Perspective Volume Rendering of Coronary Arteries

usefulness of PVR as a tool in selecting the appropriate
intervention for coronary heart disease, and should include
a comparison with the findings of IVUS.
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Heat Shock Transcription Factor 1 Protects Cardiomyocytes
From Ischemia/Reperfusion Injury

Yunzeng Zou, MD, PhD*; Weidong Zhu, MD, PhD*; Masaya Sakamoto, MD; Yingjie Qin, MD;
Hiroshi Akazawa, MD; Haruhiro Toko, MD, PhD; Miho Mizukami, MD; Norihiko Takeda, MD;
Tohru Minamino, MD, PhD; Hiroyuki Takano, MD, PhD; Toshio Nagai, MD, PhD;

Akira Nakai, MD, PhD; Issei Komuro, MD, PhD

Background—Because cardiomyocyte death causes heart failure, it is important to find the molecules that protect
cardiomyocytes from death. The death trap is a useful method to identify cell-protective genes.

Methods and Results—In this study, we isolated the heat shock transcription factor 1 (HSF1) as a protective molecule by
the death trap method. Cell death induced by hydrogen peroxide was prevented by overexpression of HSF1 in COS7
cells. Thermal preconditioning at 42°C for 60 minutes activated HSF1, which played a critical role in survival of
cardiomyocytes from oxidative stress. In the heart of transgenic mice overexpressing a constitutively active form of
HSF1, ischemia followed by reperfusion-induced ST-segment elevation in ECG was recovered faster, infarct size was
smaller, and cardiomyocyte death was less than wild-type mice. Protein kinase B/Akt was more strongly activated,
whereas Jun N-terminal kinase and caspase 3 were less activated in transgenic hearts than wild-type ones.

Conclusions—These results suggest that HSF1 protects cardiomyocytes from death at least in part through activation of
Akt and inactivation of Jun N-terminal kinase and caspase 3. (Circulation. 2003;108:3024-3030.)

Key Words: ischemia ® reperfusion ® survival

ecause the loss of functional cardiomyocytes causes

heart failure, it is important to find the molecules that
protect cardiomyocytes from death. The death trap is a useful
method to identify cell-protective genes.! After transfection
of the cDNA library constructed using cardiac mRNA in the
mammalian expression vector, COS7 cells were cultured with
a lethal dose of H,0,. We isolated several cDNAs from the
surviving cells, and one of them was the heat shock transcrip-
tion factor 1 (HSF1). The HSF family (HSF1-4) regulates the
transcription of heat shock protein (HSP) genes.?? In higher
eukaryotes, expression of HSP genes is regulated primarily
by HSF1 and HSF3 in response to various stresses and by
HSF2 during development, whereas HSF4 seems to lack the
activity as a positive transactivator. As a classical stress-
responsive factor, HSF1 binds to heat shock element (HSE),
which is present upstream of many HSP genes, and activates
transcription of HSP genes under stress conditions. HSPs
have been reported to be induced in various cardiovascular
diseases and to have protective roles against various stress-
es.#-6 Although HSF1 has also been reported to be expressed
in hearts,? its role remains unknown. In the present study,

using the transgenic mice expressing the active form of HSF1
(AHSF1),® we examined the role of HSF1 in the heart
subjected to ischemia/reperfusion injury.

Methods

Materials

[y-*P]ATP was purchased from Du Pont-New England Nuclear Co.
DMEM and FBS were from GIBCO BRL Co. pCMV SPORT heart
cell expression cDNA library was from Life Technologies. The
enhanced chemiluminescence reaction system was from Amersham.
Other reagents were from Sigma.

Cloning of Cardioprotective Genes by Death

Trap Method

COS7 cells cultured in DMEM supplemented with 10% FBS were
resuspended in serum-free DMEM at 2X 107 cells/mL immediately
before transfection. Transfection of pCMV SPORT heart cell ex-
pression cDNA library was performed by electroporation (220 V,
960 wFD) at 50 pg of plasmid cDNA per mL. Forty-eight hours
later, the transfected cells were stimulated with 1 mmol/L. H,0, for
16 hours in serum-free DMEM to induce cell death and cDNA was
recovered from the survived colonies. This procedure was repeated 4
times.!
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Cell Preparation and DNA Transfection

Primary cultures of cardiomyocytes were prepared from ventricles of
1-day-old Wistar rats, and 0.5 to 10 ug of HSF1 ¢cDNA per dish was
transfected into COS7 cells with the 1.5 to 20 ug of green
fluorescence protein (GFP)-expressing vector by the standard cal-
cium phosphate method 10

AHSF1 Transgenic Mice and Murine
Ischemia/Reperfusion Model

Construction of the AHSF1 transgene and generation of the AHSF1
transgenic mice have been previously described.® Ischemia/reperfu-
sion injury was produced in 12-week-old male transgenic mice and
their littermate wild-type mice by transiently ligating the left
coronary artery.!! All protocols were approved by the guidelines of
Chiba University.

Gel Mobility Shift Assay

DNA binding activities of HSF1 was examined as previously
described using a self-complementary consensus HSE oligonucleo-
tide (5'-CTAGAAGCTTCTAGAAGCTTCTAG-3') (Sigma) as a
probe.8

Antisense Experiment

Phosphothionate antisense oligonucleotides (5'-CTAGAA-
GCTTCTAGAAGCTTCTAG-3') of HSF! or scramble oligonucle-
otides (5'-AGTCACGATCTATAGATCTGAGTC-3") (Sigma) were
prepared and applied to the culture medium (10 wmol/L) before the
thermal preconditioning treatment of cardiomyocytes.

Apoptosis Analysis
Apoptotic death of cardiomyocytes was determined by TUNEL and
by DNA ladder analysis, as previously described.!0-12

Western Blot Analysis

Total protein extracts from the heart or immunoprecipitates were
electrophoresed on an SDS-polyacrylamide gel (SDS-PSGE) and
transferred to Immobilon-p membrane (Millipore). The blotted
membranes were incubated with antibodies to HSF1, HSP27,
HSP70, HSP90, HSP110, caspase3, Apafl, Akt, phospho-Akt (Ser
473), Jun N-terminal kinase (JNK), phospho-JNK (Thr 183/Tyr
185), and a-actin (Santa Cruz Biotechnology), respectively. Immu-
noreactivity was detected using an enhanced chemiluminescence
reaction system according to the manufacturer’s instructions.

Statistics

Data are shown as mean*SE. Muitiple group comparison was
performed by one-way ANOVA followed by the Bonferroni proce-
dure for comparison of means. A 2-tailed Student ¢ test was used to
compare transgenic with nontransgenic specimens under identical
conditions. P<<0.05 was considered statistically significant.

Results

Cloning of Cardioprotective Genes

COS7 cells were transfected with a heart cDNA library and
then exposed to lethal dose of H,0,. Six cDNA clones were
isolated from independent colonies of surviving cells, and 3
of them were identical to HSF1. To confirm the protective
role of HSF1, we transfected the isolated HSF1 ¢cDNA into
COS7 cells. Overexpression of the HSF1 protected COS7
cells from H,Op-induced death (Figure 1A), whereas other
cDNA, such as GFP, had no effect (data not shown).

To examine whether HSF1 protects cardiomyocytes
against H,O,, cultured cardiomyocytes were exposed to H,0,
after thermal preconditioning at 42°C for 60 minutes fol-
lowed by additional culture at 37°C for 24 hours. Electro-
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Figure 1. Protective effects of HSF1 in cultured cells. A, Survival
of COS7 cells from H;O, stress, COS7 cells were transfected
with 2.5 ug of isolated HSF7 cDNA with 7.5 ug of GFP express-
ing vector or GFP vector alone and additionally cultured with

1 mmol/L H,0, after 24 hours. Survived cells are expressed as a
percentage of transfected cells. Data are presented as
mean=SE from 3 independent experiments. *P<<0.05. B, DNA-
binding activity of HSF1. Cultured cardiomyocytes were sub-
jected to thermal preconditioning (TP) at 42°C for 60 minutes. A
gel mobility shift assay was performed with whole-cell extracts
using a DNA fragment containing HSE. A representative photo-
graph from 3 independent experiments is shown. FP indicates
free probe. C, DNA fragmentation. Cardiomyocytes with or with-
out TP were exposed to 100 umol/L H,0, for 24 hours. Some
cells were incubated with antisense (AS) or scrambled (SC) ofi-
gonucleotides of HSF1 for 18 hours before TP. Genomic DNA
was separated in 1.5% agarose gels and stained by ethidium
bromide.

phoretic mobility shift assay using HSF1 binding sequence
revealed that the shifted band was enhanced after the thermal
preconditioning (Figure 1B), indicating that HSF1 was acti-
vated in cultured cardiomyocytes by thermal preconditioning.
Agarose gel electrophoresis showed that DNA ladder forma-
tion was observed in the cells treated with H,0,, whereas the
DNA fragmentation was barely detectable in control cells and
cells pretreated with thermal preconditioning (Figure 1C).
The antisense oligonucleotides of HSF1 but not the scramble
oligonucleotides abolished the protective effect of thermal
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Figure 2. Expression of HSPs in the heart. A, Expression of
HSPs levels in hearts from wild-type (WT) and transgenic (TG)
mice were examined by Western blot analysis using each anti-
body. A representative photograph from 3 independent expeti-
ments is shown. a-actin blot was also presented as a loading
control. B, Quantitative analysis of HSP protein expression.
Intensities of HSPs and a-actin bands were measured by densi-
tometric scanning of the autoradiograms. Relative amounts of
HSPs are expressed as percentage of a-actin. Data are present-
ed as mean=SE from 3 independent experiments. *P<0.05.

preconditioning (Figure 1C), suggesting that the thermal
preconditioning protects cardiomyocytes from H,O,-induced
cell death through activation of HSFI.

HSF1 Transgenic Mice

To elucidate the protective role of HSF1 in the heart, we
examined the transgenic mice that overexpress AHSFI.3 The
transgenic mice were apparently healthy, and there were no
significant differences in body weight, heart weight, blood
pressure, and heart rate between the transgenic mice and
littermate wild-type mice (data not shown).

Western blot analysis of heart extracts revealed that
AHSF1 protein was expressed only in the adult transgenic
mice, and there was no difference in expression levels of
endogenous HSF1 between the transgenic and wild-type mice
(data not shown).? The expression of HSPs 27, 70, and 90 was
markedly upregulated in the transgenic heart compared with
wild-type heart (Figures 2A and 2B).

Ischemia/Reperfusion Injury

Mice were subjected to cardiac ischemia for 40 minutes
followed by reperfusion for 120 minutes. There were no
abnormalities in ECG before ischemia in both the transgenic
mice and wild-type mice (Figure 3). When the left coronary
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Figure 3. ECG recordings. ECG was recorded before and dur-
ing ischemia/reperfusion. Representative ECG recordings before
ischemia (C), at 15 minutes after ischemia (I 15min), and at 1,
15, and 30 minutes after reperfusion (R 1min, R 15min, and R
30min, respectively). Arrows 1 through 4 indicate P wave, QRS
wave, ST segment, and T wave, respectively.

artery was occluded, the ST-segment was rapidly elevated in
both types of mice. There was no significant difference in
ECG change during ischemia between the transgenic and
wild-type mice. When the suture was released to allow
reperfusion, the ST-segment returned to baseline within 15
minutes in the transgenic mice whereas the ST-segment
elevation remained elevated over 30 minutes in wild-type
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Figure 4. AAR and AOL. A, Representative photographs of wild-
type (WT) and transgenic (TG) hearts stained by Evans blue dye
(EB) and triphenyltetrazolium chloride (TTC) after ischemia/
reperfusion (I/R). Red areas in left photographs indicate AAR,
and pale white areas in right photographs indicate AQI. B, AAR
is presented as a percentage of whole LV mass. AQOl is
expressed as a percentage of AAR and of whole LV mass. Val-
ues are mean=SE of 3 independent experiments. *P<0.05.
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Figure 5. Apoptosis in the heart. A, TUNEL staining. Represen-
tative photographs in the edge of ischemic area after ischemia/
reperfusion (I/R) or in similar area after sham operation (Sham)
from wild-type (WT) and transgenic (TG) hearts are shown (origi-
nal magnification X200 and x400). Arrows indicate TUNEL-
positive cells. B, Numbers of TUNEL-positive cells. Fifty fields in
ischemic area from 5 sections of each heart were counted, The
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mice. These results suggest that AHSFI exerts its protective
effect on the electrical activity of myocardium against ische-
mia/reperfusion injury.

We also measured areas at risk (AAR) and areas of
infarction (AOI) after ischemia/reperfusion. Because we li-
gated the left coronary artery at the most proximal portion,
the occlusion consistently created a large ischemic area
(AAR, red myocardium in Figure 4A, left), and there was no
difference in the ischemic area between both groups. How-
ever, there was a significant difference in infarct size (AOI,
pale white areas in Figure 4A, right). Both areas of infarction/
left ventricle (LV) and areas of infarction/ischemic area were
significantly smaller in the transgenic group than those in the
nontransgenic mice (Figure 4B).

Apoptosis in Mice

Ischemia/reperfusion injury has been reported to induce
apoptosis in cardiomyocytes.!* Apoptotic death of cardio-
myocytes was examined in the heart by TUNEL and DNA
ladder analysis. Ischemia/reperfusion induced apoptosis in
many cardiomyocytes (Figures 5A and 5B) and produced
marked DNA ladder formation (Figure 5C) in the ischemic
area of wild-type heart. The number of apoptotic cells and
the DNA fragmentation were significantly less in the
AHSFI transgenic heart than the wild-type one (Figures
5A, 5B, and 5C). Caspase 3 was activated and Apafl-
cytochrome C complex was significantly increased in
wild-type mice but less in the transgenic mice after
ischemia/reperfusion (Figure 5D). Instead, more Apafl-
HSP70 association was observed in the transgenic heart
than in the wild-type heart after ischemia/reperfusion
(Figure 5D).

Activation of Protein Kinases

It has been reported that many stresses, including ische-
mia/reperfusion, activate several protein kinases, including
Akt/protein kinase B and INK, !4 and that activation of Akt
induces survival of cells whereas activation of INK usually
triggers death-signaling pathways. In the basal state, there
was no difference in the activity of Akt and JNK between
the wild-type and the transgenic heart (Figures 6A through
6C). Ischemia/reperfusion induced a significant activation
of Akt and JNK in the wild-type heart (Figures 6A through
6C), suggesting that both survival and death signaling were
activated in response to ischemia/reperfusion. In the trans-
genic heart, activation of Akt in response to ischemia/
reperfusion was more prominent whereas activation of
JNK was weaker than in the wild-type heart (Figures 6A
through 6C). Although there was no change in protein

number is expressed as percentage of total cardiomyocytes.
*P<0.05. G, DNA ladders. Genomic DNA from the heart was
separated in 1.5% agarose gels and stained by ethidium bro-
mide. D, Activation of caspase 3 and Apaf1. WT and the TG
mice were subjected to I/R. Total cell extracts from the heart or
immune complexes with cytochrome C or HSP70 were sub-
jected to SDS-PAGE. Western blot analysis was performed
using antibodies against caspase 3 or Apafl. Pre-caspase 3
indicates precursor of caspase 3; a-caspase 3, activated
caspase 3; and IP, immunoprecipitation. Representative autora-
diograms from 3 independent experiments are shown.

-183-



3028 Circulation December 16, 2003

A Wt TG

Sham R~ Sham IR

o

Belative activity 1% of Akt in WY-Sham)

186

100

Relative activity (% of JNK In WT-Shem)

Sham R Sham R
WT TG

Figure 6. Activation of Akt and JNK in the heart. A, Protein
extracts from the total heart were subjected to SDS-PAGE, and
Western blot analysis was performed. p-Akt indicates phosphor-
ylated Akt; p-JNK, phosphorylated JNK. B and G, Quantitative
analysis of Akt (B) and JNK (C) activities. The intensities of Akt
or p-Akt and JNK or p-JNK bands were measured by densito-
metric scanning of the autoradiograms. Relative amounts of Akt
or p-Akt and JNK or p-JNK are expressed as percentage of Akt
and JNK, respectively, in sham-operated wild-type (WT) mice.
TG indicates transgenic mice; I/R, ischemia/reperfusion. Data
are mean=SE from 3 independent experiments. *,**P<0.05.

levels of Akt and JNK after ischemia/reperfusion (Figure
6A), the amount of Akt and JNK that bound to HSP90 and
HSP70, respectively, was more markedly increased in the
transgenic heart compared with the wild-type heart after
ischemia/reperfusion (Figures 7A through 7C).
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Figure 7. Association of Akt and JNK with HSPs. A, Protein extracts
of the heart were immunoprecipitated (IP) using antibodies against
HSP70 or HSP20. Immune complexes were subjected to SDS-PAGE,
and the membranes were incubated with antibodies as indicated. B
and C, Quantitative analysis of Akt (B) and JNK (C) bound to HSPs.
Intensities of Akt, JNK, and HSP bands were measured by densito-
metric scanning of the autoradiograms. Relative amounts of Akt, JNK,
and HSP are expressed as fold of Akt, JNK, and HSPs, respectively,
in sham-operated wild-type (WT) or transgenic (TG) mice. I/R indicates
ischemia/reperfusion. Data are mean=SE from 3 independent experi-
ments. **P<0.05.
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Discussion

The functional cloning system, death trap, is designed to
isolate molecules that protect cells from death.! Using this
method, HSFI gene was isolated from heart cDNA library.
HSFI, a major heat stress-responding factor, upregulates
many HSP genes, including HSP110, HSP90, HSP70, and
small HSPs.23 Expression levels of HSP90, HSP70, and
HSP27 were significantly elevated in the heart of transgenic
mice overexpressing AHSFI compared with wild-type mice.
Although HSP70 has been reported to have a cardioprotective
function,'>17 the role of other HSPs in the heart is largely
unknown. The AHSFI transgenic mouse provides a good
model to examine the role of activated HSFI and of multiple
HSPs in the heart.

Hearts of the transgenic mice were more resistant to
ischemia/reperfusion injury, as indicated by faster recovery of
ST-segment elevation in ECG and smaller infarct size. There
are several potential mechanisms underlying the cardiopro-
tective effect of HSPs.#5 HSPs are generally believed to help
the correct folding of many proteins and restore their func-
tional structures or target denatured proteins to the lysosome
for degradation as molecular chaperones.*5 These functions
of HSPs as molecular chaperones play important roles in
maintaining the normal cell functions and promoting cell
survival. Functions of HSPs other than molecular chaperones
have recently attracted much attention in many organs,
including the heart. It has been reported that accumulation of
HSPs in myocardium shows an ATP-sparing effect that
enhances preservation of high-energy phosphates.S Re-
peated coronary occlusions, called ischemic preconditioning,
have been reported to induce rapid normalization of the
elevated ST-segment during reperfusion by improving re-
gional acidosis and hypokalemia.'8 HSPs may be involved in
the faster normalization of ST-segment after reperfusion
through restoration of the metabolic and ionic balance.

We showed here that ischemia/reperfusion induced less
apoptosis of cardiomyocytes in the AHSFI transgenic mice
than wild-type mice. Apoptosis is induced by defined bio-
chemical mechanisms, including release of cytochrome C
from mitochondria to cytoplasm and activation of Apafl
through forming an apoptosome complex.'®2¢ The apopto-
some complexes cleave and activate caspase 3, leading to the
inevitable fate of cell death. It has been reported that
overexpression of caspase 3 in the heart significantly in-
creases infarct size?’ and that the treatment with a caspase
inhibitor conversely reduces infarct size.22 HSPs have been
reported to inhibit the formation of the apoptosome com-
plexes through forming cytosolic complexes with Apaf1 or
cytochrome C and then inhibit activation of caspases.!920 In
this study, Apafl formed more complexes with HSP70 and
less with cytochrome C in the transgenic heart than the
wild-type one, and ischemia/reperfusion activated Apafl and
caspase 3 more weakly in the transgenic heart than the
wild-type one. These results and observations suggest that
HSPs protect cardiomyocytes from ischemia/reperfusion-
induced cell death at least in part through forming complexes
with Apafl and inhibiting the activation of caspase 3.

Both Akt and JNK were activated in the heart after
ischemia/reperfusion, as reported previously.232+ Activation

Role of Heat Shock Transcription Factor 1 in Heart 3029

of Akt has been reported to protect cardiomyocytes against
various stresses, such as oxidative stress25 and the ischemia/
reperfusion injury,?® whereas JNK has been indicated to
induce apoptosis during ischemia/reoxygenation in rat car-
diomyocytes.?” In the present study, ischemia/reperfusion
activated more Akt and less INK in the transgenic heart than
the wild-type one. HSP90 has been reported to bind to Akt
and promote activation of Akt through inhibition of protein
phosphatase 2A.?® Another recent report also showed that
overexpression of HSP90 leads to an increased phosphoryla-
tion of Akt.?® On the other hand, Hsp70 family can suppress
stress-activated signaling by directly binding to JNK.1430 We
here observed that association between both HSP90 and Akt
and HSP70 and JNK was more enhanced in the HSFI
transgenic heart than in the wild-type heart. These results
collectively suggest that HSPs exert cardioprotective effects
through activation of Akt and suppression of INK. Additional
study is needed to elucidate which mechanism plays a major
role in HSFI/HSP-induced protection of cardiomyocytes.
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Abstract

Inhibition of phosphatidylinositol 3-kinase (PI3-kinase) has been reported to block cardiomyocyte differentiation. However, at which
stage PI3-kinase plays this important role and what its molecular targets are remain unknown. To answer these questions, we induced
cardiomyocyte differentiation of P19CL6 mouse embryonal carcinoma cells and investigated the activation of PI3-kinase by analyzing
phospho-Akt. We also treated PI9CLG cells with the PI3-kinase-specific inhibitor LY294002 either continuously or at various time points
and monitored the expression of cardiac contractile proteins and transcription factors. Most cells differentiated into sarcomeric myosin heavy
chain (MHC)-positive cardiomyocytes on day 16 after induction. An increase in phospho-Akt was observed after induction and was
maintained throughout the differentiation. LY294002 treatment restricted to the phase from days 0 to 4 was sufficient to inhibit
cardiomyocyte differentiation in a dose-dependent manner. In contrast, LY294002 treatment either from days 4 to 8 or from days 8 to 12
did not cause significant changes in sarcomeric MHC expression. LY294002 treatment from days 0 to 4 also suppressed Csx/Nkx-2.5 and
GATA-4 expression. These results demonstrate that P13-kinase becomes activated and plays a pivotal role at a very early stage of
cardiomyocyte differentiation, possibly by modulating the expression of the cardiac transcription factors.
© 2003 Elsevier Inc. All rights reserved.
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Introduction GATA-4, but without cardiac contractile protein expression.
Csx/Nkx-2.5 and GATA-4 are the earliest genes to be ex-

1Early cardiomyocyte differentiation is divided into three pressed in the cardiac field [2,3] and, after induction, and

stages, i.e., the precardioblast stage, cardioblast stage, and
cardiomyocyte stage [1]. Cardiac lineage commitment oc-
curs between the first and second stages upon induction of
cardiac transcription factors such as Csx/Nkx-2.5 and
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they form a transcriptional loop and up-regulate the expres-
sion of each other. Next, proliferation and differentiation of
cardioblasts take place between the second and third stages,
which are characterized by the expression of cardiac con-
tractile protein genes such as myosin heavy chain (MHC)
and myosin light chain (MLC) genes. Finally, maturation
and maintenance of cardiomyocytes are observed after the
third stage. Such processes of early cardiomyocyte differ-
entiation are induced and maintained by autocrine and para-
crine secretion of several peptide factors including bone
morphogenetic proteins (BMP) [4] and fibroblast growth
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factors (FGF) [5]. However, very little is known about the
precise molecular pathways by which these peptide factors
effect signal transduction into the nucleus and coordinate
cardiomyocyte differentiation.

Class 1A and IB phosphatidylinositol 3-kinases (PI3-
kinase) lie downstream of many receptor tyrosine kinases
and G-protein-coupled receptors, respectively, and they
phosphorylate phosphatidylinositol at the D-3 position of
the inositol ring [6—8]. The resulting product, phosphati-
dylinositol-3,4,5-trisphosphate, activates various down-
stream proteins including a serine/threonine kinase Akt that
possesses D-3 phosphorylated phosphoinositide-specific
binding domains. Through these downstream proteins, PI3-
kinase plays an essential role in a wide variety of cellular
processes including intracellular trafficking, organization of
the cytoskeleton, cell proliferation, and prevention of
apoptosis [9]. PI3-kinase has also been suggested to play a
role in differentiation of several cell lineages including
skeletal myocytes [10-12], adipocytes [13,14], and eryth-
roleukemia cells [15], which like cardiomyocytes are de-
rived from mesodermal cells.

While much information has been gathered on the role of
PI3-kinase in apoptosis, cell survival [16], and determina-
tion of the cell size of cardiomyocytes [17], little is known
about the role of PI3-kinase in cardiomyocyte differentia-
tion. Recently, it has been reported that the PI3-kinase
inhibitor LY294002 blocked cardiomyocyte differentiation
of embryonic stem (ES) cells [18] and down-regulated in-
tracellular reactive oxygen species [19]. However, the stage
at which PI3-kinase plays an important role in cardiomyo-
cyte differentiation and what its molecular targets are re-
main unknown, because the ES cells in the cardiomyocyte
differentiation system possess multipotency and low effi-
ciency of differentiation into cardiomyocytes.

In contrast, in an in vitro culture system P19CLG6 cells
[20-23], a clonal derivative of P19 embryonal carcinoma
cells [24], efficiently differentiate into beating cardiomyo-
cytes under adherent conditions when treated with 1% di-
methyl sulfoxide (DMSO) and do not differentiate into cells
of other mesodermal lineage such as skeletal myocytes [20].
The in vitro differentiation of P19CL6 cells follows the
normal developmental program of the cardiomyocyte in
vivo. For example, it has been reported that P19CL6-cell-
derived cardiomyocytes express cardiac transcription fac-
tors such as Csx/Nkx-2.5 and GATA-4, followed by the
expression of cardiac contractile proteins such as cardiac
isoforms of MHC and MLC [21,22]. Therefore, this culture
system offers great advantages for the investigation of the
molecular events that occur at each stage of the cardiomy-
ocyte differentiation, i.e., the precardioblast stage, cardio-
blast stage, and cardiomyocyte stage.

In the present study, we hypothesized that the PI3-ki-
nase-mediated pathway regulates cardiomyocyte differenti-
ation at specific periods and that this regulation involves the
modulation of expression of cardiac transcription factors
such as Csx/Nkx-2.5 and GATA-4. To test these hypothe-
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ses, we treated P19CL6 cells with a specific inhibitor of
PI3-kinase, 1.Y294002, either continuously or at various
time points, and monitored the appearance of spontaneously
beating cardiomyocytes and the expression of cardiac con-
tractile proteins and transcription factors. We also investi-
gated the activation of the PI3-kinase during cardiomyocyte
differentiation of P19CL6 cells by analyzing phosphoryla-
tion of Akt and studied its relation to the expression of
cardiac transcription factors, Csx/Nkx-2.5 and GATA-4.

Materials and methods
Materials

LY294002 and wortmannin were purchased from
BioMol Research Laboratories (Plymouth Meeting, PA). A
monoclonal antibody against sarcomeric MHC (clone
MF20) developed by Dr. Fischman was obtained from the
Developmental Studies Hybridoma Bank maintained at the
University of lowa, Department of Biological Sciences.
Anti-Akt and anti-phospho-Akt (Ser473) antibodies were
purchased from Cell Signaling Technology (Beverly, MA).

Cell culture

P19CL6 cells were cultured essentially as described pre-
viously [20-22] with a slight modification. In brief, the cells
were grown in 100-mm tissue culture dishes under adherent
conditions with a-minimum essential medium (Invitrogen,
Tokyo, Japan) supplemented with 10% fetal bovine serum
(Invitrogen), penicillin (100 U/ml), and streptomycin (100
mg/ml) (growth medium) and maintained in a 5% CO,
atmosphere at 37°C. To induce cardiomyocyte differentia-
tion under adherent conditions, P19CL6 cells were plated at
a density of 3.7 X 10° in a 60-mm tissue culture dish in the
growth medium. Twelve hours later, the medium was re-
placed with growth medium containing 1% DMSO (Sigma,
Tokyo, Japan) (differentiation medium). The medium was
changed every 2 days. The days of differentiation are num-
bered consecutively beginning after the first day of the
DMSO treatment (day 0).

Reverse transcription polymerase chain reaction
(RT-PCR)

Differentiation-induced P19CL6 cells were harvested
and stored at —80°C until RNA extraction. RNA extraction
was performed using RNeasy mini kit (Qiagen, Tokyo,
Japan). In order to exclude the contamination of genomic
DNA, extracted RNA was treated with DNase by using
RNase-Free DNase Set (Qiagen). An equal amount of total
RNA (1 ug) was used for first-strand cDNA synthesis using
oligo-dT primer and 0.25 U/ul avian myeloblastosis virus
reverse transcriptase XL (Takara, Otsu, Japan) in a reaction
volume of 20 ul according to the manufacturer’s instruc-



58 A.T. Naito et al. / Experimental Cell Research 291 (2003) 56—69

tions. For semiquantitative analysis, reverse transcribed
products were pooled and fourfold serial dilutions were
used for PCR. PCR was performed in a reaction volume of
20 pl with 200 nM deoxynucleoside triphosphates, 500 nM
each of sense and antisense primers, and 2.5 U/100 ul Taq
polymerase (Takara). The amplification reaction was car-
ried out in a Gene Amp PCR System 2400 (Applied Bio-
systems, Tokyo, Japan). Primer sequences were used as
described in previous reports [21,25,26]. PCR was per-
formed for 1 cycle at 94°C for 5 min, followed by 25-35
cycles of denaturation at 94°C for 30 s, annealing at 56—
64°C, depending on the melting temperature of the primer
sequence, for 30 s, and extension at 72°C for 1 min. Every
PCR condition was confirmed to be within the linear range
and within the semiquantitative range for these specific
genes and primer pairs. To confirm that the obtained bands
were not derived from contaminated genomic DNA, a neg-
ative experiment was done for each sample without reverse
transcriptase before PCR. Amplified samples were electro-
phoresed on 2% agarose gels and stained with ethidium
bromide. For semiquantitative RT-PCR analysis, PCR was
carried out on undiluted cDNA and on fourfold serial dilu-
tions of cDNA, and the intensities of the ethidium-bromide-
stained bands for Csx/Nkx-2.5 and GATA-4 were quanti-
fled using NIH Image (Wayne Rasband; NIH) and
subsequently normalized to B-actin mRNA levels. The rel-
ative expression levels in different samples were determined
by calculating the fold dilution of the undiluted positive
control cDNA which would be required for similar signal
intensities. The data are expressed as percentages for Csx/
Nkx-2.5 and GATA-4 expression in LY294002-treated cells
compared to that of the positive control.

Western blotting

Cells grown on culture dishes were washed twice with
ice-cold phosphate-buffered saline (PBS) and then directly
lysed in 2x sodium dodecyl sulfate (SDS) gel loading buffer
(125 mM Tris-HC], pH 6.8, 4% SDS, 20% glycerol, and 1
mM phenylmethylsulfonyl fluoride) containing a mixture of
phosphatase inhibitors, 10 mM sodium fluoride, 1 mM so-
dium orthovanadate, and 10 mM sodium pyrophosphate.
The lysates were sonicated with a sonicator (Microson
Model No. XL2000; Misonix, Inc., Farmingdale, NY) at
setting 2 for 30 s on ice and centrifuged at 15,000g for 10
min at 4°C, and the supernatants were then carefully re-
moved and stored at —80°C until use. Protein concentration
was determined by using the BCA Protein Assay kit (Pierce,
Rockford, IL). Proteins (40 ug) were subjected to 10% SDS
polyacrylamide gel electrophoresis and subsequently trans-
ferred onto Hybond ECL membranes (Amersham, Piscat-
away, NJ) using semidry blotting. Membranes were stained
with Ponceau S Solution (Sigma) and photographed to con-
firm equal loading of the protein samples. After being
washed with Tris-buffered saline (pH 7.6) containing 0.1%
Tween 20 (TBS-T), membranes were incubated for 1 h at

room temperature in blocking buffer (5% skim milk in
TBS-T) and then reacted with anti-Akt or anti-phospho-Akt
(Ser473) antibodies (1:500 dilution) overnight at 4°C. After
washes with TBS-T, membranes were reacted with horse-
radish-peroxidase-conjugated anti-rabbit antibody (1:2,000
dilution) for 1 h at room temperature. After washes with
TBS-T, detection was performed using ECL Western blot-
ting detection reagents (Amersham) and Hyperfilm ECL
(Amersham).

Immunofluorescence

Cells were washed with PBS and then fixed with ethanol
at —20°C for 10 min. After incubation in PBS supple-
mented with 5% skim milk for 30 min at room temperature
to block nonspecific labeling, a monoclonal antibody
against sarcomeric MHC (MF20; 1:50 dilution) was applied
overnight at 4°C. After three 5-min washes with PBS, in-
cubation with Alexa-488-labeled goat anti-mouse IgG
(1:500 dilution; Molecular Probes, Eugene, OR) was per-
formed for 1 h at room temperature. After final rinses in
PBS, the cells were counterstained with propidium iodide
(PI) and mounted in Vectorshield (Vector Laboratories,
Burlingame, CA). All solutions for antibody dilutions were
made in PBS containing 1% bovine serum albumin, 0.1%
sodium azide, and 0.1% Triton X-100. The cells were
viewed and photographed with a confocal laser scanning
microscope (Olympus Fluoview system; Olympus, Tokyo,
Japan) coupled to an inverted microscope (IX70; Olympus).

For morphometric analysis for the expression of sarco-
meric MHC stained with MF20, all aspects of cell process-
ing, immunostaining, and imaging were rigorously stan-
dardized. To exclude the possibility that variations in
immunostaining on different dates affected the morphomet-
ric data, cells were immunostained and analyzed at the same
time. Digital images were obtained from randomly selected
fields using the 10X objective lens and a zoom setting of 1
under the same conditions, i.e., laser power = 35 mW,
pinhole size = 100 wm, ND filter = 50%, photomultiplier
voltage = 720 V, and scanning speed = 7.8 s/frame. The
images were transferred to a Macintosh computer, con-
verted into 8-bit images (256 levels), and analyzed using the
NIH Image program (Wayne Rasband; NIH). A binary
overlay was created automatically by a set threshold of 30
on the 255-point grayscale to eliminate the background cell
outlines. Then the binary overlaid area in the area of interest
was analyzed. Data are expressed as means * SD MF20-
positive area (pixel X pixel) calculated as a percentage of
that for control P19CL6 cells cultured in differentiation
medium without PI3-kinase inhibitors. At least four differ-
ent fields were measured for each dish. We confirmed that
on day 16, when cells were immunostained using MF20, the
cells were confluent and no cell-free spaces were present in
the images under any of the different conditions employed
in this study.

To examine the effect of LY294002 on cell proliferation,
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we monitored the DNA replication by bromodeoxyuridine
(BrdU) labeling. Cells were incubated with fresh medium
containing 20 uM BrdU (Sigma) at 37°C for 15 min. Cells
were fixed in 2% paraformaldehyde at room temperature for
10 min, washed in PBS, incubated in methanol at —20°C for
15 min, and treated with 2 N HCI for 1 h. The cells were
incubated with a sheep anti-BrdU polyclonal antibody
(1:500 dilution; Molecular Probes) and then with Alexa 488
donkey anti-sheep IgG (1:500 dilution; Molecular Probes).
All nuclei were counterstained with PI.

To determine the effect of 1.Y294002 on apoptosis, we
carried out terminal deoxynucleotidytransferase-mediated
dUTP-biotin nick-end labeling (TUNEL) assay according to
the manufacturer’s instructions (ApotDETEK; Enzo Diag-
nostics, Farmingdale, NY) with a slight modification. In-
stead of fixation with acetone, cells were fixed in 2% para-
formaldehyde on ice for 15 min, washed twice in PBS, and
then incubated in ice-cold 70% ethanol for at least 1 h.
TUNEL was detected using Alexa-488-labeled streptavidin
(1:1000 dilution; Molecular Probes). All nuclei were coun-
terstained with PI.

Statistics

Data are expressed as the mean = SD from multiple
experiments. Statistical analysis was performed using the
StatView version 5.0 (SAS Institute, Cary, NC). Differences
between control values and experimental values were de-
termined by ANOVA, Dunnett’s test, the Tukey—Kramer
test, and the Mann—-Whitney U test. Significant differences
were defined as P < 0.05.

All results shown here were confirmed by at least two
different series of experiments.

Results
In vitro cardiomyocyte differentiation of PI9CLG6 cells

Twelve hours after PI9CL6 cells were plated on 60-mm
dishes at a density of 3.7 X 10°, when the cells were
completely attached to the bottom of the dish, the medium
was replaced with differentiation medium containing 1%
DMSO (Fig. 1A). On day 4 (4 days after the initiation of
DMSO treatment), cells had reached confluence, but they

continued to proliferate and formed embryoid-body-like ag-
gregates and multilayer sheets through day 8. After day 8,
proliferation of the cells ceased and some cells showed
spontaneous contraction. The area of contracting cells ex-
panded multifocally thereafter and reached a plateau around
day 12. On day 16, more than 80% of the cells had differ-
entiated into synchronously contracting cardiomyocytes
which were positive for the anti-sarcomeric MHC antibody,
MF20 (Fig. 1B). At higher magnification, cross striations
were demonstrated with MF20 immunolabeling (Fig. 1B,
inset). The expressions of cardiac-specific genes including
cardiac transcription factors and cardiac contractile protein
genes were analyzed by RT-PCR on days 4, 8, and 12 of
differentiation (Fig. 1E). Cardiac transcription factors, Csx/
Nkx-2.5 and GATA-4, were expressed from day 4 and
up-regulated through day 12. Cardiac o-MHC and a ven-
tricular isoform of MLC (MLC-2v) were expressed from
day 8, and the gene expression increased on day 12. These
results indicate that the P19CL6 in vitro differentiation
system fosters the differentiation program resulting in con-
tracting cardiomyocytes in a manner that parallels the se-
quence of events occurring in the mouse embryo. In con-
trast, when P19CL6 cells were cultured in growth medium
that did not contain DMSO, cells grew well but did not
differentiate into cardiomyocytes (data not shown), consis-
tent with the reported results [20-22].

Blocking of cardiomyocyte differentiation by PI3-kinase
inhibitors

To examine whether PI3-kinase plays a role in cardio-
myocyte differentiation, PI9CL6 cells were treated with
differentiation medium containing 1L.Y294002 (20 uM), a
specific, aqueous stable inhibitor of PI3-kinase [27],
throughout the differentiation process (Fig. 2A). Differen-
tiation into cardiomyocytes was analyzed by RT-PCR for
cardiac contractile protein genes on day 12 and by immu-
nostaining using MF20 on day 16. We found that, in the
presence of LY294002, no P19CL6 cells differentiated into
beating cardiomyocytes. No MF20-positive area was ob-
served in the cells treated with LY294002 at 20 uM (Fig.
2C and F), although the cells reached confluence (Fig. 2D).
Inhibitory effects of P13-kinase inhibitors on cardiomyocyte
differentiation were further confirmed by using wortman-
nin, another PI3-kinase inhibitor which is structurally dis-

Fig. 1. Cardiomyocyte differentiation of P19CL6 cells. Schematic diagram of the experiment (A). P19CL6 cells were plated at a density of 3.7 X 10°in a
60-mm tissue culture dish in the growth medium. Twelve hours later, medium was replaced with growth medium containing 1% DMSO (differentiation
medium). The medium was changed every 2 days. Days of differentiation are numbered consecutively beginning after the first day of the DMSO treatment
(day 0). On day 16 (B), cells were stained for anti-sarcomeric MHC antibody (MF20). Note that most P19CL6 cells have differentiated into sarcomeric
MHC-positive cardiomyocytes. Inset: Higher magnification reveals cross striations. Scale bar, 2 pm. Nuclear staining with propidium iodide (PI) (C).
Phase-contrast photomicrograph (D). B, C, and D were taken from the same field. Scale bars, 50 um. Expression of B-actin, Csx/Nkx-2.5, GATA-4, a-MHC,
and MLC-2v on days 0, 4, 8, and 12 (E) was analyzed by RT-PCR for celis that were cultured in the growth medium alone (~DMSQ) and for cells cultured
in the differentiation medium (+-DMSO). RNA (1 ug) was reverse transcribed, and PCR was performed using gene-specific primers. The gene products were
analyzed by agarose gel electrophoresis and stained with ethidium bromide. M, molecular weight marker (¢X174/Hae 11I). Expression of B-actin is shown

as an internal control,
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Fig. 2. Inhibition of cardiomyocyte differentiation of P19CL6 cells by PI3-kinase inhibitors. Schematic diagram of the experiment (A). Differentiation of
P19CL6 cells was induced as described in the legend for Fig. 1, but the cells were exposed to LY294002 (20 uM) or wortmannin (1 uM) during the time
periods delimited by the arrows. On day 16, cells were stained with MF20 (B, C, and E). P19CLG6 cells cultured in differentiation medium without PI3-kinase
inhibitors (Cont) (B). P19CL6 cells cultured in differentiation medium containing 20 uM LY294002 (LY 20) (C). Phase-contrast photomicrograph of the same
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Cont LY20
4 8 12

day 0 4 8 12

Fig. 3. Activation of PI3-kinase during cardiomyocyte differentiation of
P19CL6 cells and suppression of activation by LY294002. Protein was
extracted on days 4, 8, and 12 from P19CL6 cells cultured in differentiation
medium containing 0 or 20 pM LY294002 (Cont, LY20). Protein samples
were also extracted from undifferentiated P19CL6 cells on day 0. Phos-
phorylated Akt at serine 473, which was used as an indicator for PI3-kinase
activity, was measured in each protein sample (40 pg) by Western blotting
using phospho-specific Akt (Ser473) (pAkt). The amount of total Akt was
determined with a phospho-independent antibody for Akt (Akt).

tinct from L'Y294002 and inhibits the activity of PI3-kinase
by a different mechanism [28]. Since wortmannin is highly
unstable in aqueous solutions, we treated P19CL6 cells with
relatively high concentration (1 M) of wortmannin accord-
ing to the method described in a previous report [10]. When
wortmannin was added to the differentiation medium, the
MF20-positive area was also decreased (Fig. 2E and F).
RT-PCR analysis (Fig. 2G) revealed that treatments with
wortmannin suppressed the «-MHC gene expression and
completely inhibited the expression of MLC-2v. Treatment
with LY294002 at 20 uM totally abolished the expression
of these genes. These results suggest that PI3-kinase inhib-
itors suppressed cardiomyocyte differentiation through spe-
cific inhibition of PI3-kinase activity and that PI3-kinase
plays a pivotal role in cardiomyocyte differentiation.

Activation of PI3-kinase in differentiation-induced
PI9CL6 cells and suppression of activation by LY294002

To investigate whether PI3-kinase is activated during
cardiomyocyte differentiation of P19CL6 cells, we used
phosphorylation of Akt at serine 473 as a marker for acti-
vation of PI3-kinase, because extensive research has shown
that phosphorylation at this site reflects the activity of PI3-
kinase [29,30]. Whereas only a small amount of phosphor-
ylated Akt was detected before induction of differentiation,
a greater amount was found after induction, and the phos-
phorylation was maintained throughout the differentiation
(Fig. 3). LY294002 treatment at the concentration of 20 uM
decreased phosphorylated Akt to the level of undifferenti-
ated P19CL6 cells although the cells were similarly treated
with DMSO (Fig. 3). These results indicate that PI3-kinase
was activated by inducing cardiomyocyte differentiation

and that the activation of PI3-kinase was suppressed by
LY294002 treatment.

Stage-specific inhibition of cardiomyocyte differentiation
by LY294002

To investigate at which developmental stage 1.Y294002
exerts its inhibitory effect on cardiomyocyte differentiation,
P19CL6 cells were treated with LY294002 (20 uM) for 4
consecutive days at various time points during the differen-
tiation process, and differentiation into cardiomyocytes was
analyzed by RT-PCR for cardiac contractile protein genes
on day 12 and by immunostaining using MF20 on day 16
(Fig. 4A). LY294002 (20 pM) treatment from days O to 4
markedly inhibited cardiomyocyte differentiation of
P19CL6 cells, and even on day 16 no contracting cardio-
myocytes were observed under a microscope. In contrast,
4-day treatment with LY294002 either from days 4 to 8 or
from days 8 to 12 had no significant effects on the differ-
entiation of P19CL6 cells, and vigorous spontaneous con-
traction similar to that in LY294002-untreated control cells
was observed in these cells. RT-PCR analysis (Fig. 4B)
revealed that the expressions of a-MHC and MLC-2v were
completely suppressed in the cells that were treated with
1.Y294002 from days O to 4. In the cells that were treated
with LY294002 from days 4 to 8 or from days 8 to 12, the
expression of a-MHC did not show significant differences
compared with the positive control, whereas the expression
of MLC-2v was reduced, suggesting that LY294002 had
some effects on expression of MLC-2v but no effect on
expression of a-MHC.

Immunostaining using MF20 revealed that only a few of
the cells that were treated with LY294002 from days O to 4
were positive for MF20 (Fig. 4D). Given the complete lack
of expression of a-MHC and MLC-2v, the absence of spon-
taneous beating observed under a microscope, and the fact
that MF20 detects not only cardiac but also skeletal sarco-
meric MHC, we assumed that the few MF20-positive cells
observed after LY294002 treatment from days 0 to 4 (Fig.
4D) were skeletal myocytes. To test this assumption, we
performed RT-PCR analysis for the expression of MyoD, a
skeletal-muscle-specific transcription factor, in the cells on
day 12. MyoD expression was observed only in the cells
treated with LY294002 from days 0 to 4 (Fig. 4B). Thus, the
few MF20-positive cells observed after LY294002 treat-
ment from days 0 to 4 seem to have been skeletal myocytes.
Contrary to the significant suppression of cardiomyocyte
differentiation with L'Y294002 treatment from days 0 to 4,

field as shown in C (D). Note that cells reach confluence. PI9CL6 cells cultured in differentiation medium containing 1 1M wortmannin (Wort) (E). Scale
bars, 100 pm. Morphometry for the expression of sarcomeric MHC in P19CL6 cells continuously treated with LY294002 (20 M) or wortmannin (1 uM)
for 16 days using MF20 immunostaining (F). Data are expressed as means + SD for percentage MF20-positive area (pixel X pixel) compared with control
P19CL6 cells cultured in differentiation medium without PI3-kinase inhibitors. At least four different fields were measured for each dish. *Significantly
different from control PI3-kinase inhibitor-untreated cells (Dunnett’s test). Expression of a-MHC, MLC-2v, and B-actin (G) in P19CL6 cells continuously
treated with L.Y294002 (20 uM) (LY20) or wortmannin (1 uM) (Wort) for 12 days measured by RT-PCR. RNA was extracted from the cells on day 12 and
analyzed by RT-PCR as described under Materials and Methods. Expression of B-actin is shown as an internal control.
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LY294002 treatment from days 4 to 8 (Fig. 4E) or from
days 8 to 12 (Fig. 4F) had no significant effects on the
expression of sarcomeric MHC detected by MF20 (Fig.
4G). The cells that were treated with L'Y294002 from days
0 to 4 showed no spontaneous beating cells even on day 21
(data not shown), indicating that the inhibitory effects of
LY294002 on cardiomyocyte differentiation of P19CL6
cells at a very early stage were irreversible.

Dose-dependent early stage-specific inhibition of
cardiomyocyte differentiation of PI9CL6 cells by
LY294002

To further confirm that the inhibitory effect of
LY294002 during the first 4 days was due to specific inhi-
bition of PI3-kinase activity, we treated P19CL6 cells with
two different concentrations (10 and 20 pM) of 1.Y294002
from days O to 4 (Fig. SA). We analyzed PI3-kinase activity
by phosphorylation of Akt on day 4 and differentiation into
cardiomyocytes by immunostaining using MF20 on day 16.
LY294002 treatment from days O to 4 had dose-dependent
inhibitory effects both on phosphorylation of Akt (Fig. 5B)
and on the expression of sarcomeric MHC (Fig. 5C-F).
Thus, L'Y294002 apparently inhibits cardiomyocyte differ-
entiation of P19CL6 cells by specific blocking of PI3-kinase
activity during the first 4 days of differentiation.

Suppression of Csx/Nkx-2.5 and GATA-4 expression in
LY294002-treated cells

Based on the observation that activation of PI3-kinase
during the first 4 days is required for cardiomyocyte differ-
entiation, we hypothesized that PI3-kinase influences cardi-
omyocyte differentiation by modulating the expression of
the cardiac transcription factors Csx/Nkx-2.5 and GATA-4
during the first 4 days of differentiation. To test this hy-
pothesis, we treated P19CL6 cells with LY294002 at two
different concentrations (10 and 20 pM) and analyzed the
expression of Csx/Nkx-2.5 and GATA-4 by semiquantita-
tive RT-PCR on day 4 (Fig. 6A). Both Csx/Nkx-2.5 and
GATA-4 were expressed in differentiation-induced P19CL6
cells in the absence of LY294002. LY294002 treatment
dose-dependently inhibited the expression of both Csx/Nkx-
2.5 and GATA-4 (Fig. 6A and B). Csx/Nkx-2.5 and

GATA-4 expression was strongly inhibited by 1.Y294002
treatment at 10 uM and almost completely abolished by
LY294002 treatment at 20 uM (Fig. 6B). Together with the
results for Akt phosphorylation (Fig. 5B), these data reveal
that L'Y294002 simultaneously suppressed the activation of
PI3-kinase and the expression of Csx/Nkx-2.5 and
GATA-4. These findings suggest that PI3-kinase regulates
cardiomyocyte differentiation by modulating the expressio

of cardiac transcription factors. :

Effects of LY294002 on cell proliferation and apoptosis in
PI9CL6 cells

BrdU labeling analysis at 0, 24, and 48 h showed that the
effects of LY294002 on cell proliferation were time-depen-
dent, i.e., LY294002 significantly reduced BrdU-labeling
indexes at 24 h irrespective of DMSO treatment, whereas it

* increased BrdU-labeling indexes at 48 h (Fig. 7A).

TUNEL assay at 0, 24, and 48 h demonstrated that the
effects of L'Y294002 on apoptosis were different in DMSO-
treated and -untreated cells. At 24 and 48 h, LY294002
dose-dependently increased TUNEL indexes after cardio-
myocyte induction by DMSO, whereas in untreated cells
LY294002 treatment had no significant effects on TUNEL
indexes (Fig. 7B).

Discussion

The present study using an in vitro differentiation system
of P19CL6 cells revealed that the PI3-kinase pathway plays
a pivotal role at a very early stage of cardiomyocyte differ-
entiation. In our experiment, the PI3-kinase pathway was
activated by inducing cardiomyocyte differentiation and
cardiomyocyte differentiation was blocked by PI3-kinase
inhibitors. We also found that LY294002 treatment re-
stricted to the interval from days 0 to 4 was sufficient to
inhibit cardiomyocyte differentiation in a dose-dependent
manner and completely abolished the differentiation at the
concentration of 20 M. In contrast, LY294002 treatment
(20 uM) either from days 4 to 8 or from days § to 12
produced no significant changes in the expression of sarco-
meric MHC. In addition, we found that the expression of
Csx/Nkx-2.5 and GATA-4 was also suppressed by

Fig. 4. Stage-specific inhibition of cardiomyocyte differentiation of P19CL6 cells by LY294002. Schematic diagram of the experiment (A). Differentiation
of P19CL6 cells was induced as described in the legend for Fig. 1, but the cells were treated with LY294002 (20 uM) for the 4 days delimited by the arrows.
Expression of a-MHC, ML.C-2v, MyoD, and B-actin (B) in P19CL6 cells treated with 20 uM LY294002 from days 0 to 4 (0—4), from days 4 to 8 (4-8),
or from days 8 to 12 (8-12) or without 1.Y294002 (Cont), measured by RT-PCR. RNA was extracted from the cells on day 12 and analyzed by RT-PCR
as described under Materials and Methods. Expression of B-actin is shown as an internal control. Cells were treated with LY294002 (D-F) at the indicated
time period and stained with MF20 on day 16. Celis without LY294002 treatment (Cont) (C). Cells were treated with LY294002 from days 0 to 4 (D), from
days 4 to 8 (E), or from days 8 to 12 (F). Scale bars, 100 pum. Insets: Higher magnification reveals cross striations. Scale bars, 2 pm. Morphometry for the
expression of sarcomeric MHC (G) in P19CL6 cells treated with L.Y294002 (20 pM) for 4 days using MF20 immunostaining. Data are expressed as means
*+ SD for percentage MF20-positive area (pixel X pixel) compared with control P19CL6 cells cultured in differentiation medium without LY294002. At least
four different fields were measured for each dish. *Significantly different from the control LY294002-untreated cells; NS, no significant difference from the

contro} LY 294002-untreated cells (Dunnett’s test).
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Fig. 5. Dose-dependent early stage-specific inhibition of cardiomyocyte differentiation of P19CL6 cells by LY294002. Schematic diagram of the experiment
(A). Differentiation of P19CL6 cells was induced as described in the legend for Fig. 1, but LY294002 was added at 10 or 20 uM (LY 10 or LY20) during
the first 4 days. P19CL6 cells were cultured in differentiation medium that contained 0, 10, or 20 uM LY294002 (Cont, LY10, and L'Y20) and protein was
extracted on day 4 (B). Protein samples were also extracted from undifferentiated P19CL6 cells on day 0. Phosphorylated Akt at serine 473 in each protein
sample (40 pg) was measured by Western blotting using phospho-specific Akt (Ser473) (pAkt). The same blots were stripped and incubated with a
phospho-independent antibody for Akt. Cells were treated with LY294002 at concentrations of 0, 10, and 20 uM (C-E) from days O to 4 and stained with
MF20 on day 16. Positive control P19CL6 cells cultured in differentiation medium without LY294002 (Cont) (C). Cells treated with 10 pM LY294002
(LY10) from days 0 to 4 (D); cells treated with 20 pM LY294002 (LY 20) from days 0 to 4 (E). Scale bars, 100 um. Insets: At higher magnification cross
striations are visible. Scale bars, 2 um. Morphometry for the expression of sarcomeric MHC (F) in P19CL6 cells treated with LY294002 at 10 or 20 uM
(LY10 or LY20) from days O to 4. Data are expressed as mean * SD for percentage MF20-positive area (pixel X pixel) compared with control P19CL6 cells
cultured in differentiation medium without LY294002 (Cont). At least four different fields were measured for each dish. *Significantly different from the
control LY?294002-untreated cells (Cont) by Dunnett’s test; {significantly different by the Tukey—Kramer test.
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Fig. 6. Semiquantitative RT-PCR showing suppression of expression of Csx/Nkx-2.5 and GATA-4 by LY294002 treatment. Differentiation of P19CL6 cells
was induced as described in the legend for Fig. 1, but LY294002 was added at 0, 10, or 20 uM during the first 4 days (A). On day 4, RNA was extracted
from LY294002-treated (LY10 and 1.Y20) and LY294002-untreated (Cont) PI9CL6 cells and cDNA was synthesized from 1 ug of RNA. PCR was carried
out on undiluted cDNA and on fourfold serial dilutions of cDNA, as indicated by the descending wedges. The gene products were analyzed by agarose gel
electrophoresis and stained with ethidium bromide. M, molecular weight marker (¢X 174/Haelll). Expression of B-actin is shown as an internal control.
Quantitation of the levels of mRNAs (B) in LY294002-treated P19CL6 cells relative to LY294002-untreated P19CL6 cells. The relative expression levels
in different samples were determined by calculating the fold dilution of the undiluted positive control cDNA which would be required for similar signal
intensities, Data are expressed as means *= SD for percentage Csx/Nkx-2.5 and GATA-4 expression compared with control P19CL6 cells cultured in

differentiation medium without LY 294002 (Cont).

LY294002 treatment from days 0 to.4 in a dose-dependent
manner, suggesting that the PI3-kinase pathway regulates
cardiomyocyte differentiation by modulating the expression
of cardiac transcription factors.

These data obtained after LY294002 treatment not only
confirmed the inhibitory effects of LY294002 on cardiomy-
ocyte differentiation observed by Klinz et al. [18] and by
Sauer et al. [19] using ES cells but also clarified that PI3-
kinase activation is required only at a very early stage in
cardiomyocyte differentiation, i.e., during the first 4 days.
As described in the Introduction, early cardiomyocyte dif-
ferentiation can be divided into three stages, i.e., the pre-
cardioblast stage, cardioblast stage, and cardiomyocyte
stage. Although Klinz et al. [18] and Sauer et al. [19] had
reported that 1Y294002 suppressed cardiomyocyte differ-
entiation, the stage at which PI3-kinase plays its crucial role

in cardiomyocyte differentiation remained unknown. The
reason is that in their studies, ES cells were treated with
LY294002 from days 3 to 7, during which period the whole
set of differentiation processes, i.e., cardiac lineage com-
mitment, proliferation and differentiation of cardioblasts,
and maturation and maintenance of cardiomyocytes, oc-
curred, and thus the particular stage influenced by PI3-
kinase could not be investigated. On the other hand, the
present work is novel in that it identifies the period during
which LY294002 treatment exerts its effects on suppression
of cardiomyocyte differentiation.

Our finding that LY294002 treatment from days O to 4,
but not from days 4 to 8 nor from days 8 to 12, suppressed
cardiomyocyte differentiation suggests that PI3-kinase
plays its important role in cardiomyocyte differentiation
mainly at the cardioblast stage after cardiac lineage com-
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Fig. 7. Effects of LY294002 on cell proliferation and apoptosis in P19CL6
cells. Morphometric data on the BrdU-labeling index, i.e., the number of
BrdU-positive nuclei per the number of total nuclei stained with PI (A) and
TUNEL index, i.e., the number of TUNEL-positive nuclei per the number
of total nuclei stained with PI (B). Two different series of experiments were
performed and at least five different fields were measured for each dish.
Values represent the mean *= SD. *Significantly different by the Tukey-
Kramer test; fsignificantly different by the Mann—Whitney U test; NS, no
significant difference (Mann—Whitney U test).

mitment, rather than at the cardiomyocyte stage. This is
because during the period from days O to 4 after induction
of cardiomyocyte differentiation, the expression of Csx/
Nkx-2.5 and GATA-4, but not that of a-MHC or MLC-2v,
was induced in P19CLG6 cells; this period corresponds to the
cardioblast stage. Furthermore, the data showing that Csx/
Nkx-2.5 and GATA-4 expression was dose-dependently
suppressed by LY294002 treatment indicate that cardiac
lineage commitment and the subsequent events were af-
fected by L.Y294002 treatment. Moreover, the significance
of PI3-kinase in the early phase of the differentiation pro-
gram identified in this study is consistent with the results
found for differentiation of other cell lineages including
skeletal muscle [11,12], adipocytes [14], and erythroid cells
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[15]. Even though the main contribution of PI3-kinase oc-
curs during the very early stage of cardiomyocyte differen-
tiation, we also note that in P19CL6 cells that were treated
with LY294002 from days 4 to 8 or from days 8 to 12, the
expression of MLC-2v was reduced, suggesting that the
PI3-kinase pathway also plays some role in maturation of
cardiomyocytes.

Our finding that LY294002 treatment at 20 uM during
the first 4 days completely inhibited cardiomyocyte differ-
entiation of P19CL6 cells even on day 21 indicates that this
inhibition is irreversible and that the first 4 days are a crucial
period in cardiomyocyte differentiation. The importance of
the first 4 days in cardiomyocyte differentiation of P19CL6
cells was also underscored by the fact that DMSO treatment
limited to the first 4 days was sufficient for cardiomyocyte
differentiation of P19CL6 cells [31]. In our study, on day
16, there was no significant difference between the MF20-
positive areas after 4-day and after 16-day DMSO treatment
(data not shown), indicating that inductive roles of DMSO
in cardiomyocyte differentiation are limited to the first 4
days of differentiation. It is likely that LY294002 treatment
at 20 uM irreversibly inhibits certain crucial events other-
wise promoted by DMSO during the first 4 days. On the
other hand, obviously DMSO is not the physiological in-
ducer of cardiomyogenesis. Monzen et al. [21] showed
using this P19CL6 cell system that unknown DMSO-induc-
ible factors independent of BMP signaling are necessary for
the terminal differentiation, because activation of BMP sig-
naling alone is not sufficient to induce cardiomyocyte dif-
ferentiation in the absence of DMSO. Since these unknown
factors are very likely to be induced and play an essential
role in the normal development as well, the identification of
signals induced by DMSO in this system will probably
provide new insights into the regulatory mechanisms of
early cardiomyocyte differentiation.

Although we have no detailed experimental data on the
mechanism by which L.Y294002 treatment inhibits the ex-
pression of Csx/Nkx-2.5 and GATA-4, several possibilities
can be considered. First, PI3-kinase may directly regulate
the expression of Csx/Nkx-2.5. There is growing evidence
that the BMP-Smad pathway is involved in the induction
and expression of Csx/Nkx-2.5 in cardiomyocyte differen-
tiation [22,32]. Moreover, in osteoblast differentiation,
cross-talk between the BMP-Smad and PI3-kinase path-
ways has been reported, i.e., PI3-kinase is activated upon
BMP stimulation and positively regulates BMP-Smad sig-
naling through translocation of Smad protein into the nu-
cleus [33]. By analogy, PI3-kinase could regulate Csx/Nkx-
2.5 expression through the BMP-Smad pathway during
cardiomyocyte differentiation.

Second, PI3-kinase may be involved in the transcrip-
tional loop between Csx/Nkx-2.5 and GATA-4. The impor-
tance of this transcriptional loop during cardiomyocyte dif-
ferentiation has been demonstrated in P19 cells [34,35] and
in Drosophila [36]. For example, in P19 cells, researchers
found that dominant-negative Csx/Nkx-2.5 completely



