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Abstract. Depletion of activating transcription factor 3 (ATF3) 
expression has previously been reported to promote hyper‑
trophy, dysfunction and fibrosis in stress overload‑induced 
hearts; however, the mechanism involved remains poorly 
understood. In the present study, the mechanism underlying 
the activation of cysteine‑rich angiogenic protein 61 (Cyr61) 
by ATF3 in hyperproliferative and fibrotic human cardiac 
fibroblasts (HCFs), induced by angiotensin II (Ang II), was 
evaluated. The mRNA and protein expression levels of ATF3 
and Cyr61 were assessed using reverse transcription‑quantita‑
tive PCR and western blotting, respectively. The Cell Counting 
Kit‑8 assay was used to assess cell viability. Cell migration was 
assessed using the wound healing assay and western blotting, 
whereas the extent of cell fibrosis was evaluated using immuno‑
fluorescence staining and western blotting. The binding site of 
ATF3 to the Cyr61 promoter was predicted using the JASPAR 
database, and verified using luciferase reporter and chromatin 
immunoprecipitation assays. The results demonstrated that the 
mRNA and protein expression levels of ATF3 were signifi‑
cantly upregulated in Ang II‑induced HCFs. Overexpression 
of ATF3 significantly inhibited the Ang II‑induced viability, 
migration and fibrosis of HCFs, whereas ATF3 knockdown 
mediated significant opposing effects. Mechanistically, ATF3 
was demonstrated to transcriptionally activate Cyr61. Cyr61 
silencing was subsequently revealed to reverse the effects of 
ATF3 overexpression on HCFs potentially via regulation of 
the TGF‑β/Smad signaling pathway. The results of the present 
study suggested that ATF3 could suppress HCF viability and 
fibrosis via the TGF‑β/Smad signaling pathway by activating 
the transcription of Cyr61.

Introduction

Cardiac hypertrophy is a compensatory reaction to myocar‑
dial stress overload, and is characterized by increased protein 
synthesis, myocardial cell volume enlargement and mesen‑
chymal component alterations (1‑3). Cardiac hypertrophy is an 
independent risk factor for cardiovascular disease morbidity 
and mortality (4). Numerous parameters have been reported 
to contribute to this disease, including neurohormonal 
factors, mechanical factors, endocrine factors, sympathetic 
nervous system activity and nitric oxide production (2,5). At 
present, treatment of cardiac hypertrophy mainly involves 
the application of angiotensin‑converting enzyme inhibitors, 
angiotensin II (Ang II) receptor blockers, calcium channel 
blockers, β‑receptor blockers and diuretics (6‑8). However, the 
therapeutic effects mediated by these strategies remain unsat‑
isfactory. Therefore, there is a demand for novel therapeutic 
options for cardiac hypertrophy.

Activating transcription factor (ATF) 3 is a member of the 
ATF/cAMP‑responsive element‑binding protein family of tran‑
scription factors (9). ATF3 is a stress response protein that is 
expressed at low levels in quiescent cells but is increased under 
various stress stimuli, such as injury and toxin exposure, and has 
been reported to facilitate the pathological processes of various 
diseases, including hepatic ischemia‑reperfusion, liver fibrosis 
and acute lung injury (10‑12). For example, Chen et al (13) 
reported that acute hypoxia promoted the activation of ATF3, 
which could serve important roles in the cellular response to 
stress. It has also been reported that ATF3 can bidirectionally 
regulate the transcription of target genes (14,15). Furthermore, 
ATF3 may regulate the inflammatory response, apoptosis and 
autophagy by modulating the binding sites of transcription 
factors, such as transcriptional activating protein‑1, NF‑κB 
and p53 (16,17). Previous studies have reported that ATF3 
serves an important role in the occurrence and development 
of various forms of cardiovascular diseases, such as myocar‑
dial ischemia‑reperfusion injury, myocardial hypertrophy 
and heart failure (18‑20). As such, ATF3 deficiency has been 
reported to promote pressure overload‑induced cardiac hyper‑
trophy, dysfunction and fibrosis (21). However, the mechanism 
underlying the regulatory effects of ATF3 during myocardial 
hypertrophy remain elusive.

In the present study, the role and mechanism of action of 
ATF3 in cardiac hypertrophy were assessed. Ang II treatment 
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was used to establish an in vitro model of cardiac hypertrophy 
before the effects of ATF3 on Ang II‑induced cardiomyocytes, 
in addition to the association between ATF3 and cysteine‑rich 
angiogenic protein 61 (Cyr61), were assessed.

Materials and methods

Cell culture and treatment. Primary human cardiac fibroblasts 
(HCFs; cat. no. 6320) were purchased from ScienCell Research 
Laboratories, Inc. The cells were cultured in DMEM (Gibco; 
Thermo Fisher Scientific, Inc.) supplemented with 10% FBS 
(Gibco; Thermo Fisher Scientific, Inc.), 100 µg/ml strepto‑
mycin and 100 U/ml penicillin in humidified conditions with 
5% CO2 at 37˚C. Cellular hypertrophy of HCFs was induced 
using 1 µmol/l Ang II (Sigma‑Aldrich; Merck KGaA) at 37˚C 
for 24 h. The concentration of Ang II was outside the range 
that reflects the in vivo situation and has been used in a similar 
manner in previous publications (22‑24).

Cell transfection. The ATF3‑specific pcDNA3.1 overexpres‑
sion vector (Oe‑ATF3) and empty plasmid (as the corresponding 
control Oe‑NC), the specific small interfering RNAs (siRNAs) 
targeting ATF3 (si‑ATF3‑1, 5'‑CGU GCA GUA UCU CAA 
GAU AUU‑3'; si‑ATF3‑2, 5'‑GGU UGU GCU UUC UAG CAA 
AUA‑3') and Cyr61 (si‑Cyr61‑1, 5'‑GAU UAG UUG GAC AGU 
UUA AAG‑3'; si‑Cyr61‑2, 5'‑AGA UUA GUU GGA CAG UUU 
AAA‑3'), and the non‑targeting corresponding control (si‑NC, 
5'‑UUC UCC GAA CGU GUC ACG U‑3') were all purchased 
from Shanghai GenePharma Co., Ltd. These vectors (4 µg) and 
siRNAs (100 nM) were transfected into HCFs (1x105 cells/well) 
seeded into 12‑well plates using Lipofectamine® 2000 reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C for 5 h 
according to the manufacturer's protocol. Next, the cells were 
incubated in DMEM supplemented with 10% FBS at 37˚C 
for 48 h. At 48 h post‑transfection, cells were collected for 
subsequent experiments.

Cell Counting Kit‑8 (CCK‑8) assay. HCFs, with or without 
transfection, were seeded into 96‑well plates at a density 
of 1x103 cells/well and cultured in DMEM with 10% FBS, 
followed by treatment with Ang II. After 24 h, 10 µl CCK‑8 
solution (Beijing Solarbio Science & Technology Co., Ltd.) 
was added into each well before incubation for a further 2 h. 
The absorbance value was detected at a wavelength of 450 nm 
using a microplate reader.

Reverse transcription‑quantitative PCR (RT‑qPCR). After 
treatment, total RNA was extracted from HCFs using TRIzol® 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocol. A NanoDrop® 3000 spectrophotom‑
eter (Thermo Fisher Scientific, Inc.) was used to confirm the 
quality and quantity of total RNA. RT of first‑strand cDNA was 
performed using the PrimeScript™ RT Master Mix (Perfect 
Real Time) kit (Takara Bio, Inc.) according to the manufac‑
turer's protocol. Amplification of the cDNA was performed 
by qPCR using the TB Green Premix Ex Taq II kit (Takara 
Bio, Inc.). The PCR program was 95˚C for 3 min, followed by 
35 cycles of denaturation at 95˚C for 30 sec, annealing at 60˚C 
for 30 sec and extension at 72˚C for 1 min. A final extension 
step at 72˚C for 7 min was performed for each PCR assay. 

The primer sequences used were as follows: ATF3 forward 
(F), 5'‑AGC ACC TTG CCC CAA AAT CA‑3' and reverse (R), 
5'‑AGG GCG TCA GGT TAG CAA AA‑3'; Cyr61 F, 5'‑AGC 
GTT TCC CTT CTA CAG GC‑3' and R, 5'‑TTC TCC AAT CGT 
GGC TGC AT‑3'; and GAPDH F, 5'‑GGG AAA CTG TGG CGT 
GAT‑3' and R, 5'‑GAG TGG GTG TCG CTG TT GA‑3'. The 
relative mRNA expression levels were normalized to those of 
GAPDH using the 2‑ΔΔCq method (25).

Wound healing assay. The migratory capacity of cells was 
assessed using the wound healing assay. Transfected or 
untransfected cells were seeded into six‑well plates, and 
cultured to 90% confluence following treatment with 1 µmol/l 
Ang II (Sigma‑Aldrich; Merck KGaA). The cell monolayers 
were then wounded using a 200‑µl pipette tip and washed 
three times with serum‑free medium. After 24 h of incubation 
in serum‑free medium at 37˚C, images were captured using a 
light microscope (Leica Microsystems, Inc.) and the migration 
rate was calculated using the following formula: (scratch width 
at 0 h‑scratch width at 48 h)/scratch width at 0 h. The wound 
closure area of the migrating monolayer of cells was quanti‑
fied using ImageJ software (version 1.49; National Institutes 
of Health).

Immunofluorescence staining. Immunofluorescence staining 
was used for the assessment of the expression of α‑smooth 
muscle actin (α‑SMA) in HCFs. Cells were fixed with 4% 
paraformaldehyde at 37˚C for 30 min, blocked with 5% bovine 
serum albumin (Beijing Solarbio Science & Technology Co., 
Ltd.) at 37˚C for 30 min and incubated with anti‑α‑SMA anti‑
bodies (1:1,000; cat. no. 19245; Cell Signaling Technology) 
overnight at 4˚C. Subsequently, Alexa Fluor® 488‑conjugated 
secondary antibodies (1:400; cat. no. ab150077; Abcam) were 
added for 1 h at room temperature. The nuclei were stained 
using 5 µg/ml DAPI solution for 5 min at room temperature. The 
cells were subsequently observed and images were captured 
using a fluorescence microscope (Olympus Corporation).

Luciferase reporter assay. The 3'UTR fragments of the human 
Cyr61 promoter were predicted using the JASPAR database 
2022 (https://jaspar.genereg.net). Wild‑type (WT) and corre‑
sponding mutant (Mut) fragments of the Cyr61 promoter 
covering the predicted DR1 (direct repeat motif with a single 
nucleotide spacer) sites were cloned into the firefly luciferase 
reporter plasmid pGL3‑basic vector (Promega Corporation). 
Luciferase activity was then detected using a Dual‑Luciferase 
Reporter Assay Kit (Promega Corporation) 48 h after transfec‑
tion of WT/MUT plasmids and OE‑ATF3/OE‑NC into HCFs 
using the Lipofectamine 2000 transfection reagent. Firefly 
luciferase activity was normalized against that of the Renilla 
construct and the relative luciferase activity in untreated cells 
was designated as 1.

Chromatin immunoprecipitation (ChIP) assay. ChIP assays 
were performed using the EZ ChIP™ Kit (MilliporeSigma). 
The cells were first cross‑linked with 1% formaldehyde for 
10 min at 37˚C and quenched with 2.5 M glycine for 5 min 
at room temperature to a final concentration of 125 µM. The 
fixed cells were washed twice with phosphate‑buffered saline 
and were lysed using a lysis buffer [0.1% sodium dodecyl 
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sulfate (SDS), 0.5% Triton X‑100, 20 mM Tris‑HCl, pH 8.1] 
that contained 150 mM NaCl and a protease inhibitor. The 
lysed cells were subsequently subjected to sonication in ice 
water. The resulting sonicated fragments were within the size 
range of 200‑1,000 bp. Following sonication, the samples were 
centrifuged at 13,000 x g for 10 min at 4˚C, and 100 µl of 
supernatant was pre‑absorbed by 30 µl protein G magnetic 
beads (Thermo Fisher Scientific, Inc.) conjugated to ATF3 
antibodies (2 µg; cat. no. ab254268; 1:30; Abcam) and IgG (as 
the NC; cat. no. ab172730; 1:50; Abcam). The immunoprecipi‑
tated complex was centrifuged (5,000 x g for 1 min at 4˚C) and 
washed with low salt, high salt, LiCl and TE buffers in the kit 
according to the manufacturer's protocols. The complex was 
eluted from the antibody using a solution of 1% SDS, 0.1 mol/l 
NaHCO3 and 200 mmol/l NaCl. The resultant complex was 
incubated in 5 M NaCl and 20 mg/ml proteinase K solu‑
tion (Cell Signaling Technology, Inc.) at 65˚C for 2 h for the 
reversal of crosslinking. After crosslink reversal, precipitated 
DNA was analyzed by PCR for the 3'UTR fragments of the 
Cyr61 promoter. The input DNA and immunoprecipitated 
DNA underwent qPCR using SYBR® Green Real‑time PCR 
Master Mix (Toyobo Life Science). The primer sequences for 
PCR were as follows: ATF3 forward, 5'‑AGC ACC TTG CCC 
CAA AAT CA‑3' and reverse, 5'‑AGG GCG TCA GGT TAG 
CAA AA‑3'; Cyr61 forward, 5'‑AGC GTT TCC CTT CTA CAG 
GC‑3' and reverse, 5'‑TTC TCC AAT CGT GGC TGC AT‑3'; 
and GAPDH forward, 5'‑GGG AAA CTG TGG CGT GAT‑3' 
and reverse, 5'‑GAG TGG GTG TCG CTG TTG A‑3'. The PCR 
program was 95˚C for 3 min, followed by 35 cycles of dena‑
turation at 95˚C for 30 sec, annealing at 60˚C for 30 sec and 
extension at 72˚C for 1 min. A final extension step was applied 
at 72˚C for 7 min. The data obtained were normalized to those 
obtained from the qPCR of the DNA precipitated by the IgG 
antibody. The relative mRNA expression levels were normal‑
ized to those of GAPDH using the 2‑ΔΔCq method (25).

Western blotting. Total protein was extracted from treated 
or untreated HCFs using RIPA buffer (Beyotime Institute of 
Biotechnology) and quantified using the bicinchoninic acid 
method (Thermo Fisher Scientific, Inc.). Protein samples 
(40 µg/lane) were then separated by SDS‑PAGE on 10% gels 
and transferred onto PVDF membranes. The membranes, 
which were blocked with 5% skimmed fat milk overnight at 
4˚C, were incubated with the following primary antibodies 
overnight at 4˚C: ATF3 (cat. no. ab254268; 1:1,000; Abcam), 
MMP‑1 (cat. no. ab134184; 1:1,000; Abcam), MMP‑2 (cat. 
no. ab92536; 1:1,000; Abcam), connective tissue growth factor 
(CTGF; cat. no. ab209780; 1:1,000; Abcam), fibronectin (cat. 
no. ab268020; 1:1,000; Abcam), collagen I (cat. no. ab138492; 
1:1,000; Abcam), collagen III (cat. no. ab184993; 1:1,000; 
Abcam), Cyr61 (cat. no. ab230947; 1:1,000; Abcam), 
TGF‑β (cat. no. ab215715; 1:1,000; Abcam), phosphorylated 
(p)‑Smad2 (cat. no. ab280888; 1:1,000; Abcam), p‑Smad3 
(cat. no. ab52903; 1:2,000; Abcam), Smad2 (cat. no. ab40855; 
1:2,000; Abcam), Smad3 (cat. no. ab40854; 1:1,000; Abcam) 
and GAPDH (cat. no. ab9485; 1:2,500; Abcam). Membranes 
were washed with TBST (0.1% Tween‑20) and incubated with 
HRP‑conjugated secondary antibodies (cat. no. #7074; 1:3,000; 
Cell Signaling Technology, Inc.) for 1 h at room temperature. 
The immunoreactive protein bands were visualized using an 

Amersham ECL Western Blotting Detection Reagent (Cytiva) 
and semi‑quantified by densitometry (Quantity One® version 
4.5.0; Bio‑Rad Laboratories, Inc.).

Statistical analysis. All experiments were repeated three 
times independently. The data were analyzed using SPSS 17.0 
software (SPSS, Inc.) and are presented as the mean ± SD. 
Unpaired Student's t‑test was used for comparisons between 
two groups. Differences among multiple groups were 
analyzed using one‑way ANOVA with the Bonferroni multiple 
comparison post hoc test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

ATF3 is highly expressed in Ang II‑induced HCFs. An in vitro 
cardiac hypertrophy model was established by stimulating 
HCFs with 1 µmol/l Ang II. The results of RT‑qPCR and 
western blotting demonstrated that the mRNA and protein 
expression levels of ATF3 were significantly upregulated in 
Ang II‑induced HCFs compared with those in the untreated 
cells (Fig. 1A and B). To assess the role of ATF3 in cardiac 
hypertrophy, ATF3 expression was knocked down or ATF3 
was overexpressed in HCFs. The transfection efficiency was 
assessed using RT‑qPCR and western blotting. Oe‑ATF3 
transfection significantly increased the mRNA and protein 
expression levels of ATF3, whereas si‑ATF3‑1/2 trans‑
fection significantly reduced ATF3 mRNA and protein 
expression, compared with those in the negative control 
groups (Fig. 1C and D). Since si‑ATF3‑1 exhibited superior 
transfection efficiency, this siRNA was chosen for subsequent 
experiments and is referred to as si‑ATF3 thereafter.

Overexpression of ATF3 suppresses Ang II‑induced viability, 
migration and fibrosis in HCFs. The effect of ATF3 overexpres‑
sion on Ang II‑induced HCFs was assessed. Ang II treatment 
significantly enhanced HCF viability compared with that in the 
control group; however, transfection with Oe‑ATF3 subsequently 
reversed this effect (Fig. 2A). Furthermore, wound healing assays 
demonstrated that treatment of HCFs with Ang II significantly 
increased the migratory rate compared with that in the control 
group in a manner that was reversed by ATF3 overexpression 
(Fig. 2B). Additionally, the protein expression levels of MMP‑1 
and MMP‑2 were significantly increased following Ang II treat‑
ment compared with those in the control group; however, this 
effect was also reversed by transfection with Oe‑ATF3 (Fig. 2C). 
Fibrosis was assessed using immunofluorescence staining and 
western blotting. Ang II treatment markedly increased the 
protein expression levels of α‑SMA compared with those in the 
control group, whereas the overexpression of ATF3 reversed 
this increase in α‑SMA expression (Fig. 2D). Marked increases 
in the protein expression levels of CTGF, fibronectin, collagen I 
and collagen III were also observed after the HCFs were treated 
with Ang II compared with those in the control group (Fig. 2E). 
However, ATF3 overexpression reversed the effects of Ang II 
on the protein expression levels of the aforementioned proteins 
in HCFs (Fig. 2E).

Knockdown of ATF3 expression aggravates Ang II‑induced 
viability, migration and fibrosis of HCFs. To evaluate the role of 
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Figure 2. Overexpression of ATF3 inhibits Ang II‑induced viability, migration and fibrosis in human cardiac fibroblasts. (A) Cell viability was evaluated using 
a Cell Counting Kit‑8 assay. (B) Cell migration was assessed using the wound healing assay (magnification, x100). (C) Protein expression levels of MMP‑1 
and MMP‑2 were semi‑quantified using western blotting. (D) Immunofluorescence staining was performed to assess the protein expression levels of α‑SMA 
(magnification, x200). (E) Protein expression levels of CTGF, fibronectin, collagen I and collagen III were semi‑quantified using western blotting. Data are 
presented as the mean ± SD. *P<0.05, ***P<0.001. ATF3, activating transcription factor 3; Ang II, angiotensin II; α‑SMA, α‑smooth muscle actin; CTGF, 
connective tissue growth factor; Oe, overexpression; NC, negative control. 

Figure 1. ATF3 is upregulated in Ang II‑induced cardiac fibroblasts. (A) mRNA and (B) protein expression levels of ATF3 were assessed after treatment with 
Ang II by RT‑qPCR and western blotting, respectively. (C) mRNA and (D) protein expression levels of ATF3 were assessed after transfection with different 
plasmids by RT‑qPCR and western blotting, respectively. Data are presented as the mean ± SD. *P<0.05, ***P<0.001. ATF3, activating transcription factor 3; 
Ang II, angiotensin II; Oe, overexpression; NC, negative control; si, small interfering RNA; RT‑qPCR, reverse transcription‑quantitative PCR. 
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ATF3 in Ang II‑induced HCFs, the effects of ATF3 knockdown 
on Ang II‑induced HCFs were assessed. ATF3 knockdown signifi‑
cantly enhanced Ang II‑induced HCF viability compared with 
that in cells transfected with the negative control (Fig. 3A). Cell 
migration was also demonstrated to be significantly increased by 
ATF3 knockdown compared with that in the si‑NC group, and the 
protein expression levels of MMP‑1 and MMP‑2 were significantly 
potentiated in Ang II‑induced HCFs transfected with si‑ATF3 
compared with those in the Ang II + si‑NC group (Fig. 3B and C). 
Subsequently, α‑SMA protein expression was demonstrated to be 
increased following transfection with si‑ATF3, compared with 
that in the Ang II + si‑NC cells (Fig. 3D). ATF3 knockdown also 
significantly promoted the protein expression levels of CTGF, 
fibronectin, collagen I and collagen III in Ang II‑induced HCFs 
compared with those in the Ang II + si‑NC group (Fig. 3E).

ATF3 promotes the transcriptional activation of Cyr61. The 
potential mechanisms by which ATF3 regulated Ang II‑induced 

HCFs were evaluated. Compared with those in their corre‑
sponding negative controls, ATF3 overexpression significantly 
increased the mRNA and protein expression levels of Cyr61 
in HCFs, whereas they were significantly decreased by ATF3 
silencing (Fig. 4A and B). A binding site was predicted using 
the JASPAR database (Fig. 4C). The luciferase reporter assay 
demonstrated that the luciferase activity of the WT Cyr61 
promoter was significantly increased by ATF3 overexpres‑
sion compared with in the Oe‑NC group, whereas no notable 
changes in the luciferase activity of the Mut Cyr61 promoter 
were observed (Fig. 4D). Furthermore, the ChIP assay verified 
that compared with the Oe‑NC group, a significant increase 
was observed in the enrichment of Cyr61 promoter in ATF3 
antibody in the Oe‑ATF3 group, implying that ATF3 could 
bind to the predicted Cyr61 binding site (Fig. 4E).

ATF3 affects Ang II‑induced HCFs and TGF‑β signaling 
by regulating Cyr61. To further explore the role of Cyr61 

Figure 3. Knockdown of ATF3 promotes Ang II‑induced viability, migration and fibrosis of cardiac fibroblasts. (A) Cell viability was evaluated using a Cell 
Counting Kit‑8 assay. (B) Cell migration was evaluated using the wound healing assay (magnification, x100). (C) Protein expression levels of MMP‑1 and 
MMP‑2 were semi‑quantified using western blotting. (D) Immunofluorescence staining was performed to assess the protein expression levels of α‑SMA 
(magnification, x200). (E) Protein expression levels of CTGF, fibronectin, collagen I and collagen III were semi‑quantified using western blotting. Data are 
presented as the mean ± SD. *P<0.05, **P<0.01, ***P<0.001. ATF3, activating transcription factor 3; Ang II, angiotensin II; α‑SMA, α‑smooth muscle actin; 
CTGF, connective tissue growth factor; si, small interfering RNA; NC, negative control. 
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in Ang II‑induced HCFs following ATF3 manipulation, 
Cyr61 expression was knocked down by transfection with 
si‑Cyr61‑1/2. The transfection efficiency was assessed 
using RT‑qPCR and western blotting. Since si‑Cyr61‑1 
transfection resulted in superior transfection efficiency 
(Fig. 5A and B), si‑Cyr61‑1 was chosen for use in subse‑
quent experiments and is referred to as si‑Cyr61 thereafter. 
CCK‑8 assay results demonstrated that Cyr61 knockdown 
increased the Oe‑ATF3‑reduced cell viability (Fig. 5C). 
Furthermore, ATF3 overexpression significantly suppressed 
cell migration, and markedly declined MMP‑1 and MMP‑2 
expression in Ang II‑treated HCFs, which was reversed by 
Cyr61 silencing (Fig. 5D and E). α‑SMA protein expres‑
sion levels were reversed by Cyr61 silencing compared 
with the Oe‑ATF3 group when assessed using immuno‑
fluorescence staining, and the protein expression levels 
of CTGF, fibronectin, collagen I and collagen III were 
elevated in Cyr61‑silenced cells compared with those in the 
Ang II+Oe‑ATF3 group (Fig. 5F and G). Furthermore, the 
protein expression levels of TGF‑β, p‑Smad2/Smad2 and 
p‑Smad3/Smad3 were significantly increased by stimulation 
with Ang II, and were in turn significantly reduced by ATF3 
overexpression (Fig. 5H). However, Cyr61 knockdown 
significantly reversed the effects of ATF3 overexpression on 
the protein expression levels of these three aforementioned 
proteins.

Discussion

During cardiac hypertrophy, the regulation of cardiac 
fibroblasts by Ang II and other factors results in excessive 
proliferation and the production of excessive quantities of 
fibrin, which leads to cardiac fibrosis and can further aggra‑
vate cardiac hypertrophy (26‑28). Therefore, inhibition of the 
proliferation and fibrosis of cardiac fibroblasts may serve as a 
viable strategy for treating cardiac hypertrophy. The present 
study aimed to evaluate the therapeutic potential of ATF3 

for alleviating cardiac viability and fibrosis in addition to 
assessing the potential molecular mechanism underlying its 
function using an in vitro model.

ATF3 is a stress response protein, the expression of which 
rapidly increases following stress stimulation by endogenous 
and exogenous factors, in order to regulate the expres‑
sion of target genes (29). Li et al (30) reported that cardiac 
fibroblasts were the main cell type that express ATF3 in 
response to stimulation. ATF3 expression has been reported 
to be upregulated in Ang II‑ and aortic constriction‑induced 
mouse myocardium, whereas ATF3 knockdown could worsen 
Ang II‑induced cardiac fibrosis and hypertrophy (31). These 
findings suggested that ATF3 may serve an important regula‑
tory role in myocardial fibrosis. In the present study, HCFs were 
stimulated with Ang II and it was demonstrated that Ang II 
treatment significantly increased the mRNA and protein 
expression levels of ATF3. ATF3 overexpression also exerted 
a significant inhibitory effect on Ang II‑induced increases in 
HCF viability, migration and fibrosis. ATF3 expression was 
subsequently silenced and it was demonstrated that it medi‑
ated the opposite effects on Ang II‑induced HCF viability, 
migration and fibrosis compared with ATF3 overexpression, 
which suggested a possible protective role for ATF3 against 
Ang II‑induced stress in HCFs. These results were consistent 
with those of a previous study, which reported that reduced 
ATF3 expression may promote stress overload‑induced 
cardiac hypertrophy, dysfunction and fibrosis (21).

It has previously been reported that ATF3 can tran‑
scriptionally upregulate Cyr61 expression in hepatocellular 
carcinoma (32). Cyr61, also known as cellular communica‑
tion network factor (CCN)1, is a member of the CCN family 
of proteins that serves as an angiogenic factor (33). Previous 
studies have reported that Cyr61 expression is elevated during 
chronic heart failure and is associated with Ang (34‑36). In the 
present study, a binding site of ATF3 on the Cyr61 promoter 
was predicted using the JASPAR database, which was veri‑
fied experimentally using a combination of luciferase reporter 

Figure 4. ATF3 promotes transcriptional activation of Cyr61 in human cardiac fibroblasts. (A) mRNA and (B) protein expression levels of Cyr61 were 
assessed using reverse transcription‑quantitative PCR and western blotting, respectively. (C) The JASPAR database identified the binding site of ATF3 and 
Cyr61 promoter. (D) A luciferase reporter assay was used to assess the luciferase activity of the Cyr61 promoter. (E) A chromatin immunoprecipitation assay 
was performed to evaluate the binding of ATF3 to Cyr61. Data are presented as the mean ± SD. ***P<0.001. ATF3, activating transcription factor 3; Cyr61, 
cysteine‑rich angiogenic protein 61; Oe, overexpression; NC, negative control; si, small interfering RNA; WT, wild‑type; Mut, mutant; TSS, transcription start 
site.
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Figure 5. ATF3 regulates Ang II‑induced development of cardiac fibroblasts and the TGF‑β signaling pathway through binding to Cyr61. (A) mRNA and 
(B) protein expression levels of Cyr61 were detected using reverse transcription‑quantitative PCR and western blotting respectively. (C) Cell viability was 
evaluated using a Cell Counting Kit‑8 assay. (D) Cell migration was evaluated using a wound healing assay (magnification, x100). (E) Protein expression levels 
of MMP‑1 and MMP‑2 were semi‑quantified using western blotting. (F) Immunofluorescence staining was performed to assess the protein expression levels 
of α‑SMA (magnification, x200). Protein expression levels of (G) CTGF, fibronectin, collagen I and collagen III, and (H) TGF‑β, p‑Smad2, p‑Smad3, Smad2 
and Smad3 were semi‑quantified using western blotting. Data are presented as the mean ± SD. *P<0.05, **P<0.01, ***P<0.001. ATF3, activating transcription 
factor 3; Ang II, angiotensin II; α‑SMA, α‑smooth muscle actin; Cyr61, cysteine‑rich angiogenic protein 61; p, phosphorylated; CTGF, connective tissue 
growth factor; Oe, overexpression; NC, negative control; si, small interfering RNA. 
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and ChIP assays. You et al (37) reported that Cyr61/CCN1 
expression was regulated by the cooperation of c‑Jun/AP‑1 
and hypoxia inducible factor‑1α under hypoxic conditions in 
retinal vascular endothelial cells. Furthermore, Cyr61 has been 
reported to suppress myocardial fibrosis and improve cardiac 
function (38). The present study silenced Cyr61 expression in 
Ang II‑induced HCFs and demonstrated that it significantly 
reversed the effects of ATF3 overexpression on cell viability, 
migration and fibrosis, which suggested that ATF3 regulated 
HCFs induced by Ang II via transcriptional activation of Cyr61.

Numerous studies have reported that Ang II can induce 
the proliferation of cardiac fibroblasts through multiple 
signaling pathways, including the TGF‑β/MAPK and 
TGF‑β/Smad signaling pathways (39,40). It has previously 
been reported that the CCN protein family can moderate 
the production of growth factors and cytokine signaling (41). 
Borkham‑Kamphorst et al (42) reported that CCN1 exerted 
anti‑fibrotic effects through the induction of reactive oxygen 
species, which in turn attenuated TGF‑β signaling by 
scavenging the TGF‑β ligand. In the present study, signifi‑
cant increases in the protein expression levels of TGF‑β, 
p‑Smad2/Smad2 and p‑Smad3/Smad3 were detected in 
Ang II‑induced HCFs. ATF3 overexpression significantly 
reversed this increase in the expression levels of these proteins. 
However, Cyr61 knockdown significantly negated the effects 
induced by ATF3 overexpression on the increased levels of 
TGF‑β, p‑Smad2 and p‑Smad3. These results suggested that 
the TGF‑β/Smad pathway may be involved in the modula‑
tion of ATF3/Cyr61‑mediated viability and fibrosis of HCFs. 
Notably, there were several limitations in the present study. 
Only in vitro experiments were performed and further in vivo 
experiments are required to confirm the results in future 
studies. Furthermore, the potential mechanisms and key path‑
ways require elucidation in future studies.

In conclusion, the present study demonstrated that ATF3 
overexpression could suppress the viability, migration and 
fibrosis of HCFs through the transcriptional activation 
of Cyr61. These findings may provide novel insights into 
anti‑viability and anti‑fibrosis strategies for the treatment of 
cardiac hypertrophy.
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