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Abstract. Previous studies from this group demonstrated that 
insulin gene enhancer binding protein ISL‑1 (Islet‑1) specifi-
cally induces the differentiation of mesenchymal stem cells 
(MSCs) into cardiomyocyte‑like cells through histone acetyla-
tion. However, the underlying mechanisms remain unclear. In 
the present study, the role of the histone acetylation and DNA 
methylation on the regulatory mechanism of the Islet‑1 was 
further investigated by methylation‑specific polymerase chain 
reaction (PCR), chromatin immunoprecipitation quantitative 
PCR and western blot analysis. The results demonstrated 
that Islet‑1 upregulated expression of general control of 
amino acid biosynthesis protein 5 (Gcn5) and enhanced the 
binding of Gcn5 to the promoters of GATA binding protein 4 
(GATA4) and NK2 homeobox 5 (Nkx2.5). In addition, Islet‑1 
downregulated DNA methyltransferase (DNMT)‑1 expression 
and reduced its binding to the GATA4 promoter. In contrast, 
the amount of DNMT‑1 binding on Nkx2.5 did not match 
the expression trend. Therefore, it was concluded that Islet‑1 

may influence the histone acetylation and DNA methylation 
of GATA4 promoter region via Gcn5 and DNMT‑1 during 
the MSC differentiation into cardiomyocyte‑like cells, thus 
prompting the expression of GATA4. The Nkx2.5 was likely 
only affected by histone acetylation instead of DNA methyla-
tion. The present study demonstrated that Islet‑1 induces the 
differentiation of mesenchymal stem cells into cardiomyo-
cyte‑like cells through a specific interaction between histone 
acetylation and DNA methylation on regulating GATA4.

Introduction

The human heart loses most of its regenerative capacity 
during postnatal development, and is not able to replace 
any defects after damage with functional myocardium (1). 
An increasing number of general treatments have been 
reported to be unable to aid complete cardiac regeneration 
and repair (2). Since stem cells can be induced for specific 
differentiation into cardiomyocytes under certain conditions, 
therapies based on stem cells have generated interest among 
researchers in recent years (3,4). Mesenchymal stem cells 
(MSCs) have the characteristics of autologous transplanta-
tion, as they are easy to isolate and are characterized by a 
strong ability for amplification, excellent gene stability 
and low immunogenicity (1,5). A large number of studies 
have shown that cardiovascular regeneration based on stem 
cells may cure cardiovascular diseases with cardiomyocyte 
damage  (6). However, the specific molecular mechanism 
underlying this cure remains elusive.

Insulin gene enhancer binding protein ISL‑1 (Islet‑1), a 
subtype of the LIM‑homeodomain (LIM‑HD) transcription 
factor subfamily, contains one DNA binding site and two LIM 
domains (7‑9). Several studies have demonstrated that Islet‑1 is 
crucial to cardiac development and cardiomyocyte differentia-
tion (10,11). Islet1‑null mice completely lack the outflow tract, 
right ventricle and much of the atria (10,12). Lineage tracing 
of Islet1‑expressing progenitors demonstrate that Islet‑1 is a 
marker for a distinct population of undifferentiated cardiac 
progenitors (12). Previous studies from this group indicated 
that Islet‑1 serves a critical role in the differentiation of MSCs 
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into cardiomyocytes and promotes the expression of heart 
development‑related genes in MSCs.

Islet‑1 may be able to affect the acetylation levels of the 
cardiomyocyte‑specific early transcription factors NK2 
homeobox 5 (Nkx2.5) and GATA binding protein 4 (GATA4) 
to regulate their expression levels and promote their differenti-
ation into cardiomyocytes (13). Although previous studies have 
demonstrated that histone acetyltransferases (HATs) serve 
critical roles in the regulation of cardiomyocyte‑specific gene 
expression (14,15), the specific HATs involved in this process 
are unknown. In addition to histone acetylation, DNA methyla-
tion is significant in the regulation of gene expression (16). For 
example, DNA methyltransferase (DNMT)‑1, DNMT‑3a and 
DNMT‑3b participate as the major DNMTs in the methylation 
of different genes to regulate their DNMTs in the methylation of 
different genes to regulate their expression (17‑20). Therefore, 
it was hypothesized that DNA methylation participated in 
the regulation of relevant genes during the complex process 
of MSCs differentiation into cardiomyocytes. However, few 
investigations have been conducted to identify the major 
DNMTs involved in this process.

In the current study, C3H10T1/2 MSCs were infected 
with lentiviruses overexpressing Islet‑1, in order to promote 
their specific differentiation into cardiomyocytes. Alterations 
over time in histone H3K9 acetylation and DNA methylation 
levels on the promoter regions of GATA4 and Nkx2.5 were 
assessed during the process of MSC differentiation into 
cardiomyocytes. In addition, HATs and DNMTs that bound to 
the GATA4 and Nkx2.5 promoter regions were evaluated. The 
expression trends of the early‑stage cardiomyocyte‑specific 
genes GATA4 and Nkx2.5 were examined and the relation-
ship between the changing trends in histone H3K9 acetylation 
levels and DNA methylation levels during the MSCs differ-
entiation into cardiomyocyte‑like cells promoted by Islet‑1. 
Finally, a mechanism underlying the involvement of these two 
epigenetic modifications in the regulation of differentiation 
was preliminarily proposed.

Materials and methods

Cell culture and lentiviral vector infection. C3H10T1/2 cells, 
obtained from University of Chicago Molecular Oncology 
Laboratory (Chicago, IL, USA), were grown in Dulbecco's 
modified Eagle's medium (Gibco; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) supplemented with 10% fetal 
bovine serum (FBS, EMD Millipore, Billerica, MA, USA). 
Lentiviruses (Lv) overexpressing GFP or Islet‑1/GFP (multi-
plicity of infection=20) (GeneChem Co., Ltd., Shanghai, 
China), and 5 µg/ml polybrene (GeneChem Co., Ltd.) were 
mixed together and added to the culture medium of cells 
when they reached 30% confluence. The culture medium 
was replaced following culturing at 37˚C in 5% CO2 for 24 h. 
Fluorescence microscopy (Eclipse Ti‑s; Nikon Corporation, 
Tokyo, Japan) was used to observe the GFP expression after 
3 days. The infection efficiency was assessed with flow cytom-
etry (BD FACSCanto II, BD Biosciences, San Jose, CA, USA), 
and prepared by BD FACS Diva version 3.0. The experiment 
was divided into 3 groups: The blank group, the Lv‑GFP group 
(GFP cells) and the Lv‑islet‑1 group (cells infected with a 
plasmid overexpressing Islet‑1/GFP). The Lv‑islet‑1 group was 

further divided into the following subgroups: Islet‑1‑1 week, 
Islet‑1‑2 weeks, Islet‑1‑3 weeks and Islet‑1‑4 weeks based on 
the lentiviral infection time.

Immunofluorescence. C3H10T1/2 cells (1x105 cells/well) were 
plated in 24‑well plates on 1x1 cm2 glass coverslips. Then, 
the cells were fixed in absolute acetone for 15 min at 4˚C. 
Following 3 washes with PBS, the cells on the glass coverslips 
were blocked with goat serum (dilution, 1:20, ZSGB‑BIO, 
Beijing, China), washed again, and incubated with the 
primary anti‑cardiac troponin T(cTnT) monclonal antibody 
(ab209813; 1:400; Abcam, Cambridge, MA, USA) overnight 
at 4˚C. Then, the cells were washed with PBS and incubated 
with a Cy3‑conjugated secondary antibody (CW0159S; 1:150; 
Beijing Cowin Bioscience Co., Ltd., Beijing, China) for 1 h at 
37˚C. Following washing with PBS, 4',6‑diamidino‑2‑phenyl-
indole was added for 3 min. Following the final wash, images 
were acquired under a fluorescence microscope (BX51; 
Olympus Corporation, Tokyo, Japan) and prepared by Nikon 
NIS‑element AR 4.0 software. A total of six fields of view 
were assessed, and three replicates were performed.

Total RNA extraction and reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR). Cellular RNA 
was extracted from the blank group, the Lv‑GFP group 
and the Lv‑islet‑1 groups (Islet‑1‑1, Islet‑1‑2, Islet‑1‑3 and 
Islet‑1‑4 weeks) according to the instructions of the RNA 
extraction reagent kit (RP120; BioTeke Corporation, Beijing, 
China) and subjected to reverse transcription by PrimeScript™ 
RT Master Mix kit (RR047A; Takara Biotechnology Co., Ltd., 
Dalian, China). The cDNA was amplified (RR047A; Takara 
Biotechnology Co., Ltd.), using the reaction conditions of: 
40 cycles of 95˚C for 30 sec, 95˚C for 5 sec and 60˚C for 40 sec. 
Each reaction contained one blank well, and the samples of 
each group included three replicate wells. β‑actin was used as 
the internal control. The relative expression levels of the genes 
were calculated using the 2‑ΔΔCq method (21). The changes in 
the gene expression levels of GATA4, Nkx2.5 and Mef2c were 
assessed at all time points. The primer sequences of the genes 
are provided in Table I.

Chromatin immunoprecipitation (ChIP)‑qPCR assay. 
Formaldehyde (1%) was added to the samples to cross‑link 
the protein‑DNA complexes. The ChIP trials were conducted 
using a ChIP assay kit (Merck KGaA Darmstadt, Germany). 
Following cross‑linking, the DNA was fragmented by soni-
cation (Bioruptor UCD‑200; Diagenode, Liège, Belgium) 
consisting of 25 cycles of 30 sec each, with an interval of 
30 sec to cool down. Then, the protein‑DNA complexes were 
precipitated with the following antibodies: Histone H3 (acetyl 
K9; ab10812; 3 µg/µl), general control of amino acid biosyn-
thesis protein 5 (Gcn5; ab18381; 7 µg/µl), P300 (ab14984; 
5  µg/µl), DNMT1 (ab87656; 5  µg/µl), DNMT3a (ab2850; 
9  µg/µl) or DNMT3b (ab2851; 9  µg/µl), All antibodies 
purchased from Abcam and incubated overnight on a shaker 
at 4˚C. DNA was extracted using the ChIP assay kit. The 
experiment included both a positive control (DNA precipitated 
by the RNA polymerase II antibody) and a negative control 
(DNA precipitated by normal mouse IgG), these antibodies 
all part of the assay kit noted above and used according to 
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the manufacturer's protocols. The amount of extracted DNA 
was determined by qPCR (RR420A; Takara Biotechnology 
Co., Ltd., Dalian, China), the thermocycler conditions and the 
method of quantification strictly followed the ChIP assay kit 
protocols. The primer sequences and annealing temperatures 
of the ChIP‑qPCR reaction are presented in Table II.

Methylation‑specif ic (MS‑)PCR. Cellular DNA was 
extracted from the blank group, the negative control group 
and the Lv‑islet‑1 groups (Islet‑1‑1, Islet‑1‑2, Islet‑1‑3, and 
Islet‑1‑4 weeks) according to the instructions of the DNA 
extraction kit (Tiangen Biotech Co., Ltd., Beijing, China). 
The DNA concentrations were determined to ensure that the 
amount of DNA treated with bisulfite was 350 ng. The volume 
of the DNA required for each group was calculated based on 
the concentration. The DNA bisulfite treatment reagent kit 
(Zymo Research, Irvine, CA, USA) was used. The primers 
for MS‑PCR were designed using the MethPrimer software 
according to the previously described method (22). The primer 
sequences for GATA4 and Nkx2.5 are provided in Table III.

A 2% agarose gel was prepared, and the loading volume of 
the DNA ladder marker and the MS‑PCR products was 5 µl. 
The electrophoresis was run for 45 min at 120 V in 0.25X TAE 
agarose gel electrophoresis buffer. The agarose electropho-
resis results were observed using the chemiluminescence gel 

imaging system (G:box; Syngene, Cambridge, UK). The gray 
value of the electrophoresis band was determined using the 
Quantity One software (version 4.6.2; Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA).

Protein extraction and western blotting. Proteins were 
extracted from the cells using the radioimmunoprecipitation 
assay reagent (P0013B; Beyotime Institute of Biotechnology, 
Shanghai, China) containing 1% phenylmethanesulfonyl 
fluoride (cat. no. ST506; Beyotime Institute of Biotechnology) 
to prevent protein degradation. The protein concentrations 
were measured with the bicinchoninic acid method. The 
protein samples (40 µg protein each well) were mixed with 
5X SDS‑PAGE buffer (Beyotime Institute of Biotechnology). 
The sample loading buffer was boiled for 5  min prior to 
loading onto a 10% SDS‑PAGE gel. Following electropho-
resis, the proteins were transferred to polyvinylidene fluoride 
membranes (EMD Millipore). The membranes were cut 
according to the marker and incubated in 5% non‑fat milk 
with PBS and Tween‑20 (PBST, 0.05% Tween‑20) for 1 h on 
a shaker at room temperature to block non‑specific protein 
binding. The primary antibodies used in the present study 
were as follows: Anti‑Islet‑1 (EP4182; 1:2,000; Epitomics, 
Burlingame, CA, USA), anti‑Gcn5 (ab18381; 1:1,000; Abcam), 
anti‑P300 (ab14984; 1:1,000; Abcam), anti‑DNMT1 (ab87656; 
1:1,000; Abcam), anti‑DNMT3a (ab2850; 1:1,000; Abcam) and 
anti‑DNMT3b (ab2851; 1:1,000; Abcam). The β‑actin antibody 
(A5441; 1:2,000; Sigma‑Aldrich; Merck KGaA) was used as 
a control. The membranes were incubated with the primary 
antibodies overnight at 4˚C and then washed in PBST 3 times 
for 10 min and incubated with the corresponding secondary 
antibody (ZB‑2301 and ZB‑2305, 1:2,000; ZSGB‑BIO) on 
a shaker at room temperature. Positive bands were detected 
using a chemiluminescent reaction (EMD Millipore). The 
image collection and densitometry analyses were performed 
with the Quantity One analysis software (version 4.6.2; 
Bio‑Rad Laboratories, Inc.).

Statistical analysis. Each experiment was repeated at least 
three times. All data were expressed as the mean ±  stan-
dard deviation. The statistical evaluations were performed 
using independent samples by using Student's paired t‑tests, 
continuity correction chi‑square test and one‑way analysis 
of variance and Dunnett's as a post hoc test. SPSS software 
(version 17.0; SPSS Inc., Chicago, IL, USA) was used for the 
statistical analysis. P<0.05 was considered to indicate a statis-
tically significant difference.

Results

Islet‑1 promotes the differentiation of MSCs into cardiomyo‑
cyte‑like cells. The GFP fluorescence results demonstrated that 
the GFP was stably expressed, indicating that the lentiviral 
infection was successful (Fig. 1A). The flow cytometry results 
demonstrated that the infection efficiency reached 91.7% 
(Fig. 1B). These results ensured the reliability of subsequent 
experiments. The western blotting results indicated that the 
C3H10 T1/2 cells had a high level of Islet‑1 expression following 
lentiviral infection compared with the blank group and the 
control group (Fig. 1C). No visible difference in morphology 

Table I. Primer sequences used in reverse transcription‑ 
quantitative polymerase chain reaction.

Target	 Sequence (5'‑3')

Nkx2.5	 F‑GAGCCTGGTAGGGAAAGAGC
	 R‑GGTGGGTGTGAAATCTGAGG
GATA4	 F‑GACTACCACCACCACGCTGT
	 R‑ATTCAGGTTCTTGGGCTTCC
Mef2c	 F‑ATCCCAGTGTCCAGCCATAA
	 R‑AGACCGCCTGTGTTACCTG
β‑actin	 F‑GGAGATTACTGCCCTGGCTCCTA
	 R‑GACTCATCGTACTCCTGCTTGCTG

F, forward; R, reverse; Nkx2.5, NK2 homeobox 5; GATA4, GATA 
binding protein 4; Mef2c, myocyte enhancer factor 2C.

Table II. Primer sequences and annealing temperatures used 
in chromatin immunoprecipitation‑quantitative polymerase 
chain reaction.

Target	 Sequence (5'‑3')	 Tm (˚C)

Nkx2.5 	 F‑ACCGCCTGGGTGATAGAC	 58.37
	 R‑CCCTCCCGAGATTGAAGAT	 55.87
GATA4 	 F‑GCTACAGGGAGTGATGAGAAG	 53.90
	 R‑CACCAGCCCAGGAGTTTAT	 54.70

Tm, melting temperature; F, forward; R, reverse; Nkx2.5, NK2 
homeobox 5; GATA4, GATA binding protein 4.
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was observed in untransfected MSCs and the Lv‑GFP group 
(Fig. 2A). However, following Islet‑1 transfection, the MSCs 
became fibroblast‑like cells arranged in the same direction, 
exhibiting a short rod‑shaped morphology and had a homog-
enous direction, a tight arrangement and a strong refraction 
(Fig. 2A). cTnT immunofluorescence was visibly higher in the 
Lv‑islet‑1 group compared with the blank and Lv‑GFP groups, 
indicating that the MSCs expressed the cardiomyocyte‑specific 
protein in the cytoplasm at 4 weeks following Islet‑1 infection 
(Fig. 2B). The detection of cardiomyocyte‑specific early‑stage 
transcription factors indicated that the expression of Nkx2.5, 

GATA4 and myocyte enhancer factor 2C (Mef2c) gradually 
increased with time, and was highest in the Islet‑1‑3W group 
(Fig. 2C). These results suggested that Islet‑1 promoted the 
differentiation of MSCs into cardiomyocyte‑like cells.

Histone acetylation and DNA methylation participate in the 
regulation of early‑stage transcription factors involved in 
cardiomyocyte development during MSC differentiation into 
cardiomyocyte‑like cells. The MS‑PCR results indicated that 
the methylation level of the CpG sites on the GATA4 promoter 
gradually decreased following Islet‑1 transfection; the decrease 
was most significant at week 3 (P<0.05; Fig. 3A). The methyla-
tion levels of the CpG sites on the Nkx2.5 gene promoter were 
higher but did not exhibit significant differences compared 
with the blank group and Lv‑GFP group (Fig. 3B).

The ChIP‑qPCR results demonstrated that the levels of 
histone acetylation on the promoter regions of GATA4 and 
Nkx2.5 in the Lv‑islet‑1 group were gradually increased 
with time; the expression of GATA4 and Nkx2.5 combined 
with H3K9ac in the C3H10T1/2 cells infected with Lv‑Islet‑1 
gradually increased, with the peak time of binding at week 3 
(P<0.05; Fig. 3C). These results indicated that histone acetyla-
tion participated in the regulation of GATA4 and Nkx2.5; by 
contrast, Nkx2.5 may not be affected by DNA methylation.

Islet‑1 alters the histone acetylation levels of GATA4 and 
Nkx2.5 through the regulation of Gcn5. To elucidate the mech-
anism underlying the involvement of histones in the regulation 
of early‑stage transcription factors in cardiomyocytes, protein 
expression of the major HATs, Gcn5 and P300, was assessed. 
The western blotting results indicated that the expression level 
of Gcn5 gradually increased following Islet‑1 infection: The 
expression levels at all time points in the Lv‑islet‑1 group were 
higher than those in the blank group and Lv‑GFP group, and 
the Islet‑1‑3 W was highest (Fig. 4A). The expression levels 
of P300 gradually decreased and the expression levels at all 
time points in the Lv‑islet‑1 group were significantly lower 
than those in the blank group and the negative control group 
(P<0.05; Fig. 4A).

The ChIP‑qPCR results demonstrated that the levels of 
GATA4 and Nkx2.5 bound with Gcn5 gradually increased 
following Islet‑1 infection, which was consistent with the 
increased expression of Gcn5 (Fig. 4B). The binding levels at 
all time points in the Lv‑islet‑1 group were higher than those in 
the blank group and the Lv‑GFP group (P<0.05; Fig. 4B). The 

Table III. Primer sequences for GATA4 and Nkx2.5 used in methylation‑specific‑polymerase chain reaction.

				    Product
				    length 
Target	 Primer	 Upstream primer (5'‑3')	 Downstream primer (5'‑3')	 (bp)

GATA4	 Methylation	 GGGTTTATAGGTATTGACGTCGA	 GATAAAAACTACAAAACGCCGAA	 291
GATA4	 Non‑methylation	 AGGGTTTATAGGTATTGATGTTGA	 CCAATAAAAACTACAAAACACCAAA	 294
Nkx2.5	 Methylation	 ATTTTTTAAATTGTTATCGCGATTC	 AACCTAACTTAAAACCCTCCCG	 203
Nkx2.5	 Non‑methylation	 TTTTTAAATTGTTATTGTGATTTGT	 ACCTAACTTAAAACCCTCCCAAA	 200

GATA4, GATA binding protein 4; Nkx2.5, NK2 homeobox 5.

Figure 1. Successful establishment of Islet‑1 overexpression model in 
C3H10T1/2 cells. (A)  Fluorescence microscopy. Scale bar=100  µm. 
(B) Infection efficiency, as GFP detected by flow cytometry, was 91.7%. 
(C) Islet‑1 protein expression detected by western blotting, with β‑actin as 
a loading control. Islet‑1, insulin gene enhancer binding protein ISL‑1; GFP, 
green fluorescent protein.
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expression of the GATA4 and Nkx2.5 binding with P300 did 
not significantly change following Islet‑1 infection compared 
with those in the blank group and the Lv‑GFP group (P>0.05; 
Fig. 4C). These results indicated that Islet‑1 enhanced the 
binding level of Gcn5 to the GATA4 and Nkx2.5 promoter 
regions through the increase in Gcn5 expression.

Islet‑1 alters the DNA methylation levels of the GATA4 
promoter region through the regulation of DNMT‑1. Previous 
studies indicated that DNA methylation participated in the 
Islet‑1‑induced MSCs differentiation into cardiomyocyte‑like 
cells (23). Therefore, the present study further investigated 
the underlying mechanism. The western blotting results indi-
cated that the DNMT‑1 expression level gradually decreased 
following Islet‑1 infection and that the expression levels at all 
time points in the Lv‑islet‑1 group were lower than those in the 
blank group and the Lv‑GFP group (Fig. 5A). The expression 
level of DNMT‑3a in the Lv‑islet‑1 group gradually increased; 
the expression levels at all time points in the Lv‑islet‑1 group 
were significantly higher than those in the blank group and 
the Lv‑GFP group (P<0.05; Fig. 5A). By contrast, DNMT‑3b 
expression was almost undetectable (data not shown).

ChIP‑qPCR analysis identified that the levels of GATA4 
bound with DNMT‑1 gradually decreased following Islet‑1 
infection and the binding levels at all time points in the experi-
mental group were significantly lower than those in the blank 

group and the Lv‑GFP group (P<0.05; Fig. 5B, GATA4); the 
same trend was also demonstrated for the GATA4 bound with 
DNMT‑3a (P<0.05; Fig. 5C, GATA4). Almost no DNMT‑3b 
binding was detected on the GATA4 and Nkx2.5 promoter 
region (Fig. 5D). In addition, DNMT‑1 and DNMT‑3a were 
demonstrated to bind to the Nkx2.5 promoter region, and the 
level of binding following Islet‑1 infection was not significantly 
different compared with the blank group (P>0.05; Fig. 5B and C,  
Nkx2.5, respectively). These results indicated that Islet‑1 
could reduce the DNMT‑1 expression level and thus reduce its 
binding to the GATA4 promoter region. Eventually, the DNA 
methylation levels in the GATA4 promoter region decreased 
and GATA4 expression was promoted. However, DNMT‑1 did 
not affect Nkx2.5 expression.

Discussion

The process of mesenchymal stem cell differentiation into 
cardiomyocytes is regulated by many factors, including 
intercellular interaction, signal pathway, epigenetics and 
paracrine (24‑26). Studies have demonstrated that epigenetic 
modifications, such as histone acetylation and DNA meth-
ylation serve important roles in this process  (27). Histone 
acetylation is the process by which the lysine residues within 
the N‑terminal tail protruding from the histone core of the 
nucleosome are acetylated to determine the transcriptional 

Figure 2. Islet‑1 induces the differentiation of C3H10T1/2 cells into cardiomyocytes. (A) The morphological alterations in C3H10T1/2 cells transfected with 
Lv‑GFP or Lv‑islet‑1 were observed under a microscope. Scale bar=100 µm. (B) Expression of cTnT detected by immunofluorescence microscopy. Scale 
bar=100 µm. (C) Reverse transcription‑quantitative polymerase chain reaction detected variations in mRNA expression levels of cardiac‑specific transcription 
factors in C3H10T1/2 cells infected with lentiviral vectors containing Islet‑1. *P<0.05 vs. blank group. Lv‑GFP, lentiviral vector containing green fluorescent 
protein; Lv‑islet‑1, lentiviral vector containing Islet‑1; cTnT, troponin T2 cardiac type; Nkx2.5, NK2 homeobox 5; GATA4, GATA binding protein 4; Mef2c, 
myocyte enhancer factor 2C; 1 W, 1 week; 2 W, 2 weeks; 3 W, 3 weeks; 4 W, 4 weeks.
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activity of chromatin (28), while DNA methylation is a process 
by which methylation modifications are added to alter the 
function of the DNA that is critical in the regulation of gene 
expression (29). A previous study from this group suggested 
the differentiation of stem cells into cardiomyocyte‑like cells 
promoted by Islet‑1 (13). The current study focused on two 
epigenetic modification methods: Histone acetylation and 
DNA methylation. The aim of the study was to elucidate which 
histone acetyltransferases and DNA methyltransferases could 
regulate the expression of specific early‑stage transcription 
factors in cardiomyocytes and promote the differentiation of 
MSCs into cardiomyocyte‑like cells.

The role of histone acetylation in early development and 
differentiation is a current topic of interest (30,31). Regulation 
by this modification primarily occurs through HATs. The 
major function of HATs is to perform acetylation modification 
of the lysine residue at the amino terminus of the chromatin 
core histones, thereby loosening the chromatin structure 
and increasing the gene transcription activities  (32). The 
first discovered histone acetyltransferase, Gcn5, primarily 
modifies nucleosomal histones and the free histones H3 and 
H4  (33‑35). P300 is a coactivator and HAT that modifies  
4 histones (H2A, H2B, H3 and H4) (33,36,37). The present study 
demonstrated that during the Islet‑1‑induced differentiation 

of stem cells into cardiomyocyte‑like cells, Gcn5 expression 
and its binding to the GATA4 and Nkx2.5 promoter regions 
both gradually increased. Conversely, the expression of P300 
gradually decreased during the process of Islet‑1‑induced 
differentiation of stem cells into cardiomyocyte‑like cells, 
and only a low level of binding was detected at the GATA4 
and Nkx2.5 promoter regions. These results suggested that 
Islet‑1 increased Gcn5 expression to increase its binding to the 
Nkx2.5 and GATA4 promoter regions, enhance Nkx2.5 and 
GATA4 expression, and finally promote the differentiation of 
MSCs into cardiomyocyte‑like cells.

DNA methylation is an important process in epigenetic 
modification, and is essential for normal development and 
stem cell differentiation. In mammalian cells, DNA methyla-
tion occurs mainly at the C5 position of CpG dinucleotides by 
DNA methyltransferase, which is a key enzyme in DNA meth-
ylation (38,39). The main function of DNMT1 is to maintain 
the status and form of DNA methylation, whereas the main 
functions of DNMT3a and DNMT3b are to catalyze new DNA 
methylation sites and establish new methylation patterns (40). 
The results of the present study demonstrated a decrease in the 
methylation of CpG sites on the GATA4 promoter during the 
differentiation of C3H10T1/2 cells into cardiomyocyte‑like 
cells induced by Islet‑1, while this process was negatively 

Figure 3. DNA methylation levels and acetylation levels of the histone H3K9 site in the GATA4 and Nkx2.5 promoter regions during the differentiation process 
promoted by Islet‑1. (A) The detection of methylation levels on the GATA4 promoter (1329‑1489 bp) by MSP assay. (B) The detection of the methylation 
levels at the Nkx2.5 promoter (51‑219 bp) by MSP assay. (C) ChIP results demonstrated the levels of histone acetylation on the promoter regions of GATA4 
and Nkx2.5. *P<0.05 vs. blank group. GATA4, GATA binding protein 4; Nkx2.5, NK2 homeobox 5; MSP, methylation‑specific polymerase chain reaction; 
Lv‑GFP, lentiviral vector containing green fluorescent protein; Lv‑islet‑1, lentiviral vector containing Islet‑1; M, methylated; U, unmethylated; 1 W, 1 week; 
2 W, 2 weeks; 3 W, 3 weeks; 4 W, 4 weeks.
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associated with the GATA4 mRNA expression level. In 
addition, DNMT‑1 expression and its binding to GATA4 
both gradually decreased during the Islet‑1 induced differen-
tiation of stem cells into cardiomyocyte‑like cells. Although 
DNMT‑3a expression gradually increased, the binding level 

to the GATA4 promoter was decreased. DNMT‑3b expression 
and its binding to GATA4 and Nkx2.5 were almost undetect-
able. Furthermore, it was observed that, although DNMT‑1 
bound to Nkx2.5, the level of binding did not become altered 
during the differentiation process. The authors speculated that 

Figure 4. Detection of HATs on the histone H3K9 site that regulate the promoter regions of GATA4 and Nkx2.5. (A) Western blot analysis of Gcn5 and P300 
HATs, with quantification relative to β‑actin. (B) ChIP analysis of Gcn5 bound to the GATA4 and Nkx2.5 promoter regions. (C) ChIP analysis of P300 bound 
to the GATA4 and Nkx2.5 promoter regions. *P<0.05 vs. blank control. HATS, histone acetyltransferases; GATA4, GATA binding protein 4; Nkx2.5, NK2 
homeobox 5; Lv‑GFP, lentiviral vector containing green fluorescent protein; Lv‑islet‑1, lentiviral vector containing Islet‑1; 1 W, 1 week; 2 W, 2 weeks; 3 W, 
3 weeks; 4 W, 4 weeks; Gcn5, general control of amino acid biosynthesis protein 5; ChIP, chromatin immunoprecipitation.
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Figure 5. Detection of DNMTs that regulate the GATA4 promoter region. (A) Western blot analysis of DNMT‑1 and DNMT‑3a expression, with quantification 
relative to β‑actin. (B) ChIP analysis of DNMT‑1 bound to the GATA4 and Nkx2.5 promoter regions. (C) ChIP analysis of DNMT‑3a bound to the GATA4 
and Nkx2.5 promoter regions. (D) ChIP analysis of DNMT‑3b bound to the GATA4 and Nkx2.5 promoter regions. *P<0.05 vs. blank control. DNMT, DNA 
methyltransferase; GATA4, GATA binding protein 4; Nkx2.5, NK2 homeobox 5; Lv‑GFP, lentiviral vector containing green fluorescent protein; Lv‑islet‑1, 
lentiviral vector containing Islet‑1; 1 W, 1 week; 2 W, 2 weeks; 3 W, 3 weeks; 4 W, 4 weeks; ChIP, chromatin immunoprecipitation.
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Islet‑1 decreased DNMT‑1 expression to reduce its binding to 
GATA4 and caused the gradual reduction of the methylation 
level of the GATA4 gene, thereby increasing GATA4 gene 
expression. There was no association between the binding 
level of DNMT‑1 in Nkx2.5 promoter and the expression of 
Nkx2.5, which suggested that Nkx2.5 was not regulated by 
DNA methylation in the process.

A previous study has identified links between DNA 
methylation and histone hypoacetylation (41). In the present 
study, the histone acetylation level on the GATA4 promoter 
presented a gradual increasing trend that was positively 
correlated with the mRNA level. In addition, the histone 
acetylation level on the Nkx2.5 promoter was consistent with 
its expression level and showed a gradual increasing trend. 
However, the methylation level of CpG sites on the Nkx2.5 
promoter did not significantly alter during the differentiation 
process. Therefore, it was concluded that DNA methylation 
and histone acetylation concurrently participated in the 
regulation of GATA4 expression during the Islet‑1‑induced 
differentiation of C3H10T1/2 cells into cardiomyocyte‑like 
cells. In contrast, Nkx2.5 expression may not be affected 
by DNA methylation. These results indicated that DNA 
methylation did not regulate the expression of all genes and 
thus exhibited selectivity. Furthermore, histone acetylation 
levels and DNA methylation levels had opposing trends 
with GATA4 expression. Previous studies have reported 
that epigenetic modifications influenced one another during 
the regulation of gene expression (42). Therefore, these two 
modifications may have interactive functions during the 
regulation of GATA4 expression. However, this hypothesis 
requires further study for validation.

In summary, the present study confirmed that histone 
acetylation and DNA methylation participated in the regu-
lation of the early specific gene GATA4 in cardiomyocytes 
through Gcn5 and DNMT‑1 during the Islet‑1‑induced 
differentiation of MSCs into cardiomyocytes. However, the 
Nkx2.5 expression appeared to be regulated by Gcn5 instead 
of DNA methylation. Furthermore, it was observed that 
these two epigenetic modifications had a specific relation-
ship. Future studies are required to clarify whether there is 
association between them and to elucidate the mechanism 
underlying their interaction. The current study preliminarily 
proposed the mechanism underlying the promotion of MSCs 
differentiation into cardiomyocyte‑like cells based on the 
histone acetylation and DNA methylation induced by Islet‑1. 
These results provided an important experimental basis for 
future studies on the function of epigenetic modifications in 
MSCs differentiation and novel insights into the study of the 
specific differentiation of MSCs.
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