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Abbreviations 

 
Ø α-MHC    Alpha-myosin heavy chain 

Ø Baf60c BRG1/BRM-associated factor 60c 

Ø Brg1    Brahma (BRM)-related gene 1 (Brg1/Brm) 

Ø ChIP         Chromatin immunoprecipitation 

Ø cTnT    Cardiac troponin T 

Ø dpr         Days post resection 

Ø E     Embryonic day 

Ø GFP         Green fluorescent protein 

Ø H3K4me1    Histone H3 Lys4 monomethylation 

Ø H3K4me3 Histone H3 Lys4 trimethylation 

Ø H3K27ac     Histone H3 Lys27 acetylation 

Ø H3K27me3 Histone H3 Lys27 trimethylation 

Ø MI    Myocardial infarction 

Ø P         Postnatal day 

Ø PHH3     Phospho-histone H3 

Ø Pol II RNA polymerase II 

Ø qRT-PCR Quantitative reverse transcription-polymerase chain reaction 

Ø SWI/SNF    SWItch/Sucrose Non-Fermentable chromatin remodeling complex 

Ø tg     Transgenic 

Ø TSS         Transcription start site 

Ø wt         Wild type 
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Abstract 

 

Some organisms, such as amphibians, adult zebrafish and newborn mice, have the 

capacity of heart regeneration following injury. However, adult mammals fail to 

regenerate their hearts. As several epigenetic factors contribute to cardiomyocyte 

differentiation and the maintenance of postnatal heart homeostasis, I hypothesized 

that chromatin modification is associated with the regenerative ability. Baf60c 

(BRG1/BRM-associated factor 60c), a component of ATP-dependent chromatin 

remodeling complexes, was known to have an essential role in cardiomyocyte 

differentiation during early heart development. Therefore, I focused on the 

function of Baf60c, to investigate this issue.  

In my doctoral thesis, I examined the detailed expression/localization 

pattern of Baf60c during heart development and regeneration. Baf60c expression 

following injury was conserved in animals with high regenerative capacity. In 

mouse heart development, Baf60c was specifically expressed in the heart during 

early developmental stages, and the recruitment of Baf60c in the putative 

regulatory regions of cardiac genes was limited by cardiac maturation and specific 

histone modifications. During heart regeneration in axolotls and neonatal mice, 

Baf60c expression was strongly upregulated after resection. Interestingly, the 

timing of Baf60c upregulation after resection was consistent with the temporal 

dynamics of cardiomyocyte proliferation. To address the function of Baf60c in 
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heart regeneration, I performed a Baf60c-knockdown experiment using siRNA in 

neonatal mice in vivo and in vitro. Knockdown of Baf60c in vitro decreased the 

proliferation of cardiomyocytes from neonatal mouse. Fibrotic scar tissue was 

broadly detected in the Baf60c-knockdown neonatal mouse heart after resection. 

In addition, I found that the putative regulatory regions of cardiac genes (e.g. 

Gata4 and Tnnt2) and angiogenesis associated genes (e.g. Vegfa) were suppressed 

in the Baf60c-knockdown neonatal mouse ventricles. Although it is unclear 

whether Baf60c promotes the heart function following injury in adult mouse, all 

experimental data suggested that Baf60c plays an important role in cardiomyocyte 

proliferation and chromatin remodeling in the cardiac-gene regulatory network 

during heart regeneration. This is the first study indicating that Baf60c contributes 

to the regenerative ability of vertebrate hearts. 
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General Introduction 

 

Teleost fish and urodele amphibians are animals with high regenerative capacities and 

are thus used as informative models to study regeneration of the jaw, fin/limb, tail, and 

retina (Johnson and Weston 1995; Sánchez Alvarado and Tsonis 2006). As for the heart 

regeneration, zebrafish and newts retain their regenerative capacity throughout life 

(Poss et al. 2002; Oberpriller and Oberpriller 1974). Adult zebrafish exhibits robust 

proliferation of cardiomyocyte in response to tissue injury following resection of the 

ventricular apex (Kikuchi et al. 2010). Moreover, even under conditions of 

cardiomyocyte-specific ablation of the zebrafish heart without resection, both cell 

number and function recover by the natural regenerative capacity of heart. The loss of 

massive cardiomyocyte itself activates robust responses through the action of 

endocardial, immune, epicardial, and vascular cells (Wang et al. 2011). In newborn 

mice, the heart is shown to regenerate the resected portion through cardiomyocyte 

proliferation following injury, but this regenerative capacity is lost by postnatal day 7 

(P7) (Porrello et al. 2011). The fetal heart of mouse can compensate for cardiac muscle 

loss by increasing the cardiomyocyte proliferation (Drenckhahn et al. 2008). In the 

adult human heart, cardiomyocytes renew with a gradual decrease from 1% annual 

turnover at the age of 25 to 0.45% at the age of 75 (Bergmann et al. 2009). These initial 

reports on mammalian heart regeneration support the notion that mammalian 

cardiomyocytes have a potential for regeneration but that the regenerative potential 
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becomes limited during cardiac maturation. I hypothesized that such limitation of the 

regenerative capacity in mammals could be caused by a failure in cardiomyocyte 

re-activation. 

Epigenetic regulation is known to be profoundly linked to organism 

phenotype and genetic characteristics during development and evolution 

(Salazar-Ciudad and Jernvall 2005; Hallgrimsson and Hall 2011). A number of studies 

have shown that chromatin structure changes dynamically with histone modification 

and DNA methylation during developmental transitions and in response to extracellular 

cues (reviewed in Ho and Crabtree 2010). Several studies have also described the role 

of epigenetic regulation during limb regeneration. The limb enhancer region of the sonic 

hedgehog gene is hypomethylated following injury in Xenopus tadpoles which has 

complete regenerative ability. However, in froglets, in which the regenerative ability is 

already lost, this genomic region is highly methylated (Yakushiji et al. 2007). In axolotl, 

de novo methylation is shown to be regulated by nerve signals at early stages of limb 

regeneration (Aguilar and Gardiner 2015). These studies suggest that the epigenetic 

regulation is highly associated with organ regeneration and regenerative ability. 

Previous studies showed that certain chromatin remodeling factors were 

involved in the maintenance of DNA methylation and de novo methylation of DNA 

(Jeddeloh et al. 1999; Zhu et al. 2006). I thus considered that chromatin remodeling 

should also be involved in organ regeneration as well as DNA methylation. 

ATP-dependent chromatin remodeling complexes, which recruit RNA polymerase II to 

specific locations within the genome, are grouped into four families; SWI/SNF 
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(switch/sucrose non-fermentable), CHD (chromodomain helicase DNA-binding), ISWI 

(imitation switch), and INO80 (inositol requiring 80) (Ho and Crabtree 2010; Längst 

and Manelyte 2015). These complexes use the energy of ATP to create a force to 

reposition nucleosomes on the DNA strand without dissociating them from the histone 

octamer (Tsukiyama et al. 1999; Längst et al. 1999). Previous studies have shown that 

these chromatin remodeling factors have important roles in normal development and 

organogenesis, such as implantation, gastrulation central nervous system, thymocyte, 

muscle, and especially the establishment and maintenance of the pluripotency in stem 

cells (Ho and Crabtree 2010). Indeed, the importance of ATP-dependent chromatin 

remodeling complexes has been repeatedly shown in heart development (Rottbauer et al. 

2002; Lickert et al. 2004; Wang et al. 2004; Takeuchi et al. 2007; Huang et al. 2008; 

Lange et al. 2008; Takeuchi and Bruneau 2009; Hang et al. 2010; Takeuchi et al. 2011; 

Devine et al. 2014). In particular, Baf60c, a component of the SWI/SNF-BAF complex, 

was identified as an essential factor involved in heart morphogenesis, the establishment 

of left-right asymmetry during heart looping, cardiomyocyte differentiation, and the 

gastrulating mesoderm (Lickert et al. 2004; Takeuchi et al. 2007; Takeuchi and 

Bruneau 2009; Devine et al. 2014). Baf60c appears to be a specific factor for the heart, 

because Baf60c mainly expressed in cardiac cells and contributes greatly to heart 

morphogenesis. The ectopic expression of Baf60c and certain cardiac transcription 

factors in the mesoderm outside of the cardiac progenitor field is sufficient to induce 

additional cardiomyocyte populations (Takeuchi and Bruneau 2009). For example, 

Baf60c, together with Gata4 and Tbx5, induces direct transdifferentiation from 
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non-cardiogenic tissues to cardiomyocytes, but these transcription factors alone fail to 

induce transdifferentiation (Takeuchi and Bruneau 2009). This finding suggests that 

chromatin remodeling is critically involved in cardiomyocyte fate determination.  

Adult-onset cardiac disease results in serious heart failure and death, in part 

because the regeneration potency of the adult mammalian heart is limited. The 

mammalian heart thus tends to suffer from a loss of cardiomyocytes after injury. 

Ischemic heart disease in humans is caused by myocardial infarction (MI) is the 

deadliest one in the world (World Health Organization HP: 

http://www.who.int/mediacentre/factsheets/fs310/en/). When MI occurs in P7 or P14 

mouse hearts, fibrotic tissues broadly extend in the ventricle (Porrello et al. 2013). As a 

result, cardiomyocytes are lost, and physiological dysfunction of the heart takes place. I 

speculated that this limitation of regenerative capacity in mammals after MI could be 

associated with the alteration of epigenetic status. In this context, chromatin remodeling 

factors may play a role in this process. As mentioned above, the chromatin remodeling 

factor Baf60c at early heart development has been intensively studied, but its function 

in postnatal heart homeostasis and regeneration remain unclear. Thus, I focused on 

Baf60c and attempted to clarify the role of Baf60c in cardiac maturation and heart 

regeneration. In particular, I concentrated myself on the relationship between Baf60c 

and cardiomyocyte proliferation in my doctoral research, because cardiomyocyte 

proliferation is a critical step in heart regeneration following injury in both zebrafish 

and neonatal mice (Poss et al. 2002; Kikuchi et al. 2010; Jopling et al. 2010; Porrello et 

al. 2011; Gemberling et al. 2013). 
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In my doctoral thesis, I examined the expression pattern of Baf60c and the 

relationship between Baf60c and regenerative ability during heart regeneration in 

neonatal mice and axolotls, using histological and chromatin immunoprecipitation 

analyses. I first demonstrated that the decrease of Baf60c expression following cardiac 

maturation is associated with the limitation of heart regenerative ability in mammals 

(Chapter I). Then, I examined the Baf60c expression pattern in heart regeneration 

(Chapter II). Baf60c was upregulated following injury in both axolotls and neonatal 

mice and directly regulated the cardiomyocyte proliferation. Baf60c-knockdown 

suppressed the cardiomyocyte proliferation, and it seemed to impair the heart recovery 

after injury through chromatin remodeling. My findings suggest a novel cardiac 

regeneration mechanism, which a chromatin remodeling factor, Baf60c, contributes to 

heart regeneration in vertebrates via the regulation of cardiomyocyte proliferation. 
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Introduction 

 

Epigenetic modifications play a critical role in the regulation of gene expression and 

thereby affect organ morphology and function (Hallgrimsson and Hall 2011). Also in 

the heart, many researchers have intensively studied the epigenetic regulation in cardiac 

development and disease (Lickert et al. 2004; Takeuchi and Bruneau 2009; Bruneau et 

al. 2010; Hang et al. 2010; Takeuchi et al. 2011; van Weerd et al. 2011; Chang et al. 

2012; Delgado-Olguin et al. 2012; Devine et al. 2014). Gene expression regulated by 

epigenetic modifications during development has been implicated in cellular maturation. 

However, the association between epigenetic regulation and cardiac maturation remains 

unclear. To elucidate this point, I investigated the epigenetic regulation by Baf60c, 

which is known to be an essential factor for early heart development, as I mentioned in 

the general introduction, focusing on its expression/function in cardiac development 

after birth. 

In this chapter, I analyzed the Baf60c expression pattern at several key stages 

during mouse heart development. Next, I analyzed the accessibility of chromatin factors 

and histone modification change at the putative regulatory regions of cardiac genes such 

as Gata4 and Tnnt2 in the postnatal mouse ventricles, comparing the newborn mouse as 

a regenerative state with young adult mouse as a non-regenerative state. These analyses 

revealed that Baf60c was highly expressed during embryogenesis, and after birth its 

accessibility at the putative regulatory regions of cardiac genes was restricted following 
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cardiac maturation accompanied by histone modification. I will discuss these data from 

the viewpoint of the association with regenerative ability through cardiac maturation. 
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Materials and Methods 

 
Mice and axolotls 

C57BL/6JJcl (B6J) strain (CLEA Japan, Inc., Tokyo, Japan) mice were used as 

wild-type (wt). All of the experimental procedures and protocols were approved by the 

animal care and use committees of the University of Tokyo. 
 

Sectioning of frozen mouse embryos and hearts 

Mouse embryos were fixed with 4% (w/v) paraformaldehyde in PBS (137 mM NaCl, 

2.68 mM KCl, 8.10 mM Na2HPO4, 1.47 mM KH2PO4) overnight at 4°C. Dissected 

postnatal/adult mouse hearts were fixed with 4% paraformaldehyde in PBS for at least 2 

nights at 4°C. Following washing in PBS (3 × 3 min), the tissues were soaked in 10% 

(w/v) sucrose/PBS solution at 4°C overnight and then moved into a 30% (w/v) 

sucrose/PBS solution overnight at 4°C. The embryos and dissected hearts were placed 

in a 1:1 solution of 30% sucrose/PBS and Optimal Cutting Temperature (OCT) 

compound (4583; Tissue-Tek, Torrance, CA). Then, the embryos and hearts were 

embedded in disposable molds with OCT compound and frozen on dry ice. I obtained 7 

µm sections using a Leica CM 3050 S cryostat. The sections were mounted on glass 

slides and allowed to dry at room temperature. The sections were kept at -80°C. 

 

In situ hybridization of frozen mouse sections 

In situ hybridization was performed on 7 µm frozen mice (wt [C57BL/6JJcl strain]) 

tissue sections. The sections were thawed at room temperature. The slides were 

postfixed for 20 min in 4% paraformaldehyde in PBS. Following postfixation, the slides 

were washed in 0.1% Tween20 in PBS (PBST) for 1 min. The probe to Smarcd3 

(Baf60c) was added to the hybridization buffer (2% formamide, 5× SSC [pH5.0], 50 

µg/ml tRNA, 0.5% SDS, 50 µg/ml heparin in Diethylpyrocarbonate treated H2O; 100 µl 

on each slide) and denatured for 2 min at 95°C (2 µl probes were added to 100 µl of 

hybridization buffer). The hybridization reaction was performed overnight at 65°C in 

hybridization buffer with the probe, covered by a rectangle of Parafilm (PM-996; 

Nikkei Products). The following day, I noted the locations of air bubbles on the slides to 
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determine whether the bubbles overlapped with signals after color development. This 

step was performed because the signal became weak if the bubble merged into the 

signal. Then, the slides were washed in washing buffer (50% formamide, 2x SSC [pH 

5.0] in autoclaved water) for 2x 30 min at 65°C and placed in 1:1 solution of washing 

buffer and 0.1% Tween20 in TBS (137 mM NaCl, 2.68 mM KCl, 25.0 mM Tris-HCl) 

(TBST) for 10 min at 65°C.The slides were cooled to room temperature and washed in 

TBST for 3 × 5 min. Then, the slides were blocked with a 10% (w/v) serum solution in 

TBST. The antibody reaction was carried out for 1 h at room temperature. I used 

anti-Digoxigenin-Alkaline Phosphatase, Fab fragments (11093274910; Roche) diluted 

to 1:1,000 in 1% sheep serum in TBST. The slides were washed in TBST for 3 × 5 min 

and in NTMT buffer (100 mM NaCl, 50 mM MgCl2, 100 mM Tris-HCl [pH9.5], 0.1% 

Tween20, 2 mM Levamisol) for 5 min. The color development was performed 

overnight at room temperature in NTMT buffer containing 35 µg/mL NBT 

(11383213001; Roche) and 18 µg/mL BCIP (11383221001; Roche). Following washing 

in PBT for 30 min, the slides were fixed with 4% paraformaldehyde in PBS and 

mounted with polyvinyl alcohol (PVA). A probe to mouse Smarcd3 was synthesized 

from pCMV-Sport6-Smarcd3 (BC013122). 

 

Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) 

RNA was extracted using Sepasol RNA I Super G (09379-55; Nacali Tesk) and reverse 

transcribed using a ReverTra Ace qPCR RT kit (FSQ-201; Toyobo Life Science). 

Quantitative PCR was performed in technical triplicate using SYBER Green I 

(RR420L; Takara). I used Thermal Cycler Dice Real Time System Single (TP850; 

Takara) as a device for quantitative PCR. For all samples, the expression levels of the 

analyzed genes were normalized to Gapdh using the ΔΔCt method (Livak and 

Schmittgen 2001). The primer sequences used are listed in Table 1. 

 

Chromatin immunoprecipitation (ChIP)-qPCR analysis of mouse heart tissue 

ChIP using mouse heart tissue was performed using the EZ ChIP assay kit, with 

modifications of the manufacturer’s instructions (17-371; Millipore). Using 

homogenized whole ventricles, protein was cross-linked to DNA with formaldehyde 

(final concentration of 1%) at room temperature for 10 min. To stop the cross-linking, 

glycine was added at a final concentration of 0.125 M. The tissues were washed with 
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PBS containing protease inhibitor and resuspended in SDS lysis buffer (1% SDS, 10 

mM EDTA, 50 mM Tris-HCl [pH8.1]). The lysates were sonicated to shear DNA to 

lengths of 200-1,000 bp. I used the Bioruptor (UCD-250; Cosmo Bio) for sonication. 

The sonicated DNA was adjusted to 10 µg per IP for each condition. The antibodies 

used for the IP were anti-RNA polymerase II (Pol II) clone CTD4H8 (5 µg per IP, 

provided component of EZ ChIP kit), anti-H3K27ac (5 µg per IP, 308-34843; Wako), 

anti-H3K27me3 (5 µl per IP, 9733; Cell Signaling), anti-H3K4me1 (5 µg for one 

reaction, 307-34793; Wako), anti-H3K4me3 (5 µg per IP, 307-34813; Wako), 

anti-Baf60c (5 µg per IP, LS-C30223; LS Bio), anti-SNF2ß/Brg1 (10 µl per IP, 07-478; 

Millipore) and anti-mouse IgG (5 µg per IP, provided component of the EZ ChIP kit). 

The Dynabeads M-280 Sheep anti-Mouse IgG antibody (50 µl per IP, 11201D; Novex) 

was used for the anti-Pol II, anti-H3K27ac, anti-H3K4me1, anti-H3K4me3 and, 

anti-Mouse IgG antibodies. Dynabeads Protein A (50 µl per IP, 10002D; Novex) was 

used for anti-H3K27me3, anti-Baf60c, and anti-SNF2ß/Brg1 antibodies. After 

immunoprecipitation, I followed the instructions of the kit manufacturer. The 

immunoprecipitated chromatin, input and IgG-bound chromatin were analyzed by 

qPCR using SYBER Green I (RR420L; TAKARA) quantification. I used Thermal 

Cycler Dice Real Time System Single (TP850; TAKARA) as a device for quantitative 

PCR. The primers were designed at the 5’ flanking regions of Gata4 and Tnnt2 

considering the binding sites of transcription factors (Gata4, Nkx2.5, Tbx5, Mef2c) and 

sequence conservation between mouse and human. The primers that designed at the 

upstream of Eef2 TSS were used as a negative control. The primer sequences used are 

listed in Table 2. 

 

Statistical analysis 

Differences in gene expression at several stages in developing mouse heart were 

evaluated using Tukey’s honestly significant difference test with Bonferroni correction. 

P<0.05 was considered statistically significant. 

 

Microscopy 

The sections were imaged on a BZ-9000 fluorescence microscope (Keyence, Osaka, 

Japan). 
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Results 

 
Expression analysis of Baf60c during mouse heart development 

 

Smarcd3 is highly expressed in embryonic mouse hearts 

Baf60c plays a critical role in cardiac differentiation and proliferation at early 

embryonic stages (Lickert et al. 2004; Takeuchi and Bruneau 2009). Previous studies 

showed that Baf60c is expressed very early in the precardiac mesoderm, late 

gastrulation, and prenodal plate stages. At later stages, the expression of Baf60c 

becomes restricted to the regions of heart, somite, and central nervous system (Debril et 

al. 2004; Lickert et al. 2004). However, it is unclear whether Baf60c is expressed and 

functions after cardiac maturation. To know this, I examined the expression of Baf60c 

during cardiac maturation in vivo. I first performed in situ hybridization in developing 

mouse hearts. An intense signal of Smarcd3, which encodes Baf60c, was detected in the 

entire heart at early developmental stages as same as Lickert et al. (2004) (Figure 1A, E 

8.0 and E9.5). After birth, in P0 and 13-week-old (13 weeks) mice, the signal was 

nearly undetectable in the ventricles (Figure 1A, P0 and 13 weeks).  

Next I examined the mRNA expression levels of all three Baf60c variants, 

Smarcd1 (Baf60a), Smarcd2 (Baf60b), and Smarcd3 (Baf60c) (Figure 2; Ho and 

Crabtree 2010), to determine which variant was associated with heart development. To 

do that, I quantified the expression levels of all three Smarcds mRNA by qRT-PCR 

with mouse ventricles at several developmental stages (Figure 1B). Smarcd3 showed a 
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reduction in expression levels during heart development. The expression of Smarcd3 

was high in the E9.5 ventricle, whereas it was decreased by P26. On the other hand, 

Smarcd1 and Smarcd2 formed the expression peaks at P7, these peaks were later than 

that of Smarcd3. There were some differences in Smarcd3 expression between in situ 

hybridization and qRT-PCR analysis. In the qRT-PCR data, the expression level of 

Smarcd3 in the P7 ventricle was nearly the same as that was observed in the embryo. 

On the other hands, in the in situ hybridization data, the expression of Smarcd3 was 

hardly detectable in the ventricles after birth. In situ hybridization was suitable for 

detecting the signal, which was observed in a restricted region. Thus, I supposed that 

Smarcd3 was expressed in the ventricle but its expression level could be variable after 

birth.  

Since the Baf60c reduction following cardiac maturation for the analyzed 

time period was associated with the timing of the limitation of heart regeneration, I 

supposed that in the members of Baf60 family, Baf60c had a potential to participate in 

heart regenerative ability. 

 

Chromatin immunoprecipitation analysis during mouse heart development 

 

The putative regulatory region of Gata4 is repressed during cardiac maturation 

Gata4 is a major cardiac-specific transcription factor that plays a critical role in cardiac 

differentiation. Knockdown of Gata4 in the P19 embryonic carcinoma cell line prevents 

cardiac muscle differentiation, whereas Gata4 overexpression enhances cardiogenesis 

(Grépin et al. 1995; Grépin et al. 1997). Gata4-null embryos exhibit profound defects 
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cardiac morphogenesis, such as cardia bifida, hypoplastic ventricles, and defective heart 

tube (Kuo et al. 1997; Molkentin et al. 1997; Narita et al. 1997). In addition, the 

targeted deletion of Gata4 results in double outlet right ventricle (Crispino et al. 2001). 

Gata4 promotes H3K27ac deposition at the distal enhancers of Gata4-targeted genes, 

and its chromatin occupancy is markedly different between the fetal and adult heart, 

with limited overlap of bound sequences (He et al. 2014). In zebrafish heart 

regeneration, cardiomyocytes expressing gata4 show enhanced cell proliferation near 

the resected surface following injury (Kikuchi et al. 2010). As these previous studies 

showed that Gata4 is an essential cardiac factor in normal heart development and 

regeneration, I performed ChIP analysis of the regulatory region of Gata4 in mouse 

ventricles. To examine the correlation between regenerative ability and the epigenetic 

state of the putative regulatory region of Gata4, I focused on two stages: P0, when its 

regenerative ability of heart is high; and P10, when its regenerative ability is limited. 

For past decades, many studies based on the analysis of binding motifs of 

cardiac-specific transcription factors such as Gata4, Nkx2.5, and Mef2c have been done 

to identify the novel enhancer regions (Durocher et al. 1997; Brown et al. 2004; Dodou 

et al. 2004; Rojas et al. 2005; Agarwal et al. 2011). I designed primers for the putative 

regulatory region of Gata4 near its TSS, including the binding motifs of cardiac 

transcription factors such as Gata4, Nkx2.5, Tbx5, and Mef2c. I also searched for a 

conserved sequence between mouse and human in the 10 kb upstream region of Gata4 

using rVISTA plot (Figure 3A). ChIP analysis showed that the recruitments of 

SWI/SNF-BAF chromatin remodeling factors, such as Baf60c and Brg1 (Brahma 
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[BRM]-related gene 1 [Brg1/Brm]), significantly decreased in P10 ventricles compared 

to P0 ventricles (Figure 3B, C). Pol II recruitment and the levels of the active marks 

H3K27ac and H3K4me3 decreased in P10 ventricles (Figure 3D, E, F). I expected that 

there would be an increase in the level of the repressive mark H3K27me3 and a 

decrease in the active mark H3K4me1 in P10 ventricles, but no significant differences 

were observed for these markers between P0 and P10 (Figure 3G, H). These data 

suggested that the transcription of Gata4 in postnatal mouse ventricles was suppressed 

when cardiac regeneration ability was lost. 

 

The putative regulatory regions of Tnnt2 is repressed during cardiac maturation 

Next, I performed the ChIP analysis of the Tnnt2 putative regulatory regions. Tnnt2 

encodes cardiac troponin T, a cardiac-specific sarcomere factor. Mutations in sarcomere 

proteins result in hypertrophic cardiomyopathy due to increased myocyte death and the 

expansion of focal and interstitial fibrosis (Teekakirikul et al. 2012). This result 

indicates that sarcomere factors are crucial for normal cardiomyocyte differentiation 

and maintenance and are associated with cell proliferation. In addition, an initial report 

showed that cardiomyocyte dedifferentiation and proliferation are necessary for 

zebrafish heart regeneration (Jopling et al. 2010; Kikuchi et al. 2010). Therefore, I 

focused on the alteration of chromatin structure at the Tnnt2 putative regulatory regions 

in mouse development. 

I designed primers for the putative regulatory regions of Tnnt2, including the 

binding motifs of cardiac transcription factors such as Gata4, Nkx2.5, Tbx5, and Mef2c, 
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and conserved sequences between mouse and human in the 10 kb upstream region of 

Tnnt2 (Figure 4A). The ChIP data showed that the recruitments of Baf60c and Brg1 

were decreased in P10 ventricles (Figure 4B, C). A significant reduction was also 

observed in recruitment of Pol II and the levels of H3K27ac, H3K4me3 and H3K4me1 

in P10 ventricles (Figure 4D, E, F, H), suggesting that the transcriptional activity of the 

Tnnt2 gene was repressed during cardiac maturation. There was no significant 

difference in the level of H3K27me3 between P0 and P10 ventricles (Figure 4G). These 

data were similar to those observed for the putative regulatory region of Gata4, 

indicating that the enhancer/promoter regions of cardiac genes, which are associated 

with normal heart development program, are repressed by 10 days after birth.  

In addition, I designed the primers at the upstream region of eukaryotic 

translation elongation factor 2 (Eef2) as a negative control region to measure the 

amount of non-specific genomes that were precipitated during the procedure of ChIP 

analysis. At the upstream region of Eef2, I did not see the significant difference in 

recruitment of Pol II between P0 and P10 ventricles (Figure 5). Therefore, I concluded 

that the ChIP experiments were valid, precipitating with the target genomic sequences 

specifically.  
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Discussion 

 

The focus of my research in this chapter was to understand the reciprocal relationship 

between epigenetic regulation by Baf60c and cardiac maturation. To accomplish my 

objective, I first revealed the expression pattern of Baf60c in mouse heart development. 

Then I analyzed the chromatin environmental change during cardiac maturation. Here I 

discuss the effect of Baf60c on cardiac development and maturation in terms of 

mammalian regenerative ability.  

 

Epigenetic regulation during mouse heart development 

In this chapter, I showed that Baf60c was strongly expressed during embryogenesis, and 

its expression was reduced during cardiac maturation (Figure 1). Interestingly, the 

recruitments of Baf60c and Brg1 to the putative regulatory regions of Gata4 and Tnnt2 

genes were significantly repressed in P10 ventricles, when cardiomyocytes completely 

matured (Figures 3, 4). Alteration of the binding pattern of Pol II and histone 

modifications indicated the silent chromatin state in P10 ventricles (Figures 3, 4). The 

timing of the reduction of Baf60c expression in mouse development was correlated with 

the timing of the suppression of the transcriptional activities of cardiac genes. Thus, I 

supposed that the observed chromatin conformational changes were mediated by 

Baf60c and could be directly associated with the regulation of cardiac maturation and 

the limited cardiac regenerative capacity of mammals.  
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In both the Gata4 and Tnnt2 putative regulatory regions, active histone 

modifications, such as H3K27ac and H3K4me3, were significantly reduced during 

cardiac maturation. However, repressive mark, such as H3K27me3, was not affected 

(Figure 3G, 4G). Previous studies have indicated that bivalent domains consisting of 

large regions of H3 Lys27 methylation and small regions of H3 Lys4 methylation 

frequently overlap in developmental genes (Bernstein et al. 2006). Thus, I hypothesized 

that the co-existence of both active and suppressive marks in P0 ventricles could allow 

the immediate transcription of cardiac genes in response to environmental stress and 

could be important for regeneration. In P10 ventricles, the active histone marks were 

decreased compared to P0 ventricles, whereas the level of suppressive mark such as 

H3K27me3 was unaltered. This result indicates that in the mature heart, changing the 

chromatin conformation in response to cardiac stress is difficult. 

 

Tissue specific function of Baf60c during mouse heart development 

Tissue-specific BAF complexes have been reported. These complexes interact with 

tissue-specific transcription factors and/or chromatin modification factors in different 

cell types, such as embryonic stem cells, neurons, and heart cells (Trotter and Archer 

2008; Ho and Crabtree 2010). In the heart, myosin-heavy chain (MHC) has two 

isoforms, α and β. The α-MHC gene expression is maintained in adult cardiomyocytes, 

whereas the β-MHC gene is primarily expressed in embryonic cardiomyocytes. Cardiac 

stress triggers hypertrophy in the adult heart and a shift from α-MHC to fetal β-MHC 

expression. In mice and humans, Brg1 regulates MHC expression changes in cardiac 
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growth, differentiation, and disease (Hang et al. 2010). The assembly of BAF/histone 

deacetylase (HDAC)/poly (ADP ribose) polymerase (PARP) is activated depending on 

both developmental signals and cardiac stress, and enhances the shift from α-MHC to 

β-MHC expression (Hang et al. 2010). In addition, a genome-wide analysis identified 

the binding landscape of Brg1 in different tissues and suggested a dual active/repressive 

function of Brg1 at distal regulatory sequences in embryogenesis genes (Attanasio et al. 

2014). I hypothesized that Baf60c also has a tissue-specific role for cardiac specification 

together with Brg1. Baf60c was found to be specifically upregulated in the heart at early 

developmental stages compared to the other Baf60 variants (Figure 1B). In addition, a 

previous study showed that the ectopic expression of Baf60c and cardiac-specific 

transcription factors, Gata4 and Tbx5, promotes cardiomyocyte differentiation 

(Takeuchi and Bruneau 2009). Another group showed that Cerberus-1, an 

endoderm-derived dual Nodal/Bone morphogenetic protein (BMP) antagonist, directly 

recruits Baf60c to cardiac gene enhancers in multipotent progenitors during mammalian 

cardiomyocyte differentiation (Cai et al. 2013). Taken together, it is likely that Baf60c, 

but not other Baf60 variants, has a specific role in cardiac development, particularly in 

cell commitment to a cardiomyocyte fate. 
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Introduction 

 

In the former chapter, I demonstrated that the recruitments of Pol II and BAF chromatin 

remodeling factors such as Baf60c and Brg1 at the putative regulatory regions of 

cardiac genes such as Gata4 and Tnnt2 were suppressed following cardiac maturation 

via histone modifications. These findings suggested that the chromatin structures of the 

putative regulatory regions of Gata4 and Tnnt2 might be closed in the matured heart 

after birth. Therefore, I assumed that these restricted transcriptional activities by BAF 

chromatin remodeling factors during cardiac maturation was profoundly associated with 

the limitation of mammalian regenerative capacity. Then I started to study the 

contribution of Baf60c to heart regeneration. I hypothesized that chromatin remodeling 

by Baf60c was important in postnatal heart after injury to rescue and maintain the heart 

function. To assess this hypothesis, I performed the apical resection surgery using two 

highly regenerative animals such as axolotls and neonatal mice. In this chapter, I 

examined the expression pattern of Baf60c and reported the effect of 

Baf60c-knockdown during heart regeneration in vitro and in vivo, highlighting the 

important role of Baf60c in heart regeneration. 
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Materials and Methods 

 
Mice and axolotls 

Jcl:ICR (ICR) strain (CLEA Japan, Inc., Tokyo, Japan) mice were used as wild-type 

(wt). α-MHC-GFP transgenic (α-MHC-GFP-tg) mice were kindly gifted from Dr. Ieda. 

The generation method of α-MHC-GFP-tg mice was described previously (Gulick et al. 

1991; Ieda et al. 2007). Briefly, EGFP-IRES-Puromycin cDNA was subcloned into the 

expression vector containing the α-MHC promoter (Gulick et al. 1991). Pronuclear 

microinjection and other procedures were performed according to standard protocols 

(Ieda et al. 2007). Wild-type axolotls (Ambystoma mexicanum) were obtained from a 

local breeder and RIVER SKETCH (aquarium shop in Nara, Japan). The axolotls used 

for the experiments ranged from 42-150 mm in length. The axolotls were housed in a 

thermostatic chamber at 18.2°C. All of the experimental procedures and protocols were 

approved by the animal care and use committees of the University of Tokyo.  

 

Apical resection in axolotl 

Axolotls were anesthetized with 0.1% tricaine methane sulfonate (MS-222 [E10521; 

Sigma-Aldrich]) in autoclaved water. A lateral thoracotomy was performed by 

dissection of the intercostal space following skin incision. After the heart was exposed, 

the distal tip of ventricle was resected with iridectomy scissors until the ventricle lumen 

was observed (Figure 21A). As closure of the costa and skin progressed rapidly in 

axolotl, suturing for closure was not needed after the apical resection. Following the 

operation, the axolotls were placed on moistened paper with 1/3-diluted PBS overnight 

at 4°C. The following day, operated axolotls were moved to a thermostatic chamber 

maintained at 18.2°C. For sham-operated axolotls, the same procedure was performed 

but without the apical resection. 

 

Apical resection in neonatal mice 

Apical resection surgery was performed in neonatal mice according to Porrello et al. 

(2011) and Mahmoud et al. (2014) using α-MHC-GFP-tg and wt (ICR strain) mice at 

P1 or P2. 
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Western blotting analysis in axolotl hearts 

Protein purification and electrophoresis were performed as the general method. 

Following blotting, the membranes were incubated with 5% (w/v) skim milk in PBST 

overnight at 4°C to prevent nonspecific binding. CanGet signal solution (NKB-101; 

Toyobo Life Science) was used for the antibody reaction. The primary antibodies used 

for Western blotting were anti-Baf60c antibody (1:5,000, ab171075; Abcam) and 

anti-α-tubulin (DM1A) antibody (1:5,000, T9026; Sigma-Aldrich). α-tubulin was used 

as an internal standard. 

 

Sectioning of frozen mouse hearts 

Dissected postnatal/adult mouse hearts were fixed with 4% paraformaldehyde in PBS 

for at least 2 nights at 4°C. Other procedure was the same way as described in Chapter I. 

I obtained 5 µm sections using a Leica CM 3050 S cryostat. 

 

Paraffin sections of mouse and axolotl hearts 

Dissected axolotls and postnatal mouse hearts were fixed with 4% paraformaldehyde in 

PBS for at least 2 nights at 4°C. The hearts were washed with PBS, dehydrated with 

alcohol and embedded in paraffin. I obtained 5 µm sections using a microtome. 

 

Immunofluorescence on paraffin sections of axolotl and mouse hearts 

Immunofluorescence was performed on 5 µm paraffin sections. After deparaffinization, 

the sections underwent antigen retrieval by boiling in sodium citrate buffer (10 mM, pH 

6.0) for 1 min. After cooling to room temperature, the slides were rinsed in PBST for 3 

× 3 min and permeabilized with 1.5% TritonX-100 for 10 min. Then, the slides were 

washed in PBTD (0.15% TritonX-100, 5% DMSO in PBS), and the sections were 

blocked with 10% Blocking One (03953-95; Nacalai Tesque) in PBTD for 10 min. The 

sections were incubated with primary antibodies overnight at 4°C. The following day, 

the slides were rinsed in PBST for 3 × 10 min. After blocking with 10% Blocking One 

in PBTD for 10 min, the sections were incubated with secondary antibodies for 1 h at 

room temperature. For staining of Baf60c, I used the anti-biotin-rabbit-IgG (1:200, 

AP182B; Millipore) instead of secondary antibodies to amplify the Baf60c-signals. 

Following the secondary antibody reactions, the slides were washed in PBST for 3 × 10 

min. The slides for Baf60c staining were incubated with streptavidin Alexa 594 

だい 

第 2 章  

本章については、一部を５年以内に雑誌等で刊行予定のため、非公開。  



 30 

antibody (1:500, S11227; Thermo Fisher Scientific) for 30 min at room temperature. 

The slides were washed in PBST for 3 × 10 min, stained with 1 µg/ml DAPI in 5% 

Blocking One in PBTD for 10 min at room temperature and mounted with Fluoromount 

Plus (K 048; Diagnostic BioSystems). The primary antibody used for axolotl tissues 

was anti-phospho-histone-H3 (1:150, 06-570; Millipore). The primary antibodies used 

for mouse tissues were anti-Baf60c (1:150, LS-C30223; LS Bio), anti-cTnT (1:100, 

MS-295-P1; Thermo Scientific), anti-Ki67 (1:250, ab16667; Abcam), and anti-vimentin 

(1:200, NB300-223; Novus Biologicals). The secondary antibodies were 

anti-mouse-IgG (conjugated with Alexa 594 and 647 for anti-cTnT and anti-cTnT, 

respectively), anti-rabbit-IgG (conjugated with Alexa 488, 488, and 594 for 

anti-phospho-histone-H3, anti-Ki67, and anti-Baf60c, respectively), and 

anti-chicken-IgG (conjugated with Alexa 488 for anti-vimentin) (1:200; Invitrogen). 

 

Immunofluorescence on frozen sections of mouse heart 

Immunofluorescence was performed on 5 µm frozen sections. After thawing the slide at 

room temperature, I skipped the reaction for antigen retrieval, because the anti-GFP 

antibody could not work after the antigen retrieval treatment. After that, I performed as 

the same way as previously described in the method of immunofluorescence on paraffin 

sections. The primary antibodies used for immunofluorescence were anti-GFP (1:400, 

A6455; Invitrogen) and anti-cTnT (1:200, MS-295-P1; Thermo Scientific). The 

secondary antibodies were anti-rabbit-IgG (conjugated with Alexa 488 for anti-GFP) 

and anti-mouse-IgG (conjugated with Alexa 594 for anti-cTnT) (1:200; Invitrogen). 

 

Histology 

Histology was performed on 5 µm paraffin sections of axolotl hearts and 5 µm frozen 

sections of mouse hearts. For Masson-trichrome staining, the heart sections were 

rehydrated and fixed in Bouin’s solution (HT10132; Sigma-Aldrich) at 56°C for 15 min. 

Following a wash in running tap water, the sections were stained in Weigert’s 

Hematoxylin (HT1079; Sigma-Aldrich), Biebrich scarlet-acid fuchsin solution, 

phosphotungstic/phosphomolybdic acid and Aniline Blue Solution (one of the 

components of the Masson Trichrome Stain Kit [HT 15-1KT]; Sigma-Aldrich). After 

dehydration in an ethanol series, the sections were cleared in xylene and mounted. 
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Flow cytometry to sort the cells of neonatal mouse heart 

α-MHC-positive cells labeled with GFP were obtained from α-MHC-GFP-tg mice. 

Fluorescence-activated cell sorting (FACS) was used to distinguish α-MHC-positive 

cells (cardiomyocytes) from α-MHC-negative cells (non-cardiomyocyte). From 3 to 10 

apical ventricle regions were used per FACS analysis. Primary Cardiomyocyte Isolation 

Kit (88281; Thermo Fisher) was used to dissociate cardiac cells from heart tissue before 

flow cytometry. The sorted cells were used for RNA extraction or cell culture for 

siRNA transfection experiments. 

 

Cardiomyocyte proliferation assay and siRNA transfection in cultured cells 

Following isolation of α-MHC-positive cells using flow cytometry, I cultured the 

α-MHC-positive cells on feeder layers of mouse embryonic fibroblasts (MEF) in a 37°C 

incubator supplied with 5% CO2. The following day, I transfected siRNAs against 

Smarcd3 (siSmarcd3) or a negative control (final concentration: 100 nM) into cultured 

cells by using LipofectamineTM RNAiMAX (13778-075; Invitrogen) as a transfection 

reagent. After 72 h, the cells were fixed with 4% paraformaldehyde for the co-staining 

of cTnT and Ki67. The primary antibodies used for immunohistochemistry of cultured 

cells were anti-Ki67 (1:250, ab16667; Abcam) and anti-cTnT (1:100, MS-295-P1; 

Thermo Scientific). The secondary antibodies were anti-rabbit-IgG (conjugated with 

Alexa 594 for anti-Ki67) and anti-mouse-IgG (conjugated with Alexa 647 for 

anti-cTnT). I then counted the number of cells positive for both Ki67 (Ki67+) and cTnT 

(cTnT+) as well as those positive for only cTnT in each well of 96-well plates. I 

considered the signals that overlapped with DAPI as positive signals. RNAi Negative 

Control Duplex (Medium GC Duplex #2, 12935-112; Invitrogen) was used as a control 

for the sequence-independent effects of StealthTM RNAi delivery in vertebrate cell lines. 

The siSmarcd3 sequences were 5’-GCAGUAUGUGAAGACCAACAGGCUA-3’, 

5’-UAGCCUGUUGGUCUUCACAUACUGC-3’. 

 

siRNA transfection in neonatal mouse heart during regeneration 

The neonatal wt mice (ICR strain) at P2 were used for siRNA transfection and apical 

resection surgery. Before starting the operation, first the mixed solutions with siRNA 

and transfection reagent (LipofectamineTM RNAiMAX [13778-075; Invitrogen]) were 

prepared, and incubated at room temperature for 5 min. The solution for siSmarcd3 

だい 

第 2 章  

本章については、一部を５年以内に雑誌等で刊行予定のため、非公開。  



 32 

transfection was mixed with siSmarcd3-#1, siSmarcd3-#2, and transfection reagent 

(1:1:1). The solution for negative control was mixed with RNAi Negative Control 

Duplex and transfection reagent (2:1). During the preparation for the solutions, neonatal 

mice were anesthetized with hypothermia on ice for 4 min. After 4 min, the pups were 

transferred to at room temperature, and taped the arms and tails in the supine position 

for immobilization. A lateral thoracotomy was performed by dissection of the itercostal 

space following skin incision. After the heart was exposed, the mixed solution with 

siRNA and transfection reagent was injected into the regions of ventricular apex. 

EppendorfTM FemtoJetTM Microinjector (E5247000013; Eppendorf) was used for 

siRNA injection. Then, the distal tip of ventricle under the siRNA-transfected region 

was resected with iridectomy scissors. The resection surgery was performed as the same 

way described in Porrello et al. (2011) and Mahmoud et al. (2014). After 7days or 3 

months, I collected the ventricle tips for RNA extraction, histological analysis, and 

ChIP-qPCR analysis. RNAi Negative Control Duplex (Medium GC Duplex #2 

[12935-112; Invitrogen]) was used as a control for the sequence-independent effects of 

StealthTM RNAi delivery.  

The siSmarcd3-#1 sequences were 5’-GCAGUAUGUGAAGACCAACAGGCUA-3’, 

5’-UAGCCUGUUGGUCUUCACAUACUGC-3’.  

The siSmarcd3-#2 sequences were 5’-GGACCUCCUAGCAUUUGAGAGGAAA-3’, 

5’-UUUCCUCUCAAAUGCUAGGAGGUCC-3’. 

 

Co-injection of siRNA and enhanced GFP (EGFP)-expressing plasmid in neonatal 

mouse heart during regeneration 

To confirm the regions where siRNA was transfected, co-injection of siRNA and 

EGFP-expressing plasmid into the heart was performed using neonatal mice at P2. 

RNAi Negative Control Duplex (Medium GC Duplex #2, Invitrogen, 12935-112) was 

used. EGFP-expressing plasmid was kindly gifted from Dr. Hamada. Expression 

plasmid was under the control of a CMV promoter. The solution for co-injection was a 

mixture of RNAi Negative Control Duplex, EGFP-expression plasmid, and transfection 

reagent (LipofectamineTM RNAiMAX [13778-075; Invitrogen]) (1:1:1). After 7 days, I 

collected the heart for the frozen section and done immunofluorescence staining. 
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qRT-PCR of mouse ventricles and α-MHC-positive cells of neonatal mouse heart 

RNA extraction and qRT-PCR assay of mouse ventricles and α-MHC-positive cells of 

neonatal mouse heart were performed as described in Chapter I. The primer sequences 

used for qRT-PCR are listed in Table 1. 

 

ChIP-qPCR analysis of siRNA-transfected ventricles 

ChIP was performed as described in Chapter I. The primers were designed at the10 kb 

upstream of the 5’ flanking regions of Gata4, Tnnt2, Vegfa considering the binding sites 

of transcription factors (Gata4, Nkx2.5, Tbx5, Mef2c) and conserved well between 

mouse and human. The primers that designed at the upstream of Eef2 TSS were used as 

a negative control. The primer sequences used are listed in Table 2.  

 

Microscopy 

The sections were imaged on a BZ-9000 fluorescence microscope (Keyence, Osaka, 

Japan). Whole hearts were imaged using an automated fluorescence stereomicroscope 

Leica M205 FA with an AF6000 imaging system (Leica microsystems, Wetzlar, 

German). 

 

Statistical analysis 

The P values were determined by the two-tailed T-test. P<0.05 was considered 

statistically significant. 
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Results 

 
Expression analysis of Baf60c during heart regeneration in neonatal mice 

 

Cell proliferation in the regenerating neonatal mouse hearts 

Two mouse models are used to study cardiac regeneration; Myocardial infarction (MI) 

and cardiac resection. The cardiac resection is experimentally easier and more 

controllable in animals that exhibit strong regenerative abilities, such as zebrafish and 

neonatal mice (Poss et al. 2002; Porrello et al. 2011; Mahmoud et al. 2014). I therefore 

adopted the cardiac resection in my study to elucidate the regeneration mechanism in 

neonatal mice and axolotls. Neonatal mice exhibit heart regeneration after resection, but 

this capacity is lost by P7 (Porrello et al. 2011). To clarify the interaction between 

Baf60c and cell proliferation in heart regeneration, I performed apical ventricular 

resection in neonatal mouse (Figure 6). Immunofluorescence staining revealed ectopic 

cell proliferation in the neonatal mouse hearts following resection (Figure 7A, B). 

Cardiac troponin T (cTnT) is a cardiac-specific sarcomere factor, and then I identified 

cardiomyocytes as cTnT-positive cells. Mitotic cells were labeled with anti-Ki67 

antibody. The Ki67-positive cardiomyocytes were observed at 2 days post-resection 

(dpr) in both the border region (Figure 7Aa) and the apical region (Figure 7Ab). At 8 

dpr, there were several Ki67-positive cardiomyocytes near the border region (Figure 

7B), but at 22 dpr, when the lost tissue was almost completely regenerated, I could not 
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detect Ki67-positive cells (Figure 7C). These results indicated that the cardiomyocyte 

proliferation occurred rapidly and was completely downregulated by 22 dpr. 

 

Baf60c staining in the regenerating neonatal mouse hearts 

As robust cardiomyocyte proliferation was observed at 2 dpr, I examined Baf60c 

expression over this time period to determine the relationship between Baf60c and cell 

proliferation in the regenerating heart. Strong Baf60c expression was observed in the 

cells surrounding the resected plane at 2 dpr (Figure 8A, C), but its expression was 

weak in the remote regions of both resected and sham-operated ventricles (Figure 8B, D, 

E). In general, Baf60c is thought to be a nucleoprotein, but I detected Baf60c in both 

nuclei and cytoplasm near the resected plane (Figure 8C). In the remote region of both 

resected ventricle and sham-operated ventricle, Baf60c protein was localized to the cell 

nuclei (Figure 8D, E). Near the resected plane several Baf60c staining was observed in 

the cardiomyocytes (Figure 8F), while in the remote region of both resected and 

sham-operated ventricles, only a few number of Baf60c signals were detected in the 

cardiomyocytes (Figure 8G, H). This result suggests that a small number of 

Baf60c-positive cardiomyocytes exist in the ventricle of the newborn mouse heart and 

Baf60c-positive cardiomyocytes are increased near the resected plane after resection. As 

strong Baf60c expression was observed in the injured apical region (Figure 8C), where 

scar tissue was present instead of cardiomyocytes, I examined the co-localization of 

Baf60c and fibroblasts, a major component of scar tissue. To label the fibroblasts, I 

utilized the anti-vimentin antibody. After resection, the number of vimentin-positive 
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fibroblasts were increased near the resected plane, and I found that Baf60c signals were 

co-localized with vimentin-positive fibroblasts in the injured apical region (Figure 8I). 

This result indicates that the Baf60c-positive fibroblasts were induced in the injury site 

following resection. Interestingly in the remote region, Baf60c, cTnT, and vimentin 

triple positive cells were observed (Figure 8G, H, J, K). 

 

Gene expression pattern in the neonatal mouse during heart regeneration 

I quantified the mRNA expression levels of several cardiac factors during neonatal 

mouse heart regeneration. Smarcd3 (Baf60c) was upregulated in the resected ventricle 

at 3 and 5 dpr compared to the sham-operated ventricles (Figure 9A). At 1 dpr, Smarcd3 

expression was downregulated compared to the sham-operated ventricles, suggesting 

that Baf60c induction could be regulated by other factors, such as inflammatory 

response genes, which respond immediately following injury. The expression levels of 

Smarca4, which encodes Brg1, and Gata4 were constant by 5 dpr (Figure 9B, C). The 

expression of Tnnt2, which encodes cTnT, was strongly decreased at 1 dpr and then 

increased at 3 dpr (Figure 9D). 

As Baf60c upregulation was observed in cardiomyocyte after resection 

(Figure 8F), I next examined gene expression patterns in cardiomyocytes near the apical 

region of ventricle during neonatal mouse heart regeneration. I identified 

cardiomyocytes as α-MHC-positive cells. To collect α-MHC-positive cells, I used 

α-MHC-GFP-tg mice, in which GFP is driven by an α-MHC promoter. Therefore, 

α-MHC-positive cells can be isolated as GFP-positive cells using flow cytometry 
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(Figure 10A). As a result of qRT-PCR, a reduction of Smarcd3 expression at 3 dpr and 

upregulation at 5 dpr compared to the sham-operated ventricle were observed (Figure 

10Ba). Interestingly, the expression of Smarca4 (Brg1) was significantly upregulated in 

the resected heart at 5 and 8 dpr (Figure 10Ba). The upregulation of both Smarcd3 and 

Smarca4 suggested that the expression and function of the SWI/SNF-BAF complex in 

cardiomyocytes could be stimulated in response to cardiac stress. Several embryonic 

cardiac transcription factors, such as Gata4, Nkx2.5, and Mef2c, were also upregulated 

post-resection (Figure 10Bb), suggesting that these transcription factors interact with 

SWI/SNF complex during heart regeneration, similar to their function during heart 

development. On the other hand, the expression of Tbx5 was significantly 

downregulated at 3 and 8 dpr (Figure 10Bb). The expressions of sarcomere genes, such 

as Tnnt2 and Tnni3, were increased in resected cardiomyocytes at 5 dpr after the 

upregulation of transcription factors (Figure 10Bc), suggesting that these sarcomere 

genes were regulated by cardiac transcription factors as cardiomyocyte differentiation. 

 

Knockdown experiments of Baf60c during heart regeneration in neonatal mice 

 

A lack of cell proliferation in the siSmarcd3-transfected cardiomyocytes in vitro 

My previous results showed that the cardiomyocyte proliferation and the upreguation of 

Baf60c occurred after heart resection in neonatal mouse (Figure 7-10). Furthermore, it 

was already reported that cardiomyocyte proliferation is required for heart regeneration 

following injury (Poss et al., 2002; Jopling et al., 2010; Kikuchi et al., 2010; Porrello et 

al., 2011). To reveal whether Baf60c has an effect on cardiomyocyte proliferation, I 
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performed a knockdown experiment by transfecting siRNA against Smarcd3 

(siSmarcd3) into cultured cardiomyocytes (Figure 11A). To collect the cardiomyocytes, 

I isolated the α-MHC-positive cells from α-MHC-GFP-tg mice using flow cytometry. 

The isolated cardiomyocytes were cultured on feeder cells and transfected with siRNA. 

When the cardiomyocytes were treated with siSmarcd3, the expression of Smarcd3 was 

specifically repressed, typically achieving 90% knockdown with minimal off-target 

effects (Figure 12). After 72 h, the cells were fixed with 4% paraformaldehyde in PBS 

for co-staining with anti-cTnT and anti-Ki67 antibodies (Figure 11B). I performed 

siRNA transfection in two types of cultured cells: postnatal α-MHC-positive cells 

(Figure 11C) and α-MHC-positive cells at 1 dpr (Figure 11D). In both types of cultured 

cells, the number of proliferating cardiomyocytes (both cTnT-positive and 

Ki67-positive cells) treated with siSmarcd3 was reduced by more than one third 

compared with the control condition (Figure 11C, D). These data suggested that Baf60c 

played an important role in cardiomyocyte proliferation in the postnatal heart and also 

in the regenerating heart. 

 

Knockdown of Smarcd3 in neonatal mouse heart results in the fibrosis and 

suppression of the expressions of cardiac genes after resection 

To reveal whether Baf60c expression has any effect on heart function in neonatal mouse 

regeneration, I performed knockdown experiments in neonatal mice during heart 

regeneration by using siRNA. siSmarcd3 was injected in neonatal mouse heart, and then 

the ventricular apex under the injected region was resected. After 7 days, I collected the 

apical regions of ventricles for extraction of RNAs or ChIP-qPCR analysis (Figure 13A). 
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I prepared the control samples using a control siRNA in the same way to clear the 

sequence-independent effects of StealthTM RNAi delivery. The fibrotic scar tissue was 

extended broadly near the resection surface at 7 dpr in the siSmarcd3-transfected heart 

despite the regeneration of the neonatal mouse heart. On the other hand, in the control 

siRNA-transfected heart the fibrosis formation occurred in the peripheral, but the 

fibrotic area was much smaller than in the siSmarcd3-transfected heart (Figure 13B). I 

next performed qRT-PCR to compare the expression dosage of chromatin remodeling 

factors, transcription factors, sarcomere genes, and angiogenesis associated genes in 

siSmarcd3-transfected ventricles relative to that in negative control. Most of these genes 

were downregulated in siSmarcd3-transfected ventricles after resection except for two 

transcription factors, Mef2c and Tbx5 (Figure 13C). The downregulations of Smarca4 

and transcription factors such as Gata4 and Nkx2.5 in siSmarcd3-transfected ventricles 

after resection suggested that the functions of these transcription factors interacting with 

SWI/SNF complex were repressed by the knockdown of Baf60c (Figure 13Ca, b). 

Many sarcomere genes were downregulated in the siSmarcd3-transfected ventricles, 

suggesting that the function of cardiomocyte contraction were repressed by 

Baf60c-knockdown (Figure 13Cc). In addition, the expressions of angiogenesis 

associated genes such as vascular endothelial growth factor (Vegf) a, b were also 

downrergulated in siSmarcd3-transfected ventricles after resection, suggesting that the 

knockdown of Baf60c might impair the induction of neoangiogenesis under hypoxic 

condition after resection (Figure 13Cd). Besides, I confirm the expression of Smarcd3 

was typically 50% knockdown by siSmarcd3-transfection in neonatal mouse heart in 
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vivo (Figure 13Ca). To assess the effect of off-target by siRNAs, I checked the 

expressions of other Baf60 variants, Smarcd1 (Baf60a) and Smarcd2 (Baf60b). The 

expressions of these 2 variants were not downregulated by siSmarcd3-transfection 

(Figure 14). These data suggest that siSmarcd3-transfection in vivo worked with 

minimal off-target effects.  

In addition, the co-injection of siRNA and EGFP-expression plasmid into the 

heart was performed using neonatal mouse at P2 to confirm the regions where siRNA 

was transfected. At 7 days after co-injection and resection, I collected the heart for the 

immunohistochemistry analysis. I stained cross section of mouse heart for GFP and 

cTnT, and observed the strong GFP signals in the apical region near the injected surface 

(Figure 15Bb). GFP signals were only detected in the limited region of injected surface 

(Figure 15Ba, b), suggesting that siRNA was transfected into the cells, which exist in 

the injected regions. Although I could not the exclude the possibility that the 

EGFP-positive cells did not correlate with the siRNA-transfected cells, I considered that 

siSmarcd3 was successfully transfected to downregulate the expression of Smarcd3 near 

the injected regions. 

 

Knockdown of Smarcd3 is associated with the transcriptional activity of Gata4 

with histone modification 

To address whether the Baf60c expression affects chromatin modification for heart 

regeneration or not, I next performed ChIP-qPCR analysis using the 

siSmarcd3-transfected ventricles and negative control after resection. I focused on the 

putative regulatory regions of Gata4 and designed the primers at the 2 regions where 
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were highly conserved between human and mouse within 10 kb upstream region 

including binding motifs for Gata4, Nkx2.5, Tbx5, and Mef2c (Figure 16A). ChIP-qPCR 

analysis at 7 days after resection showed that the enrichment of Pol II and the level of 

H3K4me3 at putative regulatory regions of Gata4 were significantly decreased in 

siSmarcd3-transfected ventricles (Figure 16B, C), suggesting that Gata4 transcription 

was repressed by Baf60c-knockdown during regeneration in neonatal mouse heart. 

Similar to the previous ChIP-qPCR data for H3K27me3 in developing mouse ventricles 

(See Figure 3G), there was no significant difference in the level of H3K27me3 between 

siSmarcd3-transfected ventricles and negative control (Figure 16D). 

 

Knockdown of Smarcd3 is associated with the transcriptional activity of Tnnt2 

I also performed ChIP-qPCR analysis at the putative regulatory regions of Tnnt2, 

because I found the correlation of Baf60c dosage with cardiomyocyte proliferation from 

the knockdown experiment in vitro (Figure 11C, D). In addition, cardiomyocyte 

proliferation is required for heart regeneration following injury as I mentioned above 

(Poss et al. 2002; Jopling et al. 2010; Kikuchi et al. 2010; Porrello et al. 2011). 

Therefore, I focused on the Tnnt2 putative regulatory regions. I designed the primers at 

5 regions in 10 kb upstream region of Tnnt2, including the binding motifs for Gata4, 

Nkx2.5, Tbx5, and Mef2c, and conserved sequences between mouse and human (Figure 

17A). ChIP-qPCR at 7 days after resection showed that the enrichment of Pol II and the 

level of H3K4me3 at the putative regulatory regions of Tnnt2 were decreased in 

siSmarcd3-transfected ventricles (Figure 17B, C). These data suggest that Tnnt2 
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transcription was repressed by Baf60c-knockdown in neonatal mouse heart 

post-resection. There was no significant difference in the level of H3K27me3 between 

siSmarcd3-transfected ventricles and negative control (Figure 17D).  

 

Knockdown of Smarcd3 is associated with the transcriptional activity of Vegfa 

Angiogenesis is the physiological process that the new blood vessels undergo sprouting, 

tapering, remodeling, and regression (Itescu and Dimmeler 2010). In adults, most 

vessels are quiescent until provoked by special situations such as hypoxia, ischemia, 

inflammation, and trauma (Stegmann 1998). In addition, it was reported that the 

perivascular multipotent cells, pericytes, participate in angiogenesis during wound 

healing and tumor growth (Birbrair et al. 2015). Vascular endothelial growth factor 

(Vegf) is a signaling peptide produced by cells to stimulate vasculogenesis and 

angiogenesis, therefore Vegf-mediated angiogenesis is necessary for tissue restoration 

in case of injury, ischemia, and wound healing (Crafts et al. 2015). Then, I also focused 

on the putative regulatory regions of one of the angiogenesis associated genes, Vegfa, 

because Vegfa-mediated angiogenesis should be important for heart recovery after 

cardiac injury. I designed the primers at 2 regions in 10 kb putative regulatory regions 

of Vegfa, including the binding motifs for Nkx2.5 and Tbx5 (Figure 18A). ChIP-qPCR 

at 7 days after resection showed that the recruitment of Pol II at the putative regulatory 

regions of Vegfa was repressed in siSmarcd3-transfected ventricles (Figure 18B), 

suggesting that Vegfa transcription was repressed by Baf60c-knockdown in neonatal 

mouse heart following injury. The tendency of H3K4me3 level was similar to the data 
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at the putative regulatory regions of Gata4 and Tnnt2, but there was no significant 

difference between siSmarcd3-transfected ventricles and negative control (Figure 18C). 

There was also no significant difference in the level of H3K27me3 (Figure 18D).  

ChIP analysis of the negative region was performed at the upstream 

sequence of Eef2. In this region, there were no significant differences in the recruitment 

of Pol II and the levels of H3K4me3 and H3K27me3 between the 

siSmarcd3-transfected ventricles and negative control (Figure 19).  

 

The morphology of the siSmarcd3-transfected heart in young adult mouse  

To address the effect of knockdown of Baf60c by siRNA on the heart morphology after 

resection, I performed histological analysis using the siRNA-transfected hearts at 3 

months post-resection in neonatal mouse. I performed siRNA transfection and apical 

resection in wt mice at P2, and then collected their hearts after 3 months. I observed that 

siSmarcd3-transfected heart underwent the fibrotic scar formation around resected 

surface, similar to the siSmarcd3-transfected heart at 7 dpr (Figure 20, 13B). However, I 

thought that the phenotype was not severe, because the region of fibrotic scar tissue in 

intra-ventricle was not extended broadly in siSmarcd3-transfected ventricle (Figure 

20B). Therefore, additional experiments, such as the physiological analysis, were 

necessary to elucidate the effect of knockdown of Baf60c on the heart function after 

injury. 
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Expression analysis of Baf60c during heart regeneration in axolotls 

 

Histology and cell proliferation in axolotl during heart regeneration 

My previous data showed that cardiomyocyte proliferation and Baf60c upregulation 

occurred as the same time course during heart regeneration in neonatal mice. To test 

whether such phenomenon was conserved in other regenerative animals, I performed 

the apical resection surgery on axolotls. As axolotls have high regenerative capacity 

through their life, regeneration studies using limbs and tails have been frequently 

carried out; however, less is known about heart regeneration. Therefore, I first studied 

the process of the axolotl heart regeneration. In the axolotl, it took almost 3 weeks to 

regenerate the heart, and the heart morphology near the resected surface at 24 dpr 

seemed to be completely regenerated (Figure 21A, B). Unlike other regenerative 

animals such as zebrafish and neonatal mice, no fibrotic scar was observed near the 

resected surface following resection (Figure 21B).  

To address whether cell proliferation occurred following injury, I performed 

immunofluorescence staining using an anti-pHH3 antibody on the axolotl heart sections. 

Mitotic cells were labeled with anti-phospho-histone H3 (pHH3) antibody. Interestingly 

the pHH3-positive cells were widely detected in the axolotl ventricle 2 dpr (Figure 22A), 

and the number of pHH3-positive cells in the ventricle rapidly decreased at 9, 15, and 

24 dpr (Figure 22A, B). These data suggested that cell proliferation occurred in the 

entire region of the ventricle and induced immediately following cardiac resection in 

axolotl as well as neonatal mice. 
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Upregulation of Baf60c in the axolotl during heart regeneration 

Next, I performed Western blotting analysis to determine whether Baf60c was 

expressed in the axolotl heart regeneration. As the widespread cell proliferation 

occurred at early stage in the axolotl heart regeneration, I analyzed Baf60c expression in 

this time period. The ventricles of the axolotl heart at 3 dpr showed intense Baf60c 

expression near the resected surface (apex) and also in the remote region of the injury, 

although Baf60c was less expressed in the sham-operated ventricles and intact 

ventricles (denoted as ‘Not operated’ in Figure 23) (Figure 23). Baf60c upregulation in 

the entire ventricle after resection was consistent with the widespread cell proliferation. 

These data suggested that the interaction between Baf60c upregulation and cell 

proliferation in regenerating hearts was conserved in both axolotls and neonatal mice. 
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Discussion 

 

The focus of my study was to understand the reciprocal relationship between epigenetic 

regulation by Baf60c and cardiac heart regeneration. To this end, I indicated that Baf60c 

expression pattern and possibility of contribution to cardiomyocyte proliferation during 

heart regeneration in both axolotls and neonatal mouse hearts in this chapter. Below, I 

will discuss the function of Baf60c in heart regeneration, associating with mammalian 

regenerative ability. In addition, the mechanisms of heart regeneration will be discussed 

based on observations from several vertebrate species. 

 

Effect of Baf60c upregulation on heart function following injury 

I revealed that Baf60c was highly upregulated after resection in both neonatal mouse 

and axolotl hearts accompanying cardiomyocyte proliferation (Figure 7-10, 22, 23). The 

knockdown of Baf60c by siRNA resulted in the loss of cardiomyocyte proliferation 

(Figure 11). Moreover, the Baf60c-knockdowned hearts underwent the fibrotic 

formation after resection even in the neonatal mouse hearts (Figure 13B, 20). 

ChIP-qPCR data showed that Baf60c-knockdown led to the inactivation of transcription 

of several genes such as Gata4, Tnnt2, and Vegfa (Figure 16-18). These findings 

suggest that the low level of Baf60c impairs the restoration of heart after injury by 

suppressing the transcriptional activities of genes involved in both cardiomyocyte 

proliferation and Vegfa-mediated angiogenesis. These data support the possibility that 
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Baf60c upregulation would contribute to cardiac regeneration via promoting 

cardiomyocyte proliferation with chromatin conformational change following injury. 

Previous studies indicate that Baf60c plays an important role in cardiomyocyte fate 

determination (Takeuchi and Bruneau 2009; Cai et al. 2013). My novel finding is that 

Baf60c is important for cardiomyocyte proliferation in the postnatal heart. The 

proliferation of mouse cardiomyocytes is higher at the embryonic stages and begins to 

decrease at the postnatal stages with the transition from mono- to bi-nucleated cells 

(Ikenishi et al. 2012). Soon after birth, the transition to an oxygen-rich environment 

results in cell cycle arrest in the heart (Puente et al. 2014), and a rapid transition occurs 

from myocyte hyperplasia to myocyte hypertrophic growth (Li et al. 1996). In skeletal 

muscle, Baf60c promotes the switch from oxidative to glycolytic myofibers by 

activating the glycolytic metabolic program (Meng et al. 2013). In heart, the embryonic 

cardiomyocytes use the glycolytic metabolic program because they are under the 

hypoxia situation and possess high cell proliferation ability. Given the high expression 

of Baf60c in the embryonic heart, Baf60c would promote cell situation to the embryonic 

state to adapt to hypoxic conditions by regulating glycolytic metabolism and affect 

cardiomyocyte proliferation following injury. I need more experiments to clear the 

interaction between cell proliferation and metabolism in cardiomyocytes.  

 

The characters of Baf60c-expressing cells following injury 

I observed the localization of Baf60c in both nuclei and cytoplasm near the resected 

plane (Figure 8C). SWI/SNF chromatin remodeling proteins are synthesized in the 
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cytoplasm and transported into the nucleus (Lee et al. 2003; Meagher et al. 2009). From 

my data together with these previous reports, I consider that in the resected heart, 

Baf60c would be highly synthesized and some part of Baf60c is stored in cytoplasm 

temporally till the time to move to nucleus when they need to reactivate cardiac genes 

for regeneration. 

Interestingly, Baf60c was expressed in both cardiomyocytes and 

vimentin-positive fibroblasts near the resected surface after resection (Figure 8F, I). The 

previous studies describing Baf60c function during early heart development did not 

address in which types of cell Baf60c is expressed. Fate mapping in mouse embryos 

showed that Baf60c expression begins prior to the expression of other cardiac 

progenitor markers, and Baf60c-expressing precursors are specified into discrete 

populations that contribute to the left ventricle and atria as well as to the right ventricle 

and outflow tract (Devine et al. 2014). However, whether Baf60c-expressing precursors 

can differentiate into cardiac fibroblasts remains unclear. To know the exact function of 

Baf60c for cell differentiation in heart regeneration, I will need to clear the fate of 

Baf60c-positive fibroblasts, which arise after resection.  

The previous study showed that embryonic cardiac fibroblasts-specific factors 

promote the proliferation of cardiomyocytes in a paracrine fashion (Ieda et al. 2009), 

indicating the importance of fibroblast in regulating cardiomyocyte proliferation. 

Considering (i) the strong Baf60c signals in fibroblast near the injured region (Figure 

8I) and (ii) the lack of cardiomyocyte proliferation by Baf60c-knockdown (Figure 11), I 

assumed that these fibroblasts, contribute to the cardiomyocyte proliferation after 
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resection. In reference to the character of fibroblast, I also assumed that the fibroblasts 

expressing both Baf60c and vimentin might be characterized as myofibroblasts, which 

produce and secrete cytokines themselves in order to help to maintain in the 

inflammatory response to injury (Baum and Duffy 2011). Frangogiannis et al. identified 

the myofibroblasts as a cell which is positive to α-smooth muscle actin, α-smooth 

muscle myosin heavy chain, and vimentin, likely to an embryonic phenotype 

(Frangogiannis et al., 2000). Myofibroblasts are not part of normal cardiac tissue and 

appear only following cardiac injury (Baum and Duffy 2011). Since strong Baf60c 

expression was detected in vimentin-positive fibroblast after resection (Fig. 8I), I 

considered that the fibroblasts expressing Baf60c and vimentin behave like 

myofibroblasts by responding to cardiac resection. 

Intriguingly, I found that a quite small number of Baf60, cTnT, and vimentin 

triple positive cells in the remote regions of both resected and sham-operated ventricles 

(Figure 8G, H, J, K). A previous study reported that some cardiomyocytes express 

vimentin in human fetal heart (Kim 1996). Considering this previous result, my finding 

indicates the possibility that in the neonatal mouse heart there is a small population of 

cardyomyocytes, which possess embryonic character, and they would contribute to 

heart renewal/regeneration. 

 

The upstream of Baf60c following injury 

The factors that are upstream of Baf60c in heart development will need to be identified 

in order to understand why Baf60c-positive cardiomyocytes and fibroblasts occur after 
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heart resection. In addition, this is also important to clear the reciprocal relationship 

between chromatin remodeling by Baf60c and heart regeneration ability in vertebrates. 

The inhibition of Nodal and BMP was found to control Baf60c recruitment to a 

cardiomyocyte Nkx2.5 enhancer during mammalian cardiomyocyte differentiation (Cai 

et al. 2013). My gene expression data in cardiomyocytes showed that Nkx2.5 

upregulation occurred at 5 dpr as the same timing of Smarcd3 (Figure 10Bb). These 

data support the notion that Baf60c-dependent chromatin remodeling at the Nkx2.5 

locus also occurs in regenerating heart. A previous study found that a 

HDAC-myomiR-Baf60 network regulates the identity and activity of cell type in 

muscle regeneration (Saccone et al. 2014). Considering the effect of upstream factors of 

Baf60c in tissue regeneration, these factors may facilitate cardiac maturation and result 

in a loss of regenerative capacity in mammalian heart. As epigenetic effects mediated 

by regulators of Baf60c are thought to be crucial for understanding Baf60c function in 

heart regeneration, I am currently investigating the cooperative interaction between 

Baf60c and other chromatin regulators, such as HDACs, Gata4, and Nkx2.5.  

Moreover, it is worth nothing the difference about the alteration of several 

transcription factors in heart regeneration. I found that the expressions of transcriptional 

activators such as Gata4, Nkx2.5, and Mef2c were increased during heart regeneration in 

neonatal cardiomyocytes (Figure 10b), whereas the expression of Tbx5 that was also 

considered a transcriptional activator, tend to be decreased after resection (Figure 10b). 

The previous study showed that Tbx5 interacts with the transcriptional repression 

machinery of the nucleosome remodeling and deacetylase (NuRD) complex and 
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represses the inappropriate gene programs in cardiac tissue (Waldron et al. 2016). 

Considering this previous report, the downregulation of Tbx5 after resection suggests 

the possibility that transcription factors which contribute to normal heart development 

are different from those to heart regeneration. Baf60c-knockdown experiment in vivo 

showed that the expressions of Mef2c and Tbx5 did not changed although other 

transcription factors such as Gata4 and Nkx2.5 were downergulated by the knockdown 

of Baf60c (Figure 13Cb). These results suggest that the regulation mechanism of Mef2c 

and Tbx5 are different from that of other cardiac transcription factors after injury, and 

Mef2c and Tbx5 are not be the direct downstream of Baf60c in the heart regeneration. 

In the siRNA-transfection in vivo, I confirmed that Smarcd3 was 50% 

knockdown by siSmarcd3-transfection (Figure 13Ca), whereas the expressions of other 

Baf60 variants, Smarcd1 (Baf60a) and Smarcd2 (Baf60b), were significantly increased 

(Figure 14). Baf60a interacts with the cardiac transcription factor, Tbx1 to regulate 

Wnt5a and other target genes in heart development, suggesting that Baf60a plays an 

important role in transcriptional control in cardiac progenitors (Chen et al., 2012). Then 

I assumed that in the regenerating heart, the function of Baf60c might be compensated 

by other Baf60 variants in response to the variance of gene expression level. 

In this study, I reveal that (i) Baf60c is important for cell proliferation in 

neonatal mouse hearts, (ii) the expression of Baf60c is upregulated after heart resection 

in both neonatal mice and axolotls, and (iii) knockdown of Baf60c in neonatal mouse 

hearts lead to the progression of fibrotic formation, accompanying the suppression of 

transcriptions of several genes during heart regeneration. To think about adult mouse, 
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the basal expression of Baf60c and the proliferation rate of cardiomyocyte are quite low. 

I have no answer whether adult mouse heart can upregulate Baf60c after cardiac injury 

or not, but probably the total expression dosage of Baf60c is not enough to induce 

sufficient cell proliferation for regeneration. To know whether Baf60c is critical for 

heart regeneration, I need to do overexpression of Baf60c in injured adult heart and 

confirm that Baf60c can induce heart regeneration in adult mouse.  

 

Comparison between regeneration mechanisms of axolotls and neonatal mice 

During heart regeneration in neonatal mouse and axolotl, Baf60c upregulation and 

robust cell proliferation were observed immediately following injury (Figure 7, 8, 22, 

23). Thus, these phenomena could be a common mechanism of heart regeneration in 

vertebrates. Interestingly, extensive cell proliferation was observed in the entire 

ventricle during axolotl heart regeneration (Figure 22). This result suggested that the 

widespread proliferation was evoked by cardiac stress following injury in axolotl heart 

regeneration. In the zebrafish heart, gata4-positive cardiomyocytes are activated in the 

subepicardial compact layer of the entire ventricle at 7 days post-amputation, and these 

cells proliferate at the injury site as a major contributor to regeneration (Kikuchi et al. 

2010). The expression of retinaldehyde dehydrogenase 2 (raldh2) in both endocardial 

and epicardial layers is temporary upregulated in the entire heart of zebrafish within 3 h 

after amputation, and its expression is localized to the injury site by 1 day post-resection 

(Kikuchi et al. 2011). In zebrafish, disturbance of retinoic acid signaling blocks the cell 

proliferation, indicating the importance of organ-wide activation of these signaling 
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molecules for heart regeneration. Moreover, Itou et al. reported that the migration of 

cardiomyocytes to the injured site is necessary for heart regeneration in zebrafish (Itou 

et al. 2012). This fact also suggests the importance of entire heart activation. Similar to 

the amphibian and zebrafish, cardiomyocyte proliferation and sarcomere disassembly 

are increased in the entire ventricle in the regenerating neonatal mouse heart (Porrello et 

al. 2011). My result, which showed widespread cell proliferation in the regenerating 

axolotl heart (Figure 22), was consistent with these previous findings in zebrafish and 

mouse hearts. Therefore, I propose that organ-wide proliferative responses by cardiac 

stress are common in vertebrate regeneration and that this widespread cardiomyocyte 

proliferation is associated with heart regeneration potential.  

Furthermore, the axolotl heart could regenerate with less scarring following 

injury (Figure 21). Zebrafish and neonatal mouse hearts regenerate with considerable 

scarring around the resected surface for several days post-injury (Poss et al., 2002; 

Porrello et al., 2011). In zebrafish and newt heart regeneration, the resected hearts 

replace the dense extracellular matrix including collagen fibers with functional 

cardiomyocytes following injury, leading to full regeneration without evidence of 

scarring (González-Rosa et al. 2011; Witman et al. 2011). The initial report of the 

injury model using cryocauterization showed that collagen deposition forms within 21 

days following the injury but this deposition is subsequently replaced with new cardiac 

muscle by 130 days post-injury in zebrafish heart regeneration (González-Rosa et al. 

2011). From my data on axolotl heart regeneration and these previous studies, the 

recession of the fibrin clot and collagen deposition following injury is important to fully 
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regenerate hearts, and the low level of collagen deposition in the regenerating hearts 

might be an axolotl-specific phenomenon. These results raise the intriguing question of 

the negative or positive contribution of fibroblasts to heart regeneration, i.e. whether 

these cells explain the difference between the animals that can regenerate without 

scarring and the animals that do not exhibit regeneration, such as adult mammals. 
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General Discussion 

 

In my doctoral thesis, I aimed at examining the detailed expression pattern of Baf60c 

and providing the understanding of the epigenetic mechanism of vertebrate heart 

regeneration by Baf60c. I showed the Baf60c expression pattern and a part of its 

function during heat regeneration in neonatal mice and axolotls.  

In Chapter I, I focused on the Baf60c expression and the function at the 

putative regulatory regions of cardiac genes during cardiac maturation. In Chapter II, I 

focused on them during heart regeneration. In mouse heart development, the expression 

of Baf60c was decreased according to cardiac maturation in adult state (Figure 1), and 

the recruitment of Baf60c at the putative regulatory regions of cardiac genes such as 

Gata4 and Tnnt2 were repressed with histone modifications (Figure 3, 4). In 

regenerating axolotl and neonatal mouse hearts, Baf60c upregulation occurred 

accompanying cardiomyocyte proliferation (Figure 7-10, 22, 23). Baf60c was expressed 

in both cardiomyocytes and vimentin-positive fibroblasts near the resected plane in the 

neonatal mouse (Figure 8). Knockdown of Baf60c led to the decrease in cardiomyocyte 

proliferation (Figure 11) and the defect of heart restoration post injury with the 

suppression of transcriptional activities of several genes involved in cardiac 

development (Gata4 and Tnnt2) and angiogenesis (Vegfa) (Figure 13, 16-18, 20). 

Through the findings of Chapter I and Chapter II, I consider that Baf60c might be a one 

of the factors that trigger the regeneration process by remodeling chromatin 
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conformation in response to cardiac injury; in other words, in mammalian adult state, 

Baf60c-dependent chromatin remodeling in response to injury could not be induced due 

to the low expression of Baf60c in the heart and the transcriptions of genes which 

contribute to heart function would not be promoted, thus the adult heart could not 

regenerate after injury in consequence (Figure 24). As I mentioned in the discussion of 

Chapter II, mammalian cardiomyocyte undergoes the onset of bi-nucleation after birth 

accompanied by transition to the aerobic state (Ikenishi et al. 2012; Puente et al. 2014). 

From the data regarding the Baf60c-knockdown analyses in vitro and in vivo, the 

dosage of Baf60c could be important for the transcriptional regulation of cardiac genes 

in response to the alteration of environmental conditions by cardiac injury, resulting in 

generation of new cardiomyocytes at the injured regions. Overexpression experiments 

using adult mouse should be necessary to address whether the Baf60c directly rescues 

the heart function after injury or not. 

In addition, through the comparative histological analysis in highly 

regenerative animals such as axolotls and neonatal mice, I proposed that the Baf60c 

regulation in heart regeneration could be a conserved mechanism in vertebrates. It is 

known that the SWI/SNF complex, including Baf60c or its homologous, is conserved in 

from yeast to mammals (Ho and Crabtree 2010). I also observed the Baf60c signals in 

the regenerating neonatal mouse and axolotl hearts (Figure 8, 23), suggesting that 

Baf60c expression is conserved in animals with the robust capacity for heart 

regeneration. Further analyses such as histological and genome-editing analyses in 

various species will be needed to conclude the conservation of the regenerative 
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mechanism by Baf60c. Moreover, I found the different phenomena regarding the 

fibrotic formation (i.e. the deposition of collagen) in the regeneration process between 

axolotls and neonatal mice. Axolotls regenerate the hearts with the low level of collagen 

deposition (Figure 21), on the other hand, other regenerative animals such as zebrafish, 

newts, and neonatal mice, undergo collagen deposition after injury, followed by 

replacement with the functional cardiomyocytes (Poss et al. 2002; González-Rosa et al. 

2011; Witman et al. 2011; Porrello et al. 2011). Of particular interest is the finding that 

vimentin-positive fibroblasts are increased in the border zone of injured regions after 

resection in neonatal mouse hearts, accompanying the upregulation of Baf60c (Figure 

8I). Intriguingly, the recent study revealed the novel function of fibroblast in 

cardiomyiocyte proliferation (Ieda et al. 2009) and several researchers proposed the 

novel types of fibroblasts termed myofibroblasts which are involved in inflammatory 

responses to injury (Frangogiannis et al., 2000; Baum and Duffy 2011). I therefore 

speculate that the vimentin-positive fibroblasts with high Baf60c expression have the 

character of myofibroblast which will contribute to cardiomyocyte proliferation and 

inflammatory response following injury. On the other hand, in the adult, these 

myofibroblasts might not be induced following injury, resulting in cardiac failure 

(Figure 24). This might be a specific mechanism of Baf60c by which regeneration is 

induced. From my these results, together with previous studies, the contribution of 

fibroblast to heart regeneration should be important. I consider that the understanding of 

fibroblast function in the regenerating heart will be a key to elucidate the diversity of 

regenerative ability in animals. 
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Conclusion 

 
Starting with a regeneration study using an apical resection surgery in neonatal mice 

and axolotls, I have revealed a part of functional role of the chromatin remodeling factor, 

Baf60c, during heart regeneration. In Chapter I, I examined the expression patterns of 

Baf60c and chromatin conformational changes at the putative regulatory regions of 

cardiac genes during cardiac maturation. I have shown that Baf60c was highly 

expressed in the embryonic mouse heart, whereas its expression was downregulated 

after birth. ChIP analysis showed that the recruitment of Baf60c to the putative 

regulatory regions of cardiac genes such as Gata4 and Tnnt2, was repressed when the 

heart is matured after birth with histone modification changes, suggesting that this 

repression of chromatin conformational change by Baf60c might be involved in the 

limitation of mammalian regenerative ability. In Chapter II, through detailed expression 

analyses of Baf60c in neonatal mice and axolotls, I found that Baf60c was upregulated 

in cardiomyocytes and vimentin-positive fibroblasts near resected surface after resection, 

accompanying the cardiomyocyte proliferation during heart regeneration. 

Baf60c-knockdown experiments in vitro implied that Baf60c is important to maintain 

the cardiomyocyte proliferation in neonatal mouse cardiomyocytes. In heart 

regeneration, knockdown of Baf60c led to the fibrosis in resected heart with suppression 

of transcriptional activities of several cardiac genes. Overall, these data suggest that the 

chromatin remodeling factor, Baf60c, is an important factor which contributes to heart 
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regeneration. My study will contribute to a better understanding of the epigenetic 

regulation of the regenerative capacity of vertebrates, and address, in terms of 

epigenetic regulation, the fundamental question of why adult mammalian hearts cannot 

regenerate.  
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Figures 
 

 
 

Figure 1. Expression patterns of Smarcd3 (Baf60c) in mouse heart development.  

(A) In situ hybridization images of embryo and heart sections from E8.0, E9.5, P0, and 

13 weeks mice. Strong Smarcd3 expression was detected in E8.0 and E9.5 entire hearts. 

The solid lines at P0 and 13 weeks indicate the edge of the ventricle. The scale bars at 

E8.0 and E9.5 represent 200 µm, and those at P0 and 13 weeks represent 50 µm. 

Illustrations indicate the relative regions of in situ hybridization images.  

(B) mRNA expression levels of Smarcd3 (Baf60c), Smarcd1 (Baf60a), and Smarcd2 

(Baf60b) in ventricles during mouse heart development. The expression of Smarcd3 

(Baf60c) is high at embryonic stages and reduced following cardiac maturation. The 

error bars represent the mean ± s.d. The P-values are evaluated using Tukey’s honestly 

significant difference test and Bonferroni corrections; n=3 per group; *P<0.05,  

** P<0.01. 
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Figure 2. A schematic diagram of the mammalian SWI/SNF-BAF complex.  

The SWI/SNF-BAF complex remodels chromatin conformation by recruiting Pol II. 

There are three Baf60 variants, Baf60a, Baf60b, and Baf60c. The complex contains 

either of two ATPase subunits, Brg1 or Brm as a core factor for its function. 
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Figure 3. ChIP analysis of the putative regulatory region of Gata4 in the mouse 

heart.  

(A) The sequence of 10 kilobase (kb) upstream region of Gata4 TSS. Conservation 

between mouse and human is shown in light red. The primers are designed at -1 to -146 

bp upstream of the Gata4 TSS, indicated by arrows. This region includes binding motifs 

for Gata4, Nkx2.5, Tbx5, and Mef2c.  

(B-H) ChIP-qPCR for Baf60c, Brg1, Pol II, H3K27ac, H3K4me3, H3K27me3, and 

H3K4me1 on the putative regulatory region of Gata4 in P10 ventricles (light blue bars), 

as compared with P0 ventricles (light red bars). Gata4 transcription is repressed 

following cardiac maturation. The yellow and green bars represent the values of % 

Input of ChIP for IgG in P0 and P10 ventricles, respectively. The error bars represent 
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the mean ± s.d. The P values are determined using a two-tailed T-test; n=3-7 per group; 

** P <0.01.  
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Figure 4. ChIP analysis of the putative regulatory regions of Tnnt2 in the mouse 

heart.  

(A) The sequence of 10 kb upstream region of the Tnnt2 TSS. Conservation between 

mouse and human is shown in light red. The primers are designed in two regions 

indicated by arrows. One amplifies a region at -32 to -175 bp upstream of the Tnnt2 

TSS, and the other amplifies a region at -4662 tp -4831 bp upstream of the Tnnt2 TSS. 

These regions include binding motifs for Gata4, Nkx2.5, Tbx5, and Mef2c. 

(B-H) ChIP-qPCR for Baf60c, Brg1, Pol II, H3K27ac, H3K4me3, H3K27me3, and 

H3K4me1 on the putative regulatory regions of Tnnt2 in P10 ventricles (light blue bars), 

as compared with P0 ventricles (light red bars). Tnnt2 transcription is repressed 

following cardiac maturation. The yellow and green bars represent the values of % 

Input of ChIP for IgG in P0 and P10 ventricles, respectively. The error bars represent 
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the mean ± s.d. The P values are determined using a two-tailed T-test; n=3-7 per group; 

*P<0.05, ** P <0.01. 
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Figure 5. ChIP analysis of the 5’ upstream region of eukaryotic translation 

elongation factor 2 (Eef2) as a negative control. 

The ChIP-qPCR for Pol II on the negative control region in P10 ventricles (light blue 

bars), as compared with P0 ventricles (light red bars). The primers are designed at -113 

to -220 bp upstream of the Eef2 TSS as negative control primers. The recruitment of Pol 

II between P0 and P10 ventricles is not significant difference between P0 and P10 

ventricles. The yellow and green bars represent the values of % Input of ChIP for IgG in 

P0 and P10 ventricles, respectively. The error bars represent the mean ± s.d.; n=5-7 per 

group; n.s., not significant. 
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Figure 6. Apical resection surgery in neonatal mouse heart.  

Schematic diagram of apical resection, sham-operation, and the regions for observation 

in Figures 7 and 8.  
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Figure 7. Cardiomyocyte proliferation in the regenerating neonatal mouse heart.  

(A-C) Cardioimyocyte proliferation in regenerating neonatal mouse hearts. Co-staining 

of Ki67 (green) and cardiac troponin T (cTnT, magenta) in the postnatal mouse hearts at 

2 dpr (A), 8 dpr (B), and 22 dpr (C). Mitotic cells are labeled with anti-Ki67. The boxed 

areas in (A) are magnified in the right panels (marked as [a] and [b]). The boxed areas 

in (B) and (C) are magnified in each bottom panels. The white arrowheads indicate 

cTnT-positive and Ki67-positive cardiomyocytes. The dashed lines indicate the resected 

plane. The solid lines indicate the edge of ventricle. The scale bars in the 

low-magnification panels represent 200 µm; in the high-magnification panels, the bars 

represent 50 µm. 
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Figure 8. Baf60c expression in the regenerating neonatal mouse heart 

post-resection and sham-operated heart.  

(A, B) Low magnification images of Baf60c show intense signal in the apical region of 

neonatal mouse ventricle at 2 dpr (A) and weak signal in sham-operated ventricle (B). 

The box area in (A) represents the border zone (marked as *) and is magnified in the 

panels in (C, F, I). The dashed line indicates the resected plane. The solid lines indicate 

the edge of ventricle. The scale bars represent 200 µm. 

(C-E) The expression patterns of Baf60c (green) and DAPI (nucleus, magenta) in 

neonatal mouse heart at 2 dpr (C, D) and in sham-operated ventricle (E). (C) is the 

image of border zone, and (D) and (E) are the images of remote regions. A large 

number of Baf60c signals are detected near the resected plane (C). The white 

arrowheads indicate Baf60c which is localized in nuclei. 

(F-H) The expression patterns of Baf60c (green) and cTnT (magenta) in the same 

regions of C-E respectively. Several Baf60c signals are observed in cTnT-positive 

cardiomyocytes near the resected plane (white arrowheads in F), and a few in the 

remote region of resected (G) and sham-operated (H) hearts.  

(I-K) The expression patterns of Baf60c (green) and vimentin (magenta) in the same 

regions of C-E respectively. Several Baf60c signals are co-localized in 

vimentin-positive fibroblasts near the resected plane (white arrowheads in I), and a few 

in the remote region of resected (J) and sham-operated (K) hearts.  
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The dashed lines indicate the resected plane. The arrowheads with * indicate Baf60c, 

cTnT, and vimentin triple positive cells. The scale bars represent 50 µm in (C-K). 
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Figure 9. Gene expression patterns in ventricular apex during heart regeneration 

in neonatal mice. 

(A-D) mRNA expression levels of Smarcd3 (Baf60c), Smarca4 (Brg1), Gata4 and 

Tnnt2 (cTnT) at 1, 3, 5, and 7 days post-injury (red bars) relative to sham-operated 

ventricles (blue bars). The values are represented as the mean ± s.d. The P values are 

determined using a two-tailed T-test; n=3 per group; *P<0.05, ** P <0.01. 
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Figure 10. Gene expression patterns in cardiomyocytes during heart regeneration 

in neonatal mice.  
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(A) A schematic diagram of collection of cardiomyocytes from sham-operated and 

resected hearts. α-MHC-positive (α-MHC+) cells were considered as cardiomyocytes. 

(B) mRNA expression levels of chromatin remodeling factors (Smarcd3 [Baf60c], 

Smarca4 [Brg1]), cardiac-specific transcription factors (Gata4, Nkx2.5, Mef2c, Tbx5), 

and sarcomere genes (Tnnt2 [cTnT], Tnni3) at 3, 5, 8 days post-injury (red bars) relative 

to sham-operated cardiomyocytes (blue bars). The error bars represent the mean ± s.d. 

The P values are determined using a two-tailed T-test; n=3 per group; *P<0.05, 

**P<0.01. 
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Figure 11. Lack of cardiomyocyte proliferation in the siSmarcd3-transfected cells.  

(A) A schematic diagram of culture of cardiomyocytes and siRNA treatment.  

(B) Image of cTnT (green)/Ki67 (magenta)/DAPI (nucleus, blue) staining. The white 

arrowheads indicate proliferating cardiomyocytes (Ki67-positive [+] and cTnT-positive 

[+]). The yellow arrowhead indicates a non-proliferating cardiomyocytes 

(Ki67-negative [-] and cTnT-positive [+]). * indicate nuclei of feeder cells. The scale 

bar represents 50 µm. 

(C, D) The quantification of proliferating cardiomyocytes relative to cardiomyocytes in 

the cultured P2 α-MHC positive (α-MHC+) cells (C) and 1 dpr α-MHC+ cells (D). The 

blue bars (control) represent the data of the transfection of RNAi Negative Control 

Duplex. The red bars represent the data of the siSmarcd3-transfected cardiomyocytes. 

The number of proliferating cardiomyocytes (Ki67+ cTnT+) is reduced in the 

siSmarcd3-transfected cells. The error bars represent the mean ± s.d. The P values are 

determined using a two-tailed T-test; n=3 per group; *P<0.05. 



 75 

 
 

Figure 12. Baf60c-knockdown efficiency by siRNA in the cultured cardiomyocytes 

from neonatal mice. 

mRNA expression levels of Smarcd3 (Baf60c), Smarcd1 (Baf60a), and Smarcd2 

(Baf60b) in the siSmarcd3-transfected cardiomyocytes (red bars) relative to control 

(blue bars). The blue bars (control) represent the data of the transfection of RNAi 

Negative Control Duplex. The error bars represent the mean ± s.d. The P values are 

determined using a two-tailed T-test; n=3 per group; **P<0.01. 
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Figure 13. Gene expression patterns in the siRNA-transfected neonatal mouse 

hearts post-resection.  

(A) A schematic diagram of siRNA transfection in vivo.  

(B) Bright field image of the siSmarcd3-transfected heart (right) and negative control 

(left) at 7 dpr. The scale bar represents 3 mm. Note that fibrosis is broadly extended in 

the siSmarcd3-transfected heart. 

(C) mRNA expression levels of chromatin remodeling factors (Smarcd3 [Baf60c], 

Smarca4 [Brg1)], transcription factors (Gata4, Nkx2.5, Mef2c, Tbx5), sarcomere genes 
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(Tnnt2 [cTnT), Tnni3, Myh6 [α-MHC], Myh7 [β-MHC], Myl2), and angiogenesis 

associated genes (Vegfa, Vegfb) in the siSmarcd3-transfected apical regions of 

ventricles (red bars) relative to control (blue bars) at 7 dpr. The blue bars (control) 

represent the data of the transfection of RNAi Negative Control Duplex. The error bars 

represent the mean ± s.d. The P values are determined using a two-tailed T-test; n=5-6 

per group; **P<0.01. 
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Figure 14. The effect of Baf60c-knockdown on the expressions of other Baf60 

variants in the siRNA-transfected neonatal mouse hearts post-resection. 

mRNA expression levels of Smarcd1 (Baf60a) and Smarcd2 (Baf60b) in the 

siSmarcd3-transfected apical regions of ventricles (red bars) relative to control (blue 

bars) at 7 dpr. The blue bars (control) represent the data of the transfection of RNAi 

Negative Control Duplex. The error bars represent the mean ± s.d. The P values are 

determined using a two-tailed T-test; n=5-6 per group; *P<0.05, **P<0.01. 
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Figure 15. Co-injection of siRNA and EGFP-expression plasmid into the neonatal 

mouse heart.  

(A) Fluorescent field image of the resected neonatal mouse heart when siRNA against 

negative control and EGFP-expression plasmid are co-injected into the apical region of 

ventricle. After co-injection of siRNA and EGFP-expression plasmid, the heart is 

resected at apical region and observed at 7 dpr. The boxed areas indicate the regions for 

observation in (Ba and Bb). The scale bar represents 3 mm. 

(B) Staining of GFP (green)/ cTnT (magenta)/ DAPI (nucleus, blue) in the 

siRNA-transfected ventricular apex at 7 dpr. The strong signals of GFP are detected 

near injected surface with siRNA and EGFP (b), but no signal is detected in the 

non-injected region (a). (b’) and (b’’) are the high-magnification images of the panel 

(Bb). The white arrowheads in (b’) and (b’’) indicate the EGFP-transfected cells. The 

scale bars in the low-magnification panels represent 100 µm; in the high-magnification 

panels, the bars represent 10 µm.  
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Figure 16. ChIP analysis of the putative regulatory regions of Gata4 in the 

siRNA-transfected neonatal mouse hearts post-resection. 

(A) The sequence of 10 kb upstream region of Gata4 TSS. Conservation between 

mouse and human is shown in light red. The primers are designed at -1 to -146 bp, and 

-1654 to -1792 bp upstream of the Gata4 TSS, indicated by arrows. These regions 

include binding motifs for Gata4, Nkx2.5, Tbx5, and Mef2c. 

(B-D) ChIP analysis of the siSmarcd3-transfected ventricles and negative control at 7 

dpr on the putative regulatory regions of Gata4. Gata4 transcription is repressed in the 

siSmarcd3-transfected ventricles. The light red bar represents the value of % Input in 

negative control. The light blue bar represents the value of % Input in the 

siSmarcd3-transfected ventricles after resection. The yellow and green bars represent 

the values of % Input of ChIP for IgG in negative control and siSmarcd3-transfected 

ventricles after resection, respectively. The error bars represent the mean ± s.d. The P 

values are determined using a two-tailed T-test; n=4-5 per group; *P<0.05, ** P <0.01. 
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Figure 17. ChIP analysis of the putative regulatory regions of Tnnt2 in the 

siRNA-transfected neonatal mouse hearts post-resection. 

(A) The sequence of 10 kb upstream region of Tnnt2 TSS. Conservation between mouse 

and human is shown in light red. The primers are designed at -32 to -175 bp, -4662 to 

-4831 bp, -6054 to -6174 bp, -7861 to -7998 bp, and -9871 to -9984 bp upstream of the 

Tnnt2 TSS, indicated by arrows. These regions include binding motifs for Gata4, 

Nkx2.5, Tbx5, and Mef2c. 

(B-D) ChIP analysis of the siSmarcd3-transfected ventricles and negative control at 7 

dpr on the putative regulatory regions of Tnnt2. Tnnt2 transcription is repressed in the 

siSmarcd3-transfected ventricles. The light red bar represents the value of % Input in 

negative control. The light blue bar represents the value of % Input in the 

siSmarcd3-transfected ventricles after resection. The yellow and green bars represent 

the values of % Input of ChIP for IgG in negative control and siSmarcd3-transfected 

ventricles after resection, respectively. The error bars represent the mean ± s.d. The P 

values are determined using a two-tailed T-test; n=4-5 per group; *P<0.05, ** P <0.01. 
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Figure 18. ChIP analysis of the putative regulatory regions of Vegfa in the 

siRNA-transfected neonatal mouse hearts post-resection. 

(A) The sequence of 10 kb upstream region of Vegfa TSS. Conservation between mouse 

and human is shown in light red. The primers are designed at -179 to -331 bp, and 

-5391 to -5565 bp upstream of the Vegfa TSS, indicated by arrows. These regions 

include binding motifs for Nkx2.5 and Tbx5.  

(B-D) ChIP analysis of the siSmarcd3-transfected ventricles and negative control at 7 

dpr on the putative regulatory regions of Vegfa. Vegfa transcription is repressed in the 

siSmarcd3-transfected ventricles. The light red bar represents the value of % Input in 

negative control. The light blue bar represents the value of % Input in the 

siSmarcd3-transfected ventricles after resection. The yellow and green bars represent 

the values of % Input of ChIP for IgG in negative control and siSmarcd3-transfected 

ventricles after resection, respectively. The error bars represent the mean ± s.d. The P 

values are determined using a two-tailed T-test; n=4-5 per group; ** P <0.01. 
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Figure 19. ChIP analysis of the siRNA-transfected ventricles on the negative 

control region. 

The ChIP-qPCR for Pol II (A), H3K4me3 (B), and H3K27me3(C) on the negative 

control region, the 5’ upstream of Eef2 TSS. The primers are designed at -113 to -220 

bp upstream of the Eef2 TSS as negative control primers. There are no significant 

differences between the values of % Input in the siSmarcd3-transfected ventricles (light 

blue bars) and negative control (light red bars). The yellow and green bars represent the 

values of % Input of ChIP for IgG in negative control and siSmarcd3-transfected 

ventricles after resection, respectively. The error bars represent the mean ± s.d.; n=4-5 

per group; n.s., not significant. 
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Figure 20. Morphology of the siSmarcd3-transfected heart after resection. 

(A) Bright field image of the siSmarcd3-transfected heart (right) and negative control 

(left) at 3 months after resection. Fibrotic scar tissue is observed in the apical region of 

ventricle in the siSmarcd3-transfected heart. The scale bar represents 3 mm.  

(B) Masson trichrome staining of transverse sections corresponding to the dashed lines 

(a-c, and a’-c’) shown in (A). The heart sections are stained with iron-hematoxylin for 

nucleus (brown), fuchsine acid for cytoplasm (red), and aniline blue for collagen (blue). 

LV, left ventricle; RV, right ventricle. The scale bars represent 500 µm. 
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Figure 21. Regeneration in the axolotl heart post-resection.  

(A) Bright field images of axolotl hearts at 2, 9, 15, and 24 dpr. RA, right atrium; LA, 

left atrium; OFT, outflow tract; V, ventricle. The scale bars represent 3 mm.  

(B) Masson trichrome staining of the axolotl hearts at 2, 9, 15, and 24 dpr. The heart 

sections are stained with iron-hematoxylin for nucleus (brown), fuchsine acid for 

cytoplasm (red), and aniline blue for collagen (blue). Note that blue signals are very 

weak in the regenerating axolotl heart. The dashed line indicates the resected plane. The 

scale bars represent 200 µm. 
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Figure 22. Time course of cell proliferation in the axolotl heart regeneration.  

(A) Cell proliferation in the regenerating axolotl heart. The mitotic cells are labeled 

with an anti-pHH3 antibody in axolotl hearts. Staining of pHH3 (green)/DAPI (nucleus, 

blue) in the axolotl hearts at 2, 9, 15, and 24 dpr. The dashed lines indicate the resected 

plane. In the 2 dpr section, the boxed areas in the left panel are magnified in the right 

panels (marked as [a] and [b]). In the sections from 9, 15, and 24 dpr hearts, the boxed 

areas in the upper panels are magnified in the bottom panels. The scale bars in the 

low-magnification panels represent 200 µm; in the high-magnification panels, the bars 

represent 100 µm.  

(B) Number of pHH3-positive cells in ventricle per section. Proliferating cells are 

increased at 2 dpr and decreased by 9 dpr. 
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Figure 23. Baf60c upregulation in the axolotl heart regeneration. 

Western blotting analysis of axolotl ventricle tissue with anti-Baf60c and anti-α-tubulin 

antibodies. The two lanes on the left show the results for sham-operated ventricles. The 

next two lanes show the result for ventricles at 3 dpr. The three right lanes show the 

results for intact (not operated) ventricles. α-tubulin is utilized as an internal control. 

Apex: the tip of the ventricle, including the resected plane; Remote: the remote region 

from the resected plane of the ventricle. 
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Figure 24. Model of the Baf60c-mediated regeneration in the mammalian heart. 

Based on my results, I proposed the regeneration scenario of Baf60c as depicted here. 

In the regenerative state (embryo and neonatal mammals), the chromatin remodeling by 

Baf60c promotes the function of the cardiac-gene regulatory network, which results in 

cardiomyocyte proliferation and induction of functional fibroblasts (e.g. myofibroblast) 

essential for regeneration. By contrast, in the adult, the chromatin remodeling by Baf60c 

does not function, because of the low expression of Baf60c, and as a result, the heart 

cannot regenerate. 
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Tables 
 

Table 1. Primers for qRT-PCR 

Gene Sequence   

Smarcd3 (Baf60c) Forward 5'-ACGCAGGGCTGAGTTCTACCA-3' 

  Reverse 5'-TTCACGGGCTCCTAGGTGTTG-3' 

Smarcd1 (Baf60a) Forward 5'-GTCCATGTCAGTATTGGAGTGTGTG-3' 

  Reverse 5'-GTCTCTGCTGGGAATGACAAGG-3' 

Smarcd2 (Baf60b) Forward 5'-CTATGGGCCGGACAACCATC-3' 

  Reverse 5'-TGTGCACTCCCAGCAACCTC-3' 

Smarca4 (Brg1) Forward 5'-ACAAGTACCGCAGCCTCAATGAC-3' 

  Reverse 5'-GCCGTACGCTGGTGAAGACA-3' 

Gata4 Forward 5'-CTAGACATAGAAGCCCTGCCCTTG-3' 

  Reverse 5'-CATTGAACCCAGCACTTTGGAG-3' 

Nkx2.5 Forward 5'-ACCTTTAGGAGAAGGGCGATGACT-3' 

  Reverse 5'-AAGTGGGATGGATCGGAGAAAGGT-3' 

Mef2c Forward 5'-AGGATATCCATCAGCCATTTCAACA-3' 

  Reverse 5'-GCTGCTGCCAGCCAGTTAC-3' 

Tbx5 Forward 5'-GCCTGGAAACCTTGCTTCG-3' 

  Reverse 5'-ACGTGTAAGCCGGGAGCTTG-3' 

Tnnt2 (cTnT) Forward 5'-CCATCGACCACCTGAATGAAGA-3' 

  Reverse 5'-CATTGATCCGGTTTCGCAGA-3' 

Tnni3 Forward 5'-TCGTTGCCAGCCTTTGGAG-3' 

  Reverse 5'-TTAAACTTGCCACGGAGGTCATAGA-3' 

Myh6 (α-MHC) Forward 5'-CAGCTCAGCCAGGCCAATAGA-3' 

  Reverse 5'-GTTCCACGATGGCGATGTTC-3' 

Myh7 (β-MHC) Forward 5'-GCGCAATGCAGAGTCAGTGAA-3' 

  Reverse 5'-TGCAGCTTGTCCACCAGGTC-3' 

Myl2 Forward 5'-AACAGAGACGGCTTCATCGACA-3' 

  Reverse 5'-CGGTGAAGTTAATTGGACCTGG-3' 
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Gene Sequence   

Vegfa Forward 5'-ACATTGGCTCACTTCCAGAAACAC-3' 

  Reverse 5'-TGGTTGGAACCGGCATCTTTA-3' 

Vegfb Forward 5'-GGCTTAGAGCTCAACCCAGAC-3' 

  Reverse 5'-CCTGTGAAGCAGGGCCATA-3' 

Gapdh Forward 5'-TGTGTCCGTCGTGGATCTGA-3' 

  Reverse 5'-TTGCTGTTGAAGTCGCAGGAG-3' 
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Table 2. Primers for ChIP-qPCR analysis 

The putative regulatory regions of Gata4  

The upstream from TSS Sequence   

-1 to -146 bp Forward 5’-TCCACTTCCACACGTACCAAG-3’ 

(-0.07 kb) Reverse 5’-GAGCTACGTCTCCCAACTCC-3’ 

-1654 to -1792 bp Forward 5’-AGAAGGCCTGTGCCTCATCA-3’ 

(-1.7 kb) Reverse 5’-CTCCGTCTCTATGTGTTGCCC-3’ 

 

The putative regulatory regions of Tnnt2 

The upstream from TSS Sequence   

-32 to -175 bp Forward 5’-TGTTGTTCAGGTGTCATGGTTG-3’ 

(-0.1 kb) Reverse 5’-CGTCACTGCAGGTGAGAAGA-3’ 

-4662 to -4831 bp Forward 5’-CTGCTCCCAGCTTGCTCTTC-3’ 

(-4.7 kb) Reverse 5’-ACCCCACGCCATATAAGCTC-3’ 

-6054 to -6174 bp Forward 5’-GGGTGCTCTGTGTGGATAGATG-3’ 

(-6.1 kb) Reverse 5’-CCTAAATCCTCCCGGAACTTAAAC-3’ 

-7861 to -7998 bp Forward 5’-CGGTGCCTTTTCGTCTTACC-3’ 

(-7.9 kb) Reverse 5’-GGAACGCAAAACCTGTGAGAA-3’ 

-9871 to -9984 bp Forward 5’-TTCCTACAGTGCCAGCGTGA-3’ 

(-9.9 kb) Reverse 5’-ACCCTCCCTCACAGATACCC-3’ 

 

The putative regulatory regions Vegfa 

The upstream from TSS Sequence   

-179 to -331 bp Forward 5’-GCCTTCCAACCCCTACTTTC-3’ 

(-0.26 kb) Reverse 5’-ATCTGTGCACCCCTTCAAAC-3’ 

-5391 to -5565 bp Forward 5’-TAGTCGGAACTAGGCCAGGA-3’ 

(-5.5 kb) Reverse 5’-GCCTGCCCTGTAAGACACTT-3’ 

 

5’ upstream region of Eef2 

The upstream from TSS Sequence   

-113 to -220 bp Forward 5’-ACCCATCCGTGGATCTTGG-3’ 

 

Reverse 5’-CGCGGTCTTTGGGACTTAAC-3’ 

だい 

第 1 章の一部および第 2 章の一部を５年以内に雑誌等で刊行予定のため、非公開。 

 



 92 

References 

 
Agarwal, P., Verzi, M. P., Nguyen, T., Hu, J., Ehlers, M. L., McCulley, D. J., Xu, S. 

M., Dodou, E., Anderson, J. P., Wei, M. L. & Black, B. L. 2011. The 

MADS box transcription factor MEF2C regulates melanocyte development 

and is a direct transcriptional target and partner of SOX10. Development 138, 

2555-2565. 

 

Aguilar, C. & Gardiner, D. M. 2015. DNA Methylation Dynamics Regulate the 

Formation of a regenerative wound epithelium during axolotl limb 

regeneration. PLoS ONE 10, e0134791. 

 

Attanasio, C., Nord, A. S., Zhu, Y., Blow, M. J., Biddie, S. C., Mendenhall, E. M., 

Dixon, J., Wright, C., Hosseini, R., Akiyama, J. A., Holt, A., Plajzer-Frick, 

I., Shoukry, M., Afzal, V., Ren, B., Bernstein, B. E., Rubin, E. M., Visel, A. 

& Pennacchio, L. A. 2014. Tissue-specific SMARCA4 binding at active and 

repressed regulatory elements during embryogenesis. Genome Res. 24, 920-929. 

 

Baum, J. & Duffy, H. S. 2011. Fibroblasts and myofibroblasts: What are we talking 

about? J Cardiovasc Pharmacol. 57, 376-379. 

 

Bergmann, O., Bhardwaj, R. D., Bernard, S., Zdunek, S., Barnabé-Heider, F., 

Walsh, S., Zupicich, J., Alkass, K., Buchholz, B. A., Druid, H., Jovinge, S. & 

Frisén, J. 2009. Evidence for cardiomyocyte renewal in humans. Science 324, 

98-102. 

 

Bernstein, B. E., Mikkelsen, T. S., Xie, X., Kamal, M., Huebert, D. J., Cuff, J., Fry, 

B., Meissner, A., Wernig, M., Plath, K., Jaenisch, R., Wagschal, A., Feil, R., 

Schreiber, S. L. & Lander, E. S. 2006. A bivalent chromatin structure marks 

key developmental genes in embryonic stem cells. Cell 125, 315-326. 

 

だい 

第 1 章の一部および第 2 章の一部を５年以内に雑誌等で刊行予定のため、非公開。 

 



 93 

Birbrair, A., Zhang, T., Wang, Z. M., Messi, M. L., Mintz, A. & Delbno, O. 2015. 

Pericytes at the intersection between tissue regeneration and pathology. Clin. Sci. 

128, 81-93.  

 

Brown, C. O., Chi, X., Garcia-Gras, E., Shirai, M., Feng, X. H. & Schwartz, R. J. 

2004. The cardiac determination factor, Nkx2-5, is Activated by mutual 

cofactors GATA-4 and Smad1/4 via a novel upstream enhancer. J. Biol. Chem. 

279, 10659-10669. 

 

Bruneau, B. G., Young, B. D., Olson, E. N., Cordes, K. R. & Srivastava, D. 2010. 

Epigenetic Modifiers of Cardiac Development. In heart development and 

regeneration, Vol 2 (Part 10) (Ed. Rosenthal, N. & Harvey, R. P.), 703-738. 

Academic Press, London, Burlington, San Diego. 

 

Cai, W., Albini, S., Wei, K., Willems, E., Guzzo, R. M., Tsuda, M., Giordani, L., 

Spiering, S., Kurian, L., Yeo, G. W., Puri, P. L. & Mercola, M. 2013. 

Coordinate Nodal and BMP inhibition directs Baf60c-dependent cardiomyocyte 

commitment. Genes Dev. 27, 2332-2344. 

 

Chang, C. P. & Bruneau, B. G. 2012. Epigeneticcs and cardiovascular development. 

Annu. Rev. Physiol. 74, 41-68. 

 

Chen, L., Fulcoli, F. G., Ferrentino, R., Martucciello, S., Illingworth, E. A. & 

Baldini, A. 2012. Transcriptional control in cardiac progenitors: Tbx1 interacts 

with the BAF chromatin remodeling complex and regulates Wnt5a. PLoS Genet 

8, e1002571. 

 

Crafts, T. D., Jensen, A. R., Blocher-Smith, E. C. & Markel, T. A. 2015. Vascular 

endothelial growth factor: Therapeutic possibilities and challenges for the 

treatment of ischemia. Cytokine 71, 385-393. 

 

 

 

だい 

第 1 章の一部および第 2 章の一部を５年以内に雑誌等で刊行予定のため、非公開。 

 



 94 

Crispino, J. D., Lodish, M. B., Thurberg, B. L., Litovsky, S. H., Collins, T., 

Molkentin, J. D. & Orkin, S. H. 2001. Proper coronary vascular development 

and heart morphogenesis depend on interaction of GATA-4 with FOG cofactors. 

Genes Dev. 15, 839-844. 

 

Debril, M. B, Gelman, L., Fayard, E., Annicotte, J.S., Rocchi, S. & Auwerx, J. 2004. 

Transcription factors and nuclear receptors interact with the SWI/SNF complex 

through the BAF60c subunit. J. Biol. Chem. 279, 16677-16686. 

 

Delgado-Olguín, P., Huang, Y., Li, X., Christodoulou, D., Seidman, C. E., Seidman, 

J. G., Tarakhovsky, A. & Bruneau, B. G. 2012. Epigenetic repression of 

cardiac progenitor gene expression by Ezh2 is required for postnatal cardiac 

homeostasis. Nat Genet. 44, 343-347. 

 

Devine, W. P., Wythe, J. D., George, M., Koshiba-Takeuchi, K. & Bruneau, B. G. 

2014. Early patterning and specification of cardiac progenitors in gastrulating 

mesoderm. eLife 3, e03848. 

 

Dodou, E., Verzi, M. P., Anderson, J. P., Ku, S. M. & Black, B. L. 2004. Mef2c is a 

direct transcriptional target of ISL1 and GATA factors in the anterior heart field 

during mouse embryonic development. Development 131, 3931-3942. 

 

Drenckhahn, J. D., Schwarz, Q. P., Gray, S., Laskowski, A., Kiriazis, H., Ming, Z., 

Harvey, R. P., Du, X. J., Thorburn, D. R. & Cox, T. C. 2008. Compensatory 

growth of healthy cardiac cells in the presence of diseased cells restores tissue 

homeostasis during heart development. Dev. Cell 15, 521-533. 

 

Durocher, D., Charron, F., Warren, R., Schwartz, R. J. & Nemer, M. 1997. The 

cardiac transcription factors Nkx2-5 and GATA-4 are mutual cofactors. EMBO J. 

16, 5687-5696. 

 

 

 

だい 

第 1 章の一部および第 2 章の一部を５年以内に雑誌等で刊行予定のため、非公開。 

 



 95 

Frangogiannis, N. G., Michael, L. H. & Entman, M. L. 2000. Myofibroblasts in 

reperfused myocardial infarcts express the embryonic form of smooth muscle 

myosin heavy chain (SMemb). Cardiovasc. Res. 48, 89-100. 

 

Gemberling, M., Bailey., T. J., Hyde, D. R. & Poss, K. D. 2013. The zebrafish as a 

model for complex tissue regeneration. Trends Genet. 29, 611-620. 

 

González-Rosa, J. M., Martín, V., Peralta, M., Torres, M. & Mercader, N. 2011. 

Extensive scar formation and regression during heart regeneration after 

cryoinjury in zebrafish. Development 138, 1663-1674. 

 

Grépin, C., Nemer, G. & Nemer, M. 1997. Enhanced cardiogenesis in embryonic 

stem cells overexpressing the GATA-4 transcription factor. Development 124, 

2387-2395. 

 

Grépin, C., Robitaille, L., Antakly, T. & Nemer, M. 1995. Inhibition of transcription 

factor GATA-4 expression blocks in vitro cardiac muscle differentiation. Mol. 

Cell. Biol. 15, 4095-4102. 

 

Gulick, J., Subramaniam, A., Neumann, J. & Robbins, J. 1991. Isolation and 

characterization of the mouse cardiac myosin heavy chain genes. J. Biol. Chem. 

266, 9180-9185. 

 

Hallgrimsson, B. and Hall, B. K. 2011. Epigenetics. University of California Press. 

Berkeley, Los Angeles, London. 

 

Hang, C. T., Yang, J., Han, P., Cheng, H. L., Shang, C., Ashley, E., Zhou, B. & 

Chang, C. P. 2010. Chromatin regulation by Brg1 underlies heart muscle 

development and disease. Nature 466, 62-67. 

 

He, A., Gu, F., Hu, Y., Ma, Q., Ye, L. Y., Akiyama, J. A., Visel, A., Pennacchio, L. 

A. & Pu, W. T. 2014. Dynamic GATA4 enhancers shape the chromatin 

landscape central to heart development and disease. Nat. Commun. 5, 4907. 

だい 

第 1 章の一部および第 2 章の一部を５年以内に雑誌等で刊行予定のため、非公開。 

 



 96 

Ho, L. & Crabtree, G. R. 2010. Chromatin remodelling during development. Nature 

463, 474-484. 

 

Huang, X., Gao, X., Diaz-Trelles, R., Ruiz-Lozano, P. & Wang, Z. 2008. Coronary 

development is regulated by ATP-dependent SWI/SNF chromatin remodeling 

component BAF180. Dev. Biol. 319, 258– 266. 

 

Ieda, M., Kanazawa, H., Kimura, K., Hattori, F., Ieda, Y., Taniguchi, M., Lee, J. 

K., Matsumura, K., Tomita, Y., Miyoshi, S., Shimoda, K., Makino, S., Sano, 

M., Kodama, I., Ogawa, S. & Fukuda, K. 2007. Sema3a maintains normal 

heart rhythm through sympathetic innervation patterning. Nat. Med. 13, 

604-612. 

 

Ieda, M., Tsuchihashi, T., Ivey, K. N., Ross, R. S., Hong, T. T., Shaw, R. M. & 

Srivastava, D. 2009. Cardiac fibroblasts regulate myocardial proliferation 

through beta1 integrin signaling. Dev. Cell 16, 233-244. 

 

Ikenishi, A., Okayama, H., Iwamoto, N., Yoshitome, S., Tane, S., Nakamura, K., 

Obayashi, T., Hayashi, T. & Takeuchi, T. 2012. Cell cycle regulation in 

mouse heart during embryonic and postnatal stages. Dev. Growth Differ. 54, 

731-738. 

 

Itescu, S. & Dimmeler, S. 2010. Cell therapy for recapitulation of vascular network 

formation and functional heart muscle recovery after myocardial ischemia. In 

heart development and regeneration, Vol 2 (Part 14 [2]) (Ed. Rosenthal, N. & 

Harvey, R. P.), 937-947. Academic Press, London, Burlington, San Diego. 

 

Itou, J., Oishi, I., Kawakami, H., Glass, T. J., Richter, J., Johnson, A., Lund, T. C. 

& Kawakami, Y. 2012. Migration of cardiomyocytes is essential for heart 

regeneration in zebrafish. Development 139, 4133-4142. 

 

Jeddeloh, J. A., Stokes, T. L. & Richards, E. J. 1999. Maintenance of genomic 

methylation requires a SWI2/SNF2-like protein. Nat. Genet. 22, 94-97. 

だい 

第 1 章の一部および第 2 章の一部を５年以内に雑誌等で刊行予定のため、非公開。 

 



 97 

Johnson, S. L. & Weston, J. A. 1995. Temperature-sensitive mutations that cause 

stage-specific defects in Zebrafish fin regeneration. Genetics 141, 1583–1595. 

 

Jopling, C., Sleep, E., Raya, M., Martí, M., Raya, A. & Izpisúa Belmonte, J. C. 

2010. Zebrafish heart regeneration occurs by cardiomyocyte dedifferentiation 

and proliferation. Nature 464, 606-609. 

 

Kikuchi, K., Holdway, J. E., Major, R. J., Blum, N., Dahn, R. D., Begemann, G. & 

Poss, K. D. 2011. Retinoic acid production by endocardium and epicardium is 

an injury response essential for zebrafish heart regeneration. Dev. Cell 20, 

397-404. 

 

Kikuchi, K., Holdway, J. E., Werdich, A. A., Anderson, R. M., Fang, Y., Egnaczyk, 

G. F., Evans, T., Macrae, C. A., Stainier, D. Y. R. & Poss, K. D. 2010. 

Primary contribution to zebrafish heart regeneration by gata4(+) cardiomyocytes. 

Nature 464, 601-605. 

 

Kim H. D. 1996. Expression of intermediate filament desmin and vimentin in the 

human fetal heart. Anat. Rec. 246, 271-278. 

 

Kuo, C. T., Morrisey, E. E., Anandappa, R., Sigrist, K., Lu, M. M., Parmacek, M. 

S., Soudais, C. & Leiden, J. M. 1997. GATA4 transcription factor is required 

for ventral morphogenesis and heart tube formation. Genes Dev. 11, 1048-1060. 

 

Lange, M., Kaynak, B., Forster, U. B., Tönjes, M., Fischer, J. J., Grimm, C., 

Schlesinger, J., Just, S., Dunkel, I., Krueger, T., Mebus, S., Lehrach, H., Lurz, 

R., Gobom, J., Rottbauer, W., Abdelilah-Seyfried, S. & Sperling, S. 2008. 

Regulation of muscle development by DPF3, a novel histone acetylation and 

methylation reader of the BAF chromatin remodeling complex. Genes Dev. 22, 

2370–2384. 

 

 

 

だい 

第 1 章の一部および第 2 章の一部を５年以内に雑誌等で刊行予定のため、非公開。 

 



 98 

Längst, G., Bonte, E. J., Corona, D. F. & Becker, P. B. 1999. Nucleosome movement 

by CHRAC and ISWI without disruption or trans-displacement of the histone 

octamer. Cell 97, 843-852. 

 

Längst, G. & Manelyte, L. 2015. Chromatin remodelers: From function to dysfunction. 

Genes 6, 299-324. 

 

Lee, J. H., Chang, S. H., Shim, J. H., Lee, J. Y., Yoshida, M. & Kwon, H. 2003. 

Cytoplasmic localization and nucleo-cytoplasmic shuttling of BAF53, a 

component of chromatin-modifying complexes. Mol. Cells. 16, 78-83. 

 

Li, F., Wang, X., Capasso, J. M. & Gerdes, A. M. 1996. Rapid transition of cardiac 

myocytes from hyperplasia to hypertrophy during postnatal development. J. Mol. 

Cell. Cardiol. 28, 1737-1746. 

 

Lickert, H., Takeuchi, J. K., Von Both, I., Walls, J. R., Mcauliffe, F., Adamson, S. 

L., Henkelman, R. M., Wrana, J. L., Rossant, J. & Bruneau, B. G. 2004. 

Baf60c is essential for function of BAF chromatin remodelling complexes in 

heart development. Nature 432, 107-112. 

 

Livak, K. J. & Schmittgen T. D. 2001. Analysis of relative gene expression data using 

real-time quantitative PCR and the 2−ΔΔCt method. Methods 25, 402-408. 

 

Mahmoud, A. I., Porrello, E. R., Kimura, W., Olson, E. N. & Sadek, H. A. 2014. 

Surgical models for cardiac regeneration in neonatal mice. Nat. Protoc. 9, 

305-311. 

 

Meagher, R. B., Kandasamy, M. K., McKinney, E. C. & Roy, E. 2009. Chapter 5. 

Nuclear actin-related proteins in epigenetic control. Int. Rev. Cell. Mol. Biol. 277, 

157-215. 

 

 

 

だい 

第 1 章の一部および第 2 章の一部を５年以内に雑誌等で刊行予定のため、非公開。 

 



 99 

Meng, Z. X., Li, S., Wang, L., Ko, H. J., Lee, Y., Jung, D. Y., Okutsu, M., Yan, Z., 

Kim, J. K. & Lin, J. D. 2013. Baf60c drives glycolytic metabolism in the 

muscle and improves systemic glucose homeostasis through Deptor-mediated 

Akt activation. Nat. Med. 19, 640-645. 

 

Molkentin J. D, Lin. Q., Duncan S. A., & Olson E. N. 1997. Requirement of the 

transcriptional GATA4 for heart tube formation and ventral morphogenesis. 

Genes Dev. 11, 1061-1072. 

 

Narita, N., Bielinska, M. & Wilson, D. B. 1997. Wild-type endoderm abrogates the 

ventral developmental defects associated with GATA-4 deficiency in the mouse. 

Dev. Biol. 189, 270-274. 

 

Oberpriller, J. O. & Oberpriller, J. C. 1974. Response of the adult newt ventricle to 

injury. J. Exp. Zool. 187, 249-260. 

 

Porrello, E. R., Mahmoud, A. I., Simpson, E., Hill, J. A., Richardson, J. A., Olson, 

E. N. & Sadek, H. A. 2011. Transient regenerative potential of the neonatal 

mouse heart. Science 331, 1078-1080. 

 

Porrello, E. R., Mahmoud, A. I., Simpson, E., Johnson, B. A., Grinsfelder, D., 

Canseco, D., Mammen, P. P., Rothermel, B. A., Olson, E. N. & Sadek, H. A. 

2013. Regulation of neonatal and adult mammalian heart regeneration by the 

miR-15 family. Proc. Natl. Acad. Sci. USA. 110, 187-192. 

 

Poss, K. D., Wilson, L. G. & Keating, M. T. 2002. Heart regeneration in zebrafish. 

Science 298, 2188-2190. 

 

 

 

 

 

 

だい 

第 1 章の一部および第 2 章の一部を５年以内に雑誌等で刊行予定のため、非公開。 

 



 100 

Puente, B. N., Kimura, W., Muralidhar, S. A., Moon, J., Amatruda, J. F., Phelps, 

K. L., Grinsfelder, D., Rothermel, B. A., Chen, R., Garcia, J. A., Santos, C. 

X., Thet, S., Mori, E., Kinter, M. T., Rindler, P. M., Zacchigna, S., 

Mukherjee, S., Chen, D. J., Mahmoud, A. I., Giacca, M., Rabinovitch, P. S., 

Aroumougame, A., Shah, A. M., Szweda, L. I. & Sadek, H. A. 2014. The 

oxygen-rich postnatal environment induces cardiomyocyte cell-cycle arrest 

through DNA damage response. Cell 157, 565-579. 

 

Rojas, A., De Val, S., Heidt, A. B., Xu, S. M., Bristow, J. & Black, B. L. 2005. Gata4 

expression in lateral mesoderm is downstream of BMP4 and is activated directly 

by Forkhead and GATA transcription factors through a distal enhancer element. 

Development 132, 3405-3417. 

 

Rottbauer, W., Saurin, A. J., Lickert, H., Shen, X., Burns, C. G., Wo, Z. G., 

Kemler, R., Kingston, R., Wu, C. & Fishman, M. 2002. Reptin and pontin 

antagonistically regulate heart growth in zebrafish embryos. Cell 111, 661-672. 

 

Saccone, V., Consalvi, S., Giordani, L., Mozzetta, C., Barozzi, I., Sandoná, M., 

Ryan, T., Rojas-Muñoz, A., Madaro, L., Fasanaro, P., Borsellino, G., De 

Bardi, M., Frigè, G., Termanini, A., Sun, X., Rossant, J., Bruneau, B. G., 

Mercola, M., Minucci, S. & Puri, P. L. 2014. HDAC-regulated myomiRs 

control BAF60 variant exchange and direct the functional phenotype of 

fibro-adipogenic progenitors in dystrophic muscles. Genes Dev. 28, 841-857. 

 

Salazar-Ciudad, I. & Jernvall, J. 2005. Graduality and innovation in the evolution of 

complex phenotypes: insights from development. J. Exp. Zool. B. Mol. Dev. 

Evol. 304, 619-631. 

 

Sánchez, Alvarado, A. & Tsonis, P. A. 2006. Bridging the regeneration gap: genetic 

insights from diverse animal models. Nat. Rev. Genet. 7, 873-884. 

 

Stegmann, T. J. 1998. FGF1: a human growth factor in the induction of 

neoangiogenesis. Exp. Opin. Invest. Drugs. 7, 2011-2015. 

だい 

第 1 章の一部および第 2 章の一部を５年以内に雑誌等で刊行予定のため、非公開。 

 



 101 

Takeuchi, J. K. & Bruneau, B. G. 2009. Directed transdifferentiation of mouse 

mesoderm to heart tissue by defined factors. Nature 459, 708-711. 

 

Takeuchi, J. K., Lickert, H., Bisgrove, B. W., Sun, X., Yamamoto, M., 

Chawengsaksophak, K., Hamada, H., Yost, H. J., Rossant, J. & Bruneau, B. 

G. 2007. Baf60c is a nuclear Notch signaling component required for the 

establishment of left-right asymmetry. Proc. Natl. Acad. Sci. USA. 104, 

846-851. 

 

Takeuchi, J. K., Lou, X., Alexander, J. M., Sugizaki, H., Delgado-Olguín, P., 

Holloway, A. K., Mori, A. D., Wylie, J. N., Munson, C., Zhu, Y., Zhou, Y. Q., 

Yeh, R. F., Henkelman, R. M., Harvey, R. P., Metzger, D., Chambon, P., 

Stainier, D. Y., Pollard, K. S., Scott, I. C. & Bruneau, B. G. 2011. Chromatin 

remodelling complex dosage modulates transcription factor function in heart 

development. Nat. Commun. 2, 187. 

 

Teekakirikul, P., Padera, R. F., Seidman, J. G. & Seidman, C. E. 2012. 

Hypertrophic cardiomyopathy: translating cellular cross talk into therapeutics. J 

Cell Biol. 199, 417-421. 

 

Trotter, K. W. & Archer, T. K. 2008. The BRG1 transcriptional coregulator. Nucl. 

Recept. Signal. 6, e004.  

 

Tsukiyama, T., Palmer, J., Landel, C. C., Shiloach, J. & Wu, C. 1999. 

Characterization of the imitation switch subfamily of ATP-dependent 

chromatin-remodeling factors in Saccharomyces cerevisiae. Genes Dev. 13, 

686-697. 

 

van Weerd, Jan H., Koshiba-Takeuchi, Kazuko., Kwon, Chulan. & Takeuchi, J. K. 

2011. Epigenetic factors and cardiac development. Cardiovasc. Res. 91, 

203-211. 

 

 

だい 

第 1 章の一部および第 2 章の一部を５年以内に雑誌等で刊行予定のため、非公開。 

 



 102 

Waldron, L., Steimle, J. D., Greco, T. M., Gomez, N. C., Dorr, K. M., Kweon, J., 

Temple, B., Yang, X. H., Wilczewski, C. M., Davis, I. J., Cristea, I. M., 

Moskowitz, I. P. & Conlon, F. L. 2016. The cardiac TBX5 interactome reveals 

a chromatin remodeling network essential for cardiac septation. Dev. Cell 36, 

262-275.  

 

Wang, J., Panáková, D., Kikuchi, K., Holdway, J. E., Gemberling, M., Burris, J. S., 

Singh, S. P., Dickson, A. L., Lin, Y. F., Sabeh, M. K., Werdich, A. A., Yelon, 

D., Macrae, C. A. & Poss, K. D. 2011. The regenerative capacity of zebrafish 

reverses cardiac failure caused by genetic cardiomyocyte depletion. 

Development 138, 3421-3430. 

 

Wang, Z., Zhai, W., Richardson, J. A., Olson, E. N., Meneses, J. J., Firpo, M. T., 

Kang, C., Skarnes, W. C. & Tjian, R. 2004. Polybromo protein BAF180 

functions in mammalian cardiac chamber maturation. Genes Dev. 18, 

3106-3116. 

 

Witman, N., Murtuza, B., Davis, B., Arner, A. & Morrison, J. I. 2011. 

Recapitulation of developmental cardiogenesis governs the morphological and 

functional regeneration of adult newt hearts following injury. Dev. Biol. 354, 

67-76. 

 

Yakushiji, N., Suzuki, M., Satoh, A., Sagai, T., Shiroishi, T., Kobayashi, H., Sasaki, 

H., Ide, H. & Tamura, K. 2007. Correlation between Shh expression and DNA 

methylation status of the limb-specific Shh enhancer region during limb 

regeneration in amphibians. Dev. Biol. 312, 171-182. 

 

Zhu, H., Geiman, T. M., Xi, S., Jiang, Q., Schmidtmann, A., Chen, T., Li. E. & 

Muegge, K. 2006. Lsh is involved in de novo methylation of DNA. EMBO J. 

25, 335-345. 

 

 
 

だい 

第 1 章の一部および第 2 章の一部を５年以内に雑誌等で刊行予定のため、非公開。 

 



 103 

Acknowledgements 

 
I would like to express my gratitude to my supervisor, Dr. Jun Takeuchi (The 

University of Tokyo) for providing me with the opportunity to study and supporting the 

provision of samples regarding the siRNA-transfection in vivo.  

 

I would also like to express my sincere appreciation to Dr. Kazuko Koshiba (The 

University of Tokyo) for her great deal of support, encouragement, and valuable 

discussion. 

 

I am deeply grateful to Dr. Hidesato Ogawa (Osaka University) for technical advice 

about ChIP-qRCR analysis and many discussions of my research; to Ms. Megumi 

Tsuchiya (Osaka University) for support for the western blotting analysis from axolotl 

heart; Ms. Mizuyo Kojima, Mr. Kohei Ito, and Ms. Asuka Miyazawa (The University of 

Tokyo) for technical advice and support with respect to apical resection surgery; to Dr. 

Yuuta Moriyama, Mr. Masato Tsuji, Dr. Hiroyuki Takeda, and Dr. Takeo Kubo (The 

University of Tokyo) for their discussion about my research; to Dr. Tomomi Karigo 

(The University of Tokyo) for providing the axolotls; to Dr. Hiroyuki Takeda, Dr. 

Takeo Kubo, Dr. Yoshitaka Oka, and Dr. Naoki Irie (The University of Tokyo) for 

reviewing and discussion about my doctoral thesis 

 

My deepest appreciation goes to the members of Takeuchi Laboratory (Division of 

Cardiovascular Regeneration, Institute of Molecular and Cellular Biosciences, Graduate 

School of Science, The University of Tokyo) for everything they have done for me in 

the laboratory. 

 

Finally, I am greatly indebted to my family for their heartfelt support and generous 

affection, without which I would not have accomplished this study. 

 

だい 

第 1 章の一部および第 2 章の一部を５年以内に雑誌等で刊行予定のため、非公開。 

 


