tore
Bio, CHOP peptide: 10 pg/mL, Santa Cruz Biotechnology) resulted
in no detectable signals, demonstrating the specificity of the antibody
(Data Supplement Figure II).

Terminal dUTP Nick End-Labeling Method and
Double Immunohistochemistry

Cells undergoing apoptosis were identified by the terminal dUTP
nick end-labeling (TUNEL) method with the ApopTag In Situ
Apoptosis Detection Kit (Chemicon, Temecula, Calif), as described
previously.® For simultaneous identification of CHOP and TUNEL
immunoreactivity, double immunostaining of specimens was per-
formed. First, the TUNEL method was performed with an ApopTag
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kit, and then CHOP was detected with an alkaline phosphatase-
labeled secondary antibody with NewFukusin (DAKO).

In Situ Hybridization

Digoxigenin-labeled ¢cRNA probes and the negative control
(LNE120) were purchased from Direct Communications Inc (Hiro-
saki, Japan), and the sequences were as follows: GRP78:
5'-UGGAAUUCGAGUCGAGCCACCAACAAGAACAAUUU-
CAUCAAUAUCAGACUUCUUCAAAUCAGAAUCUUCCAAC-
ACUUUCUGGACGGGCUUCAUAGUAGACCGGAACAGAU-
CCA UGUUGAG-3"; CHOP: 5'-AUGCUCCCAAUUGUUCAUG-
CUUGGUGCAGAUUCACCAUUCGGUCAAUCAGAGCUCGG-
CGAGUCGCCUCUACUUCCCUGGUCAGGCGCUCGAUUUC-
CUGCUUGAGCCGUUCAUUCUCUUC-3", In situ hybnidization
(ISH) was performed as described previously® with a Microprobe
manual staining system (Fisher Scientific, Pittsburgh, Pa). In brief,
hybridization of the probes (1 pg/mL) was performed for 120
minutes at 50°C, and then anu-digoxigenin-Ap (x250, Roche, Basel,
Switzerland), as the secondary antibody, and NBT/BCIP stock
solution (%50, Roche) were added.

7-KC Staining

Snap-frozen samples were obtained from 12 patients, comprising 6
with thick-cap atheroma and 6 with thin-cap atheroma. Frozen
sections were fixed in 10% neutral-buffered formalin for | hour at
room temperature. After blocking with 3% normal bovine serum
albumin, the sections were incubated overnight at 4°C with anti-
7-KC antibody (Nikken Seil Corporation, Fukuroi, Japan) at a
dilution of 1:100, followed by incubation with an EnVision kit for 30
minutes.

Statistical Analysis
Data are expressed as mean = SEM. For the autopsy study of multiple
lesions from many patients (Figure 1), statustical analysis was
performed with the Kruskal-Wallis H test and a post hoc Mann-
Whitney U test. For the DCA specimens, statistical analysis was
performed with the Mann-Whitney U test. Experiments with cultured
cells were performed at least 3 umes each. Data obtained with
cultured cells were analyzed statistically by the unpaired Student ¢
test or ANOVA, followed by the Bonferrom test. Companison of
categorical variables was done with Fisher exact test. In all analyses.
P<0.05 was accepted as stausucally significant. The expanded
Methods section, covering supplementary data and in vitro studies is
included as an online-only Data Supplement.

The authors had full access to and take full responsibility for the
integrity of the data. All authors have read and agree to the
manuscript as writen,

Results

Upregulation of ER Chaperones and Apoptosis in
the Fibrous Caps of Thin-Cap Atheroma and
Ruptured Plaques

In the fibrous caps of thin-cap atheroma and ruptured plaques.
KDEL and CHOP immunostaining showed a marked increase
compared with the level of staining in the fibrous caps of
thick-cap atheroma and fibrous plaques (Figure 1A k through
L. Figure 1B. and Figure 1C). KDEL-positive cells were more
numerous than CHOP-positive cells in the fibrous caps of
thin-cap atheroma and ruptured plaques. Most of the CHOP-
positive cells also expressed KDEL. as shown by staining of
serial sections. In the same heants of the ACS patients, there
was a significant difference of KDEL- and CHOP-positive
cells between the unruptured and ruptured plaques (Data
Supplement Figure I). We also assessed ER chaperone
(GRP78) and CHOP expression at the mRNA level by ISH
(Figure 1D). Furthermore. we confirmed that the KDEL- and

ER Stress in Atherosclerotic Plaques and ACS 1229

CHOP-positive cells were SMCs or macrophages by immu-
nostaining of serial sections with anti a-smooth muscle actin
and anti-CD68. respectively (Figure 1A, u through 8). In the
fibrous caps of thin-cap atheroma and ruptured plaques.
colocalization of CHOP immunoreactivity with TUNEL-
positive cells was observed by double immunostaining (Fig-
ure 1E). The percentage of TUNEL-positive cells (Figure 1F)
and the percentage of TUNEL-positive cells among CHOP-
positive cells (Figure 1G) were increased compared with the
findings in other specimens. Immunostaining for phospho-
JNK. which is a proapoptotic factor involved in ER stress,
revealed no immunoreactivity in the fibrous caps of thick.
thin. or ruptured plaques (data not shown). In normal coro-
nary artery specimens with diffuse intimal thickening (Figure
1A, k and p). there was no KDEL or CHOP positivity. In the
region around the necrotic core of advanced plaques. KDEL
positivity was only observed in macrophages. There was no
significant difference in the number of KDEL-positive cells
within the area surrounding the necrotic core of thick-cap
atheromas (726=88/mm°), thin-cap atheromas (741=52/
mm?), and ruptured plaques (651=102/mm").

Upregulation of ER Stress in Atherectomy
Specimens From Patients With UAP

To estimate the activation of ER stress related to the clinical
situation, we examined histological sections obtained at
DCA. Morphometric analysis demonstrated that the number
of KDEL- and CHOP-positive cells was significantly higher
in patients with UAP than in patients with SAP (P<<0.05:
Figures 2A, 2B. and 2C). The KDEL- and CHOP-positive
cells were confirmed o be SMCs and macrophages (Figure
2A). When ER chaperone (GRP78) and CHOP mRNA levels
were analyzed by quantitative reverse-transcription polymer-
ase chain reaction or ISH. GRP78 expression was increased
in patients with UAP (P=0.14: Figure 2D). whereas CHOP
expression was significantly higher in UAP patents than in
SAP patients (P<<0.05: Figure 2E). On the other hand. both
GRP78 and CHOP were significantly increased according to
ISH (Figure 2F). but we could not confirm a significant
increase of GRP78 by reverse-transcription polymerase chain
reaction. This may have been because the number of fresh
DCA specimens was too low,

Immunohistochemical Detection of 7-KC in the
Fibrous Caps of Atherosclerotic Plaques

To explore the likely molecular mechanism of activaton of
ER stress and the mechanistic link to apoptosis. we invest-
gated plague lipids by staining frozen coronary artery sec-
tions with anti-7-KC antibody (Figure 3), and the in vitro
studies were performed (Figure 4). Immunoreacuvity for
7-KC was increased in the fibrous caps of thin-cap atheroma.
whereas no immunoreactivity was detected in the fibrous
caps of thick-cap atheroma (Figure 3). In the region around
the lipid core. however. 7-KC immunoreactivity was visible
in both types of atheroma (Figure 3).

Upregulation of ER Chaperones, CHOP. and
Apoptosis by 7-KC and Effects of CHOP
Knockdown by siRNA in CASMCs or THP-1 Cells
Exposure of cells to 7-KC increased the expression of GRP78
and CHOP mRNA, whereas this increase was prevented by
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the antioxidants N-acetylcysteine or glutathione (Figure 4A).
We observed intracellular production of reactive oxygen
species after exposure to 7-KC, whereas glutathione reduced
reactive oxygen species production (Figure 4B). We also
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Figure 3. Immunohistochemical detection of 7-KC in the fibrous
cap of thin-cap atheroma. Comparison of hematoxylin-eosin
(HE) staining with 7-KC or IgG immunostaining in the fibrous
caps of thick-cap atheroma (n=6) and thin-cap atheroma (n=6),
as well as around the necrotic core of thick-cap atheroma. 7-KC
immunostaining is shown at a higher magnification in the inset
Scale bar represents 50 um.
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25 hematoxylin-eosin (HE) staining with
KDEL, CHOP, a-smooth muscle actin
(a-SMA), and CD68 immunostaining of
the serial sections of 32 atherectomy
specimens obtained from patients with
SAP (n=16) or UAP (n=16). B and C,
Number of KDEL-positive (B) and
CHOP-positive (C) cells per square mil-
limeter. D and E, Comparison of
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iy and CHOP (b, ) mRNA expression in
specimens from SAP patients (n=6) or
UAP patients (n=6). Scale bar repre-
sents 50 um. *P<<0.05 vs SAP.

UAP

examined the effects of 7-KC on apoptosis of CASMCs
and THP-1 cells (Figure 4C). Treatment with 7-KC in-
creased FITC-annexin and propidium iodide staining in a
dose-dependent (Figure 4C, b and ¢) and time-dependent
(data not shown) manner. Treatment of CASMCs and
THP-1 cells with 7-KC for 24 hours also induced apoptosis
along with the induction of ER chaperones and CHOP at
the protein level (Figure 4D). When CASMCs and THP-1
incubated with 7-KC
N-acetylcysteine or glutathione, both antioxidants reduced
the induction of ER chaperones (Figure 4D). Quantitative
analysis revealed that most of the CHOP-positive cells
coexpressed KDEL (88.2% of CHOP-positive CASMCs
and 72.7% of CHOP-positive THP-1 cells; P<0.05, Fish-
er’'s exact test), whereas there were few KDEL-negative
and CHOP-positive cells, which suggests that CHOP was
involved in the mediation of ER-initiated signaling (Figure
4D. ¢ and d). Treatment of THP-1 cells with 7-KC induced
CHOP. whereas 2 different siRNAs targeting CHOP
caused the knockdown of CHOP expression (Figure 4E, a).
Knockdown of CHOP expression by siRNA decreased
the number of TUNEL-positive THP-1 cells after exposure
to 7-KC (Figure 4E. b and d). Similarly. the knockdown
of CHOP expression by siRNA decreased the number
of TUNEL-positive CASMCs after exposure to 7-KC
(Figure 4E. ¢).

cells were simultaneously and
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Figure 4. Upregulation of ER chaperones, CHOP, and apoptosis by exposure to 7-KC and effect of CHOP knockdown by siRNA in cul
tured CASMCs or THP-1 cells. A, Comparison of GRP78 and CHOP expression normalized for GAPDH by quantitative reverse-
transcription polymerase chain reaction. CASMCs or THP-1 cells were incubated with 7-KC (80 mmeol/L) in the absence or presence of
N-acetylcysteine (NAC) or glutathione (GSH) for 12 hours. B, Measurement of reactive oxygen species (ROS) generation after exposure
to 7-KC and 2’, 7'-dichlorofluorescin diacetate (DCFH-DA) in the absence or presence of GSH for 12 hours. C, FITC-annexin V and
propidium iodide staining for apoptosis of CASMCs and THP-1 cells incubated with 7-KC (a). Exposure to 7-KC induced apoptosis of
CASMCs (b) and THP-1 cells (c) in a dose-dependent manner. D, KDEL and CHOP staining of CASMCs (a) and THP-1 cells (b) after
incubation with 7-KC in the absence or presence of GSH for 24 hours; ¢ and d, quantitative analysis of immunohistochemical staining
of CASMCs (c) and THP-1 cells (d). E, Western blotting for CHOP after exposure to 7-KC with or without CHOP siRNA (a). TUNEL
staining of THP-1 cells (b) and quantitative analysis of TUNEL-positive CASMCs (c) and THP-1 cells (d). CTL indicates the nonsilenced
control. Scale bars represent 50 um (B, C, and E) and 20 um (D). *P<0.05 vs control (A, C, and E). #P<0.05 vs treatment with 7-KC
(E). Experiments were performed at least 3 times. The data are expressed as mean=SEM. The immunofluorescent staining and West-
ern blotting data are representative of at least 3 independent expenments )

Discussion changes in the thin-cap atheroma rather than being secondary
The present study revealed a marked increase of ER chaper- to plague rupture or ischemia/reperfusion injury. Only spec-
one expression. CHOP expression. and apoptosis in the imens from patients without percutancous coronary interven-
fibrous caps of thin-cap atheroma or ruptured plaques. as well tion were studied. to exclude the influence of this interven-
as in atherectomy specimens from UAP patients. which tion. We also observed an increase of ER stress-related
suggests that ER stress may play a role in the progression ot changes in freshly fixed atherectomy specimens obtamed
plaque vulnerability and the occurrence of acute complica- from UAP patients compared with those from SAP patients.
tions of coronary atherosclerosis in humans. Because of the This suggests that ER stress activation was related to the
inherent limitations of an autopsy study. we could not exclude clinical sitation. and the autopsy specimens were only
the possibility that UPR activation occurred after plaque slightly affected by postmortem protein degradation.
rupture. Previous reports have shown that ER chaperones, Among the oxysterols. 7-KC is most frequently detected al
such as GRP78 or GRP94, may have a protective etfect high levels in atherosclerotic plaques and in the plasma of
against ischemia/reperfusion injury.** However, the presence patients with a high cardiovascular risk.?%3% To the best of our
of apoptotic changes in the thin-cap atheroma of the patients knowledge. however, 7-KC has not previously been detected
with noncardiac death suggested that the findings we ob- in human atherosclerotic coronary artery sections by immu-
served in ruptured plaques represented the evolution of such nohistochemistry. It has been reported that 7-KC induces the
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production of reactive oxygen species, activation of the UPR,
and induction of apoptotic death in cultured human SMCs.2#
We demonstrated that the fibrous caps of thin-cap atheroma
were immunohistochemically positive for 7-KC, a finding
consistent with the increase of ER stress/UPR markers.

Treatment of CASMCs with 7-KC induced ER stress and
activation of the UPR, findings that were consistent with the
results of a previous study on aortic SMCs.2® and these
changes also occurred in THP-1 cells. This 7-KC-induced
cellular damage was prevented by antioxidants (N-
acetylcysteine and glutathione), which was also consistent
with a previous report.* Accordingly, the present findings
suggest that an increase of ER stress due to 7-KC induces
apoptosis of SMCs and macrophages through the production
of reactive oxygen species.

ER stress induces apoptosis via the CHOP-, JNK-, and
caspase-12—-dependent signaling pathways.'®* CHOP is
mainly induced at the transcriptional level by ER stress,'237
after which its overexpression leads to apoptosis,'!!6.38
CHOP knockout mice show normal development and normal
fertility but exhibit less apoptosis in response to ER
stress.'®2! Thus, detection of the induction of CHOP indicates
an increase of ER-initiated apoptosis. Although the direct
transcriptional target of CHOP has not been found.?® the
Bcl-2 pathway may be involved in the downstream connec-
tion between CHOP and apoptosis.?83° Caspase-12 is only
activated by ER stress.!?!6.1%8 Although caspase-12 has been
cloned in mice and rats. it is not yet possible to explore the
role of this caspase in humans.*® JNK is 1 of the stress-acti-
vated protein Kinases that has been shown to induce apoptosis
in response to ER stress. '3 We demonstrated that TUNEL-
positive SMCs and macrophages were significantly increased
in the fibrous cap, with CHOP (but not JNK) being induced
simultaneously. Treatment of CASMCs or THP-1 cells with
7-KC induced CHOP, whereas knockdown of CHOP expres-
sion by siRNA led to a decrease of TUNEL-positive cells
after exposure to 7-KC. Because CHOP is a transcription
factor that specifically mediates ER-initiated apoptosis, the
induction of CHOP in ruptured and unstable plagues supports
the activation of ER-initiated apoptosis. However, our au-
topsy study could not exclude the possibility that the cells
underwent apoptosis independently of CHOP. whereas the
TUNEL assay gave false-positive results in the clinical
specimens.

Unfortunately, we could not confirm whether or not the
relationship between thinning of the fibrous cap and ER stress
was causative because of the lack of a suitable animal model
of plaque rupture. On the other hand. together with the
present finding that 7-KC induced ER stress, the possibility
that ER stress causes plaque vulnerability is also supported by
the following reports. In cultured peritoneal macrophages.
excessive accumnulation of free cholesterol has been found to
initiate ER stress, increase CHOP expression, and increase
apoptosis.?! Moreover. in vivo studies with apoE ' mice
have shown that lesional necrosis can be diminished by a
decrease in the cholesterol level.? In addition, the present
study demonstrated that expression of ER chaperones was
upregulated to a similar extent in macrophages surrounding
the necrotic cores of thick-cap atheroma. thin-cap atheroma.

and ruptured plaques, which suggests that ER stress may
contribute to the progression of plaque vulnerability by
inducing macrophage apoptosis.

In conclusion, the present findings support the possibility
that ER stress and/or the UPR induces apoptosis of SMCs and
macrophages, thus increasing the vulnerability of coronary
artery plaques. which may lead to ACS and a fatal outcome in
patients with coronary artery disease.
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CLINICAL PERSPECTIVE
Most of the acute clinical manifestations of coronary atherosclerosis result from plaque rupture that produces the acute
coronary syndrome, and apoptosis is considered to be essential for plaque rupture. The endoplasmic reticulum (ER) is 1
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 ol 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 athcroma 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 plaques. In addition, knockdown of C/EBP homologous protein expression by small interfering RNA
decreased ER stress-dependent death of cultured coronary artery smooth muscle cells and THP-1 cells. Increased ER stress
occurs in unstable plaques. Our findings suggest that ER stress-induced apoptosis may contribute to plaque 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 antisense oligo-
nucleotides resulted in dilated cardiac ventricles and immature sarcomere structures. These results suggest a

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 choughr to be the most
effective therapy for end-stage CHF. However, this approach obvi-
ously cannot be used for all of the numerous affected patients and
is 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;
abnormaliries in these sarcomeric proteins are major causes of idio-
pathic cardiomyopathies and lead to CHF (2-4). Type I myosin is
the major constituent 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 essential 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 isoform (MLC2v) is expressed in the myocardium, where it
performs specific roles in cardiogenesis by contributing to the for-

Nonstandard abbreviatdons used: ANP, arrial narriuretic peptide, BNP, brain natni
ureric peptide; CHF, chronic heart failure; cardiac-MLCK, cardiac spm'lti\ MLCK,
Dd, end-diastohe dimension; Ds, end-systolic dimension; FS, fractional shortening;
hpt, hours postfertilization; M1, myocardial infarcrion; MLC2v, myosin regulatory
light chain 2, ventncular/cardiac muscle isoform; MLCK, myosin light chain kinase;
M-maode. motion mode: MO, morpholino antisense oligonucleotide; p-s15MLC,
antibodies tor phosphorylated MLC2v; PAP, pulmonary arrerial pressure: ReMK,
antibodies speafic for rodent cardiac-MLCK; si-cMK. siRNA targeting cardiac- MLCK
si-smMK, siRNA targeting rat smMLCK; skMLCK, skeleral muscle MLCK: smMLCK
smooth muscle MLCK: tMLC, anubodies for total MLC2v; z-, zebrafish;
2-cMKaugMO, MO targeting the AUG translational start site of z-cardiac-MLCK.
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marion 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 isoforms, is distribured ubiquitously in vari-
ous tissues and contriburtes to the contraction of smooth muscle
and several cell activities. Conversely, skMLCK is thought 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 weight,
body weight, or heart weight/body weight ratio phenotypes, despite
effective knockdown of skMLCK expression (10). Additionally, there
were no significant differences between the knockout 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 setrings, such as cancer research, allow
for a global view of gene expression in certain disease states and
the identification of unknown molecules and molecular pathways
that can be exploited as novel therapeutic targets. CHF is a can-
didate 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 between the
obtained genomic data and the clinical, physiological, and bio-
chemical characteristics of CHF. In this manner, we sought to
identify candidare genes that are involved in the pathophysiology
of CHF. Consequently, we identified what we believe to be a novel
October 2007
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Table 1
Clinical characteristics of the patients used for microarray analysis

research article

Using 5'-RACE, we identified specific sequences
identical to those of NM_182493 (MYLK3) located

Pt Age Sex Diagnosis Operation Dd  EF PAP ANP
(yr) (mm) (%) (mmHg) (pg/ml) (po/mi)
1 53 M DCM, Ml  Batista 88 25 20 25
2 45 M DCM Batista 81 39 45 85
3 727 M DM Batista 71 14 25 86
4 58 M MI Dor 76 = - —
5 57 M HCM, MI Dor 52 44 4 20
6 69 M DCM Batista 86 19 59 100
7 40 M AR Unknown 76 42 16 52
g8 7% M M Dor 51 55 - 39
9 32 ™ DCM Batista 81 26 26 300
10 51 F  Sarcoidosis  Dor 68 35 - 89
11 54 M MI Dor 63 37 - 84
12 58 M Myocarditis  Dor w22 = 800
N-1 27 M Normal - = = - =
N-2 24 M Normal - - - - =

4 kb upstream of the probe set sequence. The relative
expression level of this candidare gene was significancly
correlated with the relative PAP value (Figure 1B); in

BNP

90.4 addition, the expression of this gene was restricted to
217 the heart (Figure 1C). A homology search using the
2m transcript sequence, particularly the sequence coding
= for the C-terminal kinase domain, identified MYLK3
80 asa member of the MLCK farmuily. Thus, we named the
;?? protein encoded by MYLK3 “cardiac-MLCK." Two dis-
174 tinct MLCK family genes have been previously reported:
869 MYLK, which encodes smMLCK, and MYLK2, which
339 encodes skMLCK (8). Domain structure analysis
202 revealed a well-conserved serine/threonine kinase
2,710 domain thar includes an ATP-binding site and an

active serine/threonine kinase domain positioned
near the C rerminus of the cardiac-MLCK protein (Fig-

AR, aortic regurgitation; DCM, dilated cardiomyopathy; EF, ejection fraction; F,
HCM, hypertrophic cardiomyopathy; M, male; Pt, patient.

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

Results

Identification 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 tissues
obtained from 12 patients who had undergone cardiac exclusion
surgery, such as the Dor or Barista procedures, for end-stage CHF
(Table 1). Figure 1A is an overview flowchart for the selection of
candidate genes. Compared with those of 2 normal control sam-
ples, the expression of 626 probe sets was significantly upregulated
in the failing myocardia. Of chese, we selected probe sets whose
expression levels were positively correlated (r > 0.7) with pulmonary
arterial pressure (PAP} measurements (129 probe sets) and brain
natriuretic peptide (BNP) mRNA levels (194 probe sets). The tissue
localization of each selecred 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 tissues, for
further analysis. These probe sets represented a set of genes that
included atrial nacriuretic pepeide (ANP), BNP, small muscle pro-
tein, and a-actin, all of which are known to be involved in heart 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 sets. ANP (36663 _ar and 73 106_s_at),
BNP (39215_ar), Importin9 (84730_at), and 75678 _at exhibited
expression levels that were at least 10-fold greater in the heart chan
in skeletal 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 heart failure.
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ure 1D). The expression patrerns of the MLCK family
members were confirmed by Northern blot analysis. As
previously described (11), 2 major transcripts of MYLK
were almost ubiquitously expressed. The larger tran-
script codes for a nonmuscle isoform of smMLCK generated by
alternarive splicing. Restricted expression patterns were observed
for both MYLK2 and MYLK3. MYLK2 expression was only detected
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 neonatal rat cardiomyacyres showed
predominantly disorganized sarcomere scructures. Overexpression
of cardiac-MLCK in cultured neonaral rat 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-
ticipates in sarcomere formation in cardiomyocytes.
Cardiac-specfic myosin regulatory light chain is a specific substrate of
cardiac-MLCK. Because this protein kinase conrained a consen-
sus kinase catalytic domain, we artempred to identify potential
substrates of cardiac-MLCK. To identify physiological substrates
of cardiac-MLCK, we screened murine heart homogenates using
an in vitro kinase reaction. After fractionation of murine heart
homogenates 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 contained a dis-
tinct 20-kDa band that was labeled with **P only in the presence of
recombinant cardiac-MLCK (Figure 2A), This **P-labeled 20-kDa
protein was purified (Figure 2B) and analyzed using macrix-assisted
laser desorption/ionization-time-of-flight mass spectromerry and
peptide mass fingerprinting. The 20-kDa protein conrained frag-
ments with amino acid sequences that were homologous to murine
MLC2v (Figure 2C). No additional **P-labeled proteins were detect-
ed in fractions obtained following cation or anion exchange col-
umn purification, Further analysis of this phosphorylation event
in vitro revealed endogenous MLC2v, purified from murine heart
homogenates, was phosphorylated by recombinant cardiac-MLCK
in a Ca**-calmodulin-dependent manner (Figure 2D). Thus, we
conclude that cardiac-MLCK is a calmodulin-dependent kinase.
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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 ubiquitously 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). Antibodies that detected phosphorylared
MLC2v (p-sISMLC; anti-rodent serine 15 phosphorylated MLC2v)
and rotal MLC2v (tMLC) were also generated. ReMK detected rat
cardiac-MLCK from whole-cell cardiomyocyte extraces as well as
recombinant FLAG-tagged murine cardiac-MLCK (Figure 2E).
Phosphorylated MLC2v and nonphosphorylated MLC2v could be
clearly separated using urea-glycerol gel eleccrophoresis (12). eMLC
detecred boch phosphorylated and nonphosphorylated MLC2v,
whereas p-s1SMLC specifically detected the phosphorylated form
of MLC2v (Figure 2F). Overexpression of cardiac-MLCK increased
the levels of phosphorylared MLC2v in cultured cardiomyocytes
(Figure 2G). However, there was no effect on the expression of
other sarcomere proteins involved in sarcomere organization
such as troponin T, desmin, and a-actinin. mRNA expression of
ANP and p myosin heavy chain, representative 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
determined using quantitative real-time PCR 24 hours after trans-
fection (Figure 2H). These siRNAs also effectively suppressed the
level of cardiac-MLCK protein and the amounc of phosphorylated
MLC2v 60-72 hours after transfection (Figure 2I), whereas no
remarkable effects were seen for the expression of ocher sarco-
mere proteins. On the contrary, suppression of smMLCK expres-
sion, which is also distributed in heart, using siRNA targeting rat
smMLCK (si-smMK) did not change either the phosphorylation
status of MLC2v or the expression of sarcomere proteins (Figure
2]). These results indicated thar cardiac-MLCK predominantly
phosphorylates MLC2v, which is selectively expressed in cardio-
myocytes. Thus, cardiac-MLCK may regulate morphologic change
in cardiomyocytes, including sarcomere organization, through
MLC2v phosphorylation.

Cardiac-MLCK regulates sarcomere assembly in cultured cardiomyocytes.
To elucidarte the precise role of cardiac-MLCK in the sarcomere
structure, we analyzed the effects of MLC2v phosphorylation on
sarcomeres in cultured neonaral rar cardiomyocytes. Polymerized
acun stained with rhodamine-phalleidin revealed a regularly orga-
nized pactern of striations (Figure 3A). Phosphorylated MLC2v
labeling with p-s15SMLC demonstrated a similar striated partern,
although the 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 che
phosphorylated MLC2v-specific signal decreased (Figure 3K). To
evaluate the morphologic changes observed in cardiomyocytes
upon activation of endogenous cardiac-MLCK, we treated cardio-
myocytes cultured under serum-free conditions wich epinephrine.
Stimulation of G protein-coupled receptors with epinephrine
should acrivate cardiac-MLCK by increasing intracellular Ca? con-
centrations (13). A marked upregulation of MLC2v phosphory-
lation was obrained following treatment with 2 pM epinephrine
(Figure 3H). Epinephrine-induced phosphorylation of MLC2v,
which was observed as early as 5 minuces after stimulation,
peaked within 30 minutes (Figure 31). Treatment of the cardio-
myocytes cultured in serum-free conditions with 2 uM epineph-
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rine also induced reassembly of sarcomere strucrures and MLC2v
phosphorylation (Figure 3, J, K, and L). To confirm che relevance
of MLC2v phosphorylation by cardiac-MLCK, we introduced
s1-cMKs into cardiomyocytes 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 che sar-
cometes in cardiomyocytes cultured with serum. The sarcomeres
of control siRNA- and si-cMK-treated cells contained organized
filament scructures (cells with organized sarcomeres, 97.0% + 1.0%
versus 90.0% + 1.0%; NS; Figure 4, A-F and I). In concrast, the
knockdown of cardiac-MLCK produced significant effects on sar-
comere reassembly. si-cMK mhibited sarcomere reassembly after
epinephrine treatment in cardiomyocytes culcured 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 I). We also confirmed
the phosphorylation of MLC2v using immunoblot analysis (Fig-
ure 4G). The results of the immunoblot analysis are quancified
in Figure 4H, and the relative MLC2v phosphorylation levels in
this experiment exhibited a similar pattern as the percentages of
cardiomyocytes with organized sarcomeres (Figure 4[), except in
baseline, serum-containing conditions. These data suggest thar
MLC2v phosphorylation by cardiac-MLCK plays a cricical role in
initiaring sarcomere reassembly.

Cardiac-MLCK 15 essential for normal cardiac development and func-
tion in zebrafish embryos. In order to further evaluare 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 substrace of cardiac-MLCK,
was embryonic lethal ar embryonic day 12.5 (6). Because cardiac-
MLCK is an upstream modularor of MLC2v, deletion of the gene
encoding cardiac-MLCK could also be embryonic lechal. There-
fore, we performed in vivo knockdown experiments in Danto rerio,
in which the phenotype generated by disrupting the funcrions of a
targeted gene can be analyzed even if loss of the gene's functions is
fatal. 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
simuilar to those of other vertebrare orthologs, especially within
the C-terminal serine/threonine kinase domain (Figure 5A). Fur-
thermore, like MYLK3, zmylk3 is located berween che genes VPS35
and NP0O01001436.1 (Assembly Zv3sc; Wellcome Trust Sanger
Institure), indicating that this was the region of synreny berween
human and zebrafish. We also performed whole-mount in situ
hybridizations using zmylk3-specific probes; che results indicated
that zmylk3 was expressed only in the heart at 24 and 48 hours
postfertilization (hpf; Figure 5, B-I).

We injected zebrafish embryos with a specific MO directed
against the AUG translational stare site of the z-cardiac-MLCK
mRNA (z-cMKaugMO). At 33 hpf, compared co control mock-
injected zebrafish embryos, the heart region was slightly swollen
in the z-cMKaugMO 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 at 72 hpf
(Figure 6B). In contrast, zebrafish embryos injected with an MO
containing 5-base mismatches compared with z-cMKaugMO were
indistinguishable from control zebrafish embryos (Figure 6C). We
further examined che effecrs of 3 additional MOs, which were tar-
geted to delere specific exons of z-cardiac-MLCK and z-MLC2v. Of
these MOs, 2 were directed against the splice donor and accepror
October 2007 2815

Volume 117 Number 10

ﬁgl_.



research article

MAPKKAKKRIEGGSSNVFSMFEQTQIQEFK
EAFTIMDONRDGFIDKNDLRDTFAALGRVN
VEKNEEIDEMIKEAPGPINFTVFLTMFGEKL
KGADPEETILNAFKVFDPEGKGSLKADYVR
EMLTTQAERFSKEEIDQMFAAFPPDVTGNL
DYKNLVHIITHGEEKD

=50
- 37 D cardiac-MLCK - + +
calmodulin + . +
> 2p. "
S H-» P-labeled MLC2v Sl
= (B: IMLC 4
° 2
= e & G 5 3 Ad-cMK
pa & o 23
cardiac-MLCK» g i MOI 2 90 90 150
Murine + e @B 75 ?:r’diac-MLCK
FLAG-tagged N IB:ReMK o - )
cardiac-MLCK - . <+ Murine FLAG-tagged

cardiac-MLCK

‘x\\p ‘%\@z\& IB:c-actinin m
¢ of IB:desmin m‘
Nonphosphorylated MLCEV....' ) =

Phosphorylated MLC2v~> - IB:troponin T m
IB:p-s15MLC == sanall

BIMLC

F

&
612 & R N 8 Fao &
S 810 gy
O] o - . =
Sxo0s8 IB:RCMK @B IB:HSMMK e -
92 06 IB:HSMMK o ws e s
= ' IB:RcMK
g £ 04 H E = o
T202f] IB:c-actinin e s - (B c-actinin = g m—
(1]
O3 0 ) 5
£ & & O @ IB.desmin CNENEP. IB:desmin  S—
&Y & AN
‘le’ cs\'o E_,,\'o . :
‘;D\ IB:troponin T -G - IBroponin T s e s
IBp-S15MLC e a - IBp-s1SMLC «m &
IBIMLC — IBIMLC -

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*2-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?*-calmodulin—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 I)
Both si-cMK-1 and si-cMK-3 effectively suppressed the mRNA (H) and protein levels (I) 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 phosphorylation. 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-phallcidin predominantly
stained the |-band, whereas phosphorylated MLC2v (p-MLC2v) was localized in the A-band. Criginal 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
epinephrine (Epi), which upregulated MLC2v phasphorylation in a dose-dependent manner. (1) Cultured cardiomyocytes were stimulated with
2 uM epinephrine for the indicated time penods. Epinephrine-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 patterns of striation and a moderate level of MLC2v phosphorylation. 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, respecrively. Deletion  diac-MLCK, and its deletion was expected to diminish the pro-
of exon 4 caused a frameshift and resulted in premarure termina-  tein’s kinase activity. The third MO was designed to delete exon 2
tion of the transcripr. Exon 6 includes the caralyric center of z-car-  of z-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); 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—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. (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.

MOs effectively deleted the targeted exons, inducing comparable
ventral swelling phenotypes (Figure 6, D-F). The finding that 4
different MOs produced similar results suggests thar the cardiac
phenotypes resulted from a loss of the kinase activity of z-cardiac-
MLCK. To evaluate the cardiac phenotype of the z-eMKaugMO
morphants in detail, we examined the SAG4A zebrafish strain,
which specifically expresses GFP in the cardiac ventricle (14). After
mjecting z-cMKaugMO into SAG4A embryos, cardiac motion at
72 hpf was imaged with a high-sensitivity digital camera actached
to a fluorescence stereomicroscope (Figure 6G and Supplemental
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Movies 1 and 2; supplemental material available online wich this
article; doi:10.1172/JCI30804DS1). Recordings were converted
to motion mode (M-mode) images using our oniginal software
(Figure 6H). From these images. we determined the end-diastolic
dimension (Dd), end-systolic dimension (Ds), and fractional short-

emung (FS) of the cardiac ventricle. These data are summarized in

Table 2, and the resulcs indicare 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
um; 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, including
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-I) 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 I). At 24 hpf, z-cardiac-MLZK
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]).
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48 hpt

z-cMK antisense z-cMK sense

z-cMK antisense

Cc E

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 compensatory upregulation
of inotropy. In support of this hypothesis, we observed that the
heart rate was significancly higher in the 2-cMKaugMO morphants
(184 = 14.5 versus 216 + 24.7 bpm; P = 0.0017). At 5-6 days after
fertilizarion, che z-cMKaugMO morphants developed systernic
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).
Transmission electron microscopy revealed that only a few poorly
differentiated sarcomere structures were present in the ventricles
of the z-eMKaugMO morphants (Figure 7, G-J); no other appar-
ent abnormalities were detected in the atrial sarcomeres (Figure
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z-cMK sense

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-
maltan models of heart 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, A and 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. 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 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;
Number 10 October 2007 2819
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the results obtained wich 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

z-cMKaugMO

2-MLCspMO2
comparing mRNA expres-
ston analysis with the clinical
parameters of the patients, we
idenrified what we believe to be
a novel candidare gene, MYLK3
(encoding cardiac-MLCK), that
had not been isolared in previ-
ous microarray studies of heart

705 bp
615 bp
failure (15). Upregulation of
MYLK3 transcription in failing
myocardia was confirmed in
mammalian models of heart
failure, such as MI rats. In chis
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 thac 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-cMKspMQ4; D) or exon 6 (z-cMKspMOS6; E) or with the splicing of z-MLC2v exon 2
(z-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-cMKaugMQO 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 pm.

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/dr, 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 thar in the sham-operared 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). Upregularion of cardiac-MLCK expres-
sion in the infantile heart suggests cardiac-MLCK parrticipates in
myofibrillogenesis. Additionally, upregulation of cardiac-MLCK
mRNA levels in mammalian models of hearrt 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 thar phosphorylates MLC2v in cardiac muscle.

We identified cardiac-MLCK, which serves as a specific kinase
for MLC2v in cardiac muscle. In cultured cardiomyocyrtes, cardi-
ac-MLCK regulates sarcomere assembly through the phosphory-
lation of MLC2v. When isolated cardiomyocytes were cultured
under serum-free condirions, established sarcomere structures
were disrupted. Overexpression of recombinant cardiac-MLCK
and exogenous stimulation by epinephrine promoted sarcomere
October 2007
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