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Figure 5§ MITF and STAT3C directly binds to the promoter region of ¢-fos. (a) A diagram of the c-fos-luciferase reporter gene
containing five E-boxes, potential MITF-binding motifs, and the SIE region known as a binding site of STAT3. Asterisks indicate
mutations in SIE, and two deletion mutants (d] and d2) are shown. The bold bar shows the region used for the DNA-binding assay
and arrows show the PCR primers for ChIP assay. (b and ¢) Reporter assay. HEK293 cells were transfected with a plasmid mixture
containing the c-fos-luciferase reporter gene (2ng), the f-galactosidase gene (0.1 pug), STAT3C (0.2 ug), and the wi-MITF plasmid (b,
200ng, and ¢, 10ng). After transfection, cells were incubated in the presence or absence of 10ng/ml LIF for 8 h, and cell extracts were
prepared. Data normalized with the f-galactosidase activity from triplicate experiments are shown. (d) DNA-binding assay. 293T cells
were transfected with the pcDNA3-Myc-AN-MITF and pRcCMV-STAT3C and stimulated with 10ng/ml LIF for 611, and the nuclear
extracts were prepared. The DNA-binding proteins bound to the oligonucleotide-conjugated heads were analysed by immunoblotting
with anti-STAT3 and anti-Myc antibodies. (¢) ChIP assay was performed to determine the binding of MITF and STAT3 to the
promoter region of ¢-fos. wt- or AN-MITF-infected STAT3C-3T3 was determined in vitro, and the melanoma cells G361 and HMV-I1
were examined in vivo. Chromatin complexes were immunoprecipitated with anti-acetylated histone H4, anti-STAT3, and monoclonal
or polyclonal anti-MITF antibodies

significantly suppressed the anchorage-independent  is one of the mechanisms of increased anchorage-
growth of wt- or AN-MITF-infected STAT3C-3T3 independent growth of MITF/STAT3C-expressing
cells. These data support our notion that c-fos induction  cells.
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Figure 6 Expression of dominant-negative AP-1 inhibits ancho-
rage-independent growth of MITF/STAT3C-expressing cells, wt-
or AN-MITF-infected STAT3C-3T3 cells were infected with
retrovirus carrying dominant-negative AP-1 (dnAP-1) or an empty
vector by the retrovirus at moi=10. Cells were selected with
puromycin and then plated into soft-agar medium. On day 21,
colonies were counted and photographed. Data from triplicate
experiments are shown

Discussion

In this study, we identified MITF as a collaborative
factor of STAT3 for cellular transformation. Many
factors have been shown to interact with and activate (or
in some cases inactivate) STAT3. For example, we have
shown that the HCV core protein directly interacts with
STAT3 and induces phosphorylation and activation
(Yoshida et al., 2002). Nakayama et «l. (2002) reporied
that a nuclear zinc-finger protein EZI enhances the
nuclear retention and transactivation of STAT3. PIAS3
(Levy et al., 2002), cyclinD (Matsui er al., 2002), and
GRIM-19 (Lufei er al., 2003) also interact directly with
STATS3, but inhibit transcriptional activity. Most of
these factors are isolated as a physical binding protein
with STAT3. In this study, by using functional
expression screening, we showed that STAT3 and MITF
interact functionally, but not physically. A common
target of STAT3 and MITF is found to be c-fos, which
may participate in transformation by constitutively
active STAT3 and MITF. Our functional cloning
strategy using retroviral cDNA transfer will provide
an additional candidate for the cofactor that modulates
the function of STAT3. Furthermore, in this study we
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demonstrated that the microarray technique is a
powerful tool to identify a target gene that is coopera-
tively induced by two distinct classes of transcription
factors.

MITF consists of at least five isoforms, MITF-A,
MITF-B, MITF-C, MITF-H, and MITF-M, differing at
their N-termini and expression patterns (Tachibana,
1997; Udono et al., 2000; Shibahara et al, 2001).
However, the clone (AN-MITF) we obtained from the
HeLa cell library has an N-terminal deletion, which is
shorter than other reported forms. Since mRNA
corresponding to AN-MITF has not been reported, we
speculate that AN-MITF is a product of the incomplete
clongation of ¢cDNA by reverse transcriptase. Never-
theless, AN-MITF seems to be a more potent inducer
for a transformed phenotype of NIH-3T3 cells (Figure 1)
and c-fos induction (Figure 4). In addition to the
previously characterized acidic activation domain
necessary for melanocyte differentiation, a second
potential activation domain is shown to be located
between amino acids 140 and 185 (Mansky er al., 2002),
and AN-MITF contains these regions. Therefore, the N-
terminal, with about 100 amino acids of MITF-M, may
be a negative regulatory domain. This region contains a
glutamine-rich basic region (QB), but the function of
this region has not been elucidated. Most notably, Ser
73 of MITF-M is a predicted MAP kinase-phosphor-
ylation site and is implicated in p300/CBP recruitment
(Hemesath er af., 1998) and reduced MITF protein
stability (Kim et al., 2003). Since AN-MITF lacks this
Ser 73, dN-MITF may be more stable than wt-MITF.

Several types of functional interactions between
STAT3 and MITF have been proposed. The protein
inhibitor of activated STAT3 (PI1AS3) has been shown
to bind to a b-HLH-Zip domain of MITF, resulting in
the suppression of MITF-induced transcriptional activ-
ity (Levy et al., 2002). However, it has been reported
that STAT3 does not interfere, either in vitro or in vivo,
with the interaction between PIAS3 and MITF. This
finding is consistent with our data showing that STAT3
does not affect MITF transcriptional activity (data not
shown) and MITF does not interfere with STAT3
transcriptional activity (Figure 3c). Recently, Kamaraju
et al. (2002) reported that [L-6 receptor/IL-6 chimera
induces a loss of melanogenesis preceded by a sharp
decrease in MITF mRNA and gene promoter activity in
B16/F10.9 melanoma cells. IL6RIL6 stimulates gp130,
leading to the rapid activation of STAT3, which
downregulates Pax3, a paired homeodomain factor
regulating MITF mRNA levels and the development
of melanocytes. Therefore, in this case, MITF down-
regulation by STAT3 is indirect, and the mechanism of
Pax3 downregulation by STAT3 is not clear. The Pax3
downregulation in IL6RIL6-induced F10.9 cells leads to
growth arrest and transdifferentiation to a glial cell
phenotype. Therefore, the genetic interaction between
MITF and STAT3 scems to be complicated and
probably different among cell types.

We found that the c-fos gene is a common target of
STAT3 and MITF, which probably contributes to
transformation. Microarray analysis also revealed that
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the c-fos gene is strongly upregulated by MITF in
primary melanocytes (McGill ez al., 2002). In agreement
with this notion, STAT3 was frequently phosphorylated
in several human melanoma cell lines (Figure 3a).
However, while B16 and SKMel cells are negative for
STAT3 phosphorylation, the same cells do express c-fos.
Apparently, STAT3-independent mechanism of c-fos
induction is present in these melanoma cells. Finding
such mechanisms of ¢-fos expression in these cells may
provide a new clue for understanding the role of c-fos
for the generation of melanomas.

Promoter analysis and ChIP assay indicated that
STAT3 and MITF can bind to the c-fos promoter and
activate this promoter independently. Reporter gene
analysis suggested that the effect of MITF and STAT3
on the c-fos promoter are additive rather than coopera-
tive (Figure 5b). This is consistent with our observation
that there is no direct physical interaction between
MITF and STAT3. Nevertheless, high levels of c-fos
expression and transformation of NIH-3T3 cells are
dependent on both STAT3 and MITF. In addition to
promoter activation, another mechanism of c¢-fos
expression, such as stabilization of c-fos mRNA, may
present in the cooperative effect of STAT3 and MITF.
Furthermore, a previous report demonstrated that wt-
and mi-MITF bind to the c-Fos protein. In particular,
mi-MITF prevents c-Fos from being transported to the

"nucleus, and this may be a reason for the osteopetrosis

of mi/mi mutant mice (Sato er al., 1999). wt-MITF was
also shown to bind to c-Jun and enhance the transacti-
vation of the MMCP-7 gene, while complexes of mi-
MITF and c-Jun were predominantly found in the
cytoplasm and suppressed transactivation (Ogihara
et al., 2001). Thus, MITF could be involved in AP-1
activation not only by inducing c-fos but also by
interacting with AP-1 itself. The fact that a dominant-
negative AP-1 (SupJunD) suppressed colony formation
of transformants expressing both MITF and STAT3C
suggests that AP-1 can be a therapeutic target of
melanoma.

In addition to c-fos, we found several interesting genes
that are cooperatively induced by STAT3 and MITF
(Figure 4a). GTP cyclohydrase-1 and mast cell proteases
are probably involved in melanocyte and mast cell
functions. PMELI17 is also known as an MITF-
inducible pigment cell-specific gene and a melanosomal
matrix protein, which may function as a structural
protein in melanogenesis (Kobayashi et al., 1994).
JE and A7 are chemokines that are induced by
immunoglobulin (Ig) E plus antigen stimulation in
mast cells. (Burd et al., 1989; Kulmburg er al., 1992;
Ong et al, 1993). Therefore, STAT3/MITF target
genes are strongly linked to the function of mast
cells and melanocytes, which constitutively express
MITF. This finding implies that STAT3 (or other
STATs) may be involved in mast cell and melanocyte
functions by inducing genes in cooperation with
MITF. It is interesting that IL3, which activates STATS,
is a mast cell growth factor in vitre. The functions of
STATs in mast cells and melanocytes are under
investigation.
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Materials and methods

Cell culture and transfection

NIH3T3 and HEK293 cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% CS.
STAT3C-transformed 3T3 (STAT3C-3T3) cells (Yoshida
et al., 2002) were cultured in DMEM supplemented with
10% CS containing 0.8 mg/ml G418. PLAT-E, a packaging
cell line (Morita ef al., 2000) was maintained in DMEM with
10% FCS containing blasticidin S (10 mg/ml) and puromycin
(1 mg/ml). Melanoma cell lines were cultured in the following
medium containing 10% FCS, B16 and B16F10 in RPMI
1640, G361 and SKMel28 in MEM, HMV-1I in Ham’s F12,
and MMAc in DMEM. MC9, a mast cell line, was cultured in
RPMI 1640 supplemented with 5% FCS, 50 uM 2-mercap-
toethanol, and 6ng/ml mouse recombinant IL-3. Cells were
transfected by the calcium phosphate method with Cell Phect
(Amersham) or by the lipofection method with FuGENE 6
(Roche). For retrovirus-mediated gene expression, NIH3T3
cells were infected with the retroviruses produced by PLAT-E
as reported (Sasaki et «l., 2003). B16, BIGF10, G361, and
SKMel 28 cell lines were kindly provided by Dr Yonemitsu
(Kyushu University, Japan).

Library screening

Retroviruses containing the human HeLa retroviral cDNA
library (CLONTECH, Palo Alto, CA, USA) were produced
from PLAT-E and 1 x 10® STAT3C-3T3 cells were infected
with 10ml of the retroviral supernatant containing 10 mg/m}
polybrene. After 48 h of virus transduction, STAT3C-3T3 cells
were seeded in soft-agar medium. Within 3 weeks, two colonies
were picked up and expanded, and genomic DNA was
isolated. Integrated ¢cDNAs were recovered by PCR using a
pair of primers (FWD, 5-AGCCCTCACTCCTTCTCTAG,
and REV, 5-ATGGCGTTACTTAAGCTAGCTTGC-
CAAACCTAC) and sequenced.

Colony formation in soft-agar

The MITF-infected 3T3 and STAT3C-3T3 cells were seeded
into 35-mm dishes in suspensions of 0.36% Agar noble (Difco)
in DMEM supplemented with 10% CS on top of a bed of
0.72% Agar noble in the same complete medium. The MITF-
infected STAT3C-3T3 cells were inoculated with a retrovirus
of dominant-negative AP-1 or an empty vector (Ui er al.,
2000), selected with puromycin, and plated into soft-agar
medium. The cultures were incubated for 21 days and then the
colonies were counted and photographed.

Construction of MITF

The ¢cDNAs of wt-, AN-, and mi-MITF were subcloned into a
bicistronic retrovirus vector pMX-IRES-EGFP (Nosaka et al.,
1999) or a pcDNA3 expression vector.

Retrovirus of dominani-negative AP-1

The control virus (pBabe-1RESpuro) and the SupJunD-1 virus
(pBabe-SupJunD-1-IRESpuro) as a dominant-negative AP-1
were generated as described (Ui ef al., 2000). After infection,
STAT3C-3T3 cells were cultured with 2 mg/ml puromycin.

High-density oligonucleotide microarray analysis

RNA was extracted by standard methods. Cells were lysed
directly in their Petri dishes in TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) and total RNA was isolated according to
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the manufacturer’s instructions. ¢RNA preparation and
microarray hybridization were carried out according to the
supplier’s instructions (Affymetrix, Santa Clara, CA, USA),
using Genechip HG-U95Av2. Scanned output files were
analysed by the probe level analysis package, Microarray
Suite MAS 5.0 (Affymetrix, Santa Clara, CA, USA). The
signal for each of these genes was determined from the ‘probe
set’ in use for this gene and by the probe level analysis method
provided by Affymetrix software.

Northern Blotting analysis and RT-PCR

Total RNA (10 ug) extracted from cells using TRIzol was
evaluated by Northern blotting analysis with digoxigenin-
labeled antisense RNA of c-fos and G3PDH labeled with the
DIG RNA Labeling Kit (Roche). To determine the microarray
data, 1pug of total RNA was reverse-transcribed with the
Reverse Transcribed Kit (Roche) and RT-PCR was performed
with primers as follows: mouse MITF, 5-GGAACAGCAAC-
GAGCTAAGG and 5-TGATGATCCGATTCACCAGA;
human MITF, 5-AGAACAGCAACGCGCAAAAGAAC
and TGATGATCCGATTCACCAAATCTG; mouse GTP
cyclohydrorase, 5-GGCTGCTTACTCGTCCATTC and AG
GTGATGCTCACACATGGA; mouse JE, AGGTCCCTGT
CATGCTTCTG and TCTGGACCCATTCCTTCTTG;
mouse PMEL17 CAGGGGTCTAACTGCTGGAG and TT
CGGAGGTTTAGGACCAGA; mouse MRP8, GGAAAT
CACCATGCCCTCTA and TGGCTGTCTTTGTGAGAT
GC; mouse MARC, TCTGTGCCTGCTGCTCATAG and
CTTTGGAGTTGGGGTTTTCA; and mouse MCPL, GCA
CTTCTCTTGCCTTCTGG and TGTGCAGCAGTCATCA
CAAA.

Western blotting analysis

Cells were lysed in a lysis buffer (50mm Tris-HCl pH 7.4,
150mM NaCl, 0.5% or 1% NP-40, imM EDTA, ImM
vanadate, 50mM NaF, lmM DTT, 0.0l mM APMSF) and
centrifuged at 12000g for 10min. The supernatants were
resolved on SDS-PAGE of 10% gels, blotted, and immunos-
tained with an anti-phospho STAT3 (Tyr705) polyclonal
antibody (Cell Signaling Technology) and an anti-STAT3
polyclonal antibody (Santa Cruz Biotechnology).

Luciferase assay

An APRE-luciferase reporter gene for STAT3 activity and a
reporter gene construct containing MITF-responsive mMCP-6
(mouse mast cell protease) luciferase have been described
previously (Morii e al., 1996; Yasukawa et al., 1999). A c-fos
promoter—reporter gene consisting of the c-fos promoter
region containing SIE, SRE, and several potential MITF-
binding motifs (Tsujimura er afl., 1996) is also described
(Shibuya et al., 1994; Kawahara ef al., 1995; Kim et al., 1998).
Luciferase assays were carried out using the dual-luciferase
reporter system (Promega). The expression plasmid of STAT3-
C in pRcCMV was kindly provided by Dr JE Darnell Jr
(Bromberg et «l., 1999).

Nuclear extract preparation and oligonucleotide-binding assay

293T cells (1.5% 107) were transfected with Myc-AN-MITF
and STAT3C were stimulate with LIF for 6h. Cells were
collected and resuspended in 0.4ml of buffer A (10mMm
HEPES-KOH (pH 7.8), 10mM KCI, 0.1mM EDTA, 0.4%
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NP-40, 1mMm DTT, 0.5mM APMSF, 2 ug/ml leupeptin, and
I mM Na3VOy,). After a brief vortexing and centrifugation, the
supernatant was discarded and the nuclei-containing pellet was
resuspended in 0.05ml of buffer C (50 mM HEPES-KOH (pH
7.8), 420 mM NaCl, 5mM MgCl,, 0. mM EDTA, 2% glycerol,
ImM DTT, 0.5mM APMSF, 2ug/ml leupeptin, and 1 mM
Na3VOy) at 4°C for 30 min. The suspension was pelleted by
centrifugation and the supernatants were collected and stored
at —80°C until use. Oligonucleotide-conjugated beads were
prepared using the DNA-binding protein purification kit
(Roche) according to the manufacturer’s protocol. In brief,
the sense and antisense oligonucleotide of the human c-fos
promoter sequence, including the SIE and SRE regions (5'-C
AGTTCCCGTCAATCCCTCCCCCCTTACACAGGATGTC
CATATTAGGACATCTGC-3") were annealed, and they were
ligated with the washed streptavidin magnetic particles for
30min at 25°C. After ligation was carried out, the particles were
washed using a magnetic separator and mixed with 100 ug of the
nuclear extract for 30min at 25°C. Then, the particles were
washed and the DNA-binding proteins were eluted. The elutates
were pelleted with trichloroacetic acid solution, and analysed by
immunoblotting with anti-STAT3 and anti-Myc antibodies.

ChIP assay

For ChIP assay, 243T cells (5x 10%) were fixed with 1%
formaldehyde for 10 min at 37°C, washed with PBS, and lysed
in ChIP lysis buffer (Upstate Biotechnology, Lake Placid, NY,
USA). DNA was sonicated by pulsing five times. Anti-
acetylated histone H4 (Upstate), anti-STAT3 (Sigma), or
anti-MITF monoclonal antibody (Oncogene), and anti-MITF
polyclonal antibody (Santa Cruz Biotechnology) was added
(5ug—20pug per immunoprecipitation) and incubated
overnight. Protein A—agarose beads (Upstate Biotechnology)
were added for Th and then washed once each with a
low-salt buffer, high-salt buffer, and LiCl buffer. They were
then washed twice with a TE buffer. The beads were eluted
with 0.1M NaHCO3 and 1% SDS, and crosslinks were
reversed at 65°C. DNA was ethanol precipitated in the
presence of 20ug glycogen. PCR was carried out using
primers specific to the promoter region of mouse c-fos
(FWD, 5-TCTGCCTTTCCCGCCTCCCC, and REYVY,
5-GGCCGTGGAAACCTGCTGAC) for NIH3T3, and
human c-fos (FWD, 5-CCCGACCTCGGGAACAAGGG,
and REV, - ATGAGGGGTTTCGGGGATGG) for HMV-
I1, or (FWD, 5-TCTCATTCTGCGCCGTTCCC, and REV,
5'-GGCCGTGGAAACCTGCTGAC) for G361.
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G-CSF prevents cardiac remodeling after myocardial

cardiomyocytes

infarction by activating the Jak-Stat pathway in

Mutsuo Harada!4, Yingjie Qin"%, Hiroyuki Takano!*, Tohru Minamino'*, Yunzeng Zou!, Haruhiro Toko!,
Masashi Ohtsuka', Katsuhisa Matsuura!, Masanori Sano!, Jun-ichiro Nishi!, Koji Iwanaga!, Hiroshi Akazawa!,
Takeshige Kunieda', Weidong Zhu!, Hiroshi Hasegawa!, Keita KunisadaZ, Toshio Nagai!, Haruaki Nakaya3,

Keiko Yamauchi-Takihara? & Issei Komuro!

Granulocyte colony-stimulating factor (G-CSF) was reported to induce myocardial regeneration by promoting mobilization of bone
marrow stem cells to the injured heart after myocardial infarction, but the precise mechanisms of the beneficial effects of G-CSF
are not fully understood. Here we show that G-CSF acts directly on cardiomyocytes and promotes their survival after myocardial
infarction. G-CSF receptor was expressed on cardiomyocytes and G-CSF activated the Jak/Stat pathway in cardiomyocytes.

The G-CSF treatment did not affect initial infarct size at 3 d but improved cardiac function as early as 1 week after myocardial
infarction. Moreover, the beneficial effects of G-CSF on cardiac function were reduced by delayed start of the treatment. G-CSF
induced antiapoptotic proteins and inhibited apoptotic death of cardiomyocytes in the infarcted hearts. G-CSF also reduced
apoptosis of endothelial cells and increased vascularization in the infarcted hearts, further protecting against ischemic injury.

All these effects of G-CSF on infarcted hearts were abolished by overexpression of a dominant-negative mutant Stat3 protein in
cardiomyocytes. These results suggest that G-CSF promotes survival of cardiac myocytes and prevents left ventricular remodeling
after myocardial infarction through the functional communication between cardiomyocytes and noncardiomyocytes.

Myocardial infarction is the most common cause of cardiac morbidity
and mortality in many countries, and left ventricular remodeling after
myocardial infarction is important because it causes progression to heart
failure. Several cytokines including G-CSF, erythropoietin and leukemia
inhibitory factor have beneficial effects on cardiac remodeling after myo-
cardial infarction'>. In particular, G-CSF markedly improves cardiac
function and reduce mortality after myocardial infarction in mice, possibly
by regeneration of myocardium and angiogenesis! -8, G-CSF is known
to have various functions such as induction of proliferation, survival and
differentiation of hematopoietic cells, as well as mobilization of bone
marrow cells”!1. Although it was reported that bone marrow cells could
differentiate into cardiomyocytes and vascular cells, thereby contributing
to regeneration of myocardium and angiogenesis in ischemic hearts!2-15,
accumulating evidence has questioned these previous reports!®-18, In this
study, we examined the molecular mechanisms of how G-CSF prevents
left ventricular remodeling after myocardial infarction.

RESULTS

G-CSF directly acts on cultured cardiomyocytes

G-CSF receptor (G-CSFR, encoded by CSF3R) has been reported
to be expressed only on blood cells such as myeloid leukemic cells,

leukemic cell lines, mature neutrophils, platelets, monocytes and
some lymphoid cell lines®. To test whether G-CSFR is expressed
on mouse cardiomyocytes, we performed a reverse transcription—
polymerase chain reaction (RT-PCR) experiment by using specific

‘primers for mouse Csf3r, We detected expression of the Csf3r gene

in the adult mouse heart and cultured neonatal cardiomyocytes
(Fig. 1a). We next examined expression of G-CSFR protein in cul-
tured cardiomyocytes of neonatal rats by immunocytochemistry.
Similar to the previously reported expression pattern of G-CSFR in
living cells'®, the immunoreactivity for G-CSER was localized to the
cytoplasm and cell membrane under steady-state conditions in car-
diomyocytes (Fig. 1b). This immunoreactivity disappeared when the
antibody specific for G-CSFR was omitted, validating its specificity
(Fig. 1b). In addition to cardiomyocytes, we also detected expres-
sion of G-CSFR on cardiac fibroblasts by immunocytochemistry
(see Supplementary Fig. 1 online) and RT-PCR (Supplementary
Fig. 2 online).

The binding of G-CSF to its receptor has been reported to evoke
signal transduction by activating the receptor-associated Janus family
tyrosine kinases (JAK) and signal transducer and activator of transcrip-
tion (STAT) proteins in hematopoietic cells*!?, In particular, STAT3
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Figure 1 Expression of G-CSFR and the G-CSF-evoked signal transduction in cultured cardiomyocytes. (a) RT-PCR for mouse Csf3r. Expression of Csf3r was
detected in the adult mouse heart (lane 1) and cultured cardiomyocytes of neonatal mice (lane 3). In lane 2, reverse transcription products were omitted to
exclude the possibility of false-positive results from contamination. (b) Immunocytochemical staining for G-CSFR. Cardiomyocytes from neonatal rats were
incubated with antibody to G-CSFR (red) and phalloidin (green) (upper panel). In the absence of antibody to G-CSFR, no signal was detected (lower panel).
Original magnification, x1,000. (¢) G-CSF induces phosphorylation of Jak2, Stat1 and Stat3 in a time-dependent manner in cultured cardiomyocytes.

(d) Quantification of Jak2, Stat1 and Stat3 activation by G-CSF stimulation as compared with control (time = 0). *P < 0.05 versus control (n = 3). (e) G-CSF
induces phosphorylation and activation of Stat3 in a dose-dependent manner in cultured cardiomyocytes.

has been reported to contribute to G-CSF-induced myeloid differenti-
ation and survival??! We therefore examined whether G-CSF activates
the Jak-Stat signaling pathway in cultured cardiomyocytes. G-CSF
(100 ng/ml) significantly induced phosphorylation and activation of
Jak2 and Stat3, and to a lesser extent, Stat1 but not Jakl, Tyk2 or Stat5
ina dose-dependent manner (Fig. 1c—e and data not shown), suggesting
that G-CSFR on cardiomyocytes is functional,

DAP1

Merged

H,0, - + - +

G-CSF - +

We next examined whether G-CSF confers direct protective effects
on cardiomyocytes as it prevents hematopoietic cells from apoptotic
death?). We exposed cardiomyocytes to 0.1 mM H,0, in the absence
or presence of G-CSF and examined cardiomyocyte apoptosis by
staining with annexin V224, Pretreatment with G-CSF significantly
reduced the number of H,0,-induced annexin V-positive cells
compared with cells that were not given the G-CSF pretreatment

d [1 Adeno-LacZ
B Adeno-dnStat3

Percent annexin V-positive cells

Actin -
AG490 - - - - +
H0, - + - + +
G-CSF -

Figure 2 Suppression of H,0,-induced cardiomyocyte apoptosis by G-CSF. (a) Detection of apoptosis by Cy3-labeled annexin V. Red fluorescence shows apoptotic
cardiomyocytes stained with Cy3-labeled annexin V. Nuclei were counterstained with DAP! staining (blue). Original magnification, x400. (b) Quantitative analysis
of apoptotic cells. The vertical axis indicates the ratio of the annexin V—positive cell number relative to that of DAPI-positive nuclei. *P < 0.01 versus nontreated
cells, #P < 0.05 versus H,0,-treated cells without G-CSF (1= 3). (c) G-CSF prevents H,0,-induced downregulation of Bcl-2 expression (7= 3). (d) Inhibition of
antiapoptotic effects of G-CSF by Adeno-dnStat3. Bar graphs represent quantitative analysis of the apoptotic cell number relative to the total cell number. *P <
0.001 versus H,0, (~)/G-CSF (), "P < 0.001 versus H,0, (+)/G-CSF (-), TP < 0.001 versus H,0, (+)/G-CSF (+)/Adeno-LacZ (n = 3).
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(Fig. 2a,b). To investigate the molecular mechanism of how G-CSF
exerts an antiapoptotic effect on cultured cardiomyocytes, we exami-
ned expression of the Bcl-2 protein family, known target molecules
of the Jak-Stat pathway?4, by western blot analysis. Expression levels
of antiapoptotic proteins such as Bcl-2 and Bcl-xL were lower when
cardiomyocytes were subjected to H,O, (Fig. 2c and data not shown),
and this reduction was considerably inhibited by G-CSF pretreatment
(Fig.2c). AG490, an inhibitor of Jak2, abolished G-CSF-induced Bcl-2
expression (Fig. 2¢) but did not affect its basal levels (Supplementary
Fig. 3 online), suggesting a crucial role of the Jak-Stat pathway in
inducing survival of cardiomyocytes by G-CSE. To further elucidate
the involvement of the Jak-Stat pathway in the protective effects of
G-CSF on cardiomyocytes, we transduced cultured cardiomyocytes
with adenovirus encoding dominant-negative Stat3 (Adeno-dnStat3).
G-CSF treatment significantly reduced apoptosis induced by H,0,
in Adeno-LacZ-infected cardiomyocytes (Fig. 2d). This effect was
abolished by introduction of Adeno-dnStat3 (Fig. 2d), suggesting
that Stat3 mediates the protective effects of G-CSF on H,0,-induced
cardiomyocyte apoptosis.

Effects of G-CSF on cardiac function after myocardial infarction
Consistent with the in vitro data, G-CSF enhanced activation of Stat3
in the infarcted heart (Fig. 3a). Notably, the levels of G-CSFR were
markedly increased after myocardial infarction in cardiomyocytes
(Supplementary Fig. 4 online), which may enhance the effects of
G-CSF on the infarcted heart. To elucidate the role of G-CSF-induced
Stat3 activation in cardiac remodeling, we produced myocardial
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infarction in transgenic mice which express dominant-negative Stat3
in cardiomyocytes under the control of the a-myosin heavy chain
promoter (dnStat3-Tg). Administration of G-CSF was started at the
time of coronary artery ligation (day 0) until day 4 in transgenic
mice; we termed this group Tg-G mice. A control group of dnStat3-Tg
mice given myocardial infarction received saline (Tg-cont) instead of
G-CSF. We also included two groups of wild-type mice given myocar-
dial infarction treated with G-CSF (Wt-G) or saline (Wt-cont). At 2
weeks after myocardial infarction, we assessed the morphology by his-
tological analysis and measured cardiac function by echocardiography
and catheterization analysis. The infarct area was significantly smaller
in the Wt-G group than the Wt-cont group (Fig. 3b). The Wt-G group
also showed less left ventricular end-diastolic dimension (LVEDD)
and better fractional shortening as assessed by echocardiography,
and lower end-diastolic pressure (LVEDP) and better +dp/d¢ and
—dp/dt as assessed by cardiac catheterization compared with Wt-cont
(Fig. 3c). The beneficial effects of G-CSF on cardiac function were
dose dependent and were significantly reduced by delayed start of the
treatment (Fig. 3d,e and Supplementary Fig. 5 online). Moreover,
its favorable effects on cardiac function became evident within 1
week after the treatment (Fig. 3f). Disruption of the Stat3 signaling
pathway in cardiomyocytes abolished the protective effects of G-CSFE.
There was no significant difference in LVEDD, fractional shortening,
LVEDP, +dp/dt and —dp/dt between Tg-G and Tg-cont (Fig. 3¢). We
obtained similar results from infarcted female hearts (Fig. 3g). These
results suggest that G-CSF protects the heart after myocardial infarc-
tion at least in part by directly activating Stat3 in cardiomyocytes,
which is a gender-independent effect. We
have previously shown that treatment with
G-CSF significantly (P < 0.05) decreased
myocardial infarction—related mortality of
wild-type mice?. In contrast, there were no
significant differences in mortality between
G-CSF-treated and saline-treated dnStat3-Tg
mice (data not shown).
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Figure 3 Effects of G-CSF on cardiac function
after myocardial infarction. (a) Stat3 activation
in the infarcted hearts. We operated on
wild-type mice to induce myocardial infarction
and treated them with G-CSF (G) or saline (C).
(b) Masson trichrome staining of wild-type (Wt)
and dnStat3-Tg (Tg) hearts. *P < 0.001 versus
Wt-cont, #P < 0.001 versus Wt-G (n = 11-15).
(c) G-CSF treatment preserves cardiac function
after myocardial infarction. *P < 0.01,

**P < 0.001 versus sham; *P < 0.05,

#p < 0.001 versus Wt-cont; TP < 0.01,

P < 0.001 versus Wi-G (n = 10-15 for
echocardiography and n = 5 for catheterization
analysis). (d) Dose-dependent effects of G-CSF.
FS, fractional shortening. *P < 0.01 versus
saline-treated mice (G-CSF = 0)(n = 12-14).
(e) Wild-type mice were operated to induce
myocardial infarction and G-CSF treatment
(100 pg/kg/d) was started from the indicated day
for 5d. *P < 0.05, **P < 0.001 versus saline-
treated mice (C); *P < 0.05, **P < 0.01 versus
mice treated at day O (d 0) (n=11-12).

(f) Effects of G-CSF on cardiac function at 1
week. *P < 0.05 versus control (n = 3). (g) Effects
of G-CSF on cardiac function of female mice.
*P<0.05, **P < 0.001 versus Wt-cont;

#P < 0.05, #P < 0.005 versus Wt-G (n = 4-5).
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Mechanisms of the protective effects of G-CSF

Our in vitro results suggest that the protective effects of G-CSF on car-
diac remodeling after myocardial infarction can be attributed in part
to reduction of cardiomyocyte apoptosis. To determine whether the
Stat3 pathway in cardiomyocytes mediates the antiapoptotic effects of
G-CSF on the ischemic myocardium, we carried out TUNEL labeling
of left ventricular sections 24 h after myocardial infarction in wild-type
mice and dnStat3-Tg mice. Although the number of TUNEL-positive
cells was significantly less in the Wt-G group than the Wt-cont group,
G-CSF treatment had no effect on cardiomyocyte apoptosis in dnStat3-
Tg mice (Fig. 4a). The effects of G-CSF on apoptosis after myocardial
infarction were also attenuated when mice were treated with AG490
(Supplementary Fig. 6 online). Myocardial infarction-related apoptosis
was significantly increased in the Tg-cont group and AG490-treated wild-
type mice compared with Wt-cont mice (Fig. 4a and Supplementary Fig.
6 online), suggesting that endogenous activation of Stat3 has a protec-
tive role in the infarcted heart, as reported previously?. It is notewor-
thy that G-CSF treatment inhibited apoptosis of noncardiomyocytes
including endothelial cells and that this inhibition was abolished in
dnStat3-Tg mice (Fig. 4a and data not shown). To investigate the
underlying molecular mechanism of the antiapoptotic effects of
G-CSF in vivo, we examined expression of the Bcl-2 protein family
by western blot analysis. Consistent with our in vitro results, expres-
sion of antiapoptotic proteins such as Bcl-2 and Bcl-xL. was signifi-
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Figure 4 Mechanisms of the protective effects of
G-CSF. (a) TUNEL staining (brown nuclei) in the
infarcted hearts. The graphs show quantitative
analyses for total TUNEL-positive cells (left
graph) and TUNEL-positive cardiomyocytes (right
graph) in infarcted hearts. *P < 0.01 versus
Wt-cont; #P < 0.05, # P < 0.005, ##P < 0.001
versus wild-type mice with the same treatment
(n= 5-7). Scale bar, 100 um. (b) Infarcted
hearts treated with G-CSF (G) or saline (C) were
analyzed for expression of Bcl-2, Bel-xL, Bax and
Bad by western blotting (n = 3). (¢) Mobilization
of hematopoietic stem cells into peripheral

blood (PBSC). *P < 0.05 versus saline-treated
mice (n=4). (d) Capillary endothelial cells were
identified by immunohistochemical staining with
anti-PECAM antibody in the border zone of the
infarcted hearts. Scale bar, 100 um. The number
of endothelial cells was counted and shown in
the graph (n = 6-8). *P < 0.05.
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cantly increased in the Wt-G group at 24 h
after myocardial infarction compared with
the Wt-cont group, whereas expression of
the proapoptotic proteins Bax and Bad was
not affected by the treatment (Fig. 4b). In
contrast, expression levels of antiapoptotic
proteins were not increased by G-CSF in the
Tg-G group (Fig. 4b). Immunohistochemical
analysis also showed increased expression of
Bcl-2 in the infarcted heart of the Wt-G group
but not of the Tg-G group (Supplementary
Fig.7 online).

To determine the effects of G-CSF on mobi-
lization of stem cells, we counted the number
of cells positive for both Sca-1 and c-kit in
peripheral blood samples from mice treated
with G-CSF or saline. The G-CSF treatment
similarly increased the number of double-positive cells in wild-type
mice and dnStat3-Tg mice (Fig. 4c). To examine the impact of G-CSF
on cardiac homing of bone marrow cells, we transplanted bone marrow
cells derived from GFP transgenic mice into wild-type and dnStat3-Tg
mice, produced myocardial infarction and treated with G-CSF or saline.
FACS analysis showed that G-CSF did not increase cardiac homing of
bone marrow cells in wild-type and dnStat3-Tg mice (Supplementary
Fig. 8 online). We have shown that cardiac stem cells, which are able to
differentiate into cardiomyocytes, exist in Sca-1-positive populations
in the adult myocardium?6. But G-CSF treatment did not affect the
number of Sca-1-positive cells in the infarcted hearts of wild-type or
dnStat3-Tg mice (Supplementary Fig. 9 online). Thus, it is unlikely
that G-CSF exerts its beneficial effects through expansion of cardiac
stem cells. To determine the effects of G-CSF on proliferation of car-
diomyocytes, we carried out immunostaining for Ki67, a marker for
cell cycling, in conjunction with a labeling for troponin T. The number
of Ki67-positive cardiomyocytes was increased in the infarcted hearts
of wild-type mice and dnStat3-Tg mice compared with sham-operated
mice (Supplementary Fig. 10 online). But G-CSF did not alter the num-
ber of Ki67-positive cardiomyocytes in wild-type or dnStat3-Tg mice,
suggesting that G-CSF does not induce proliferation of cardiomyocytes
(Supplementary Fig. 10 online). The number of Ki67-positive cardio-
myocytes was less in infarcted hearts of dnStat3-Tg mice than in those
of wild-type mice, suggesting that endogenous Stat3 activity is required

G
Tg
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for myocardial regeneration after myocardial infarction and that activa-
tion of Stat3 by G-CSF is not sufficient for cardiomyocytes to enter the
cell cycle in infarcted hearts of wild-type mice (Supplementary Fig. 10
online). In contrast, G-CSF treatment significantly increased the number
of endothelial cells in the border zone of the infarcted hearts (Fig. 4d).
This increase was attenuated in dnStat3-Tg mice, indicating that the
increased vascularity is mediated by Stat3 activity in cardiomyocytes
and may partially account for the beneficial effects of G-CSF on the
infarcted hearts. Taken together with the result that G-CSF-induced
inhibition of noncardiomyocyte apoptosis was also mediated by the
Stat3 signaling pathway in cardiomyocytes (Fig. 4a), these findings imply
that communication between cardiomyocytes and noncardiomyocytes
regulates each others’ survival.

To further test whether G-CSF acts directly on the heart, we examined
the effects of G-CSF treatment on cardiac function after ischemia-reper-
fusion injury in a Langendorff perfusion model. The isolated hearts
underwent 30 min total ischemia followed by 120 min reperfusion with
the perfusate containing G-CSF (300 ng/ml) or vehicle, and left ventri-
cular developed pressure (LVDP, measured as the difference between
systolic and diastolic pressures of the left ventricle) and LVEDP were
measured. There were no significant differences in basal hemodynamic
parameters including heart rate, left ventricular pressure, LVEDP and
positive and negative dp/dt, between the control group and G-CSF group
(Table 1). After reperfusion, however, G-CSF-treated hearts started to
beat earlier than those of the control group (Fig. 5a). At 120 min after
reperfusion, contractile function (LVDP) of G-CSF-treated hearts was
significantly better than that of control hearts (Fig. 5a). Likewise, dias-
tolic function (LVEDP) of G-CSF-treated hearts was better than that
of control hearts (Fig. 5a). After ischemia-reperfusion, there was more
viable myocardium (red lesion) in G-CSF-treated hearts than control

ARTICLES

Table 1 Basal hemodynamic parameters

Control (n=7) G-CSF (n=7)
HR (b.p.m.) 326+34 334+24
LVP (mmHg) 121.8+24 117.3£32
LVEDP (mmHg) 43+1.3 45116
+dp/dt (mmHg/s) 7,554 £643 7,667 £377
~dp/dt (mmHg/s) 6,504 + 638 6,670 + 602

HR, heart rate; b.p.m., beats per minute; LVP, left ventricular pressure; LVEDP, left ventricular
end-diastolic pressure; +dp/dt and —dp/dt, positive and negative first derivatives for maximal
rates of left ventricular pressure development.

hearts (Fig. 5b). The size of the infarct (white lesion) was significantly
smaller in G-CSF-treated hearts than in control hearts (Fig. 5b).

DISCUSSION
In the present study, G-CSFR was found to be expressed on cardiomyo-
cytes and cardiac fibroblasts, and G-CSF activated Jak2 and the down-
stream signaling molecule Stat3 in cultured cardiomyocytes. Treatment
with G-CSF protected cultured cardiomyocytes from apoptotic cell death
possibly through upregulation of Bel-2 and Bcl-xL expression, suggest-
ing that G-CSF has direct protective effects on cardiomyocytes through
G-CSFR and the Jak-Stat pathway. This idea is further supported by
the in vivo experiments. G-CSF enhanced Stat3 activity and increased
expression of Bcl-2 and Bcl-xL in the infarcted heart where G-CSFR
was markedly upregulated, thereby preventing cardiomyocyte apoptosis
and cardiac dysfunction. These effects of G-CSF were abolished when
Stat3 activation was disrupted in cardiomyocytes, suggesting that a direct
action of G-CSF on cardiomyocytes has a crucial role in preventing left
ventricular remodeling after myocardial infarction. Because noncardio-
myocytes also expressed G-CSFR, the possibil-
ity exists that activation of G-CSF receptors on
these cells modulates the beneficial effects of

fschemia 30 min Reperfusion 120 min

G-CSF on infarcted hearts.
The mobilization of bone marrow stem

cells (BMSC) to the myocardium has been
considered to be the main mechanism by

which G-CSF ameliorates cardiac remode-
ling after myocardial infarction!5-8, In this
study, we showed that G-CSF reduces apop-
totic cell death and effectively protects the
infarcted heart, which is dependent on its
direct action on cardiomyocytes through the
Stat3 pathway. This antiapoptotic mechanism
seems to be more important than induction

Control of BMSC mobilization, because disruption of

G-CSF

Figure 5 Direct effects of G-CSF on cardiac
function after ischemia-reperfusion injury.
(a) Representative left ventricular pressure
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records of control and G-CSF-treated hearts are
shown (upper panel). The graphs show changes
in LVDP (left) and LVEDP (right) during ischemia-
reperfusion. *P < 0.05 versus control hearts
(n=7). (b) The photographs show representative
TTC staining of control hearts (Control) and
G-CSF-treated hearts (G-CSF) after ischemia-
reperfusion. The graph indicates myocardial
infarct sizes for control hearts (Control) and
G-CSF-treated hearts (G-CSF). Infarct sizes were
calculated as described in Supplementary Methods
online. *P < 0.05 versus control hearts (n= 7).
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this pathway by expressing dnStat3 in cardiomyocytes almost abolished
the protective effects of G-CSF on cardiac remodeling after myocardial
infarction, In addition, there was no difference in the effects of G-CSF
on mobilization and cardiac homing of bone marrow cells, expansion
of cardiac stem cells, and proliferation of cardiomyocytes between wild-
type and dnStat3-Tg mice. The beneficial effects of G-CSF and stem
cell factor on the infarcted heart has been described, but no evidence
indicating that G-CSF induced cardiac homing of bone marrow cells
in the infarcted heart has been shown!. In this study, we found favora-
ble effects of G-CSF on the infarcted heart as early as 1 week after the
treatment even though cardiac homing of bone marrow cells was not
increased. Thus, we conclude that increased cardiac homing of bone
marrow cells cannot account for improved function of the infarcted
heart after G-CSF treatment,

The JAK-STAT pathway has been shown to induce various angio-
genic factors besides antiapoptotic proteins?%2!, The number of
endothelial cells in the border zone was increased by G-CSF through
Stat3 activation in cardiomyocytes. Consistent with this, we noted
that G-CSF induces cardiac expression of angiogenic factors in vitro
and in vive, which appears to be mediated by cardiac Stat3 activation
(M.H.,,Y.Q., H.T.,, TM. & L.K., unpublished data). Moreover, we obser-
ved that the majority of apoptotic cells in the infarcted hearts was
endothelial cells and that endothelial apoptosis was significantly inhi-

"bited by G-CSF treatment in wild-type mice but not in dnStat3-Tg
mice (Fig. 4a and M.H., TM. & LK., unpublished data). Thus, activa-
tion of this pathway in cardiomyocytes by G-CSF may also promote
angiogenesis and protect against endothelial apoptosis by producing
angiogenic factors, resulting in the further prevention of cell death
of cardiomyocytes and cardiac remodeling after myocardial infarc-
tion. The results in this study provide new mechanistic insights of the
G-CSF therapy on infarcted hearts.

METHODS
For further details, please see Supplementary Methods online.

Cell culture. Cardiomyocytes prepared from ventricles of 1-d-old Wistar rats’

were plated onto 60-mm plastic culture dishes at a concentration of 1 x10°

cells/cm? and cultured in Dulbecco modified Eagle medium (DMEM) supple-

smented with 10% fetal bovine serum (FBS) at 37 °C in a mixture of 95% air

7and 5% CO,. The culture medium was changed to serum-free DMEM 24 h
before stimulation. Generation and infection of recombinant adenovirus were
performed as described?®,

Percoll enrichment of adult mouse cardiomyocytes and noncardiomyocytes.
Adult mouse cardiomyocytes were prepared from [0-week-old C57BL/6 male
mice according to the Alliance for Cellular Signaling protocol. We also prepared
cardiomyocytes and noncardiomyocytes from myocardial infarction-operated
or sham-operated C57BL/6 male mice. After digestion, cells were dissociated,
resuspended in differentiation medium and loaded onto a discontinuous Percoll
gradient. Cardiomyocytes or noncardiomyocytes were separately collected as
described previously®® and subsequently washed with | x phosphate-buffered
saline for RT-PCR.

RNA extraction and RT-PCR analysis. Total RNA from adult mice cardiomyo-
cytes was isolated by the guanidinium thiocyanate-phenal chloroform method.
A total of 4 ug RINA was transcribed with MMLYV reverse transcriptase and ran-
dom hexamers. The cDNA was amplified using a mouse Csf3r exon 15 forward
primer (5-GTACTCTTGTCCACTACCTGT -3") and an exon 17 reverse primer
(5"-CAAGATACAAGGACCCCCAA -3’). We performed PCR under the follow-
ing conditions: an initial denaturation at 94 °C for 2 min followed by a cycle of
denaturation at 94 °C for 1 min, annealing at 58 °C for 1 min and extension at
72 °C for 1 min, We subjected samples to 40 cycles followed by a final extension
at 72 °C for 3 min. The products were analyzed on a 1.5% ethidium bromide
stained agarose gel.

Immunocytochemistry. Cardiomyocytes or noncardiomyocytes of neonatal
rats cultured on glass cover slips were incubated with or without the antibody
to G-CSFR (Santa Cruz Biotechnology) for 1 h, followed by incubation with
Cy3-labeled secondary antibodies. After washing, we double-stained the cells with
fluorescent phalloidin (Molecular Probes) for 1 h at room temperature.

Western blots. Western blot analysis was performed as described®. We probed the
membranes with antibodies to phospho-Jak2, phospho-Stat3 (Cell Signaling),
phospho-Jakl, phospho-Tyk2, phospho-Stat1, phospho-Stat5, anti-Jakl, Jak2,
Tyk2, Statl, Stat3, Stat5, Bcl-2, Bax, G-CSFR (Santa Cruz Biotechnology),
Bcl-xL, Bad (Transduction Laboratories) or actin (Sigma-Aldrich). We used the
ECL system (Amersham Biosciences Corp) for detection.

Animals and surgical procedures. Generation and genotyping of dnStat3-Tg
mice have been previously described?®. All mice used in this study were 8-10-
week-old males, unless indicated. All experimental procedures were performed
according to the guidelines established by Chiba University for experiments in
animals and all protocols were approved by our institutional review board. We
anesthetized mice by intraperitoneally injecting a mixture of 100 mg/kg ketamine
and 5 mg/kg xylazine. Myocardial infarction was produced by ligation of the left
anterior descending artery. We operated on dnStat3-Tg mice to induce myocardial
infarction and randomly divided them into two groups, the G-CSF-treated group
(10-100 pg/kg/d subcutaneously for 5 d consecutively, Kyowa Hakko Kogyo Co.)
and the saline-treated group. We operated on nontransgenic mice as control
groups using the same procedures and divided them into a G-CSF-treated group
and a saline-treated group. Some mice were randomly chosen to be analyzed
for initial area at risk by injection of Evans blue dye after producing myocardial
infarction. There was no difference in initial area sizes at risk between saline-
treated control and G-CSF-treated mice (1 = 5; Supplementary Fig. 11 online).
We also determined initial infarct size by triphenyltetrazolium chloride staining
on day 3. There was no significant difference in initial infarct size between saline-
treated control and G-CSF-treated mice (1 = 5; Supplementary Fig. 12 online).

Echocardiography and catheterization. Transthoracic echocardiography was
performed with an Agilent Sonos 4500 (Agilent Technology Co.) provided with
an 11-MHz imaging transducer. For catheterization analysis, the right carotid
artery was cannulated under anesthesia by the micro pressure transducers with
an outer diameter of 0.42 mm (Samba 3000; Samba Sensors AB), which was then
advanced into the left ventricle. Pressure signals were recorded using a MacLab
3.6/s data acquisition system (AD Instruments) with a sampling rate of 2,000 Hz.
Mice were anesthetized as described above, and heart rate was kept at approxi-
mately 270-300 beats per minute to minimize data deviation when we measured
cardiac function.

Histology. Hearts fixed in 10% formalin were embedded in paraffin, sectioned
at 4 pm thickness, and stained with Masson trichrome. The extent of fibrosis
was measured in three sections from each heart and the value was expressed as
the ratio of Masson trichrome stained area to total left ventricular free wall. For
apoptosis analysis, infarcted hearts were frozen in cryomolds, sectioned, and
TUNEL labeling was performed according to the manufacturer’s protocol (In
Situ Apoptosis Detection kit; Takara) in combination with immunostainings for
appropriate cell markers. Digital photographs were taken at magnification X400,
and 25 random high-power fields (HPF) from each heart sample were chosen
and quantified in a blinded manner. We examined vascularization by measuring
the number of capillary endothelial cells in light-microscopic sections taken
from the border zone of the hearts 2 weeks after myocardial infarction. Capillary
endothelial cells were identified by immunohistochemical staining with anti-
baody to platelet endothelial cell adhesion molecule (PECAM; Pharmingen). Ten
random microscopic fields in the border zone were examined and the number
of endothelial cells was expressed as the number of PECAM-positive cells/HPE
(magnification, x400).

Statistical analysis, Data are shown as mean * s.e.m. Multiple group compari-
son was performed by one-way analysis of variance (ANOVA) followed by the
Bonferroni procedure for comparison of means. Comparison between two groups
were analyzed by the two-tailed Student’s i~test or two-way ANOVA. Values of
P <0.05 were considered statistically significant.
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Phosphatidylinositol 3-Kinase-Akt Pathway Plays a Critical
Role in Early Cardiomyogenesis by Regulating Canonical
Wnt Signaling

Atsuhiko T. Naito, Hiroshi Akazawa, Hiroyuki Takano, Tohru Minamino, Toshio Nagai,
Hiroyuki Aburatani, Issei Komuro

Abstract—We have recently reported that activation of phosphatidylinositol 3-kinase (PI3K) plays a critical role in the
early stage of cardiomyocyte differentiation of P19CL6 cells. We here examined molecular mechanisms of how PI3K
is involved in cardiomyocyte differentiation. DNA chip analysis revealed that expression levels of Wni-3a were
markedly increased and that the Wnt/B-catenin pathway was activated temporally during the early stage of
cardiomyocyte differentiation of P19CL6 cells. Activation of the Wnt/B-catenin pathway during this period was required
and sufficient for cardiomyocyte differentiation of PI9CL6 cells. Inhibition of the PI3K/Akt pathway suppressed the
Wnt/B-catenin pathway by activation of glycogen synthase kinase-38 (GSK-38) and degradation of B-catenin.
Suppression of cardiomyocyte differentiation by inhibiting the PI3K/Akt pathway was rescued by forced expression of
a nonphosphorylated, constitutively active form of B-catenin. These results suggest that the PI3K pathway regulates
cardiomyocyte differentiation through suppressing the GSK-3p activity and maintaining the Wnt/B-catenin activity.

(Circ Res. 2005;97:144-151.)

Key Words: PI3K m Akt ® Wnt @ cardiomyocyte differentiation

he heart is the first organ to be formed from mesodermal

cells during embryogenesis, and its developmental pro-
cess consists of multiple steps such as commitment of
immature mesodermal cells into cardiac mesodermal cells,
subsequent differentiation of cardiac mesodermal cells into
cardiomyocytes, and morphogenesis of the chambered heart.
The study of cell fate mapping has revealed that the cells
committed into cardiac cell fate are delineated in the posterior
lateral region of the epiblast of the mouse embryo during the
early gastrulation. These progenitor cells migrate through the
node and primitive streak to a cranial destination, and start to
express cardiac transcription factors such as Nkx-2.5 and
GATA-4.'2 After gastrulation, these cells move to the ante-
rior lateral part of the embryo and merge at their anterior
margins to form cardiac crescent. Then these cells move
ventrally and fuse at the midline to create linear heart tube.3
Advances in molecular biology made it possible to identify
many important cardiac transcription factors such as Nkx-2.5,
GATA-4, HAND1/2, and MEF2C that serially or synergisti-
cally induce the expression of cardiac specific genes and
regulate morphogenesis of the developing heart. These genes

are also used as a marker for cardiomyocyte differentiation in

developing embryos.
Mechanisms of how mesodermal cells are committed to
cardiac mesodermal cells, in other words, mechanisms of

how expression of these transcription factors are regulated
initially, have been largely unknown. Explant cultures of the
amphibian and avian embryos revealed that secreted proteins
from neighboring endoderm, ectoderm, and the mesoderm
itself, play important roles in induction of cardiac transcrip-
tion factors and differentiation of cardiomyocytes.* Among
such molecules, bone morphogenetic proteins (BMP) and
fibroblast growth factors (FGF) have been reported to induce
cardiomyocyte differentiation from noncardiac mesodermal
cells.”% However, several recent studies reported that BMP is
required for the maintenance but not for the induction of
cardiac transcription factors.”® Moreover, FGF expression
seems to be downstream of BMP,¢ indicating that molecules
other than BMP and FGF are required for initial expression of
cardiac transcription factors.

Wnt signaling is involved in the development of many
organs of various species.” In Drosophila, wingless, a homo-
logue of vertebrate Wnt has been reported to be involved in
initial expression of tinman, a Drosophila homologue of
Nkx-2.5, through armadillo, a Drosophila homologue of
B-catenin, and drives heart development.!® In vertebrates,
however, canonical Wnt pathway, which uses S-catenin as a
downstream molecule, has been reported to inhibit cardio-
myocyte differentiation from cardiac mesoderm.!!-13 On the
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other hand, Pandur and colleagues reported that Wnt-11,
which uses noncanonical Wnt pathway independently of
B-catenin,™* was required and sufficient for cardiomyocyte
differentiation.'s These reports collectively suggest that non-
canonical Wnt pathway plays a positive role, whereas canon-
ical Wnt pathway plays a negative role in cardiomyocyte
differentiation.

In spite of the well-designed studies using explant cultures
in amphibian or avian embryos, it is difficult to dissect the
role of various factors such as BMP, FGF, and Wnt in the
cardiac development through the whole process. Moreover, it
is hard to elucidate the mechanism of commitment of meso-
dermal cells into cardiomyocytes in mammalians because of
difficulty in explant culture using mammalian embryo of a
very early stage. From this viewpoint, in vitro differentiation
system, in particular P19CL6 cells, a clonal derivative of
murine teratocarcinoma P19 cells, is a very useful model. We
have recently demonstrated that TAK-1 and Smad proteins
play critical roles in cardiomyocyte differentiation down-
stream of BMP receptor.'!7 More recently, Nakamura et al
have reported that canonical Wnt pathway is required for
differentiation of P19CL6 cells into cardiomyocytes.!8

We have recently reported that phosphatidylinositol
3-kinase (PI3K) pathway is required when mesodermal cells
start to express cardiac transcription factors.!® In this study,
we demonstrated that canonical Wnt pathway is required and
sufficient for commitment of cardiomyocytes and clarified
that PI3K pathway is involved in cardiomyocyte differentia-
tion by crosstalk with canonical Wnt pathway.

Materials and Methods

Plasmids and Reagents

Constitutively active Akt (CA-Akt) and dominant negative Akt
(DN-Akt) were described previously.?® Mutant S-catenin (S33A,
S37A, T41A, S45A) was from Dr S. Ishihara (Kyoto University,
Japan) and Dr T. Noda (The Cancer Institute of the Japanese
Foundation for Cancer Research, Japan). pGK-Wnt-3a was from Dr
S. Takada (Center for Integrative Bioscience, Okazaki National
Research Institutes, Japan). Constitutively active glycogen synthase
kinase-3f3 (GSK-38) was from Dr T. Hagen (Wolfson Digestive
Diseases Centre, University Hospital Nottingham, United Kingdom).
Constitutively active PI3K (myr-p110) was from Drs M. Kasuga and
W. Ogawa (Kobe University, Japan). pTOPFLLASH and pFOP-
FLASH were from Upstate biotechnology. pRL-cytomegalovirus
(pRL-CMV}) was from Promega. LY294002 was purchased from
BioMol Research Laboratories. Akt inhibitor II1 was purchased from
Calbiochem. Recombinant mouse Wnt-3a protein, recombinant-
mouse Frizzled-8/Fc chimera protein, and recombinant insulin-like
growth factor (IGF) Il were purchased from R&D systems.

Cell Culture and Transfections

P19CL6 cells were cultured essentially as described previously.!®
Cells were transfected with plasmids on day 0 of differentiation
using the lipofection method as previously described.!®17 Transfec-
tion efficiency was ~60% as examined by GFP expression plasmids
(data not shown). Luciferase assay was performed essentially as
described previously?!

Immunofluorescence

For evaluating cardiomyocyte differentiation, cells were immuno-
stained using MF20, a monoclonal antibody against sarcomeric
myosin heavy chain (MHC). The cells were viewed and photo-
graphed with a confocal laser-scanning microscope (Radiance 2000;
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Bio-Rad). MF20 positive area was calculated and data are expressed
as percentage MF20-positive area (pixelXpixel) compared with
control PI9CL6 cells cultured in differentiation medium.

RT-PCR

RT-PCR was performed as described previously.!® To confirm that
the obtained bands were not derived from contaminated genomic
DNA, a negative experiment was done for each sample without
reverse transcriptase before PCR (data not shown).

Western Blotting

Total cell lysates, cytosolic, or nuclear fractions were electropho-
resed on SDS-polyacrylamide gels. Western blotting was performed
as described previously.??

RNA Preparation and High-Density
Oligonucleotide Array Hybridization

Total RNA was extracted from P19CL6 cells on days 0, 4, and 6 of
DMSO-induced cardiomyocyte differentiation. Expression profiling
was performed using Affymetrix GeneChip MUG6500 as described
previously.?3

Statistical Analysis

Data are expressed as mean*SE. The significance of differences
among means was evaluated using analysis of variance (ANOVA),
followed by Fisher PLSD test and Dunnett test for multiple compar-
isons. Significant differences were defined as P<0.05.

Results

Akt Acts Downstream of PI3K in Cardiomyocyte
Differentiation of P19CL6 Cells

We have recently reported that activation of PI3K is required
for DMSO-induced cardiomyocyte differentiation of P19CL6
cells.!? Akt is one of the important downstream molecules of
PI3K. To clarify whether Akt activation is required for
cardiomyocyte differentiation, we first examined the effects
of a chemical inhibitor of Akt.>* When the Akt inhibitor
(10 pmol/L) was added to the medium through day 0 to day
4, the rate of cardiomyocyte differentiation shown by MF20
positive area was markedly decreased, although the Akt
inhibitor was less effective than the PI3K inhibitor .Y294002
(Figure 1A through 1C). To confirm the contribution of Akt
to cardiomyocyte differentiation, we transfected a dominant
negative form of Akt into P19CL6 cells. When DN-Akt was
introduced into P19CL6 cells, cardiomyocyte differentiation
was also suppressed (Figure 1A through 1C). We further
investigated whether activation of PI3K/Akt pathway is
sufficient to drive cardiomyocyte differentiation of P19CL6
cells. Myristoylated p110q, a catalytic subunit of PI3K, leads
to constitutive activation of PI3K.? Direct activation of PI3K
by transfecting this construct increased phosphorylation of
Akt on Ser-473 to the same degree as DMSO treatment,
indicating that PI3K signaling is activated to the same levels
in these cells (Figure 1D). However, cardiomyocyte differ-
entiation was not observed (Figure 1E). Moreover, treatment
with IGF H (10 ng/mL) also increased phosphorylation of Akt
but failed to induce cardiomyocyte differentiation of P19CL6
cells (Figure 1D and 1E). Furthermore, we confirmed that
CA-Akt did not induce cardiomyocyte differentiation in the
absence of DMSO (Figure 1C). In collection, these results
suggest that PI3K/Akt pathway is necessary, but not suffi-
cient for cardiomyocyte differentiation of P19CL6 cells.
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Canonical Wnt Pathway Is Activated Transiently
Only During the Early Stage of

Cardiomyocyte Differentiation

To elucidate the molecular mechanisms of how PIRK/AkL
pathway plays a critical role in cardiomyocyte differentiation
during the early stage. we searched for the molecules that are
activated during this stage, ie, through day 0 to day 4 of
PI9CL6 cells. By using a gene chip technology, we found
that expression of Wnr-3a was increased 12-fold through day
0 to day 4 and decreased 5-fold by day 6 (Table). RT-PCR
analysis revealed that War-3a and Wnt-8 but not Wai-1 were
expressed on days 2 and 4, and TOPFLASH activity, which
reflects the activity of canonical Wnt signaling, was elevated
from day O to day 4, consistent with the expression levels of
Wnt-3a and Wnt-§ genes (data not shown). These results are
in accordance with the previous study by Nakamura et al'®
and indicate that activation of canonical Wnt signaling occurs
at the stage when PI3K/Ak( signaling is required for cardio-
myocyle differentiation, and suggest (hat canonical Wnt
signaling may be a target of PI3K/Ak( pathway.
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Figure 1. Akt is required, but not suffi-
cient for cardiomyocyte differentiation. A,
Suppression of cardiomyocyte differenti-
ation by inhibiting PI3K/Akt signaling.
Cells were cultured in differentiation
medium (DM} to induce cardiomyocyte
differentiation. On day 0, cells were
transfected with DN-Akt or pcDNA3.1.
LY294002 (LY) or Akt inhibitor Il (Akt-1)
were added to the medium for the first 4
days. Cells were stained with MF20 on
day 16. Scale bars, 50 pmol/L. B, Quan-
tification of MF20 positive area. At [east
4 different fields were measured for each
dish. *P<20.001 compared with DM.
tP<0.05 compared with LY. C, cTnT
expression, cells were cultured in DM or
in growth medium (GM). On day 0, cells
were transfected with DN-Akt, CA-Akt,
or pcDNAS.1. Akt inhibitor IlI (Akt-1) was
added to the medium for the first 4
days. D, Phosphorylation of Akt by IGF
treatment, cells were cultured in GM or
in DM. On day 0, cells were transfected
with constitutively active PI3-kinase
(myr-p110) or pcDNA3.1. Next day, IGF
or LY294002 were added to the growth
medium (IGF) or differentiation medium
(LY), respectively. Cell lysates were col-
lected 2 days after, and phosphorylation
of Akt was examined by Western biot-

Akt-l  DN-Akt LY

GM

GBS vt

Ly 1GF myr-p110 ting. E, ¢TnT expression. IGF!l or
LY294002 were added from day 0 to
day 4 and cTnT expression was exam-
ined on day 16 of culture.

GM

LY IGF myr-pti0

Temporal Activation of Canonical Wnt Pathway

Is Required and Sufficient for

Cardiomyocyte Differentiation

The role of Wnt/B-catenin pathway, so-called canonical Wnt
pathway, in vertebrate cardiomyocyte differentiation and

Growth Factors Expressed >3-Fold Through. Day 0 to Day 4

Days 0 Days 4
Genbank Gene to 4 to 6
U26188 Ephrin A1 36.3 D
D12483F  Fibroblast growth factor 8 (FGF-8) 12.3 D
X56842 Wnt-3A for cysteine-rich protein 12.3 D
M22326 Early growth response 1/growth 11.5 D
factor-induced protein (zif/268)
M89799 Wnt-5b 11.1
M84607 Platelet derived growth factor receptor, 10.9 D

alpha polypeptide

Growth factors whose expression levels are increased >>10-fold in P19CL6
cells during day 0-day 4. D indicates decreased =3.0-fold during day 4 to day
6 or day 0 to day 6.
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Figure 2. Temporal activation of canonical Wnt pathway is required and sufficient for cardiomyocyte differentiation of P19CL6 cells. A,
Canonical Wnt activity is required for cardiomyocyte differentiation. Cells were cultured in GM or in DM. An extracellular Wnt antago-
nist, Fz8/Fc chimera protein was added through day 0 to 4, (0-4) 4 to 8 (4-8), and 8 to 12. (8~12). B, Changes in the expression of
differentiation markers by inhibition of canonical Wnt pathway. Cells were cultured with (DM+Fz8/Fc) or without (DM) Fz8/Fc protein.
RNA was collected on days 0, 2, 4, and 6, and RT-PCR analysis was performed. C, Overexpression of Wnt-3a gene induced cardio-
myocyte differentiation without DMSO. Cells were cultured in GM or in DM. On day 0, cells were transfected with pGK-Wnt-3a. D,
Administration of soluble Wnt protein in a specific time period (days 0 to 4, 0 to 12). Cells were cultured in growth medium and soluble
Wnt-3a protein was added through day 0 to day 4 or through day 0 to day 12.

heart development is still controversial.!!-13.18 We first exam-
ined the role of canonical Wnt pathway in cardiomyocyte
differentiation of P19CL6 cells. To examine whether canon-
ical Wnt pathway is required for cardiomyocyte differentia-
tion, we used extracellular canonical Wnt inhibitor, Fz-8/Fc
chimera protein (200 ng/mL), which has been shown to
inhibit canonical Wnt signaling.26 When P19CL6 cells were
treated with this protein through day 0 to day 4 of differen-
tiation, cardiac troponin T (cTnT) was not expressed and
spontaneous beating was not observed (Figure 2A), in accor-
dance with the previous study.'® Interestingly, when this
protein was administered through day 4 to day 8, or day 8 to
day 12 of differentiation, cardiomyocyte differentiation was
not inhibited (Figure 2A) but spontaneous beating appeared
on day 9, a day earlier than without this protein, although
there were no molecular evidence, ie, difference in ¢TnT
expression, for the appearance of earlier beating (Figure 2A
and data not shown). RT-PCR analysis revealed that admin-
istration of this chimera protein from day 0 to day 4
completely abolished expression of Nkx-2.5 and GATA-4
(Figure 2B). These results suggest that activation of canonical
Whnt signaling during the early stage is required for DMSO-
induced cardiomyocyte differentiation of P19CL6 cells.

To examine whether canonical Wnt pathway is sufficient
for cardiomyocyte differentiation, we first overexpressed
Whnt-3a cDNA in P19CL6 cells and cultured them in growth
medium without DMSO. P19CL6 cells expressed c¢TnT
(Figure 2C) and showed spontaneous contraction after 10
days of culture. Next, we cultured P19CL6 cells in growth
medium with soluble Wnt-3a protein (100 ng/mL, R&D
systerns). Surprisingly, when soluble Wnt-3a protein was
added to the growth medium continuously, cells never started
spontaneous conftraction nor expressed c¢TnT (Figure 2D).
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However, when the protein was added only during the first 4
days of culture, when canonical Wnt pathway is activated
endogenously in DMSO-treated P19CL6 cells, spontaneous
contraction was observed from day 10 and cells expressed
¢TnT (Figure 2D). These results suggest that canonical Wnt
signaling has 2 different roles in cardiomyocyte differentia-
tion depending on ‘the differentiation stage of the cells.
Although the canonical Wnt pathway promotes commitment
into cardiac lineage at the early stage, it inhibits further
differentiation into mature cardiomyocytes at the later stage.

PI3K/Akt Pathway Maintains Canonical Wnt
Activity Through GSK-38 During DMSO-Induced
Cardiomyocyte Differentiation of P19CL6 Cells
Because canonical Wnt pathway plays an essential role in
cardiomyocyte differentiation when PI3K/Akt pathway is
required for cardiomyocyte differentiation, we hypothesized
that PI3K/Akt pathway is required for the activation of
canonical Wnt pathway. To test our hypothesis, we first
examined whether CA- or DN-Akt could affect canonical
Wnt activity in PI9CL6 cells. Consistent with previous
studies,?’-?8 introduction of CA-Akt or DN-Akt did not
change canonical Wnt activity (assessed by TOPFLASH
activity) in undifferentiated P19CL6 cells (Figure 3A). Intro-
duction of Akt constructs did not change TOPFLASH activity
in L-fibroblasts, NIH3T3 cells, and COS-7 cells (data not
shown). However, when P19CL6 cells were treated with
DMSO and induced to differentiate into cardiomyocytes,
TOPFLASH activity was enhanced by CA-Akt and sup-
pressed by DN-Akt (Figure 3A). These observations indicate
that it depends on cell types whether PI3K/Akt pathway
activates canonical Wnt pathway or not.

GSK-3B, a ubiquitously-expressed constitutively-active
serine/threonine kinase, regulates a wide variety of cellular
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Figure 3. PI3K/Akt pathway changes canonical Wnt activity through GSK-38 in differentiation-induced P19CL6 celis. A, Canonical Wnt
activity is altered by PI3K/Akt activity only when cells were treated with DMSO. Cells were cultured in GM or in DM. On day 0, cells
were transfected with pTOPFLASH, pRL-CMYV, together with or without CA-Akt or DN-Akt. NS, not significant. *P<0.001 compared
with DM. B, Phosphorylation of GSK-38 in P19CL6 cells by inhibition of PI3K/Akt pathway. Cells were cultured in GM or in DM. On day
0, cells were transfected with DN-Akt or pcDNA3.1. Cells were cultured until day 4, and phosphorylation of GSK-38 was examined by
Western blotting. C, Phosphorylation of GSK-38 by addition of Fz8/Fc chimera protein. D, B-catenin expression in P19CL6 cells by
inhibition of PI3K/Akt pathway. Cells were cultured as described in Figure 3B and fractionated into cytoplasmic and nuclear fraction.
Expression of B-catenin was examined by Western blotting. The same membrane was stripped and labeled with anti-actin (for cyto-
plasmic fraction) or anti-Topo-1 (nuclear fraction) antibodies to verify even sample loading. D, TOPFLASH activity in P19CLS6 celis by
inhibition of PI3K/Akt pathway. On day 0, cells were transfected with DN-Akt or pcDNA3.1, pTOPFLASH and pRL-CMV for control.
After transfection, medium was changed to GM, DM (DM, DN-Akt), or DM containing LY294002 (LY) or Akt inhibitor lIl (Akt inhibitor).
*P<0.001 compared with GM. TP<0.001 compared with DM. E, Expression levels of Wnt-3a and Wnt-8 genes after inhibition of PI3K
pathway. Cells were cultured in a DM in the presence (DM+LY) or absence (DM) of PI3K inhibitor, LY294002. RNA was extracted on
days 0, 2, 4, and 6, and expression of Wnt-3a and Wnt-8 genes was analyzed by RT-PCR. F, Akt phosphorylation-insensitive mutant
GSK-38 biocked cardiomyocyte differentiation. Cells were cultured in GM or in DM. On day 0, cells were transfected with

constitutively-active GSK-38 (GSK-33 S9A) or with pcDNA3.1. G,

TOPFLASH activity in P19CL6 cells by GSK-38 S9A. Cells were cul-

tured as described in Figure 4F. On day 0, cells were transfected with GSK-38 S9A or pcDNA3.1, pTOPFLASH, and pRL-CMV for con-
trol. After transfection, medium was changed to GM or DM (DM, GSK-38 S9A). *P<0.001 compared with DM.

functions downstream of signaling pathways including PI3K/
Akt pathway and canonical Wnt pathway.?® GSK-38 activity
is suppressed by phosphorylation at the Ser-9 by Akt.*® On
the other hand, GSK-38 phosphorylates and promotes deg-
radation of B-catenin and downregulates canonical Wnt
signaling. By the treatment with DMSO, phosphorylation of
GSK-3p was increased and this increase was suppressed by
inhibiting PI3K/Akt pathway both chemically and genetically
(Figure 3B). Inhibition of canonical Wnt signaling by Fz-8/Fc
protein only slightly decreased GSK-3 8 phosphorylation that
is increased by DMSO treatment (Figure 3C), whereas it
severely decreased cardiomyocyte differentiation. This result
suggests that canonical Wnt pathway does not directly inter-
act with PI3K/Akt pathway, and thus we speculate that
activation of PI3K/Akt and the following phosphorylation of

GSK-38 by DMSO is not mediated via canonical Wnt
signaling. However, further analyses are required to elucidate
whether canonical Wnt pathway and PI3K/Akt pathway
interact directly or not. Inhibition of PI3K/Akt pathway and
phosphorylation of GSK-3 decreased expression levels of
cytoplasmic and nuclear B-catenin (Figure 3D), and the
TOPFLASH activity (Figure 3E) in DMSO treated P19CL6
cells. Inhibition of PI3K/Akt pathway did not alter the
expression levels of Wnt-3a and Wnt-8 genes (Figure 3F),
indicating that the decrease in the canonical Wnt activity is
not attributable to decreased expression levels of Wnt-3a or
Whnit-8. To further examine whether decreased cardiomyocyte
differentiation by PI3K/Akt pathway inhibition is attributable
~ to decreased Ser-9 phosphorylation of GSK-383, we overex-
pressed GSK-33 whose Ser-9 is substituted into alanine and
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insensitive to Akt phosphorylation.! Introduction of this
mutant protein into P19CL6 cells on day O completely
abrogated DMSO-induced cardiomyocyte differentiation and
DMSO-induced elevation of TOPFLASH activity (Figure 3G
and 3H). These results suggest that when P19CL6 cells are
induced to differentiate into cardiomyocytes, PI3K/Akt path-
way, activated independently of canonical Wnt signaling, is
required to maintain canonical Wnt activity by suppressing
GSK-38.

PI3K/Akt Pathway and Canonical Wnt

Pathway Synergistically Induce

Cardiomyocyte Differentiation

If inhibition of PI3K/Akt pathway decreases DMSO-induced
cardiomyocyte differentiation in P19CL6 cells by regulating
GSK-3B activity, inhibition of PI3K/Akt pathway should also
affect Wnt-3a—induced cardiomyocyte differentiation in
P19CL6 cells. To test this, we cultured PI9CL6 cells in
growth medium with soluble Wnt-3a protein and 1.Y294002
for the first 4 days. Cardiomyocyte differentiation induced by
soluble Wnt-3a protein was completely blocked by
LY294002 treatment (Figure 4A). We next cotransfected
CA-Akt or DN-Akt with pGK-Wnt-3a in P19CL6 cells. As
expected, cotransfection of CA-Akt and Wnt-3a elevated
TOPFLASH activity and expression levels of ¢TnT. To the
contrary, DN-Akt suppressed Wnt-3a~induced increase in
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Figure 4. PI3K/Akt pathway and canoni-
cal Wnt pathway act synergistically to
induce cardiomyocyte differentiation in
P19CL6 cells. A, LY294002 inhibited sol-
uble Wnt protein-induced cardiomyocyte
differentiation. Cells were cultured in GM
or in DM. Soluble Wnt-3a protein was
added to the growth medium with or
without LY294002 through day 0 to day
4. B, Akt activity correlates with canoni-
cal Wnt activity in Wnt-3a transfected
P19CL® cells. Cells were cultured in GM.
On day 0, cells were transfected with
pTOPFLASH, pRL-SV40, pcDNA3.1
(GM), and pGK-Wnt-3a (Wnt-3a)
together with or without CA-Akt or
DN-Akt. *P<0.001 compared with GM
Whnt-3a. C, ¢cTnT expression. Cells were
cultured in growth medium. On day 0,
cells were transfected with pGK-Wnt-3a
(Wnt-3a) together with CA-Akt or
DN-Akt. D, Suppression of cardiomyo-
cyte differentiation by inhibiting P13K/Akt
signaling was rescued by activating
canonical Wnt pathway. Cells were cul-
tured as described in Figure 1A. On day
0, cells were transfected with DN-Akt or
pcDNAS.1, together with or without
mutant B-catenin. Cells were stained
with MF20 on day 16. Scale bars,

50 pumol/L. E, Quantification of MF20-
positive area. At least 4 different fields
were measured for each dish. *P<0.05,
TP<0.01 compared with mutant

B-catenin nontransfected counterparts.
DN-Akt

+ - +

TOPFLASH activity and completely blocked cardiomyocyte
differentiation (Figure 4B). Finally, we introduced mutant
B-catenin, which is insensitive to phosphorylation by GSK-
3B, into P19CL6 cells, and examined whether this could
rescue cardiomyocyte differentiation of P19CL6 cells. Intro-
duction of the mutant B-catenin restored cardiomyocyte
differentiation, which was suppressed by inhibition of PI3K/
Akt pathway (Figure 4C through 4E). These results suggest
that PI3K/Akt pathway is required to maintain certain levels
of canonical Wnt activity that is enough to induce cardio-
myocyte differentiation of P19CL6 cells.

Discussion

In this study, we elucidated the molecular mechanism by which
PI3K is critically involved in cardiomyocyte differentiation in
vitro. Akt, which was activated by the DMSO treatment, was
required for cardiomyocyte differentiation of P19CL6 cells as a
downstream of PI3K. Canonical Wnt pathway regulated cardio-
myocyte differentiation positively and negatively, depending on
the stage of differentiation. Inhibition of PI3K/Akt pathway
decreased the content of cytoplasmic and nuclear B-catenin and
the activity of canonical Wnt pathway through decreased
GSK-3f phosphorylation.

Many studies have indicated that PI3K is involved in the
differentiation of various kinds of cells such as myoblasts,??
osteoblasts,*® and adipocytes.® In this study, Akt was in-
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volved in cardiomyocyte differentiation downstream of PI3K.
However, introduction of myristoylated, constitutively-active
form of Akt could not induce cardiomyocyte differentiation
of P19CL6 cells in the absence of DMSO (Figure 1E),
suggesting that activation of Akt pathway is required, but not
sufficient for cardiomyocyte differentiation.

PI3K/Akt pathway affected cardiomyocyte differentiation
through maintaining the activity of the canonical Wnt path-
way. Activation of the canonical Wnt pathway was required
and sufficient for induction of cardiac transcription factors
and cardiomyocyte differentiation in P19CL6 cells. It is
noteworthy that this positive regulation of cardiomyocyte
differentiation by the canonical Wnt pathway is only tempo-
ral, and prolonged activation of canonical Wnt pathway rather
inhibited full differentiation into spontaneously contracting
cardiomyocytes (Figure 3D). Using Xenopus and chick em-
bryos, it has been reported that inhibitors of canonical Wnt
signaling such as crescent and Dkk-1 are secreted from
anterior mesoderm and induce cardiogenesis and that ectopic
stimulation of canonical Wat signaling in this area inhibited
cardiomyocyte differentiation.!'-!3 In those studies, expres-
sion of Wnt-3a and Wnt-8, which is transiently observed in all
embryonic mesoderm,? is already limited to posterior meso-
derm and is not observed in the anterior mesoderm. The stage
when canonical Wnts are expressed corresponds to day 4 or
earlier of P19CL6 cell differentiation, indicating that our
findings do not contradict with the previous in vivo stud-
ies.’’-13 Prolonged exposure to canonical Wnt signaling
rather blocked full differentiation into spontaneously con-
tracting cardiomyocyte (Figure 3D). Nakamura et al have
reported that canonical Wnt pathway contributes positively to
cardiomyocyte differentiation,'8 which is consistent with our
results. However, there is some difference between the 2
studies. Activation of theé canonical Wnt pathway was suffi-
cient for differentiation into mature spontaneously-
contracting cardiomyocytes in our study but not in their
study. This discrepancy may come from the duration of
Wnt-3a stimulation. We limited the Wnt-3a stimulation to
initial 4 days of P19CL6 cell differentiation because thereaf-
ter Wnt-3a activation inhibited cardiomyocyte differentiation
(Figure 3D). Collectively, our results may explain contradict-
ing results on the requirement of canonical Wnt pathway
between in vivo''-3 and in vitro'® experiments. Further
studies are necessary to elucidate the mechanism of how
canonical Wnt pathway shows such biphasic roles in cardio-
myocyte differentiation by a differentiation stage-specific
manner.

It is still on debate whether canonical Wnt pathway and
PI3K/Akt pathway interact with each other through regula-
tion of GSK-38.3¢ Previous reports showed that PI3K/Akt
pathway and canonical Wnt pathway is pharmacologically
distinct.?”- In our study, we observed that PI3K/Akt pathway
itself did not activate canonical Wnt pathway but was
required for maintenance of canonical Wnt pathway. Our
observations do not contradict to previous reports from the
point that both signalings are independent and one cannot
activate the other pathway. Moreover, Yuan et al?? showed
the synergism between PI3K/Akt pathway and canonical Wnt
pathway when both signaling pathways are activated, which
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Figure 5. Regulation of early cardiomyogenesis by PI3K and the
canonical Wnt pathway. After DMSO treatment, undifferentiated
P19CL® cells start to differentiate into cardiac mesodermal cells
and mature cardiomyocytes. DMSO treatment activates both
the canonical Wnt pathway and the PI3K pathway indepen-
dently. Activation of the canonical Wnt pathway is required and
sufficient for induction of cardiac mesodermal cells. During car-
diac mesoderm induction, PI3K pathway enhances activity of
the canonical Wnt pathway and both pathways act together in
commitment of cardiac mesodermal cells. Once committed into
cardiac mesodermal cells, aberrant activation of canonical Wnt
signaling rather suppressed further maturation into functional
cardiomyocytes.

is consistent with our study (Figures 4A and 5B). In addition,
a growing body of evidence suggests that there is a synergis-
tic effect between PI3K/Akt pathway and canonical Wnt
pathway in differentiating neuronal cells,?? intestinal cells,38
and myoblasts.’® We speculate that synergistic action be-
tween PI3K/Akt pathway and canonical Wnt pathway exists
in certain circumstances such as during differentiation of cells
or development of organs.

It should be noted that PI3K/Akt pathway may act as a
survival factor for the cardiac mesodermal cells during
DMSO- and Wnt-induced cardiomyocyte differentiation in
P19CL6 cells in addition to its activity to maintain canonical
Wt activity during cardiomyocyte differentiation.

In summary, we elucidated the molecular mechanisms of
how PI3K signaling affects cardiomyocyte differentiation
(Figure 5). Canonical Wnt pathway plays a primary and
pivotal role in initiation of cardiomyocyte differentiation, and
PI3K pathway plays an important role in cardiomyocyte
differentiation by maintaining canonical Wnt activity. It is
also noteworthy that canonical Wnt pathway is required only
temporally and plays both positive and negative roles in
cardiomyocyte differentiation by the differentiation stage-
dependent manner. Our novel findings in this study could
explain contradictory reports between in vitro and in vivo on
the role of canonical Wnt pathway in cardiomyocyte
differentiation.
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