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Introduction 
 

The human eosinophil cationic protein (ECP), also known as RNase 3, is an eosinophil 

secretion protein that is involved in innate immunity and displays antipathogen and 

proinflammatory activities. ECP is released during degranulation of eosinophils. In human, 

ECP encoded by the RNase3 gene belongs to the RNase A superfamily. ECP is a 

single-chain, zinc-containing protein with a molecular weight ranging from 16 to 22 kDa. 

The heterogeneity of the molecule is partially due to differences in glycosylation of three 

potential sites in its amino acid chain.  

 

1. Molecular characteristics of ECP  

Eosinophil cationic protein (ECP), generally speaking, is a heterogeneous molecule 

originating from activated eosinophil granulocytes. At present, as shown in figure 1, 103 

kinds of ECP or ECP similar proteins have been sequenced. And most of them are from 

mammalian, especially from hominid.  

 
Fig.1. Taxonomic group of organisms that ECP been sequenced. (From 

http://www.ncbi.nlm.nih.gov/protein) 
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Eosinophil cationic protein (ECP), that from human eosinophil granules, was first isolated 

and characterized by Gleich at al. [1] They isolated ECP and another basic protein, 

eosinophil-derived neurotoxin (EDN), by gel filtration and ion exchange chromatography 

on heparin-Sepharose. NH2-terminal amino acid sequences of EDN and ECP, from residue 

1 through residue 55, showed a high similarity (67% homology). They also estimated that 

the molecular mass of human ECP was 18-21 kD, depending on the degree of glycosylation. 

Then, Rosenberg et al. did molecular cloning for ECP and reported the full-length cDNA 

sequence. The complete cDNA clone contains a Kozak-like translation initiation sequence, 

an open reading frame, and a polyadenylation signal, with a 15-base spacer preceding the 

poly A tail. The amino acid sequence encoded by the ECP cDNA confirms the identity of 

residues identified by Gleich et al. The mature ECP polypeptide (without leader sequence) 

contains 133 amino acids, which is one fewer than that found in EDN, with a sequence 

similarity between the two polypeptides of 66%. The calculated molecular mass of mature 

ECP is 15 .6 kD, and pI of ECP is 10.8. [2]  

ECP and EDN sequences showed marked similarities to RNase from various species. And 

the amino acid sequence of both proteins showed a striking similarity with pancreatic-type 

ribonucleases. As shown in figure 2, they kept the specific residues of the active site (Gln11, 

His12, Lys41 and His119, RNase A numbering) and the eight Cys residues that form four 

disulphide bridges. Accordingly, ECP and EDN were grouped in the human ribonuclease 

family and have also been referred to as ribonuclease (RNase) 2 and 3, respectively. [3, 4] 

In 2000, ECP has been cloned, heterologously overexpressed, purified and crystallized by 

Mallorqui-Fernandez et al. Its crystal structure has been determined and refined using data 

up to 1.75 Å resolutions. The molecule displays the α+ β folding topology typical for 

members of the ribonuclease A superfamily. [5] 
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Fig.2. Alignment of the amino acid sequences of ECP and the bovine pancreatic RNase A. 

The α-helices and β-strand of ECP are displayed as labelled dark rods and light arrows, 

respectively. The topologically equivalent secondary structure elements in the enzymes with 

known three-dimensional structures are shaded: α-helices with dark grey background and 

β-strands with light grey. The upper umbering corresponds to ECP and the lower one to 

RNase A. (From Goretti et al., 2000.) 

 

Table 1 Crystalized recombinant ECP for July. 2012 

Complex 

crystalized together 

Resolution  PDB-code Reference 

no 2.00 Å 1QMT Biox et al., 1999 

no 1.75 Å 1DYT Mallorqui-Fernandez et al., 2000 

2’, 5’-ADP 2.40 Å 1H1H Mohan et al., 2002 

sulfate anions 1.70 Å - Biox et al., 2012 
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Fig. 3. Three-dimensional structure of human eosinophil cationic protein. From Research 

Collaboratory for Structural Bioinformatics (RCSB), protein data bank (PDB) accession 

code 1DYT. 

 

Until now, four crystalized ECP has been reported. As shown in table 1. All the ECP were 

recombinant type expressed in E. coli BL21 (DE3) cell.  Crystals were grown by the 

vapour diffusion hanging drop method. 

 
2. Functional characteristics and application of ECP 

ECP, as one of eosinophil secretion proteins, involved in the host immune defense response 

[6, 7], has only been found in eosinophils granules and has not been detected in other 

human tissues [8]. Eosinophils were identified more than hundred years ago, however, their 

roles in homeostasis and in disease still remain unclear. The most prominent feature of the 

eosinophils is their large secondary granules. In the case of inflammation and asthma, there 

are increased levels of ECP in the body. Therefore, ECP has been developed as a biomarker 

for eosinophilic disease and quantified in biological fluids including serum [9-12], saliva 

[13, 14], bronchoalveolar lavage [15] and nasal secretions [16]. ECP, as a biomarker, was 

studied firstly in Bronchial-Asthma by Bjornsson et al. Then lots of researchers focus on it, 
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elevated ECP levels have been found in activated asthma [9-11, 14, 15, 17-22] and other 

respiratory tract diseases such as allergic rhinitis and bacterial sinusitis [16]. In recent years, 

researchers also found that ECP could be biomarkers in other diseases such as inflammatory 

bowel diseases [23] , collagenous colitis [24], atopic keratoconjunctivitis [25, 26], and 

toxocara infection [27]. 

On the other hand, ECP, as ribonuclease, has very weak ribonuclease activity. Compared 

with EDN, ECP shows 100-fold less activity than EDN against a yeast RNA substrate [2, 

28]. With single-stranded RNA or synthetic polyribonucleotide substrates, ECP showed 

significant but low activity, 70- to 200-fold less than that of bovine RNase A. [29] 

The low ribonuclease activity was related to its substrate subsites. Boix et al. investigated 

ribonuclease activity of ECP through kinetic study. Poly(C), poly(U), uridylyl(3’,5’) 

adenosine (UpA), uridylyl(3’,5’) guanosine (UpG), cytidylyl(3’,5’) adenosine (CpA), 

uridine 2’,3’-cyclic monophosphate (U>p), cytidine 2’,3’-cyclic monophosphate (C>p), and 

oligouridylic acids (Up)nU>p, n= 1–4 were used as substrates, and the kinetic parameters 

were determined. In comparison with bovine pancreatic RNase A, reduced catalytic 

efficiency of ECP and the shift from an endonuclease to an exonuclease-type mechanism 

may be caused by the differences in the multisubsites structure.[30] Mallorqui-Fernandez et 

al. got consistent conclusion, they crystallized ECP, and found that the catalytic active site 

residues are conserved with respect to other ribonucleases of the superfamily but some 

differences appear at substrate recognition subsites, which may account, in part, for the low 

catalytic activity. [5] In 2002, Mohan et al. reported crystal structure of ECP in complex 

with 2’, 5’-ADP at 2.0 Å resolution. The study is the first detailed structural analysis of the 

nucleotide recognition site in ECP. Residues Gln-14, His-15, and Lys-38 make hydrogen 

bond interactions with the phosphate at the P1 site, while His-128 interacts with the purine 

ring at the B2 site. A new phosphate binding site, P-1, has been identified which involves 

Arg-34. [31] 

Moreover, ECP shows a wide range of biological activities in addition to its weak 

ribonuclease activity. ECP's biological activities related with eosinophils, in most cases, are 

not associated with ribonuclease activity. It has been shown to possess cytotoxic activity, 
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neurotoxic activity, and antimicrobial activity against bacteria, pathogens, and fungi, 

antiviral function, and fibrosis promoting functions. [6, 32-35] Young et al. reported that 

purified human ECP could damage schistosomula of Schistosoma mansoni at low 

concentrations. Membrane damage was mediated by ECP through forming transmembrane 

pores. [33]  Sorrentino et al. treated EDN, liver RNase, and ECP with iodoacetic acid at 

pH 5.5, which resulted in inactivation of their RNase activity and also destroyed their 

neurotoxicity. So they concluded that RNase activity is necessary but not sufficient to 

induce neurotoxic action.[36] However, Rosenberg got the different conclusion. Mutant 

recombinant ECP that have no ribonuclease activity still shows antibacterial activity. He 

believed that ribonuclease activity and cytotoxicity are, in that case, independent functions 

of ECP.[37]About antiviral activity, Domachowske et al. prepared recombinant human ECP 

(rhECP) prepared in baculovirus. The rhECP was N-glycosylated and had similar to 

100-fold more ribonuclease activity than nonglycosylated rhECP prepared in bacteria. The 

enzymatic activity of rhECP was sensitive to inhibition by placental ribonuclease inhibitor 

(RI). And they found that rhECP promotes ribonuclease-dependent toxicity toward 

extracellular virions of the single-stranded RNA virus, respiratory syncytial virus, group B 

(RSV-B). [34]  

On the basis of structure analysis, ECP variants modified at basic and hydrophobic residues 

have been constructed. The bactericidal activity of both native ECP and point-mutated 

variants were tested against Escherichia coli and Staphylococcus aureus. Changes in the 

leakage of liposome vesicles suggests that basic amino acids play, in addition to the effect 

on the disruption of the cellular membrane, other roles such as specific binding on the 

surface of the bacteria cell.[38] Navarro et al. analyzed ECP cytotoxic activity on 

eukaryotic cell lines. They found that ECP effects begin with its binding and aggregation to 

the cell surface, and then induce cell-specific morphological and biochemical changes such 

as chromatin condensation, reversion of membrane asymmetry, reactive oxygen species 

production and activation of caspase-3-like activity and, eventually, cell death. They also 

reported that the ribonuclease activity component of ECP is not involved in cytotoxic 

activity as no RNA degradation is observed. [39] Sanchez et al. applied enzymatic and 
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chemical limited cleavage to search for active sequence determinants for antimicrobial 

activity and confirm the main role of the protein N-terminal. The results corroborated that 

the 11-35 internal sequence, and in particular the 28-35 stretch, is essential. The identified 

region is involved in both ECP aggregation and bacteria envelope binding properties[40]. 

Torrent et al. studied ECP aggregation, they demonstrated that ECP is able to form amyloid 

aggregates. The amyloid protofibrils formed by ECP bind amyloid-diagnostic dyes as Th-T 

and Congo Red, present a fibrilar structure under electron microscopy. They identified an 

N-terminus hydrophobic patch (residues 8-16) that is required for the amyloid aggregation 

process. [41] Pulido et al. found ECP has a remarkable affinity for lipopolysaccharide (LPS) 

and a distinctive agglutinating activity. By using a battery of LPS-truncated E. coli mutant 

strains, they demonstrated that the polysaccharide moiety of LPS is essential for 

ECP-mediated bacterial agglutination, thereby modulating its antimicrobial action. The 

mechanism of action of ECP at the bacterial surface is drastically affected by the LPS 

structure and in particular by its polysaccharide moiety. They also analyzed an N-terminal 

fragment that retains the whole protein activity and displays similar cell agglutination 

behavior. A fragment with further minimization of the antimicrobial domain, though 

retaining the antimicrobial capacity, significantly loses its agglutinating activity, exhibiting 

a different mechanism of action which is not dependent on the LPS composition. [42]  

In 2012, Boix et al. crystallized ECP in complex with sulfate anions in a new momoclinic 

crystal form. The study provides direct evidence of the main protein sulfate binding sites. 

Three main sites (S1-S3) are located in the protein active site involved in sulfated 

heterosaccharide binding. S1 and S2 overlap with the phosphate binding sites involved in 

RNase nucleotide recognition. A new site (S3) is one of the key anchoring points for 

sulfated ligands.  In particular, site S3 is unique to ECP in the RNase A superfamily. This 

may explaine ECP reduced ribonuclease activity and high affinity for glycosaminoglycans. 

[43]  

Some researchers studied the effect of ECP on mammalian tumor cells. Maeda et al. 

evaluated the effect of ECP on 13 mammalian cell lines. They found that ECP inhibited the 

growth of several cell lines including those derived from carcinoma and leukemia in a 
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dose-dependent manner. ECP significantly suppressed the size of colonies of A431 cells, 

and decreased K562 cells in G(1)/G(0) phase. However, there was little evidence that ECP 

killed cells in either cell line. Those results suggest that growth inhibition by ECP is 

dependent on cell type and is cytostatic. [44] Similar studies were also done on gastric 

cancer cells[45], oral malignant tumor cells[46], and Hodgkin lymphoma cell[47]. 

Very recently, we have demonstrated that eosinophil cationic protein (ECP) affected the 

development of cytoskeleton in normal fibroblast cells and the differentiation of rat 

neonatal cardiomyocytes.[48] This finding implies that ECP might be useful as a 

cardiomyocyte differentiation factor in the repair of cardiac tissue by stimulating the 

differentiation of cardiomyocyte progenitor cells.[48] 

 

3.  Cardiomyocyte differentiation 

Heart failure is currently the most common cardiac disease, largely due to the increasing 

average age of the population [49, 50]. Heart failure is a progressive disorder initiated by an 

acute or gradual loss of functional cardiomyocytes resulting in diminished cardiac output 

and cardiac performance, for instance after myocardial infarction or in patients suffering 

from hypertension. Current therapies include lifestyle modification, drug treatments, 

surgery and ultimately heart transplantation. 

Cardiac transplantation remains the only therapeutic option for end-stage heart failure but 

the low number of organ donors and the side effects of immunosuppressive drugs limit the 

access to a transplantation program to a few thousand patients a year [51, 52]. In this 

context, alternative approaches may include restoring heart function via induction of 

endogenous regenerative processes and transferring progenitor cells to produce new 

myocardium. Cardiomyocytes are currently thought to be postmitotic cells that withdraw 

from the cell cycle soon after birth. Nevertheless, mitoses in the myocyte population have 

been detected in the human heart after myocardial infarction [53]. Recent studies suggest 

that cardiomyocytes may be continually replaced in the heart through processes involving 

differentiation, maturation, senescence and death [54]. Cardiomyocyte turnover in the 

mammalian heart has been demonstrated experimentally, and shown to be triggered by 



 - 12 - 

cardiac injury [55] Regenerative stem cell therapy is a relatively new frontier in the battle 

against cardiovascular disease that has sparked intense research and criticism. In theory, 

embryonic stem (ES) cells could be produced in a large numbers, differentiated to 

cardiomyocytes and then used as a renewable source for cardiac cell therapy [56]. One of 

the major obstacles hindering the clinical use of ES cells derived cardiomyocytes for 

cardiac regenerative therapy is inefficient cardiac differentiation leading to insufficient 

amount of cardiomyocytes [57] and the potential development of teratomas. The most 

common approach to solve these problems are to apply knowledge of developmental 

biology in employing cardiogenesis-related factors for inducing stem cells cardiomyocyte 

differentiation [58-60]. 

According to previous study, ECP enhanced neonatal rat cardiomyocyte differentiation. 

However, the role of ECP on the cardiomyocyte differentiation and detail mechanism were 

still unclear.  These unclear problems provided me with motivation to initiate this study.  

This thesis consists of 3 chapters in addition to Introduction and Conclusions. 

In chapter 1, the functional role of ECP in the cardiogenesis was investigated by mouse 

P19CL6 embryonic carcinoma cells. ECP was confirmed to accelerate the cardiomyocyte 

differentiation of P19CL6 cells by the rate and area size of beating and the expression of 

cardiomyocyte specific genes.  

In chapter 2, I detected the molecular mechanism of ECP on the cardiomyocyte 

differentiation of P19CL6 cells focus on FGFR signaling. I concluded that ECP induced 

mesoderm differentiation by stimulating FGF signaling pathway and then enhanced 

subsequent cardiomyocyte differentiation in concert with DMSO in P19CL6 cells.  

In chapter 3, I checked effects of ECP on the other signaling pathways correlated with 

cardiomyocyte differentiation, such as Wnt/β-catenin, PI3K/Akt, EphA1, ET-1 and so on.   
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Abstract  

 

We previously demonstrated that eosinophil cationic protein (ECP) promoted the 

differentiation of the rat primary cardiac cells. Here, we investigated the functional role of 

ECP in the cardiomyogenesis using mouse P19CL6 embryonic carcinoma cells, which are 

well known as a model of cardiomyocyte differentiation in the presence of DMSO. ECP 

was confirmed to accelerate the cardiomyocyte differentiation of P19CL6 cells by the rate 

and area size of beating and the expression of cardiomyocyte specific genes, such as 

GATA-4 and α-MHC. P19CL6 cells at 12 days of treatment were immunologically stained 

with antibodies against actinin, actin, ANF and cardiac troponin I. The wider size of 

immunoreactive area was observed in the presence of ECP than that without ECP. This is 

the first to report the function of ECP on cardiomyocyte differentiation from stem cells in 

vitro. We are now trying to develop ECP as cardiomyocyte differentiation factor, which 

could be devoted in the development of novel therapies for cardiac regeneration. 
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Introduction 

 

Unlike other organs, such as the skin and liver, the heart is not able to regenerate sufficient 

cardiomyocytes to undergo extensive repair. Shortly after birth most cardiomyocytes stop 

dividing and are terminally differentiated. Ischemic heart disease and congestive heart 

failure are major reasons of morbidity and mortality in the world and place a substantial 

economic burden on most health systems [1]. Heart failure occurs as the end result of 

pathological remodeling of the myocardium in response to either ischemic or nonischemic 

injury, and a core component of this process is cardiomyocyte death and loss of myocardial 

cell mass [2]. Cardiac transplantation is a major treatment of choice for end-stage heart 

failure at present. However, the number of available donor organs limits this treatment 

option to a minority of patients [3]. The development of new therapeutic paradigms for 

heart failure and alternative therapies, such as cardiac cell replacement, has therefore 

become imperative. Stem cell therapy is a relatively new frontier in the battle against 

cardiovascular disease that has sparked intense research and criticism. In theory, ES cells 

could be produced in a large numbers, differentiated into cardiomyocytes, which could be 

used as a renewable source for cardiac cell therapy [23]. Over the past few years, several 

promising results have been reported, but many hurdles remain before stem cells can 

actually be used to treat patients with a damaged heart，such as low efficiency of 

differentiation, find a inducer which can enhance cardiomyocyte differentiation is hot point 

on this research.  

 

P19 embryonal carcinoma cells 

P19 mouse embryonal carcinoma cell line has been reported to differentiate into an 

embryonic cardiac muscle phenotype in vitro [23, 24] upon the addition of dimethyl 

sulfoxide (DMSO). Differentiated P19 cells have been reported to retain the ability to 

spontaneously contract and shown to express transcripts in a temporal manner during 

culture, suggestive of a cardiac muscle phenotype [28-30], and as such these cells have 

therefore been extensively used to study cardiac cell physiology [24,25,28,29,31], although 

http://onlinelibrary.wiley.com/doi/10.1634/stemcells.2008-0428/full#bib1#bib1
http://onlinelibrary.wiley.com/doi/10.1634/stemcells.2008-0428/full#bib2#bib2
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with the caveat that these cells are embryonic instead. However, in addition to these cardiac 

muscle specific properties, P19 cells also display pluripotent properties and can be 

differentiated into cells displaying either a skeletal muscle or neural phenotype [24, 26-28]. 

There has thus been some concern about the homogeneity of DMSO differentiated P19 

cultures, with a heterogeneous cell population following differentiation significantly 

reducing the utility of these cells as a cardiac-muscle-specific model. There has thus been 

much interest in identifying subclones of P19 cells that more robustly differentiate into 

cardiomyocytes. The P19CL6 cells line, a sub-clone of P19 embryonal cells, has been 

reported to efficiently differentiate into beating cardiomyocytes upon exposure to DMSO 

under adherent culture conditions [32] and has been widely used as an in vitro model of 

cardiovascular cells [24,25,33-39]. It is clear that the P19CL6 cell line regards as a model 

system for the study of cardiomyocyte development and differentiation. In this chapter, we 

used this cell line to examine the function of ECP on the cardiomyocyte differentiation. 

 

Materials and Methods 

 

Cell culture 

P19CL6 cells, which were obtained from RIKEN Bioresource Center Cell Bank, Japan, 

were cultured essentially as described previously[13, 14]. Briefly, the cells were grown in 

100-mm tissue culture dishes under adherent conditions with α-minimum essential medium 

(α-MEM) (Invitrogen, Tokyo, Japan) containing 10 % fetal bovine serum (FBS) 

(Invitrogen) as growth medium in a 5 % CO2 atmosphere at 37°C. To induce 

cardiomyocyte differentiation under adherent conditions, P19CL6 cells were plated at a 

density of 5×105 in 60-mm tissue culture dishes in growth medium. Twenty four hours later, 

the medium was replaced with growth medium containing 1 % DMSO (Nacalai tesque, 

Kyoto, Japan) as differentiation medium. The medium was changed to every 2 days and the 

cells were maintained under fresh conditions until they started beating. 

 

Reagents and antibodies 
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Recombinant human ECP was expressed in bacteria and prepared as described previously 

[15, 16]. SU5402 which is an FGF receptor (FGFR) inhibitor was purchased from 

Calbiochem (San Diego, CA). Anti-actin rabbit polyclonal antibody, anti-actinin mouse 

monoclonal antibody and anti-cardiac troponin I mouse monoclonal antibody were from 

Sigma-Aldrich. 

 

Reverse transcription polymerase chain reaction (RT-PCR) and real time qPCR 

P19CL6 cells cultured under various conditions were harvested and total RNA was 

extracted with RNeasy Mini Kit (QIAGEN, MD). In order to exclude the contamination of 

genomic DNA, the extracted RNA was treated with RNase-Free DNase1 (Takara, Japan). 

Five micrograms of total RNA was then used to synthesize first-strand cDNA with 

oligo-dT18 and 5 units/μL of SuperScript Ⅱ (Invitrogen, CA) in a reaction volume of 20 μL 

following the manufacturer’s instructions. For semiquantitative analysis, reverse 

transcribed products were pooled and fourfold serial dilutions were used for RT-qPCR 

(Lyte-Cycler 480, Roche Diagnostics, Germany). PCR was performed in a reaction volume 

of 20 μL with 200 nM deoxynucleoside triphosphates, 500 nM each of sense and antisense 

primers, and 5 units/100 μL Taq polymerase (Takara, Japan). The amplification reaction 

was carried out in an authorized thermal cycler (Eppendorf, Germany). The sequences of 

primers used for the RT-PCR are following (forward and reverse). GATA4, 

5'-ACTCTGGAGGCGAGATGGG-3' and 5'-CTCGGCATTACGACGCCACAG-3'; 

α-MHC, 5'-GGAAGAGTGAGCGGCGCATCAAGGA-3' and 

5'-TCTGCTGGAGAGGTTATTCCTCG-3'; β-MHC, 

5'-CGGAGGAGCAGGCCAACACCAACT-3' and 

5'-GCAAAGGCTCCAGGTCTGAGGGCTT-3'; Nkx2.5, 

5'-TGGCAGAGCTGCGCGCGGAGATG-3' and 

5'-CGTGGCTTCCGTCGCCGCCGTGC-3'; glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH), 5'-CCCTTCATTGACCTCAACTAC-3' and 

5'-CCACCTTCTTGATGTCATCAT-3'. PCR was performed for 1 cycle at 94°C for 5 min, 

followed by 25–35 cycles of denaturation at 94°C for 30 sec, annealing at 56–62°C 
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depending on the melting temperature of each pair of primers for 30 sec followed by 

extension at 72°C for 1 min.  

For quantitative analysis of gene expression levels, real time qPCR were performed and the 

data were normalized to GAPDH. Primers used for the real time qPCR were as following 

(forward and reverse). 5'-AGCTCTCCAACCTATGCGGACAAT-3' and 

5'-TATCATGGGACTGCAGCATGGACA-3'; 

GATA4, 5'-CAGCCCAGTCCTGCACAGCC-3' and 

5'-GGGCCGGTTGATGCCGTTCA-3'; α-MHC,  

5'-GCCATCACAGATGCCGCCATGA-3' and 5'-TGCGCTTTTGCTCAGCCTCCA-3'. 

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 negative assay was 

performed on each sample without reverse transcriptase before PCR. Amplified samples 

were electrophoresed on 2% agarose gels and stained with ethidium bromide. GAPDH 

mRNA levels were need as an internal control.  

 

Immunostaining of P19CL6 cells 

P19CL6 cells were seeded into 12-well tissue culture plate (TPP, Switzerland) with a 

sterilized cover slip at 105 cells per well in growth medium, Twenty-four hours later, the 

medium was changed to differentiation medium with or without 1µg/mL (66 nM) of ECP. 

On the 12th day, the cells were washed with PBS twice, fixed with 4% (w/v) 

paraformaldehyde at room temperature for 30 min, permeabilized in phosphate-buffered 

saline buffer containing 0.05% Tween-20 (PBST) and then blocked with PBST containing 

5% BSA (blocking buffer) for one hour. The cells were incubated with anti-actin and 

anti-actinin antibodies diluted in blocking buffer at a dilution of 1:200 at 4℃ for 16 h. The 

cells were washed twice with PBST, and then incubated with both Alexa 488-conjugated 

anti-mouse IgG antibody and Alexa Fluor® 555-conjugated anti-rabbit IgG secondary 

antibody (Amersham-Pharmacia) in blocking buffer at 25 ˚C for 1 h. For cardiac troponin I 

staining, mouse anti-troponin I antibody was used at a dilution of 1:200. Fluorescent 
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images of immunostaining were observed under a confocal laser microscope LSM510-V3.0 

(Carl Zeiss, UK) at 488 nm and 543 nm. 

 

Statistical analysis  

All experiments were replicated at least three times. Statistical data analysis was performed 

using the Student’s t-test by Excel software. Values are reported as means ± SD. The data 

were considered statistically significant when p < 0.05. 

 

Results 

 

Enhanced cardiomyocyte differentiation of P19CL6 cells after ECP treatment 

P19CL6 cells differentiate into cardiomyocyte in the presence of 1% DMSO. 

DMSO-treated P19CL6 cells are considered as a model of cardiomyocyte differentiation, of 

which the molecular mechanism has been extensively analyzed [17-19]. Since we found 

that ECP promoted the differentiation of cardiomyocytes in the rat neonate, we tried to 

assess the activity of ECP using P19CL6 cells. First, P19CL6 cells were cultured in the 

presence or absence of ECP and DMSO. The medium was changed every two days, and 

then morphology of cells was observed under microscope.  On the 8th day, the cells 

spontaneously started beating in the presence of both ECP and DMSO while it took 12 days 

for the cells to start beating with only DMSO (Fig 1). ECP was found to accelerate 

cardiomyocyte differentiation by almost 4 days. On day 12, the beating rate of the cells was 

50±8 times/min in the presence of ECP and 30±10 times/min without ECP (Fig. 2A). 

Simultaneously, the area of beating in the presence of ECP was nearly 8-fold wider than 

that without ECP.  The average area of beating was 48 ± 10.47 per field (n = 24 different 

fields, field size = 0.8 mm2) with ECP versus 6.17 ± 1.23 (n = 24 different fields) without 

ECP (Fig. 2B and C). Thus, ECP was judged to enhance cardiomyocyte differentiation in 

both beating rate and area. However, ECP did not induce cardiomyocyte differentiation 

without DMSO treatment. 
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Enhanced expression of cardiomyocyte genes in P19CL6 cells after ECP treatment  

The time course change from 4 to 12 days of cardiac marker gene expression in P19CL6 

cells was evaluated by RT-PCR in the presence of ECP and DMSO (Fig. 3A). GATA-4 

expression was dramatically accelerated within 4 days of treatment with ECP and DMSO 

when compared with that treated with only DMSO. α-and β-MHC expression were also 

accelerated within 8 days while α-MHC expression was upregulated within 12 days and 

β-MHC expression still required more than 12 days for upregulation without ECP.  In 

contrast to these genes, Nkx2.5 expression was rather low. However, Nkx2.5 was 

significantly upregulated within 12 days in the presence of ECP whereas it could not be 

defected without ECP. Further analyses on the expression of MLC, GATA4 and α-MHC 

were performed by real time qPCR and the effect of acceleration of cardiomyocyte 

differentiation by ECP was confirmed (Fig. 3B). P19CL6 cells at 12 days of treatment were 

immunologically stained with antibodies against actinin, actin and cardiac troponin I. A 

wider area of immunoreactivity which was indicative of enhanced expression in a greater 

number of cells was observed in the presence of ECP than that without ECP (Fig. 3C). Thus, 

the enhancement of cardiomyocyte differentiation by ECP was confirmed not only by 

marker gene expression but also by the proteins expression. 
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Fig 1 Morphological change of P19CL6 cells during cardiomyocyte differentiation. 

P19CL6 cells were treated with or without ECP in the presence of DMSO. The cells were 

ECP 

Days     0         2        4        8        10        12       
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observed under microscope at indicated days. The red frame shown the time that cells 

started beating Magnification is × 20. 

 

     
 

Fig 2. Beating rate (A) and area (B) of cardiomyocytes differentiated from p19CL6 cells 

treated for 12 days with or without ECP in the presence of DMSO. (A) Beating rate was 

calculated by beating frequency per minute of P19CL6 cells. (A) (B) data represent mean ± 

SD from triplicate of experiments. Each asterisk shows the significance of P<0.05. (C) 

Typical area of beating, cells (in white circle) counted in (B). The magnification is × 20. 
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Fig 3. Induction of cardiac-specific genes (GATA4, Nkx2.5, MHC), assessed by RT-PCR. 

P19CL6 cells were treated with or without ECP in the presence of DMSO. Total RNA was 

isolated at indicated time points and subjected to RT-PCR. 

 A.                       B.                      C.  

     
Fig 4. Expression of cardiac marker genes (GATA4, α-MHC, MLC), assessed by real time 

qPCR. (A)(B)(C) P19CL6 cells were treated with or without ECP in the presence of DMSO. 

Total RNA was isolated at indicated time points and subjected to real time qPCR. Each 

result is represented as mean ± SD from triplicate of experiments. 

 

   
Fig 5. Immunostaining of cardiac specific proteins (Actinin and actin). P19CL6 cells were 

treated with or without ECP in the presence of DMSO. On 12 days, the cells were 

incubated with anti-actin and anti-actinin antibodies, and then incubated with both Alexa 
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488-conjugated anti-mouse IgG antibody and Alexa Fluor® 555-conjugated anti-rabbit IgG 

secondary antibody. Magnification is × 63, Scale Bars = 50 μm. (C) Actinin (green) and 

actin (red).  

 

                 A                   B 

 
                       

Fig 6. Immunostaining of cardiac specific proteins (Cardiac troponin I and ANF). (A) 

P19CL6 cells were treated with or without ECP in the presence of DMSO. On 12 days, the 

cells were incubated with anti- cardiac troponin I actin antibodies, and then incubated with 

both Alexa 488-conjugated anti-mouse IgG antibody. (B) The cells incubated as in (A), on 

12 days, the cells were incubated with anti- ANF, and then incubated with Alexa 

555-conjugated anti-mouse IgG antibody. Magnification is × 63, Scale Bars = 50 μm. 

                                          

Discussion  

 

Heart failure is currently the most common cardiac disease, largely due to the increasing 

average age of the population [1, 2]. Heart failure is a progressive disorder initiated by an 

acute or gradual loss of functional cardiomyocytes resulting in diminished cardiac output 

and cardiac performance, for instance after myocardial infarction or in patients suffering 

from hypertension. Current therapies include lifestyle modification, drug treatments, 

surgery and ultimately heart transplantation. 

ANF 

ANF 
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Cardiac transplantation remains the only therapeutic option for end-stage heart failure but 

the low number of organ donors and the side effects of immunosuppressive drugs limit the 

access to a transplantation program to a few thousand patients a year [3, 4]. In this context, 

alternative approaches may include restoring heart function via induction of endogenous 

regenerative processes and transferring progenitor cells to produce new myocardium. 

Cardiomyocytes are currently thought to be postmitotic cells that withdraw from the cell 

cycle soon after birth. Nevertheless, mitoses in the myocyte population have been detected 

in the human heart after myocardial infarction [5]. Recent studies suggest that 

cardiomyocytes may be continually replaced in the heart through processes involving 

differentiation, maturation, senescence and death [6]. Cardiomyocyte turnover in the 

mammalian heart has been demonstrated experimentally, and shown to be triggered by 

cardiac injury [7]. Regenerative stem cell therapy is a relatively new frontier in the battle 

against cardiovascular disease that has sparked intense research and criticism. In theory, 

embryonic stem (ES) cells could be produced in large numbers, differentiated to 

cardiomyocytes and then used as a renewable source for cardiac cell therapy [8]. One of the 

major obstacles hindering the clinical use of ES cells-derived cardiomyocytes for cardiac 

regenerative therapy is inefficient cardiac differentiation leading to insufficient amount of 

cardiomyocytes [9] and the potential development of teratomas. The most common 

approach to solve this problem is to apply knowledge of developmental biology in 

employing cardiogenesis-related factors for inducing stem cells cardiomyocyte 

differentiation [10-12].  

In the present study, using P19CL6 cells, we evaluated the potential of ECP as a 

cardiomyocyte differentiation factor. ECP upregulated the expression of cardiomyocyte 

marker genes such as GATA4, α-MHC, β-MHC, Nkx2.5 and MLC in the presence of DMSO 

together with the immunostaining for actinin, actin and cardiac troponin I (Fig. 5C). This is 

the first study to report a function for ECP in cardiomyocyte differentiation from stem cells 

in vitro. We are now trying to develop ECP as cardiomyocyte differentiation factor, which 

could be used in the development of novel therapies for cardiac regeneration. 
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Chapter 2 

 

 

Effect of eosinophil cationic protein (ECP) on activation 

of FGF receptor 1 signaling during cardiomyocyte 

differentiation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 - 38 - 

 
Abstract 

 

I investigated the functional role of eosinophil cationic protein (ECP) in regulating 

cardiomyogenesis using mouse P19CL6 embryonic carcinoma cells. From previous chapter, 

ECP was confirmed to accelerate the cardiomyocyte differentiation of P19CL6 cells by 

enhancing the rate and area size of beating of cardiomyocyte and by facilitating the 

expression of cardiomyocyte specific genes, such as GATA-4 and α-MHC. In this chapter, I 

detected the molecular mechanism of ECP on the cardiomyocyte differentiation of P19CL6 

cells. Since cardiomyocyte differentiation in vivo is considered to follow mesoderm 

induction, the induction of Brachyury, a marker of mesoderm, was assessed. Brachyury 

expression was found to be enhanced after the addition of ECP. This enhancement was due 

to the stimulation of ERK1/2 phosphorylation by ECP. In this context, treatment with 

SU5402, an inhibitor of FGFR1, suppressed Brachyury expression, phosphorylation of 

ERK1/2 and cardiomyocyte differentiation induced by ECP. We concluded that ECP might 

induce mesoderm differentiation through FGF signaling pathway and enhance subsequent 

cardiomyocyte differentiation in concert with DMSO in P19CL6 cells. ECP may be a novel 

factor for cardiomyocyte differentiation, which should be very useful to prepare adequate 

numbers of cardiomyocytes for therapeutic cell transplantation.  
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Introduction 

 

The heart is formed through multiple developmental steps, which include the determination 

of the cardiac field in the mesoderm, differentiation of cardiovascular progenitor cells, 

differentiation of cardiac precursor cells, and maturation of the heart. Entry of cells into the 

cardiac lineage is dependent upon appropriate external signals coupled to the expression of 

a set of transcription factors that initiates the program for cardiac genes expression and 

drives the morphogenic events involved in formation of the multichambered heart. It is well 

known that this process is complicated and so many signaling pathways included. Research 

in Mice, Birds, Amphibians, Flies and Mammals, as well as in various cell culture systems, 

has led to the identification of multiple transcription factors and extracellular growth factors 

whose concerted actions specify the cardiac lineage in mesodermal progenitor cells. The 

earliest expressed transcription factors that initiate cardiac fate are the homeobox 

transcription factor NKX2.5 and members of the GATA family of zinc finger transcription 

factors, GATA4, GATA5, and GATA6. Equally important roles in heart development have 

been shown for members of the Tbx5, Tbx20, basic helix-loop-helix, eHAND/HAND1 

(Heart and Neural crest Derivatives expressed-1)), and MADS (MCMI, Agamous, 

Deficiens, Serum response factor) domain (MEF2) families. Extracellular signals that act 

upstream of these factors have been primarily identified by their ability to induce cardiac 

differentiation in non-cardiac mesoderm. These signals belong to the BMP (Bone 

Morphogenetic Protein), FGF (Fibroblast Growth Factor), and Wnt (Wingless-related 

MMTV integration site) families of Growth Factors and also include secreted Wnt 

antagonists such as Dkk1 (Dickkopf1) and Crescent [29-33].  

The fibroblast growth factor (FGF) family is essential to normal heart development. FGF2 

and BMP signaling pathway play a crucial role in early Cardiomyogenesis. Kawai T et al 

reported FGF2 is required for the expression of Cardiac transcription factors and the 

differentiation of mesoderm explants induced by BMP2 (Bone Morphogenetic Protein-2) 

[34]. FGF2 induces mesenchymal cell formation from precardiac mesoderm explants. Other 
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members of the FGF family compensate for the lack of FGF2 expression in the embryo, 

such as FGF 4 and FGF 8. FGF-10 induced cardiomyocyte differentiation from ES cells 

and iPS cells [28]. In this chapter, I detected the effect of ECP on activation of FGF 

signaling pathway.  

 

Materials and Methods 

 

Cell culture 

P19CL6 cells, which were obtained from RIKEN Bioresource Center Cell Bank, Japan, 

were cultured essentially as described previously[20, 21]. Briefly, the cells were grown in 

100-mm tissue culture dishes under adherent conditions with α-minimum essential medium 

(α-MEM) (Invitrogen, Tokyo, Japan) containing 10 % fetal bovine serum (FBS) 

(Invitrogen) as growth medium in a 5 % CO2 atmosphere at 37°C. To induce 

cardiomyocyte differentiation under adherent conditions, P19CL6 cells were plated at a 

density of 5×105 in 60-mm tissue culture dishes in growth medium. Twenty four hours later, 

the medium was replaced with growth medium containing 1 % DMSO (Nacalai tesque, 

Kyoto, Japan) as differentiation medium. The medium was changed to every 2 days and the 

cells were maintained under fresh conditions until they started beating.  

 

Reagents and antibodies 

Recombinant human ECP and recombinant human FGF-2 were expressed in bacteria and 

prepared as described previously [22-24]. SU5402 which is an FGF receptor (FGFR) 

inhibitor was purchased from Calbiochem (San Diego, CA). Anti-ERK and 

anti-phospho-ERK1/2 mouse monoclonal antibodies were from New England Biolabs 

(Beverly, MA).All other reagents were of analytical grade and were purchased from Wako 

or Sigma-Aldrich, unless otherwise noted.  

 

Real time qPCR 

P19CL6 cells cultured under various conditions were harvested and total RNA was 
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extracted with RNeasy Mini Kit (QIAGEN, MD). In order to exclude the contamination of 

genomic DNA, the extracted RNA was treated with RNase-Free DNase1 (Takara, Japan). 

Five micrograms of total RNA were then used to synthesize first-strand cDNA with 

oligo-dT18 and 200 uunits SuperScript Ⅱ (Invitrogen, CA) in a reaction volume of 20 μL 

following the manufacturer’s instructions. For quantitative analysis of gene expression 

levels, real time qPCR were performed and the data were normalized to GAPDH. Primers 

used for the real time qPCR were as following (forward and reverse). Wnt3a, 

5'-AAGCAGGCTCTGGGCAGCTA-3' and 5'-GACGGTGGTGCAGTTCCA-3'; 

Brachyury, 5'-AGCTCTCCAACCTATGCGGACAAT-3' and 

5'-TATCATGGGACTGCAGCATGGACA-3'; 

GATA4, 5'-CAGCCCAGTCCTGCACAGCC-3' and 

5'-GGGCCGGTTGATGCCGTTCA-3'; α-MHC,  

5'-GCCATCACAGATGCCGCCATGA-3' and 5'-TGCGCTTTTGCTCAGCCTCCA-3'. 

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 negative assay was 

performed on each sample without reverse transcriptase before PCR. Amplified samples 

were electrophoresed on 2% agarose gels and stained with ethidium bromide. GAPDH 

mRNA levels were need as an internal control.  

 

Western blotting 

Cells grown on culture dishes were washed twice with ice-cold PBS and then suspended in 

50 mM Tris–HCl, pH 7.4, containing 150 mM NaCl, 1 mM EDTA ,1% NP-40 

supplemented with phosphatase inhibitors, 10 mM sodium fluoride and 1 mM 

phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate and 10 mM sodium 

pyrophosphate. The cells were then disrupted by a sonicator (Ultras Homogenizer VP-53, 

TAITEC, JP) with a microprobe setting at level 2 for 30 sec on ice and centrifuged at 

13,000g for 20 min at 4°C. The supernatants were then carefully collected and stored at 

-80°C until use. Protein concentration was determined by BCA Protein Assay kit (Pierce, 
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IL) and 20 µg of protein was subjected to 12.5 % SDS polyacrylamide gel electrophoresis 

and subsequently transferred onto PVDF membranes (Millipore, MA) by semidry blotting. 

After being washed with Tris-buffered saline, pH 7.6, containing 0.1 % Tween 20 (TBST), 

membranes were incubated for 1 h at 25 ˚C in TBST containing 5% BSA and the antigens 

were probed with anti-ERK or anti-phospho-ERK1/2 antibodies diluted at 1:1000 at 4 ˚C 

for 16 h. After three washes with TBST, membranes were probed with 

horseradish-peroxidase-conjugated anti-rabbit antibody diluted at 1:2,000 for 1 h at 25 ˚C. 

Following by three washes with TBST, horseradish-peroxidase on the membrane was 

reacted with the substrate kit (Western lightening plus-ECL Western blotting detection 

reagents, PerkinElmer, US) and then detected by LSA-4000 (FUJIFILM, Japan).  

 

Statistical analysis  

All experiments were replicated at least three times. Results are described as means ± SD. 

To compare the differentiation in P19CL6 cells stimulated with ECP at different 

concentration and durations, One-way ANOVA followed by post hoc turkey analysis was 

employed to assess the significance between the groups more than two. Marker gene 

expression, beating rate, beating area, were analyzed by paired T-tests. The statistical 

software used for analysis was SPSS (version 17.0). P < 0.05 was considered statistically 

significant. 

 

Results 

 

Effect of ECP on early cardiomyocyte differentiation in P19CL6 cells 

During the early stages of cardiomyocyte differentiation, P19CL6 cells express the 

mesenndomerm genes Wnt-3a and Brachyury [25, 26]. The expression of these two genes 

was therefore assessed in the presence of ECP (Fig. 1). Expression of Wnt-3a and 

Brachyury were transiently increased within 2 days after treatment with both ECP and 

DMSO. However, expression of both genes was delayed by 2 days without ECP with 

maximum expression at 4 days with only DMSO. In addition, the level of Wnt-3a and 
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Brachyury expression after 2 days of ECP treatment was significantly higher than 

expression levels ascertained after 4 days of treatment with only DMSO. This delay may 

suggest that ECP accelerated the process of cardiomyocyte differentiation from 

mesendoderm up to beating cardiomyocytes with respect to generating a greater number of 

beating cardiomyocytes at earlier time.  

We therefore evaluated the effect of ECP on the early stages of cardiomyocyte 

differentiation in P19CL6 cells. First, the expression profiles of GATA-4 and α-MHC genes 

were assessed when ECP treatment was limited for the first 2 days or 4 days (Fig.2). Both 

genes were upregulated showing a similar pattern with those when treated with ECP and 

DMSO whole through the entire period. This suggests that ECP should engage a rapid 

change in gene expression with the first 48 hours following treatment with DMSO.  

To determine concentration of ECP, ECP at 10,100 and 1000 ng/mL in the presence of 

DMSO was evaluated for its' ability to stimulate cardiomyocyte differentiation of P19CL6 

cells in the presence of 1% DMSO (Fig. 3). Cardiomyocyte differentiation was monitored 

by assessing the expression of GATA-4 and α-MHC genes by real time qPCR. ECP at 1000 

ng/mL was found to maximally induce the expression of GATA4 and α-MHC at the earliest 

time of differentiation on day 8(Fig. 3). The effect of different concentration of ECP was 

further assessed on the expression of Brachyury at the earlier stages of within a 48 h 

window in the absence of 1% DMSO treatment Brachyury gene expression was 

upregulated not only in a dose-dependent manner of ECP (Fig. 4A), but also in a 

time-dependent manner(Fig. 4B).  Maximum upregulation occurred at 24 h following 

treatment with ECP at 1000 ng/mL. However, ECP alone did not induce end stage 

cardiomyocyte differentiation as reflected by beating cardiomyocyte. Stimulation with ECP 

at 1000 ng/mL for only 24 h was able to significantly induce GATA-4 and α-MHC 

expression in P19CL6 cells in the presence of DMSO (Fig. 5) as well as a beating 

phenotype after 8 days. Therefore, cardiomyocyte differentiation of P19CL6 cells can be 

induced by 1% DMSO and enhanced by the stimulation with ECP at 1000ng/mL following 

a relatively short 24 h treatment. 
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Stimulation of ERK1/2 phosphorylation by ECP 

Considering the result that ECP could induce Brachyury expression in P19CL6 cells within 

24h, we hypothesized that ECP might induce mesendoderm formation leading to 

subsequent cardiomyocyte differentiation. Since Brachyury is a marker for mesendoderm, 

ERK1/2 phosphorylation has been described important for mesoderm induction [26] (Yao 

et al., 2003). Hence, the time course change in the phosphorylation of ERK1/2 was assessed 

in P19CL6 cells when stimulated with ECP (Fig. 6). ECP upregulated the phosphorylation 

of ERK1/2 after 5 minutes stimulation, while DMSO alone did not show any effect on 

ERK1/2 phosphorylation. FGF2 also stimulated phosphorylation of ERK1/2 in a pattern 

which was similar to ECP stimulation of ERK1/2 phosphorylation. The effect of FGF2 on 

enhancing ERK1/2 phosphorylation was delayed by the inclusion of DMSO.  

 

FGFR signaling pathway is involved in the stimulation of p-ERK by ECP 

Brachyury expression is regulated by FGF through an ERK1/2-dependent signaling 

pathway that is involved in mesoderm induction [27]. To investigate the possible 

involvement of an FGF receptor (FGFR) signaling pathway in ECP stimulation, inhibition 

of FGFR1 with SU5402 was evaluated. SU5402 suppressed the phosphorylation of ERK1/2 

that was induced by ECP at 5 minute (Fig. 7B and C). In addition, the expression of 

Brachyury that was induced by ECP was suppressed in the presence of SU5402 (Fig. 8). 

These results suggest that ECP utilize an FGFR signaling pathway to initiate mesoderm 

induction in P19CL6 cells. Furthermore, the protractive differentiation of P19CL6 cells into 

cardiomyocytes was evaluated in the continuous presence of ECP and SU5402 for 2 days 

by the expression of GATA-4 and α-MHC. These two genes were downregulated by 

SU5402 even in the presence of DMSO or DMSO and ECP (Fig. 9). In the presence of 

SU5402 for 2 or 4 days, no beating cardiomyocyte phenotype appeared at day 8 and 12 in 

the presence of DMSO even after ECP stimulation. Collectively, the induction of mesoderm 

lineages through an FGFR1 signaling pathway is essentially dependent on DMSO and 

enhanced by ECP. Interestingly, FGF2 unlike ECP did not induce cardiomyocyte 

differentiation in P19CL6 cells either in the presence or absence of DMSO. In contrast, 
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Brachyury expression was induced additively on the effect of DMSO by ECP while FGF2 

did not induce this additive effect (Fig. 8). 

 

 

   

 
 

Fig 1. Effect of ECP on Expression of genes associated with mesoderm in the presence of 

DMSO. (A)(B) Expression of Wnt3a and Brachyury genes. P19CL6 cells were treated with 

or without ECP in the presence of DMSO. Total RNA was isolated at indicated time points 
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and subjected to real time qPCR. Each result is represented as mean ± SD from triplicate of 

experiments. 

 
 

   
Fig 2. The effects of different duration of stimulation by ECP on cardiomyocyte 

differentiation of P19CL6 cells. (A). P19CL6 cells were treated with ECP for the first 2 and 

4 days in the presence of DMSO as shown in the schematic diagram.(B)(C) P19CL6 cells 

were treated with or without ECP in the presence of DMSO. Total RNA was isolated at 

indicated time points and subjected to real time qPCR. The expression of GATA4 and 

α-MHC genes was evaluated at indicated days. Each result is represented as mean ± SD 

from triplicate of experiments. The statistic significance was assessed by one-way ANOVA 

(see Material and Methods). Each asterisk shows the significance of P<0.05. 
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Fig 3. Cardiomyocyte differentiation at different concentration of ECP. (A)(B) P19CL6 

cells were treated with indicated concentration of ECP for first 2 days in the presence of 

DMSO. The expression of GATA4 and α-MHC genes was evaluated at indicated days. 

Each result is represented as mean ± SD from triplicate of experiments. The statistic 

significance was assessed by one-way ANOVA (see Material and Methods). Each asterisk 

shows the significance of P<0.05. 
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Fig 4.  ECP induced mesoderm marker gene Brachyury expression without DMSO. (A) 

Time course of Brachyury induction by ECP. P19CL6 cells were treated with different 

concentration of ECP. At indicated time points, Total RNA was isolated from the cells and 

subjected to real time qPCR. (B) Brachyury induction by ECP. P19CL6 cells were treated 

for 24 hours with different concentration of ECP. The expression of Brachyury was 

upregulated in a dose-dependent manner. (A) (B). Each result is represented as mean ± SD 

from triplicate of experiments. The statistic significance was assessed by one-way ANOVA 

(see Material and Methods). Each asterisk shows the significance of P<0.05 
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Fig 5.  Cardiomyocyte differentiation of P19CL6 cells treated with ECP for one day. (A) 

Schematic diagram of the culturing conditions for P19CL6 cells with or without ECP for 

one day in the presence of DMSO. Total RNA was isolated at day 4 and day 8 (indicated by 

asterisks). (B) Results from real time qPCR for the expression of cardiomyocyte marker 

genes (GATA4 and α-MHC). 
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Fig 6.  Effects of ECP, FGF2, and DMSO on the phosphorylation of ERK1/2 in P19CL6 

cells. P19CL6 cells treated with ECP, FGF2 and DMSO. P19CL6 cells were analyzed by 

western blot with anti-ERK antibody and anti-p-ERK1/2 antibody. Each blot was 

densitometrically quantified by Image J software. In each panel, the level of p-ERK1/2 

after stimulated are presented as relative values against it at time 0. Total ERK1/2 was used 

for normalization. Each asterisk shows the significance of P<0.05. 
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Fig 7. Induction and phosphorylation of ERK1/2 by ECP is dependent on FGFR1 signaling 

pathway. (A), (B) Phosphorylation of ERK1/2 in P19CL6 cells by FGF2, ECP and its 

inhibition by SU5402. (C) Phosphorylation of ERK1/2 in the P19CL6 cells by ECP in the 

presence of DMSO. All western blots were densitometrically quantified by Image J 

software. In each panel, the level of p-ERK1/2 after stimulated are presented as relative 

values against it in unstimulated cells. Total ERK1/2 was used for normalization. Each 

asterisk shows the significance of P<0.05. 

 
 

Fig 8.  ECP induced Brachyury expression was suppressed by SU5402 in P19CL6 cells. 

P19CL6 cells were treated with DMSO, ECP, FGF and SU5402 for different combinations. 

Cells total RNA isolated at 24 hours and expression of Brachyury (a mesoderm marker) 

was analyzed by real time qPCR. The results are represented by mean ± SD from triplicate 

of experiments. Single-asterisk and double-asterisk show the significance of P<0.05. 
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Fig 9. FGFR inhibitor SU5402 suppressed cardiomyocyte differentiation in P19CL6 cells in 

the presence of DMSO. (A)(B) The P19CL6 cells were treated with inhibitor SU5402 for 

the first 2 and 4 days in the presence of DMSO.GATA4 and α-MHC by real time qPCR. 

Cells were collected at indicated time points, and analyzed cardiac marker genes expression 

by real time qPCR. The expression of GATA4 and α-MHC genes was evaluated at indicated 

days. Each result is represented as mean ± SD from triplicate of experiments. The statistic 

significance was assessed by one-way ANOVA (see Material and Methods), asterisk show 

the significance of P<0.05 
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Fig 10. FGFR inhibitor SU5402 suppressed cardiomyocyte differentiation in P19CL6 cells. 

Cells were treated with or without ECP in the presence of DMSO. (A)(B) (A) (B) Cells 

were collected at indicated time points, and analyzed cardiac marker genes expression by 

real time qPCR. The expression of GATA4 and α-MHC genes was evaluated at indicated 

days. Each result is represented as mean ± SD from triplicate of experiments. The statistic 

significance was assessed by one-way ANOVA (see Material and Methods), asterisk show 

the significance of P<0.05 

 

Discussion  

 

The eosinophil granulocyte takes part in the body’s natural defense against invading 

parasites, bacterials and virus, [1-3], as well as in other inflammatory diseases like allergic 

asthma and gastrointestinal disorders [4]. Once attracted to the site of inflammation the 

eosinophil becomes activated and, as a result of this, eosinophil degranulated mainly 

releases secretes 4 proteins, These are the major basic protein (MBP) present in their cores, 

surrounded by a matrix built up of eosinophil peroxidise (EPO), the eosinophil protein 

X/eosinophil derived neurotoxin (EPX/EDN) and ECP. But it was not confirmed until to 
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1975 it become clear ECP was of eosinophil origin. Since the discovery of ECP in 1971 

more than 3000 articles have been published about ECP, focus on dealing with molecular 

and genetic characteristics, and functions of ECP and the majority describing the 

distribution of ECP in tissues and body fluids in patients with diseases such as asthma and 

other inflammatory diseases.  

The major challenge/problem of using ES cell-based cardiomyocytes replacement therapy 

is the inefficiency of the conventional protocol to generate cardiomyocytes [5, 6]. It is 

crucial for researchers to find novel inducers of cardiomyocyte differentiation and to clearly 

understand the mechanism of differentiation. ECP can upregulate transforming growth 

factor alpha expression in human lung fibroblast cells [7]  and can enhance stress fiber 

formation in mouse fibroblasts [8]. Simultaneously, we demonstrated that ECP induced the 

differentiation of cardiomyocytes in rat neonates as judged by a increase in both the beating 

rate and the expression of cardiac muscle specific markers such as atrial natriuretic factor 

[8]. In the present study, using P19CL6 cells, we evaluated the potential of ECP as a 

cardiomyocyte differentiation factor. ECP upregulated the expression of cardiomyocyte 

marker genes such as GATA4, α-MHC, β-MHC, Nkx2.5 and MLC in the presence of DMSO 

together with the immunostaining for actinin, actin and cardiac troponin I (Fig. 2C).  In 

the present study, using P19CL6 cells, we evaluated the potential of ECP as a 

cardiomyocyte differentiation factor. Actually, ECP shortened the period of differentiation 

by approximately at least 4 days until the appearance of a beating phenotype in P19CL6 

cells while DMSO essentially primes differentiation in this system. Early stages of 

cardiomyocyte differentiation were reported to involve the transient upregulation of Wnt-3a 

and Brachyury genes, which were the typical markers of mesendoderm induction [9-11]. As 

shown in Fig. 4, Brachyury expression was dependent on the dose of ECP in P19CL6 cells. 

The expression of Brachyury was maximally induced at 1000ng/mL of ECP within 24 h 

without DMSO. 

 

Wnt-3a induces mesoderm formation and cardiomyogenesis in embryonic stem cells [12] . 

Consistent with the result by Nakamula et al, we observed temporal up-regulation of wnt3a 
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expression during DMSO induced the differentiation (Fig 3a). Wnt3a should activate 

Wnt/β-catenin signaling pathway, presumably in autocrine/paracrine manner which is 

required for the cardiomyocyte differentiation in P19CL6 cells [13] We observed no 

induction of Wnt3a expression by ECP alone (data not shown). In contrast, ECP enhanced 

and accelerated the expression of Wnt3a gene in presence of DMSO, implicating that this 

should be an indirect effect of ECP resulting from enhanced mesoderm differentiation.  

Extracellular signal-regulated kinase (ERK) was also shown to be necessary for mesoderm 

differentiation in ES cells [14, 15].  In this study, ECP was found to up-regulate the 

phosphorylation of ERK1/2 in P19CL6 cells. SU5402, a specific inhibitor of FGFR1, not 

only downregulated phosphorylation of ERK1/2, but also inhibited Brachyury expression 

abolishing the cardiomyocyte differentiation of P19CL6 cells following treatment with 

ECP in the presence of DMSO. ECP was found to stimulate the FGFR signaling pathway. 

However, FGF2 did not enhance the cardiomyocyte differentiation in P19CL6 cells in the 

presence of DMSO as ECP did. FGF4 had the same negative result as FGF2 (data not 

shown). FGF2 failed to enhance the Brachyury expression (Fig. 8) and the phosphorylation 

of ERK1/2 induced by FGF2 was delayed in the presence of DMSO (Fig. 6) which differs 

from the responses observed after ECP treatment.  These results might be due to the 

binding of ECP to the FGFR which is different from FGF, a region as conformation of the 

FGF. In this respect, ECP has been reported to bind heparin and other glycosaminoglycans 

like lectins through its RNase active site [16]. FGF2 also binds to extracellular matrix 

through syndecan 4 to exert some of its distinct biological activity [17]. Binding of ECP to 

the extracellular matrix components or cell surface GAG-containing proteins such as 

syndecans and glypicans of P19CL6 cells should be explored to potentially explain the 

modulation of FGFR signaling by ECP to enhance Brachyury expression. The optimal 

concentration of FGF2 to induce proliferation in fibroblasts is around 0.6 nM. In this study, 

the optimal concentration of ECP was 1000ng/mL, which is equivalent to approximately 60 

nM. This 100-fold difference in biological activity may be due to different in binding 

affinity to the FGFR by each protein. ECP might be interacting with additional some 

extracellular matrix proteins, like syndecans which could alter the affinity of binding to the 
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FGFR, Further studies are necessary to identify the effect of ECP on the activation of 

FGFR signaling. 

SU5402 inhibited cardiomyocyte differentiation of P19CL6 cells in the presence of DMSO. 

Cardiomyocyte differentiation of P19CL6 cells appeared to depend on signaling through 

the FGFR1 (Fig. 9A). ECP induced ERK phosphorylation through FGFR1 while DMSO 

alone did not affect the phosphorylation of ERK1/2 in P19CL6 cells (Fig. 6).  

Phosphatidylinositol 3-kinase (PI3K) plays an important role on the cardiomyocyte 

differentiation of P19CL6 cells [18]. Downstream intracellular signaling which is activated 

by the FGFR could be due to both of PI3K-AKT and RAS-MAPK-ERK1/2 pathways [19]. 

ECP alone is not able to induce the cardiomyocyte differentiation in P19CL6 cells while 

DMSO is essential for cardiomyocyte differentiation of P19CL6 cells. The enhanced 

phosphorylation of ERK1/2 that is induced by ECP through the FGFR1 should be closely 

related with the accelerated cardiomyocyte differentiation because this phosphorylation was 

not affected by DMSO, while DMSO delayed the phosphorylation stimulated by FGF2. 

The expression of FGFR-1 in P19CL6 cells was confirmed by real time qPCR 

(supplementary data). This might implicate our result that FGFR1 signaling pathway 

triggered by ECP is involved in the accelerated differentiation of P19CL6 cell into 

cardiomyocytes.  

This is the first study to report a function for ECP in cardiomyocyte differentiation from 

stem cells in vitro. We are now trying to develop ECP as cardiomyocyte differentiation 

factor, which could be used in the development of novel therapies for cardiac regeneration. 
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Chapter 3 
 

 

Effect of ECP on the expression of genes correlated 

with cardiomyocyte differentiation in P19CL6 cells. 
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Abstract  

 

We all know that cardiomyocyte differentiation is a complex process and so many signaling 

pathways are included (such as FGF signaling, Wnt signaling, Eendothelin 1 (ET-1) 

/endothelin receptor A (ET-A), cripto/nodal signaling and so on). ECP effects are dependent 

on DMSO on inducing cardiomyocyte differentiation in P19CL6 cells. From chapter 3, we 

have shown that ECP enhanced cardiomyocyte differentiation by stimulating FGFR1 

signaling pathway. In this chapter, we checked effects of ECP on other signaling pathways. 

DMSO up-regulated Wnt3a expression and Wnt3a activated Wnt/β-catenin signaling 

pathway in autocrine manner. This is required for the cardiomyocyte differentiation in 

P19CL6 cells. ECP alone can not induce Wnt3a expression. However, in the presence of 

DMSO, ECP accelerated Wnt3a, suggested ECP stimulation have some positive effects on 

the Wnt/β-catenin signaling pathway in the presence of DMSO. ECP activated PI3K/Akt 

signaling pathway. It was well known that PI3K/Akt signaling pathway is pivotal for 

β-catenin (a down-stream molecule of Wnt) stabilization. DMSO and ECP alone activated 

this signaling respectively, and ECP increased effects of DMSO on this signaling pathway. 

Through TOP/FOP FLASH luciferase assay, even if ECP did not induced Wnt3a expression, 

but it increased luciferase activity. From above, we get summary that ECP directly activated 

PI3K/Akt signaling and Wnt/β-catenin pathway which was activated by DMSO 

subsequently promote differentiation. In addition, we also confirmed that ECP also 

enhanced EphA1 and ET-1 expression by DMSO, both of signaling pathway correlated 

with cardiomyocyte differentiation. From above data, it suggested that ECP through direct 

and indirect manner activated signaling pathway subsequently influenced cardiomyocyte 

differentiation.  
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Introduction  

 

It is well known that cardiomyocyte differentiation is complicated and so many signaling 

pathways are included. Proteins of the Wnt family are known regulators of 

Cardiomyogenesis. Wnts could bind to their transmembrane receptors Frizzled and 

co-receptors LRP 5/6 on target cells to activate different signaling pathways. Activation of 

the canonical pathway leads to stabilization of β-catenin through inactivation of GSK3β 

(Glycogen Synthase Kinase-3-β), β-catenin -dependent activation of TCF (T Cell Factor)/ 

LEF (Lymphoid Enhancer Factor) transcription factors and induction of Wnt-responsive 

genes. This is canonical Wnt/β-catenin signaling pathway. In contrast, Wnt11 signals 

through a β-catenin -independent non-canonical pathway involving PKC (Protein 

Kinase-C) and JNK (Jun-N-terminal kinase). Wnts induced Myogenic specification and 

mammalian Cardiac myogenesis. Wnt3a (Wingless-related MMTV integration site-3a) 

upregulated early Cardiac marker genes before gastrulation in Mouse through stabilizing 

β-catenin, but inhibits heart formation during gastrulation [9]. It suggests that 

Wnt/β-catenin signaling pathway plays a biphasic role in cardiomyocyte differentiation. 

Activation is required to commit mesenchymal cells to the cardiac lineage; downregulation 

of β-catenin is needed for cardiomyocyte differentiation at later stages. Activation of 

Wnt/β-catenin signaling pathway during early EB formation enhances mouse ES cell 

differentiation into cardiomyocytes and suppresses the differentiation into hematopoietic 

and vascular cell lineages [10]. 

Eph was the first isolated member of what is currently the largest subfamily of RTKs 

[11-23]. This group is distinguished by a cysteine-rich region and two fibronectin type III 

repeatsin the extracellular domain [12]. Eph-subfamily kinases have been found in diverse 

species, including humans [14, 17, 19], mice [16, 20, 21], rats [13, 15], zebrafish [23], and 

chickens [12, 16, 18]. Addictively, EphA1 have a high expression level in embryonic stem 

cells. Features of their expression pattern suggest key functions during embryonic 

development. Jason. D et al reported that Eph-related molecules have a potential role 

during very early embryonic development [36]. In addition to both of signaling above, 
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Nodal/Cripto signaling, Endothelin 1 (ET-1) / Endothelin 1 receptor A (ET-A) signaling 

and Notch signaling have been investigated that these signaling are correlated with 

cardiomyocyte differentiation during development stage. In this report, we are deciphering 

the roles of ECP on these signaling pathways during cardiomyocyte differentiation in 

P19CL6 cells. 

 

Materials and Methods  

 

Cell culture 

P19CL6 cells, which were obtained from RIKEN Bioresource Center Cell Bank, Japan, 

were cultured essentially as described previously[25, 26] (Monzen et al., 2001; Monzen et 

al., 1999). Briefly, the cells were grown in 100-mm tissue culture dishes under adherent 

conditions with α-minimum essential medium (α-MEM) (Invitrogen, Tokyo, Japan) 

containing 10 % fetal bovine serum (FBS) (Invitrogen) as growth medium in a 5 % CO2 

atmosphere at 37°C. To induce cardiomyocyte differentiation under adherent conditions, 

P19CL6 cells were plated at a density of 5×105 in 60-mm tissue culture dishes in growth 

medium. Twenty four hours later, the medium was replaced with growth medium 

containing 1 % DMSO (Nacalai tesque, Kyoto, Japan) as differentiation medium. The 

medium was changed to every 2 days and the cells were maintained under fresh conditions 

until they started beating. 

 

Reagents and antibodies 

Recombinant human ECP was expressed in bacteria and prepared as described previously 

[27, 28]. Epha1 siRNA and transfection reagent were purchased from Qiagen. Anti-Akt was 

prepared in our lab and anti-phospho-Akt mouse monoclonal antibodies were from New 

England Biolabs (Beverly, MA). All other reagents were of analytical grade and were 

purchased from Wako or Sigma-Aldrich, unless otherwise noted.  

 

Real time qPCR 
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P19CL6 cells cultured under various conditions were harvested and total RNA was 

extracted with RNeasy Mini Kit (QIAGEN, MD). In order to exclude the contamination of 

genomic DNA, the extracted RNA was treated with RNase-Free DNase1 (Takara, Japan). 

Five micrograms of total RNA was then used to synthesize first-strand cDNA with 

oligo-dT18 and 5 units/μL of SuperScript Ⅱ (Invitrogen, CA) in a reaction volume of 20 μL 

following the manufacturer’s instructions. For quantitative analysis of gene expression 

levels, real time qPCR were performed and the data were normalized to GAPDH. Primers 

used for the real time qPCR were as following (forward and reverse).  

Wnt3a, 5'-AAGCAGGCTCTGGGCAGCTA-3' and 5'-GACGGTGGTGCAGTTCCA-3'; 

OCT4, 5'-TCTTTCCACCAGGCCCCCGGCTC-3' and 

5'-TGCGGGCGGACATGGGGAGATCC-3'; FIk1, 

5'-TAGCTGTCGCTCTGTGGTTCTG-3' and 5'-GTCTTTCTGTTGTGCTGAGCTTGG-3'; 

Nodal, 5'-TGCTGAAACGATACCAACCC-3' and 

5'-CCTGCCATTGTCCACATAAAGC-3'; Frizzled 1, 

5'-GCGACGTACTGAGCGGAGTG-3' and 5'-TGATGGTGCGGATGCGGAAG-3'; 

Frizzled 2, 5'-CTCAAGGTGCCGTCCTATCTCAG-3' and 

5'-GCAGCACAACACCGACCATG-3'; Frizzled 4 

5'-GACAACTTTCACGCCGCTCATC-3' and 

5'-CCAGGCAAACCCAAATTCTCTCAG-3'; Frizzled 8, 

5'-GTTCAGTCATCAAGCAGCAAGGAG-3' and 5'-AAGGCAGGCGACAACGACG-3'; 

Frizzled 10, 5'-ATCGGCACTTCCTTCATCCTGTC-3' and 

5'-TCTTCCAGTAGTCCATGTTGAG-3'; ET-1, 5'-ACTTCTGCCACCTGGACATC-3' and 

5'-ACTTTGGGCCCTGAGTTCTT-3'; ET-A, 5'-ACCGTCTTGAACCTCTGTGC-3' and 

5'-AGCCACCAGTCCTTCACATC-3'; Notch, 

5'-AGATTGAGGCCGTGAAGAGTGAGC-3' and 

5'-CCACAAAGAACAGGAGCACGAAGG-3'; EphA1, 

5'-AACCTTATGCCAACTACACC-3' and 5'-TTCCCCAAACTCTCCTTCTC-3'. 

 

Luciferase assays.  
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Plasmids: TOPFlash contains TCF-LEF binding site upstream of the thymidine kinase 

minimal promoter and luciferase cDNA. Negative control counterpart FOPFlash has a 

mutated Tcf/Lef binding site (Upstate Biotechnology). P19CL6 cells were transfected by 

using FuGENE 6 (Roche) with 0.2 μg of plasmid per 1×105 cells. Luciferase activity was 

determined by using a commercially available assay system (Promega) and was normalized 

for transfection efficiency with pcDNA3-β-galactosidase. 

 

Western blot 

Cells grown on culture dishes were washed twice with ice-cold PBS and then suspended in 

50 mM Tris–HCl, pH 7.4, containing 150 mM NaCl, 1 mM EDTA ,1% NP-40 

supplemented with phosphatase inhibitors, 10 mM sodium fluoride and 1 mM 

phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate and 10 mM sodium 

pyrophosphate. The cells were then disrupted by a sonicator (Ultras Homogenizer VP-53, 

TAITEC, JP) with a microprobe setting at level 2 for 30 sec on ice and centrifuged at 

13,000g for 20 min at 4°C. The supernatants were then carefully collected and stored at 

-80°C until use. Protein concentration was determined by BCA Protein Assay kit (Pierce, 

IL) and 20 µg of protein was subjected to 12.5 % SDS polyacrylamide gel electrophoresis 

and subsequently transferred onto PVDF membranes (Millipore, MA) by semidry blotting. 

After being washed with Tris-buffered saline, pH 7.6, containing 0.05 % Tween 20 (TBST), 

membrane were incubated for 1 h at 25 ˚C in TBST containing 5% BSA and the antigens 

were probed with anti-AKT or anti-phospho-Akt antibodies diluted at 1:1000 at 4 ˚C for 16 

h. After three washes with TBST, membranes were probed with 

horseradish-peroxidase-conjugated anti-rabbit antibody diluted at 1:2,000 for 1 h at 25 ˚C. 

Following by three washes with TBST, horseradish-peroxidase on the membrane was 

reacted with the substrate kit (Western lightening plus-ECL Western blotting detection 

reagents, PerkinElmer, US) and then detected by LSA-4000 (FUJIFILM, Japan).  

 

Microrarray analysis 

Expression of genes in P19CL6 cells was analyzed by microarray procedure. Total RNA 
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preparation and analysis was performed as described previously [29, 30]. DNA microarray 

was carrying 1428-oligonuclotide probes for human cell surface proteins. cDNAs were 

synthesized with Superescript Ⅱ reverse transcriptase (invitrogen) with oligo dT primers. 

Amino-allyl-dUTP was incorprated into cDNAs followed by coupling with Cy-3 dye 

(Ambion, TX) and were processed for hybridization at 55℃ for 15 hours. The fluorescent 

images for the hybridization were captured using FLA8000 scanner (Fuji film, Japan) and 

analyzed with GenePix Pro5.1 software (Axon Instruments, CA). We found ECP or DMSO 

only upregulated EphA1 expression in P19CL6 cells. Moreover, EphA1 expression was 

enhanced in P19CL6 cells treated with ECP in the presence of DMSO. Real time qPCR 

further confirmed the results (Fig.). Real time qPCR was performed with SYBR Green Real 

time Master Mix (toyobo) in triplicates containing 5 ng of cDNA along with 400 nM 

primers using LightCycler (Roche). The thermal cycling condition for real time qPCR was 

as follows: 95°C for 5 min, followed by 40 cycles of denaturation at 95°C for 10 sec, 

annealing at 58°C depending on the melting temperature of each pair of primers for 10 sec 

followed by extension at 72°C for 10s. The following sets of primers were used for the 

PCR reaction, EphA1 5'-TCACGCTGCCTCTGCTGTCT-3' and 

5'-GCCCACCAGTTTCCAGAAGCCT-3'. 

 

EphA1 siRNA transfection. 

P19CL6 cells were plated at a density of 0.4×105 /well in 24 well plates in growth medium, 

and incubated one hour in a 5 % CO2 atmosphere at 37°C. EphA1 siRNA and control 

siRNA 75 ng were diluted with 100 μl OPTI-MEM culture medium with no FBS, final 

concentration is 10 nM, and mix with 3μl HiperFect Transfection Reagent by vortexing 

then incubated 10 minutes at room temperature. The mixtures were then added dropwise 

into the well with cells, and siRNA concentrations were obtained to 10 nM in the medium. 

After 24 hours incubation, the cells were induced differentiation in the presence of DMSO 

with or without ECP. Real time qPCR was performed to analysis the knockdown efficiency 

of EphA1 and cardiomyocyte differentiation. 
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Results  

 

Effect of ECP on the Wnt/β-catenin signaling pathway.  

Because canonical Wnt signaling pathway plays an essential role in cardiomyocyte 

differentiation, so in this chapter, I first examined Wnt3a expression in P19CL6 cells 

treated with different concentration of ECP. I observed no induction of Wnt3a expression 

by ECP alone (Fig 1). In contrast, ECP enhanced and accelerated the expression of Wnt3a 

gene in presence of DMSO. Luciferase activity in P19CL6 cells tranfected with 

TOPFLASH plasmid (Fig 2), which reflects the stabilization ofβ-catenin, was elevated on 

day 1 and 2 after stimulation of ECP with/without DMSO. And then we analyzed the Wnt 

receptor genes (Frizzleds) expression. ECP accelerated and enhanced frizzled 4 and 10 (Fig 

3C and E) and enhanced Frizzled 1 (Fig 3A) expression in P19CL6 cells in the presence of 

DMSO during cardiomyocyte differentiation. However, expression of frizzled 2 and 8 genes 

has no significant change. These results indicate that ECP activated Wnt signaling pathway 

through directly enhanced stabilization of β -catenin and subsequently enhanced 

cardiomyocyte differentiation. 
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Fig 1. Effect of ECP on Wnt3a gene expression. P19CL6 cells were treated with different 

concentration of ECP for the first 2 days. At indicated time points, Total RNA was isolated 

from the cells and subjected to real time qPCR. ECP have no significant influence on the 

Wnt3a gene expression. 
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Fig 2. Effects of ECP on stabilization of β-catenin. (A)(B) P19CL6 cells were transfected 

with TOPFlash or FOPFlash plasmid in a concentration of 0.2 μg per 1×105 cells overnight, 

and then were stimulated with DMSO, ECP for 1 day and 2 days respectively. Luciferase 

activity was shown as above the figures. 
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Fig 3. Effect of ECP on expression of Wnt receptor genes (Frizzleds ) in the presence of 

DMSO. (A) Frizzled 1, (B) Frizzled 2, (C) Frizzled 4, (D) Frizzled 8, (E) Frizzled 10. 

(A)-(E) P19CL6 cells were treated with or without ECP in the presence of DMSO. Total 

RNA was isolated at indicated time points and subjected to real time qPCR. 

  

Effects of ECP and DMSO on the phosphorylation of AKT in P19CL6 cells 
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Recently it has been 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. Hence, the time course change in the phosphorylation of Akt was 

assessed in P19CL6 cells when stimulated with ECP (Fig. 4). Phosphorylation of Akt was 

upregulated in P19CL6 cells by ECP stimulation after 5 minutes in the presence of DMSO 

or not. 

 

 
 

Fig 4. Effects of ECP and DMSO on the phosphorylation of Akt in P19CL6 cells. P19CL6 

cells treated with ECP and DMSO. P19CL6 cells were analyzed by western blot with 

anti-AKT antibody and anti-p-AKT antibody. 

 

Effect of ECP on Expression of Endothelin 1 (ET-1) and Endothelin receptor A genes 

(ET-A) in the presence of DMSO 

Papers have already published that ET-1 and ET-A are essential for cardiomyocyte 

differentiation in P19 cells [35]. Here, we examined the expression of ET-1 and ET-A genes 

by real time qPCR. ECP enhanced both of genes expression in P19CL6 cells in the 

presence of DMSO from 4 days (Fig 5). And then, we used antagonist of ET-A (BQ123) 
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and ET-A and ET-B (another receptor of endothelins) (Bosentan) to treat P19CL6 cells in 

the presence of DMSO, then check the cardiomyocyte differentiation by real time qPCR. 

BQ123 and Bosentan suppressed the expression of cardiomyocyte marker gene in the 

presence of DMSO (GATA4) (Fig 6). It suggested that ECP have a positive effect on 

endothelins signaling. 
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Fig 5. Effect of ECP on Expression of ET-1 and its receptor genes (ET-A ) in the presence 

of DMSO. (A) (B) P19CL6 cells were treated with or without ECP in the presence of 

DMSO. Total RNA was isolated at indicated time points and subjected to real time qPCR. 
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Fig 6. Effect of endothelins receptor A and receptor B antagonists (BQ123 and Bosentan) 

on cardiomyocyte differentiation in P19CL6 cells in the presence of DMSO. (A)(B) The 

P19CL6 cells were treated with antagonist of endothelins receptor Bosentan (TRC) and 

BQ-123(MERCK) in the presence of DMSO. Total RNA was isolated at indicated time 

points, and analyzed cardiac marker genes expression by real time qPCR. The expression of 

GATA4 and α-MHC genes was evaluated at indicated days. 

 

Effect of ECP on Nodal/Cripto, Notch signaling pathway. 

Cripto, an essential co-receptor of Nodal, acts together with activin receptors to transmit the 

Nodal signal via Smad2 and Smad3 [31-34]. Previous studies have shown a requirement for 

Nodal signaling in mesoderm differentiation in P19cells. According to this point, we 

examined the expression of Nodal and its co-receptor Cripto genes. Before 4 days, both of 

genes expression level was higher in P19CL6 cells treated with ECP in the presence of 

DMSO, over 4 days, expression of two genes in the cells with ECP was significantly 

downregulated, however, without ECP, expression of two genes still maintained high level 

from 4 days to eight days.(Fig 7). Li et al. reported that activation of Notch signaling in 

undifferentiated P19CL6 cells promoted cardiac differentiation, in this chapter, ECP 

accelerated Notch expression in the presence of DMSO (Fig 8). 

 

A                                   B 

 
Fig 7. Effect of ECP on the expression of Nodal and its receptor (Cripto) gene in the 
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presence of DMSO. (A) (B) P19CL6 cells were treated with or without ECP in the presence 

of DMSO. Total RNA was isolated at indicated time points and subjected to real time 

qPCR. 

                     

 
 

Fig 8. Effect of ECP on Expression of notch genes in the presence of DMSO. (A) (B) 

P19CL6 cells were treated with or without ECP in the presence of DMSO. Total RNA was 

isolated at indicated time points and subjected to real time qPCR. 

 

Effect of ECP on EphA1 induction in P19CL6 cells with or without DMSO  

Jason. D et al investigated the potential role of Eph-related molecules during very early 

embryonic development [36]. In this chapter, first of all, we examined the Epha1 

expression by using microarray at indicated days, ECP upregulated the gene expression in 

P19CL6 cells in the presence of DMSO or not. To confirm this, we checked the gene 

expression by real time qPCR at indicated days (Fig 9), and got similar result with 

microarray assays. ECP treatment upregulated the expression of Epha1 gene, Moreover, 

ECP enhanced Epha1 expression in the presence of DMSO compare to DMSO alone. The 

highest expression level of EphA1 was observed at one day. These results indicated that 

ECP activated EphA1 signaling pathway during very early embryonic development.  
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Fig 9. Effect of ECP on the expression of EphA1 gene in the presence of DMSO. P19CL6 

cells were treated with or without ECP in the presence of DMSO. Total RNA was isolated 

at indicated time points and subjected to real time qPCR. 

  
Fig 10. EphA1 siRNA transfection. P19CL6 cells were transfected with EphA1 siRNA, 

control means mock siRNA. Total RNA was isolated at indicated time. Knockdown 

efficiency was examined by real time qPCR.  Results showed that EphA1 siRNA 

suppressed EphA1 expression significantly. 

 

The roles of EphA1 signaling in the cardiomyocyte differentiation of P19CL6 cells. 

In order to investigate the roles of EphA1 signaling in the cardiomyocyte differentiation of 

P19CL6 cells, I knocked down the expression of EphA1 by siRNA, Knockdown efficiency 
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was examined by real time qPCR. EphA1 siRNA suppressed EphA1 expression 

significantly (Fig 10). It is well known that cardiomyocyte differentiation of embryonic 

stem cells is a very complicated procedure. Cardiomyocyte differentiation of P19CL6 cells 

underwent several stages denoted by the temporal expression of specific markers in the 

presence of DMSO (Figure 11A, and 11B). Undifferentiated P19CL6 cells (day 0) highly 

expressed Oct4, which gradually diminished after differentiation. Mesodermal cells 

expressed Brachyury from day 1 to day 4, and cardiovascular progenitors, the offspring of 

mesodermal cells, expressed Flk-1 from day 4 to day 8. Cardiac precursors started to appear 

on day 4, indicated by the expression of Gata4. Cardiomyocytes, as denoted by the 

expression of the cardiac structural markers α-MHC, expressed α-MHC appeared on day 12. 

However, when the cells were treated with ECP, the marker genes expression was 

accelerated almost 4 days. In order to examine effect of Epha1 signaling on cardiomyocyte 

differentiation from P19CL6 cells, we transfected P19CL6 with EphA1 siRNA, after 1 day, 

induced P19CL6 cells with or without ECP in the presence of DMSO. As shown in Fig 1, 

expression of these marker genes was suppressed (Fig 12) when the EphA1 gene was 

knocked down, even if mesoderm marker gene Brachyury expression. These results 

indicated that EphA1 signaling have a positive effect on mesoderm formation and then 

influenced subsequent cardiomyocyte differentiation. This is consistent with Jason. D et al 

reported that Eph-related molecules have a potential role during very early embryonic 

development.    

 

A  

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3011000/figure/pone-0014414-g001/
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B 

   
 

    
Fig 11. Effects of ECP on different development stage of cardiomyocytes. (A)The schemic 

showed that marker genes expression at different stage of cardiomyocyte differentiation. 

(B) Marker genes expression was analyzed by real time qPCR. P19CL6 cells were treated 

with or without ECP in the presence of DMSO. Total RNA was isolated at indicated time 

points and subjected to real time qPCR.  
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Fig 12. Effect of EphA1 siRNA on cardiomyocyte differentiation of P19CL6 cells. 

RT-qPCR results showed temporal expression patterns of these marker genes on days 1, 2, 

4 and 8 during cardiomyocyte differentiation from P19CL6 cells. Mock siRNA serve as 

control. 

 

Discussion 

 

Wnt/β-catenin signaling plays pivotal roles in development of multiple tissues through 

regulation of cell proliferation, differentiation, migration, and gene expression [4]. 

Wnt/β-catenin signaling pathway is focused on β-catenin stabilization. In the inactivation of 

canonical Wnt signaling pathway, β-catenin complexed with APC and AXIN is 

phosphorylated by glycogen synthase kinase 3β (GSK3β) in a degradation box, which is 

polyubiquitinated for proteasomal degradation [5]. In the presence of Wnt ligands, binding 

to its receptor complex, GSK3β is inhibited, leading to stabilization of cytoplasmic 

β-catenin. Accumulated cytoplasmic β-catenin subsequently translocates to the nucleus and 

initiates target gene transcription through T-cell factor (TCF)-lymphoid enhancer factor 

(LEF) transcription factors [6, 7]. Wnt/β-catenin signaling is critical for vertebrate cardiac 

development. This is same with our results. Ablation of β-catenin in Isl1- expressing 

cardiovascular progenitor cells disrupts multiple aspects of cardiogenesis, resulting in 

embryonic lethality at E13 [8]. Other studies have shown a biphasic role of β-catenin in 

cardiac specification. The early activation of Wnt/β-catenin signaling promotes cardiac 

differentiation, whereas the activation of Wnt/β-catenin signaling at the later stage inhibits 

heart formation [9]. It has also been shown that the canonical Wnt signaling pathway 

promotes commitment of P19CL6 cells into cardiac lineage at the early stage, inhibiting 

further differentiation into mature cardiomyocytes at the later stage [10]. In this chapter, we 

examined the luciferase activity (Fig 2), which reflects the activity of canonical Wnt 

signaling. In P19CL6 cells, luciferase activity was elevated on day 1 and 2. It implicated 

that ECP had ability to activate Wnt signaling. To confirm this, we further examined the 
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expression of Frizzled genes. Frizzled 1, 4, 10 three genes were upregulated in P19CL6 

cells treated with ECP in the presence of DMSO (Fig 3). However, after checked the 

expression of Wnt3a by real time qPCR, I found the gene expression was not upregulated in 

P19CL6 cells treated with ECP. These results suggested that activation of Wnt signaling is 

required for the cardiomyocyte differentiation early event, ECP activated Wnt signaling 

through enhancing stabilization of β-catenin.  

Many studies have indicated that PI3K/Akt signaling is involved in the differentiation of 

various kinds of cells such as myoblasts[1], osteoblasts[2], and adipocytes[3]. PI3K is 

critically involved in cardiomyocyte differentiation in vitro. It was reported that activation 

of this signaling was required for cardiomyocyte differentiation of P19CL6 cells [10]. 

Activation of PI3K/Akt pathway increased the content of cytoplasmic and nuclear β-catenin 

and the activity of canonical Wnt pathway through increased GSK-3β phosphorylation. So 

in this study, we examined phosphorylation of Akt, which is important molecule 

downstream of PI3K. DMSO and ECP upregulated phosphorylation of Akt in P19CL6 cells 

at 30 minutes. This is consistent with Atsuhiko T et al reported that activation of 

phosphatidylinositol 3-kinase (PI3K) plays a critical role in the early stage of 

cardiomyocyte differentiation of P19CL6 cells [10]. 

Juan Carlos Monge et al. reported that ET-1 and its receptor ET-A play critical role in 

cardiomyocyte differentiation in P19 cells [35]. In this chapter, we detected both of genes 

expression in P19CL6 cells with or without ECP in the presence of DMSO. ECP enhanced 

expression of two genes after 4 days compared to DMSO only. It suggested that ECP had 

positive effects on ET-1 and ET-A signaling and then enhanced cardiomyocyte 

differentiation. This is consistent with Juan Carlos Monge et al. reported. In addition, we 

used antagonist of ET-A to treat P19CL6 cells in the presence of DMSO, GATA4 

expression was downregulated. And then we checked other genes expression correlated 

with cardiomyocyte differentiation, such as Nodal and its co-receptor Cripto genes 

expression, Notch expression. ECP accelerated these genes expression. Previous studies 

have shown a requirement for Nodal / Cripto signaling in mesoderm differentiation in P19 

http://www.jbc.org/search?author1=Juan+Carlos+Monge&sortspec=date&submit=Submit
http://www.jbc.org/search?author1=Juan+Carlos+Monge&sortspec=date&submit=Submit
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cells, it implicated that ECP accelerated the mesoderm formation. This is similar with our 

result in chapter 2.    

Eph was the first isolated member of what is currently the largest subfamily of RTKs 

[11-23]. This group is distinguished by a cysteine-rich region and two fibronectin type III 

repeatsin the extracellular domain [12]. Eph-subfamily kinases have been found in diverse 

species, including zebrafish [23], chickens [12, 16, 18], mice [16, 20, 21], rats [13, 15], and 

humans [14, 17, 19]. Additionally, EphA1 have a high expression level in embryonic stem 

cells. Features of their expression pattern suggest key functions during embryonic 

development. Jason. D et al reported that Eph-related molecules have a potential role 

during very early embryonic development [36]. In this chapter, I found that ECP enhanced 

the expression of EphA1 in P19CL6 cells treated with ECP, ECP with DMSO and DMSO 

alone by microarray assay. To further confirm this, I used real time qPCR to examine again, 

I got the same results (Fig 9) as microarray assayed. Furthermore, I used siRNA of EphA1 

to treated P19CL6 cells with or without ECP in the presence of DMSO, checked the temple 

profile marker genes expression during cardiomyocyte differentiation. Knockdown of 

EphA1, expression of stem cells marker gene OCT4 keep a high level. In contract, 

Brachyury gene, an early mesoderm marker gene, expression was suppressed, subsequently 

influenced cardiomyocyte differentiation (Fig 11). These results were similar with Jason. D 

et al reported that Eph-related molecules have a potential role during very early embryonic 

development [36].   

From above data, we summarize that ECP enhanced cardiomyocyte differentiation induced 

by DMSO at early stage through initiating mesoderm differentiation by influencing several 

signaling pathway，such as FGF, Wnt, PI3K, EphA1.   
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Conclusions 

 

In this thesis, the role of ECP on the cardiomyocyte differentiation was investigated in 

mouse P19CL6 embryonic carcinoma cells. I got conclusions as follows. 

1. ECP was confirmed to accelerate the cardiomyocyte differentiation of P19CL6 cells. 

This is the first to report the function of ECP on cardiomyocyte differentiation from 

stem cells in vitro. 

2. Since cardiomyocyte differentiation in vivo is considered to follow mesoderm induction, 

the induction of Brachyury, a marker gene of mesoderm, was assessed. ECP enhanced 

Brachyury expression.. 

3. ECP induced mesoderm differentiation by stimulating FGF signaling pathway and 

enhanced subsequent cardiomyocyte differentiation in concert with DMSO in P19CL6 

cells. 

4. ECP alone can not induce Wnt3a expression. However, in the presence of DMSO, ECP 

accelerated Wnt3a expression, increased TOPFLASH luciferase activity, upregulated 

some co-receptor frizzleds genes expression. It suggested ECP stimulation have some 

positive effects on the Wnt/β-catenin signaling pathway in the presence of DMSO. 

5. ECP activated PI3K/Akt signaling pathway through upregulating phosphorylation of 

Akt. 

6. ECP enhanced EphA1 expression. Aactivation of EphA1 signaling is required for the 

cardiomyocyte differentiation in the P19CL6 cells. 
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