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Interactions between the ERK1/2 signaling pathway and PCAF
play a key role in PE-induced cardiomyocyte hypertrophy
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Abstract. Cardiomyocyte hypertrophy is a compensa-
tory phase of chronic heart failure that is induced by the
activation of multiple signaling pathways. The extracellular
signal-regulated protein kinase (ERK) signaling pathway
is an important regulator of cardiomyocyte hypertrophy. In
our previous study, it was demonstrated that phenylephrine
(PE)-induced cardiomyocyte hypertrophy involves the
hyperacetylation of histone H3K9ac by P300/CBP-associated
factor (PCAF). However, the upstream signaling pathway
has yet to be fully identified. In the present study, the role of
the extracellular signal-regulated protein kinase (ERK)1/2
signaling pathway in PE-induced cardiomyocyte hypertrophy
was investigated. The mice cardiomyocyte hypertrophy model
was successfully established by treating cells with PE in vitro.
The results showed that phospho-(p-)ERK1/2 interacted with
PCAF and modified the pattern of histone H3K9ac acetyla-
tion. An ERK inhibitor (U0126) and/or a histone acetylase
inhibitor (anacardic acid; AA) attenuated the overexpression
of phospho-ERK1/2 and H3K9ac hyperacetylation by inhib-
iting the expression of PCAF in PE-induced cardiomyocyte
hypertrophy. Moreover, U0126 and/or AA could attenuate the
overexpression of several biomarker genes related to cardiac
hypertrophy (myocyte enhancer factor 2C, atrial natriuretic
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and prevented cardiomyocyte hypertrophy. These results
revealed a novel mechanism in that AA protects against
PE-induced cardiomyocyte hypertrophy in mice via the
ERK1/2 signaling pathway, and by modifying the acetylation
of H3K9ac. These findings may assist in the development
of novel methods for preventing and treating hypertrophic
cardiomyopathy.

Introduction

Evidence is mounting to indicate that chronic heart failure
(CHF) has become one of the primary causes of morbidity
and mortality in modern society (1,2). Unfortunately, the
specific mechanisms underlying CHF remain unknown and
the currently available treatments may only delay the progres-
sion of disease. Cardiac hypertrophy is a critical compensated
stage that involves pathological remodeling of the myocar-
dium, ultimately resulting in CHF (3). Therefore, it is vital to
be able to prevent and treat cardiac hypertrophy to prevent the
progression of cardiac remodeling into CHF. In our previous
study, it was shown that the imbalance in the modification of
histone H3K9ac, a process mediated by histone acetylases
(HATS), is involved in phenylephrine (PE)-induced cardiomyo-
cyte hypertrophy (4). Several studies have shown that cardiac
hypertrophy can be induced by the activation of multiple
signaling pathways (5-8). The extracellular signal-regulated
protein kinase (ERK) signaling pathway is considered to
play a particularly important role in regulating pathological
cardiac hypertrophy (9-11). Our previous study demonstrated
that the HAT inhibitor, anacardic acid (AA), could attenuate
PE-induced cardiac hypertrophy by regulating the modifica-
tion of histone H3K9ac acetylation (4); however, the upstream
signaling pathways were not determined.

To construct an animal model of myocardial hypertrophy,
three commonly accepted methods are partial ligation of the
thoracic aorta, arteriovenous fistula and subcutaneous injec-
tion of PE (12-15). In the present study, PE was used to induce
cardiomyocyte hypertrophy in neonatal mice. Multiple studies
have confirmed that PE can activate ERK1/2 pathway (16-18).
Thus, the aim of the present study was to determine whether
the interactions between the ERK1/2 signaling pathway and
P300/CBP-associated factor (PCAF) served a key role in
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mediating H3K9ac acetylation in PE-induced cardiomyocyte
hypertrophy.

Materials and methods

Experimental mice. All experimental animals were provided
by the Experimental Animal Center of Chongqing Medical
University. Clean and healthy neonatal Kunming male and
female mice were used (1-3 days-of-age, weighing 2.3-2.7 g).
All animal experiments were approved by the Animal
Protection and Use Committee of Zunyi Medical University
(Zunyi, China), and complied with Directive 2010/63/EU of
the European Parliament (19).

Cell culture and treatment. Under aseptic conditions, Kunming
mice (1-3 days-of-age) were sacrificed by decapitation. The
ventricular tissue was immediately removed using ophthalmic
scissors and cut into 1-2 mm?® pieces. The tissue was then
ground in 1 ml 0.05% collagenase type II (Worthington
Biochemical Corporation) for 5 min at room temperature
(repeated 8-10 times). Next, the supernatant was centrifuged
at 1,500 x g for 10 min at room temperature, the supernatant
was discarded and the cells resuspended in DMEM/F12 supple-
mented with 20% FBS (HyClone; Cytiva). After 1.5 h of culture
in an incubator at 37°C with 5% CQO,, the adherent fibroblasts
were discarded and the cell suspension was transferred to a new
culture flask. 5-BrdU (Beijing Solarbio Science & Technology
Co., Ltd.) was added to a final concentration of 0.1 mmol/l to
prevent the growth of fibroblasts, and the cells were further
cultured in an incubator. According to previous studies (20-24),
the cells were treated with 100 zmol/l PE (MedChemExpress;
cat. no. HY-B0769), 50 gmol/l AA (Sigma-Aldrich; Merck
KGaA; cat. no. 16611-84-0) or 10 gmol/l U0126 (Selleck
Chemicals; cat. no. S1102). Cardiomyocytes were treated with
the aforementioned drugs individually or in combination,
dependent on the treatment groups.

Cell viability assay. Cardiomyocytes were plated in a
96-well plate at a density of 2x10* cells/well. Next, 10 pl Cell
Counting Kit-8 (CCK-8) solution (Beijing Solarbio Science &
Technology Co., Ltd.) was added and cells were cultured for
4 h at 37°C in the dark. Finally, the absorbance was measured
at 450 nm using a Universal Microplate Spectrophotometer
(Bio-Rad Laboratories, Inc.).

Western blotting. Cardiomyocytes were used in western
blotting at a density of 3-4x10° cells/well. Nuclear protein
was harvested from mouse cardiomyocytes using a nuclear
protein extraction kit (Merck KGaA). Nucleic proteins
were loaded on a 6 or 12% SDS-gel, resolved using
SDS-PAGE and then transferred to a PVDF membrane
(Merck KGaA). Membranes were blocked at 4°C with
5% BSA for 1 h and then incubated with a series of rabbit
polyclonal antibodies, which included anti-ANP (1:5,000;
Abcam; cat. no. ab189921), anti-H3K9ac (1:5,000; Abcam;
cat. no. ab4441), anti-H3 (1:5,000; Abcam; cat. no. ab1791),
anti-B-MHC (1:5,000; Abcam; cat. no. Ab207926) anti-BNP
(1:1,000; Abcam; cat. no. ab239510), anti-B-actin (1:1,000;
Abcam; cat. no. ab8226) and anti-PCAF (1:2,000; Abcam;
cat. no. ab176316), anti-ERK (1:2,000; Cell Signaling

Technology, Inc.; cat. no. 4695) or anti phospho-(p-)ERK
(1:2,000; Cell Signaling Technology, Inc.; cat. no. 4370);
B-actin and H3 were served as an internal controls. All anti-
bodies were diluted in Tris-buffered saline containing 5%
skimmed milk, and incubated with the membrane overnight
at 4°C. HRP-labeled goat anti-rabbit antibody (1:2,000; Santa
Cruz Biotechnology, Inc.; cat. no. sc2004) was used as the
secondary antibody and incubated with the membrane at 4°C
for 2 h. The results were detected with enhanced chemilumi-
nescence reagents (Wanleibio Co., Ltd.). Finally, membranes
were scanned using a Bio-Rad image analyzer; and densitom-
etry analysis was performed using Quantity One version 4.4
(Bio-Rad Laboratories, Inc.).

RNA extraction and reverse transcription-quantitative (RT-q)
PCR. Cardiomyocytes were used for qPCR at a density of
2-3x10° cells/well. Total RNA was extracted from myocardial
cells using an RNA Extraction kit (BioTeke Corporation),
according to the manufacturer's protocol. Total RNA was then
reverse transcribed into single-stranded cDNA using an AMV
Reverse Transcription system, according to the manufacturer's
protocol (Takara Bio, Inc.). cDNA was amplified using a
SYBR Green dye kit and gene-specific primers (Takara Bio,
Inc.). The primer sequences of MEF2C and f3-actin were:
MEF2C forward, 5-CCTTTTCCTTTTCTGGGGACTTG
TT-3' and reverse 5"TGCCGCTGTGAGCCTCTATTTG-3";
and f-actin forward, 5'-CCTTTATCGGTATGGAGTCTG
CG-3' and reverse, 5'-CTGACATGACGTTGTTGGCA-3'".
B-actin was used as a standardized reference, and the 2444
method was used to determine relative gene expression (25).

Immunofluorescence. Cardiomyocytes were seeded into
6-well plates (1x10° cells/well) for 24 h and incubated with
50 pmol/1 AA for 1 h, then 10 gmol/l UO126 was added. After
48 h, 100 gmol/l PE was added. Subsequently, the cells were
fixed with 4% paraformaldehyde for 15 min at room tempera-
ture (RT), treated with 0.3% Triton X-100 in PBS at RT for
20 min, and then incubated with 10% goat serum (Solarbio
Science & Technology Co., Ltd.; cat. no. SL038) at 37°C for
30 min. Subsequently, the cardiomyocytes were incubated
at 4°C overnight with primary antibodies against a-actin
(1:100; ProteinTech Group, Inc.; cat. no. 23660-1-AP), H3K9ac
(1:1,000 Abcam; cat. no. ab4441) and anti-PCAF (1:250;
Abcam; cat. no. ab176316). The following morning, the cells
were incubated at 37°C in the dark for 1 h with Alexa Fluor
594 goat anti-mouse IgG secondary antibody (1:1,000; Thermo
Fisher Scientific, Inc.; cat. no. A-11005) and Alexa Fluor
488 goat anti-rabbit IgG (1:200; Invitrogen; Thermo Fisher
Scientific, Inc.; cat. no. A-11008) secondary antibody. Finally,
the cardiomyocytes were counterstained with DAPI for 5 min
at RT. All images were obtained using a confocal microscope
(magnification, x40) with standardized imaging parameters.
Finally, the images were quantified based on fluorescence using
ImagelJ 1.49 software (National Institutes of Health).

Co-immunoprecipitation (Co-IP). Co-IP was performed
as described previously (26), using anti-phospho-(p-)ERK,
anti-PCAF and anti-H3K9ac rabbit polyclonal antibodies with
Dynabeads protein G magnetic beads (Invitrogen; Thermo
Fisher Scientific, Inc.) for the immunoprecipitation and
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Figure 1. Cardiomyocyte hypertrophy induced by PE. (A) Effects of PE on the expression levels of the myocardial hypertrophy biomarker ANP in primary
cardiomyocytes from a neonatal mouse. (B) Effects of PE on the expression levels of the myocardial hypertrophy biomarker f-MHC in primary cardiomyocytes
from a neonatal mouse. (C) Immunofluorescent staining analysis of the cell surface area in primary cardiomyocytes from a neonatal mouse. (D) Quantification
of changes in the cell surface area in each group. Cells were treated with 100 zmol/1 PE for 48 h. n=6. Scale bar, 20 gm. "P<0.05 vs. vehicle. PE, phenylephrine;
ANP, atrial natriuretic peptide; f-MHC, $-myosin heavy chain; Vehicle, 100 gmol/l phenylephrine + equal volume of DMSO. for 48 h.

western blotting of primary cardiomyocytes. First, the primary
antibody was bound to Protein G magnetic beads (according to
the manufacturer's protocol). Next, at pH 7.4, a magnet along
with 1% Triton X-100, 0.5% NP-40, 20 mM HEPES, 50 mM
NaCl and protease inhibitor (1:50; Beijing Solarbio Science
& Technology Co., Ltd.), were used to immunoprecipitate
the target antigen (p-ERK) in the buffer. The sample was
then washed three times with a lysis buffer. The immobilized
protein complex was eluted, denatured in 5X SDS sample
buffer at 95°C for 10 min, and then subjected to western
blotting analysis with anti-p-ERK (1:2,000; Cell Signaling
Technology, Inc.; cat. no. 4370), anti-PCAF and anti-H3K9ac
antibodies. IgG served as a negative control.

Chromatin immunoprecipitation (ChIP). ChIP was performed
as described previously (26). Formaldehyde (1%) was
added to the homogenized cardiomyocytes to cross-link the

DNA-protein complex, and incubate at 37°C for 15 min. ChIP
determination was then performed using a specific kit (Merck
KGaA). Next, the cross-linked complex DNA was sheared
with ultrasound and precipitated with monoclonal antibodies
(anti-MEF2C, 1:1,000; anti-H3K9ac, 1:2,000; and anti-PCAF,
1:2,000) overnight at 4°C. DNA purification kits (Merck
KGaA) were then used to extract the final DNA, according
to the manufacturer's protocol. Normal mouse IgG (1:500;
Sigma-Aldrich, Merck KGaA) was used as a negative control.

Statistical analysis. All experiments were repeated six time
with six independent samples. All data are expressed as the
mean + standard deviation. All statistical analyses were
performed using SPSS version 18.0 (SPSS Inc.). Comparisons
among multiple groups were analyzed using one-way ANOVA
followed by Tukey's post-hoc test. P<0.05 was considered to
indicate a statistically significant difference.
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Figure 2. p-ERK1/2 interacted with PCAF and modified H3K9ac acetylation in hypertrophic cardiomyocytes induced by PE. (A) Different concentrations
of AA (30, 40, 50 and 60 pmol/l) were used to identify the optimal concentration of AA; 50 ymol/l was selected for subsequent experiments, based on the
levels of histone H3K9ac. (B) Effects of different concentrations of the ERK inhibitor U0126 (2, 4, 6, 8 and 10 gmol/l) on cell viability in neonatal mouse
cardiomyocytes. (C) Expression of T-ERK1/2 and p-ERK1/2 in myocardial cells from neonatal mice. (D) Co-immunoprecipitation in cell lysates of mouse
myocardial cells exposed to six different experimental conditions with anti-p-ERK1/2-protein G magnetic beads and IB with anti-PCAF, anti-H3K9ac or
anti-p-ERK1/2 antibodies to evaluate protein expression. Input, positive control; IgG, negative control. n=6. "P<0.05 vs. control group; “P<0.05 vs. PE group.
P-, phospho-; PCAF, P300/CBP-associated factor; PE, phenylephrine; H3K9ac, histone 3 acetylation K9; AA, anacardic acid; T-, total-; IB, immunoblotting;
ERK, extracellular signal-regulated protein kinase; PE, 100 ymol/l phenylephrine for 48 h; Vehicle, 100 ymol/l phenylephrine + equal volume of DMSO for
48 h; AA, 50 ymol/l AA for 30 min + 100 pmol/l phenylephrine for 48 h; AA + U, 50 ymol/l AA + 10 gmol/l1 U0126 for 30 min + 100 gmol/l phenylephrine
for 48 h; U, 10 ymol/1 U0126 for 30 min + 100 gmol/l phenylephrine for 48 h; Control, no drug.

Results

PE-induced cardiomyocyte hypertrophy in neonatal mice.
In order to establish a model of PE-induced cardiomyocyte
hypertrophy, first, the optimal PE exposure concentration
(100 ymol/l) was determined based on a previous study (20).
The treatment time of PE was 48 h in cultured myocardial
cells, and the effects were determined using western blotting.
Data arising from the western blotting experiments showed
that the levels of biomarkers for myocardial hypertrophy
(ANP and -MHC) in the PE group were significantly higher
than those in the vehicle group (Fig. 1A and B). Additionally,
the cell-surface area was also assayed using immunofluores-
cence analysis. The results showed that myocardial cells in the
PE group were significantly larger than those in the vehicle
group (Fig. 1C and D). These data showed that a mouse model

of PE-induced cardiomyocyte hypertrophy was successfully
established.

p-ERK1/2 interacts with PCAF and altered H3K9ac
acetylation in hypertrophic cardiomyocytes induced by PE.
Studies have confirmed that the p-ERK1/2 signaling pathway
plays an important role in pathological myocardial cell hyper-
trophy (27,28). Thus, the effects of the ERK1/2 signaling
pathway on the manner by which AA attenuates PCAF
mediated-H3K9ac hyperacetylation in PE-induced hypertro-
phic cardiomyocytes was determined. First, according to the
previous literature (21-24), the optimum concentration of the
histone acetylase inhibitor AA was determined (50 ymol/l), as
well as for the ERK inhibitor U0126 (10 zmol/I), in accordance
with H3KO9ac levels, and the viability of myocardial cells
using western blotting and CCK-8 examination, respectively
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. Effects of AA and U0126 on the expression of PCAF in PE-induced cardiomyocyte hypertrophy. (A) PCAF (green fluorescence) and a-actin (red

fluorescence), in combination with DAPI staining (blue fluorescence), in cardiomyocytes exposed to six different conditions. Scale bar, 20 ym. (B) Mean
optical density of PCAF immunofluorescence in the six groups. (C) Western blotting of PCAF expression, showed PCAF levels were significantly higher in the
hypertrophic cardiomyocytes induced by PE, whereas AA and/or U0126 prevented this effect. n=6. ‘P<0.05 vs. control group; “P<0.05 vs. PE group. PCAF,
P300/CBP-associated factor; PE, phenylephrine; AA, anacardic acid; PE, 100 ymol/l phenylephrine for 48 h; Vehicle, 100 gmol/l phenylephrine + equal
volume of DMSO for 48 h; AA, 50 ymol/l AA for 30 min + 100 gmol/l phenylephrine for 48 h; AA + U, 50 gmol/l AA + 10 ymol/1 U0126 for 30 min +
100 gmol/l phenylephrine for 48 h; U, 10 ymol/l U0126 for 30 min + 100 gmol/l phenylephrine for 48 h; Control, no drug.

(Fig. 2A and B). Additionally, the inhibitory activity of AA
decreased as the concentration of AA was increased. As the
concentration of the inhibitor increases, its inhibitory effect
will gradually increase, but when the concentration of the
inhibitor is higher than a certain level, its inhibitory effect
will be weakened (29,30). After hypertrophic cardiomyocytes
had been treated with AA and/or U0126, the expression of
total-(T-)ERK1/2 and p-ERK1/2 was determined by western

blotting, and the results showed that the expression levels of
p-ERK1/2 in the PE group were significantly higher than
those in the control group. Additionally, it was also found that
the HATs inhibitor AA, and the ERK inhibitor U0126 could
ameliorate the increase in p-ERK1/2 levels induced by PE in
primary cultured myocardial cells; however, the expression
of T-ERK1/2 remained unchanged (Fig. 2C). In addition, our
previous study found that an imbalance in the modification
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Figure 4. Acetylation levels of histone H3K9ac in mouse myocardial cells. (A) H3K9ac (green fluorescence) and a-actin (red fluorescence), combined with
DAPI staining (blue fluorescence), in cardiomyocytes exposed to six different conditions. Scale bar, 20 ym. (B) Mean optical density of H3K9ac immuno-
fluorescence in the six groups. (C) Western blotting data showed that the levels of H3K9ac were significantly higher in the hypertrophic cardiomyocytes
induced by PE, whereas AA and/or U0126 prevented this effect. n=6. "P<0.05 vs. control group; “P<0.05 vs. PE group. PCAF, P300/CBP-associated factor;
PE, phenylephrine; AA, anacardic acid; PE, 100 gmol/l phenylephrine for 48 h; Vehicle, 100 gmol/l phenylephrine + equal volume of DMSO for 48 h; AA,
50 ymol/l AA for 30 min + 100 gmol/l phenylephrine for 48 h; AA + U, 50 gmol/l AA + 10 ymol/1 U0126 for 30 min + 100 gmol/l phenylephrine for 48 h; U,
10 pmol/1 U0126 for 30 min + 100 gmol/1 phenylephrine for 48 h; Control, no drug; H3K9ac, histone 3 acetylation K9.

of histone H3K9ac, as mediated by PCAF, was involved in
the pathological hypertrophy of myocardial cells (31). Next,
whether the ERK1/2 signaling pathway interacted with PCAF
in order to regulate the modification of histone H3K9ac acety-
lation and further enhance pathological cardiac hypertrophy
was determined. Co-IP experiments were not used as an
analytical method, but instead performed to verify the forma-
tion of a complex between the ERK1/2 signaling pathway and

PCAF mediated-H3K9ac acetylation, and it was successfully
demonstrated that there was an interaction in the primary
cultured myocardial cells. Collectively, these data indicated
that the ERK1/2 signaling pathway may interact with PCAF
mediated-H3K9ac acetylation (Fig. 2D).

Expression of PCAF in primary cultured myocardial cells.
Our previous study showed that PCAF plays a critical role in
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factor MEF2C could bind to the promoter of biomarker genes for cardiac hypertrophy (ANP, BNP and 8-MHC). n=6. "P<0.05 vs. control group; “P<0.05 vs. PE
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PCR; ANP, atrial natriuretic peptide; f-MHC, 3-myosin heavy chain; BNP, brain natriuretic peptide.

pathological cardiac hypertrophy in a manner that is dependent
on the modification of histone acetylation, and it was confirmed
that p-ERK1/2 could interact with PCAF mediated-H3K9ac
acetylation (31). Thus, in the present study, the expression of
PCAF was assessed by immunofluorescence and western blot-
ting, and a notable increase in PCAF expression in hypertrophic
cardiomyocytes was observed when induced by PE. In contrast,
exposure to AA reversed the upregulation of PCAF in primary
myocardial cells, as did the ERK inhibitor, U0126 (Fig. 3).

Levels of histone H3K9ac acetylation in primary cultured
myocardial cells. Our previous study demonstrated that an
imbalance in the modification of histone H3K9ac acetylation

can result in pathological cardiac hypertrophy (32). In the
present study, immunofluorescence and western blotting data
showed that the levels of H3K9ac acetylation in the PE group
were significantly higher than that in the control group.
Additionally, it was shown that the HATs inhibitor AA, or the
ERK inhibitor U0126, could downregulate the hyperacety-
lation of H3K9ac induced by PE in primary myocardial cells
(Fig. 4).

Overexpression of MEF2C is mediated by p-ERK1/2-related
H3K9ac hyperacetylation in myocardial cells treated
with PE. MEF2C is a nuclear transcription factor in cardiac
cells that is involved in pathological cardiac hypertrophy
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Figure 6. AA and U0126 alleviates PE-induced cardiomyocyte hypertrophy. (A-C) Western blotting data for cardiac hypertrophy biomarkers (ANP, BNP and
B-MHC). (D) Cell surface area was measured by immunofluorescence staining to demonstrate the hypertrophic responses in cardiomyocytes. (E) Quantification
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anacardic acid

Improve and prevent
cardiac hypertrophy

Figure 7. ERK 1/2 cell signaling pathway. The interaction between p-ERK1/2
and PCAF leads to a reduction in H3K9ac in PE-induced cardiomyocyte
hypertrophy. p-, phospho-; PCAF, P300/CBP-associated factor; ANP, atrial
natriuretic peptide; f-MHC, -myosin heavy chain; BNP, brain natriuretic
peptide; MEF2C, myocyte enhancer factor 2C; H3K9ac, histone 3 acetylation
KO9; PE, phenylephrine; ERK, extracellular signal-regulated protein kinase.

and several other cardiovascular diseases (33,34). Therefore,
the binding of PCAF and histone H3K9ac acetylation in the
promoter region of MEF2C was assessed using ChIP-qPCR.
The data showed that the levels of PCAF promoter binding of
MEF2C in the PE group was higher than that in the control
group. Additionally, it was also found that the HATSs inhibitor
AA, and the ERK inhibitor U0126 downregulated the binding
of PCAF to the promoter region of MEF2C. Meanwhile,
the levels of histone H3K9ac acetylation in the promoter
region of MEF2C was increased in the PE group. It was also
evident that the HATSs inhibitor AA, and the ERK inhibitor
U0126, could attenuate the levels of histone H3K9ac acetyla-
tion in the promoter region of MEF2C (Fig. 5A and B). The
mRNA expression levels of the MEF2C gene was determined
using RT-qPCR, and the results showed there was a notable
increase in gene expression in myocardial cells treated with
PE. Exposure to AA or U0126 reduced the overexpression of
MEF2C mRNA in primary cultured myocardial cells treated
with PE (Fig. 5C).

AA and U0I26 reduce the levels of biomarkers of cardiac
hypertrophy and attenuate hypertrophy in cardiomyocytes.
To investigate the effects of MEF2C on downstream genes
associated with cardiac hypertrophy in cardiomyocytes, the
regulatory relationship between MEF2C and downstream
genes associated with cardiac hypertrophy, including ANP,
BNP and f-MHC were investigated. The binding affinity
between MEF2C and the promoters of ANP, BNP and 5-MHC,
were detected by PCR following ChIP. The results showed that
MEF2C could bind to the promoters of ANP, BNP and f-MHC

(Fig. 5D). These results indicate that MEF2C is involved in
regulating cardiac hypertrophy-related ANP, BNP and 3-MHC
gene expression. The levels of biomarkers of cardiac hyper-
trophy (ANP, BNP and $-MHC) at the protein level in the PE
group were significantly higher than those in the control group.
Additionally, it was found that AA and U0126 could reduce the
increase in ANP, BNP and 3-MHC levels in myocardial cells
treated with PE (Fig. 6A, B and C). AA and U0126 could also
significantly reduce the surface area of cardiomyocytes treated
with PE (Fig. 6D and E).

Discussion

Myocardial hypertrophy is an adaptive response that is
induced by a wide range of factors, including hemodynamic
overload, myocardial injury and vascular disease. In its early
stages, this disease is characterized by an increased volume of
cardiomyocytes, although the number of these cells remains
constant. Moreover, in an attempt to compensate for these
effects, the myocardial contractility is enhanced; this way, the
heart can maintain a normal ejection fraction (35,36). These
abnormalities further contribute to increased oxygen demand
in the myocardial cells, which leads to insufficiency in terms of
the blood supply and eventually results in myocardial fibrosis,
arrhythmia and heart failure. However, the specific mecha-
nisms underlying myocardial hypertrophy remain unclear. An
increasing body of research is now investigating the epigen-
etic regulation of myocardial hypertrophy in an attempt to
identify more effective treatments. Existing reports indicate
that histone modification and DNA methylation are involved
in the occurrence and development of myocardial hyper-
trophy (37,38). The occurrence and development of cardiac
hypertrophy is also accompanied by the abnormal activation
of a large number of important signaling pathways (5,39,40).
Consequently, there is an increased level of interest in how key
signaling pathways participate in the epigenetic regulation of
cardiac hypertrophy (41,42). Our previous studies found that
an imbalance of histone acetylation modification is involved
in PE-induced hypertrophy in cardiomyocytes, and that an
HAT inhibitor, AA, can attenuate PE-induced cardiomyocyte
hypertrophy (4); however, the relevant upstream signaling
pathways have yet to be identified.

The development of cardiac hypertrophy is closely related
to a variety of signaling pathways that interact with each
other, for example, the Wnt signaling transduction pathway,
the mitogen-activated protein kinase (MAPK) signaling trans-
duction pathway and the microRNA signaling transduction
pathway are all considered to be related to this process (3,6,7,9).
Of these, the MAPK signaling pathway has attracted signifi-
cant attention (43,44). In our previous study, it was confirmed
that AA could attenuate pressure-overload cardiac hyper-
trophy through inhibition of histone acetylases (31), and
the p38/MAPK and JNK/MAPK signaling pathways were
involved in the attenuation of PE-induced cardiomyocyte
hypertrophy in mice treated with AA (20,45). MAPKs include
ERK1/2, p38 and c-Jun N-terminal kinase (JNK) subfamilies;
these pathways can transfer a variety of extracellular stimuli
from the cell membrane to the nucleus and cause a range of
biological effects, including differentiation, hypertrophy and
apoptosis (46,47). With regard to the MAPK signaling system,
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research has shown that ERK1/2 is mainly associated with cell
growth, differentiation, development, proliferation, and a range
of other physiological and pathological processes (10,48).
Other studies have shown that p38 and JNK can cause cell
inflammation, apoptosis, growth, differentiation and stress
responses (49,50). Previous studies have also reported high
expression levels of p-ERK in myocardial tissues from rats
with pathological myocardial hypertrophy; furthermore, a
reduction in the levels of p-ERK was effectively shown to
improve myocardial hypertrophy (51). Phosphorylation of
ERK at threonine 188, along with the activation of ERKS,
has also been shown to be related to the pathological process
of cardiomyocyte hypertrophy (41). Furthermore, as the first
angiotensin receptor-enkephalin inhibitor, LCZ696 has been
shown to attenuate cardiac remodeling by inhibiting the ERK
signaling pathway in mice with pregnancy-associated cardio-
myopathy (52). Collectively, these studies suggest that the
ERK1/2 signaling pathway plays a critical role in the process
of cardiomyocyte hypertrophy. Therefore, it was hypothesized
that the ERK1/2 signaling pathway may be involved in the
attenuation of PE-induced cardiomyocyte hypertrophy by AA.
The activation of p-ERK1/2 could phosphorylate downstream
nuclear transcription factors and protein kinase substrates
and regulate the occurrence and development of myocardial
hypertrophy. In the present study, it was confirmed that the
expression of p-ERK1/2 in the PE-treated group was signifi-
cantly higher than that in the control group, although there was
no change in the expression of T-ERK1/2; this suggested that
phosphorylation of ERK1/2 may play an important regulatory
role in PE-induced cardiomyocyte hypertrophy.

An increasing body of evidence has suggested that
changes in signaling pathways may bring about epigenetic
changes (53,54). At present, research relating to histone
modification focuses mainly on histone acetylation. As
one of the subtypes closely related to cardiac hypertrophy,
PCAF-HAT is known to acetylate histones and non-histones,
activate chromatin and participate in pathological cardiac
hypertrophy (55). However, PCAF-HAT does not bind
DNA; rather PCAF-HAT is attracted to prime subsites by
interacting with sequence-specific activators that mediate
transcriptional activation (56). In the present study, it was
confirmed that p-ERK1/2 can combine with PCAF and
histone H3K9ac to create a complex; this suggests that the
p-ERK1/2 signaling pathway may participate in the modifica-
tion of PCAF-mediated H3K9ac acetylation to jointly regulate
PE-induced cardiac hypertrophy. Certain studies have found
that the ERK1/2 signaling pathway is involved in the over-
expression of transcription factors that are related to cardiac
development induced by alcohol exposure; these factors act by
upregulating the levels of histone H3 acetylation (57). Class I
histone deacetylases can inhibit cardiomyocyte hypertrophy
by inhibiting the expression of genes encoding bispecific
phosphatase 5 (a nucleophosphatase that negatively regulates
hypertrophic signals through ERK1/2) (58). Together with the
results of the present study, these data suggest that the regula-
tory mechanism underlying cardiac hypertrophy is diverse,
and that its occurrence and development is a complex process.

Transcription factors are a group of protein molecules that
can specifically bind to a specific sequence upstream of the 5'
terminus of a gene; this ensures that the target gene is expressed

in a specific time and space, and at a specific intensity (59). The
analysis of transcription factors is a prerequisite and forms the
basis for studying the regulation of gene expression. The over-
expression of several cardiac core transcription factors (GATA4,
MEF2A and MEF2C) is an important factor that can lead to
cardiac hypertrophy; these transcription factors are regulated
by HATs (4,33,60). In our previous study, it was shown that
that the HAT inhibitor, AA, can downregulate the transcrip-
tional activation of GATA4 by inhibiting P300 and PCAF, and
thus attenuate the myocardial hypertrophy caused by alcohol
exposure during pregnancy in fetal mice (61). Based on this
finding, it was hypothesized that PCAF-mediated changes in
the transcriptional activity of GATA4 were not the only regula-
tory factors that lead to cardiac hypertrophy. Indeed, MEF2C
is involved in heart development at various stages and shows
high DNA binding activity in cardiomyocytes (62). Changes
in the transcription levels of transcriptional factors that lie
upstream of cardiac hypertrophy are different to the genes that
lie downstream. In the present study, ChIP-PCR results showed
that MEF2C binds to the promoters of ANP, BNP and 3-MHC,
whereas an ERK inhibitor (U0126) and a HAT inhibitor (AA)
could inhibit the transcriptional activity of MEF2C, and there-
fore reduce the expression of ANP, BNP and 3-MHC in the
myocardial cells of mice. This further suggests that the involve-
ment of the ERK signaling pathway in the modification of
histone acetylation is strongly associated with the occurrence
and development of pathological cardiac hypertrophy.

In conclusion, cardiac development is a delicate and
complex process and is closely related to gene transcription and
modification. In the present study, it was shown that the ERK1/2
signaling pathway interacts with PCAF to modify H3K9ac
hyperacetylation and that this process plays a significant role
in the cardiomyocyte hypertrophy induced by PE (Fig. 7). PE
induces phosphorylation of ERK1/2 to generate p-ERK1/2.
p-ERK1/2 upregulates expression of PCAF leading to acetyla-
tion of H3K9ac, thereby increasing the binding of MEF2C in the
promoter region. The increased production of the myocardial
hypertrophy factors ANP, BNP and 3-MHC cause cardiomyo-
cyte hypertrophy. These findings may lead to the development of
novel interventional targets and candidate drugs for the clinical
prevention and treatment of myocardial hypertrophy.
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