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Abstract
The transdifferentiation from cardiac fibroblasts to myofibroblasts is an important event in the initiation of cardiac fibrosis. 
However, the underlying mechanism is not fully understood. Circ-sh3rf3 (circular RNA SH3 domain containing Ring Finger 
3) is a novel circular RNA which was induced in hypertrophied ventricles by isoproterenol hydrochloride, and our work 
has established that it is a potential regulator in cardiac hypertrophy, but whether circ-sh3rf3 plays a role in cardiac fibrosis 
remains unclear, especially in the conversion of cardiac fibroblasts into myofibroblasts. Here, we found that circ-sh3rf3 
was down-regulated in isoproterenol-treated rat cardiac fibroblasts and cardiomyocytes as well as during fibroblast differ-
entiation into myofibroblasts. We further confirmed that circ-sh3rf3 could interact with GATA-4 proteins and reduce the 
expression of GATA-4, which in turn abolishes GATA-4 repression of miR-29a expression and thus up-regulates miR-29a 
expression, thereby inhibiting fibroblast–myofibroblast differentiation and myocardial fibrosis. Our work has established a 
novel Circ-sh3rf3/GATA-4/miR-29a regulatory cascade in fibroblast–myofibroblast differentiation and myocardial fibrosis, 
which provides a new therapeutic target for myocardial fibrosis.
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Introduction

Myocardial fibrosis is a common pathological process 
involved in the development of many different types of heart 
diseases and is characterized by excessive accumulation of 
extracellular matrix proteins and myofibroblasts in the heart 

[3, 20, 40]. In general, when the heart is subjected to stimu-
lation, such as pressure overload and myocardial inflamma-
tion [20], cardiac fibroblasts transdifferentiate into myofibro-
blasts, which promote excess collagen deposition and show 
stronger contractile activity, thus protecting the myocardium 
from rupture to initially form fibrotic scars at the injured 
sites [15]. However, myofibroblast persistence ultimately 
leads to cardiac fibrosis, cardiac remodeling, and even heart 
failure [20, 35, 40]. Therefore, it is important to understand 
the mechanism underlying the formation of myofibroblasts 
and cardiac fibrosis to determine future therapeutic targets.

Recent studies have demonstrated that several circular 
RNAs (circRNAs) participate in the regulation of myocar-
dial fibrosis [5, 11, 30, 39]. Given that the differentiation of 
cardiac fibroblasts to myofibroblasts is an important process 
during cardiac fibrosis, it is believed that these circRNAs 
are also involved in the fibroblast-to-myofibroblast transi-
tion. Another circular RNA, circ-sh3rf3, which we previ-
ously discovered to be derived from the Sh3rf3 (SH3 domain 
containing ring finger 3) gene, has also been revealed to be 
a potential regulator in isoproterenol hydrochloride-induced 
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cardiac hypertrophy [48]. Given that persistent myocardial 
hypertrophy can lead to cardiac fibrosis [43], we speculated 
that circ-sh3rf3 plays roles in cardiac fibrosis and fibroblast-
to-myofibroblast transition.

One of the ways by which circular RNA works is as a 
microRNA sponge. Indeed, recent studies have revealed 
that several microRNAs, such as miR-141, miR-433, and 
miR-29b-3p [12, 25, 30], can regulate cardiac fibrosis via 
sponge adsorption by circRNAs, which results in altered 
expression of microRNA target genes, including cardiac 
fibrosis-associated genes. Among these microRNAs, miR-
29a has been revealed to be involved in myocardial fibro-
sis [34]. In addition, several lines of evidence proved that 
miR-29a was adsorbed by circRNAs, such as circHIPK3 and 
cZNF532 in the heart [17, 44], suggesting that miR-29a may 
play roles in myocardial fibrosis through interaction with 
circular RNA. In addition to its role in myocardial fibrosis, 
miR-29a also plays roles in cardiac hypertrophy via the inhi-
bition of PPARδ expression [53], and given that circ-sh3rf3 
also exerts effects on cardiac hypertrophy, we speculated that 
circ-sh3rf3 may function via miR-29a.

In addition to acting as a sponge, circular RNA can also 
function by interacting with proteins. For instance, circular 
RNA circFndc3b can bind to fused protein to regulate car-
diac repair after myocardial infarction [13]. These proteins 
include RNA binding proteins and transcription factors, 
which play roles in synergy with circular RNA by assem-
bling to these circRNAs [9], but for important transcription 
factors in the heart, specifically for GATA-4 [6], it is unclear 
whether GATA-4 interacts with circRNAs to play roles in 
cardiac fibrosis and fibroblast-to-myofibroblast transition.

Here, we provide evidence that circ-sh3rf3 could interact 
with GATA-4 and inhibit its expression. Inhibiting GATA-4 
expression results in elevated miR-29a expression, which in 
turn attenuates the transition of fibroblast-to-myofibroblast 
and myocardial fibrosis, thereby underlining the regulatory 
cascade involving circ-sh3rf3/GATA-4/miR-29a and its 
clinical relevance for the treatment of myocardial fibrosis.

Results

circ‑sh3rf3 is downregulated in isoproterenol 
(ISO)‑induced cardiac fibrosis

Previously, we showed that the circular RNA circ-sh3rf3 
was markedly decreased in hypertrophied ventricles induced 
by isoproterenol [48], which was formed by back-splicing 
from exon 2 to exon 3 of the Sh3rf3 gene and localized both 
in the cytoplasm and nucleus (Figure S1A, B). Other than 
in the ventricle, qPCR assays revealed that both in neonatal 
rat cardiomyocytes and in cardiac fibroblasts treated with 
10 μM isoproterenol for 48 h, the mRNA level of circ-sh3rf3 

was significantly reduced (Fig. 1A, B), along with increased 
mRNA levels of the myocardial hypertrophy markers ANF 
and BNP (Fig. 1C) and cardiac fibrosis-associated markers, 
including transforming growth factor-β1 (TGF-β1), con-
nective tissue growth factor (CTGF), matrix metallopro-
teinase-2 (MMP-2), matrix metalloproteinase-9 (MMP-9), 
collagen type I alpha 1 (COL1A1) and α-smooth muscle 
actin (α-SMA) (Fig. 1D), indicating that circ-sh3rf3 is 
involved not only in cardiomyocyte hypertrophy but also 
in cardiac fibrosis. To validate the presence of cardiomyo-
cytes, troponin T or α-actinin staining was typically utilized 
[51]. Therefore, α-actinin staining was used to evaluate 
the purity of the cardiomyocytes (Fig. S1C), and cardiac 
fibrosis induced by isoproterenol was verified by Masson 
trichrome staining in the ventricle (Fig. 1E), suggesting that 
circ-sh3rf3 may play roles in cardiac fibrosis.

circ‑sh3rf3 expression is decreased during fibroblast 
differentiation into myofibroblasts

Given that cardiac fibroblast-to-myofibroblast conversion 
is an inevitable process in the development of myocardial 
fibrosis [2], we speculate that circ-sh3rf3 will be implicated 
in the process of cardiac fibroblast–myofibroblast transfor-
mation. Since normal culture media containing 10% FBS 
could lead to automatic differentiation of cardiac fibroblasts 
into myofibroblasts [7], we cultured primary fibroblasts in 
medium with 10% serum compared with 1% serum, which 
maintained the fibroblast phenotype. Typically, vimentin is 
employed to identify fibroblasts [37]. Here, to determine 
the differentiation from cardiac fibroblast to myofibroblast, 
F-actin staining was utilized to assess the change in the 
presence of stress fibers in cardiac fibroblast and myofibro-
blast [35]. Indeed, culture of cardiac fibroblasts in 10% FBS 
resulted in the formation of myofibroblasts, as indicated by 
the increased presence of stress fibers and the expression of 
α-SMA, an important marker of myofibroblasts, along with 
a well-spread myofibroblast-like morphology (Fig. 2A–C). 
In addition, we found that the expression of circ-sh3rf3 was 
markedly decreased compared with that in cells exposed to 
1% serum medium (Fig. 2D), indicating that circ-sh3rf3 may 
be involved in the transition of fibroblasts to myofibroblasts. 
In addition to exposure to 10% FBS, transforming growth 
factor-beta1 (TGF-β1) is a well-characterized stimulator 
of the transformation of fibroblasts to myofibroblasts [35]; 
therefore, we treated cardiac fibroblasts with different con-
centrations of TGF-β1 (5, 10, 20 ng/mL) for 24 or 48 h, 
and the mRNA level of α-SMA was analyzed to determine 
the optimal condition of TGF-β1 treatment. Treatment 
with 5 ng/ml TGF-β1 for 48 h was sufficient to result in 
the highest mRNA level of α-SMA (Fig. 2E). Moreover, we 
observed more obvious changes in cell morphology, includ-
ing increased cell size, the presence of stress fibers, and the 
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upregulation of α-SMA, CTGF and TGF-β1, all crucial 
markers of myofibroblasts (Fig. 2F–J). Collectively, these 
data indicate that the myofibroblast phenotype is induced by 
TGF-β1. Furthermore, similar to what was observed in 10% 
FBS exposure, dramatic downregulation of circ-sh3rf3 also 
occurred in TGF-β1-treated cardiac fibroblasts compared to 
untreated fibroblasts (Fig. 2K), suggesting a potential role of 
circ-sh3rf3 in myofibroblast transdifferentiation.

circ‑sh3rf3 inhibits the conversion of fibroblasts 
to myofibroblasts

To further investigate the role of circ-sh3rf3 in cardiac fibro-
blast-to-myofibroblast conversion, we tested the effects of 

exogenous expression of circ-sh3rf3 on the TGF-β1-induced 
transformation. The expression of circ-sh3rf3 was confirmed 
in cardiac fibroblasts infected with circ-sh3rf3 adenovirus 
by green fluorescent protein (GFP) reporter and qPCR 
(Fig. 3A, B), while the expression of Sh3rf3 was not changed 
(Fig. 3C). Furthermore, the expression of CTGF and α-SMA 
was significantly decreased in cardiac fibroblasts overex-
pressing circ-sh3rf3 and cultured with 10% FBS compared 
with that in the empty vector control (Fig. 3D, E), indicat-
ing that circ-sh3rf3 inhibits the conversion of fibroblasts to 
myofibroblasts.

Next, we evaluated the anti-transdifferentiation effect 
of circ-sh3rf3 in cardiac fibroblasts induced by 5 ng/
ml TGF-β1 for 48 h. As shown in Fig. 3F, circ-sh3rf3 
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Fig. 1  Decreased circ-sh3rf3 expression in isoproterenol (ISO)-
induced cardiac fibrosis. (A, B) qPCR for circRNA_Sh3rf3 and 
Sh3rf3 in isoproterenol-treated rat cardiomyocytes (A) and cardiac 
fibroblasts (B). (C) qPCR assays for atrial natriuretic factor (ANF) 
and B-type natriuretic peptide (BNP) were performed in isoprotere-
nol-treated rat cardiomyocytes. (D) The expression of transforming 
growth factor-β1 (TGF-β1), connective tissue growth factor (CTGF), 
matrix metalloproteinase-2 (MMP-2), matrix metalloproteinase-9 
(MMP-9), collagen type I alpha 1 (COL1A1), and α-smooth muscle 

actin (α-SMA) was determined by qPCR in isoproterenol-treated rat 
cardiac fibroblasts. (E) Masson trichrome staining of left ventricu-
lar sections from mice infused with isoproterenol or saline (control) 
for 2 weeks (left), and fibrotic areas were quantitated by with Image 
J software (right). Scale bars: 50  μm. Iso isoproterenol. The data 
shown are the means ± SEMs from three independent experiments. 
*P < 0.05, **P < 0.01 compared with the control, and rat cardiomyo-
cytes and cardiac fibroblasts treated with PBS (A–D) served as the 
control
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Fig. 2  circ-sh3rf3 expression decreases during fibroblast differen-
tiation into myofibroblasts. (A) Representative images of cardiac 
fibroblasts cultured in 1% or 10% serum using immunofluorescence. 
Cardiac fibroblasts spontaneously differentiated into myofibroblasts 
in 10% serum with marked changes in cell morphology and the pres-
ence of stress fibers by staining with F-actin. (B–C) α-SMA expres-
sion was determined by Western blot (B) and qPCR (C). The protein 
bands were quantitated by densitometry (B, lower). (D) qPCR assay 
for circ-sh3rf3 in cardiac fibroblasts maintained in 10% serum. (E) 
Cardiac fibroblasts were starved for 24 h, followed by treatment with 
different concentrations of TGF-β1 (5, 10, 20 ng/ml) for 24 or 48 h. 
The mRNA level of α-SMA was analyzed by qPCR. (F) Representa-
tive images of fibroblasts treated with 5 ng/ml TGF-β1 for 48 h using 

immunofluorescence. F-actin staining (upper panel) shows marked 
changes in cell morphology, and immunofluorescence (lower panel) 
shows increased expression of α-SMA in cardiac fibroblasts stimu-
lated with TGF-β1. (G–I) qPCR for α-SMA, CTGF, and TGF-β1 
in cardiac fibroblasts treated with TGF-β1. (J) Western blotting for 
α-SMA, CTGF, and TGF-β1 in TGF-β1-treated cardiac fibroblasts 
(left), and the protein bands were quantitated by densitometry (right). 
(K) qPCR analysis of circ-sh3rf3 in cardiac fibroblasts treated with 
TGF-β1. The data shown are the means ± SEMs from three independ-
ent experiments, **P < 0.01 compared with the control, and cardiac 
fibroblasts cultured in 1% serum (B–D) and treated with PBS (E, G–
K) served as the control. Scale bars: 50 μm
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overexpression resulted in decreased cell size and stress 
fibers and α-SMA protein expression in TGF-β1-treated 
cardiac fibroblasts compared with the empty vector con-
trol. Furthermore, the mRNA levels of TGF-β1, CTGF 
and α-SMA were also downregulated in circ-sh3rf3-
overexpressing CFs treated with TGF-β1 (Fig. 3G–I). 
Taken together, these data indicated that circ-sh3rf3 
could inhibit the transdifferentiation of fibroblasts to 
myofibroblasts.

circ‑sh3rf3 inhibits the conversion of fibroblasts 
to myofibroblasts via the upregulation of miR‑29a

We subsequently investigated the mechanism through which 
circ-sh3rf3 inhibits the transdifferentiation from fibroblasts 
to myofibroblasts by searching for downstream targets that 
might mediate this inhibitory effect. Considering that miR-
29a has an inhibitory effect on cardiac fibrosis [26, 34], we 
examined the expression of miR-29a in cardiac fibroblasts 

Fig. 3  circ-sh3rf3 inhibits 
fibroblast-to-myofibroblast 
differentiation. (A) Adenovirus-
mediated overexpression of 
circ-sh3rf3 in cardiac fibroblasts 
cultured in medium with 10% 
serum. Recombinant circ-sh3rf3 
adenovirus or empty adenovirus 
vector with the coexpression of 
green fluorescent protein (GFP) 
was constructed and then used 
to infect cardiac fibroblasts, 
and the infection efficiency of 
recombinant circ-sh3rf3 adeno-
virus (rAd-circ-sh3rf3) was 
reflected by the expression of 
GFP. rAd-GFP, empty adenovi-
rus vector. Scale bars: 100 μm. 
(B–C) qPCR of circ-sh3rf3 (B) 
and sh3rf3 (C) in cardiac fibro-
blasts infected with rAd-circ-
sh3rf3 or rAd-GFP (control). 
(D–E) Expression of CTGF 
and α-SMA was determined 
by qPCR (D) and Western 
blotting (E, left) in adenovirus-
infected cardiac fibroblasts, 
rAd-GFP served as the control. 
and the protein bands were 
quantitated by densitometry (E, 
right). (F) Immunofluorescence 
analysis of F-actin (upper panel) 
and α-SMA (lower panel) in 
cardiac fibroblasts treated with 
TGF-β1 and/or circ-Sh3rf3. 
(G–I) Expression of TGF-β1, 
α-SMA and CTGF in cardiac 
fibroblasts treated with TGF-β1 
and/or circ-sh3rf3 was detected 
by qPCR, and cardiac fibro-
blasts treated with PBS served 
as the control. The data shown 
are the means ± SEMs from 
three independent experiments, 
**P < 0.01 compared with the 
control. Scale bars: 50 μm. 
circ-NC: circular RNA negative 
control
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overexpressing circ-sh3rf3. As expected, miR-29a was sig-
nificantly upregulated in cardiac fibroblasts infected with 
circ-sh3rf3 (Fig. 4A), suggesting that circ-sh3rf3 suppresses 
the transdifferentiation of myofibroblasts via miR-29a. Next, 
we evaluated the roles of miR-29a in cardiac fibrosis induced 
by isoproterenol. In previous studies, isoproterenol was 
administered at a dose of 30 mg/kg/day for 13, 14, 15, and 
21 days, or 5 weeks [22, 31, 32]. Given 14 days of treatment, 
mice could successfully develop left ventricular hypertrophy 
and cardiac fibrosis [54], in the present study, isoproterenol 

was administered at a dose of 30 mg/kg/day for 14 days. 
As shown in Fig. 4B, there was decreased collagen depo-
sition in the ventricles of mice treated with miR-29a and 
isoproterenol compared with only the isoproterenol- and/or 
miR-29a-negative control-treated group (Fig. 4B and S1D). 
Moreover, the mRNA levels of CTGF, α-SMA, collagen 
type III alpha 1 (COL3A1), and MMP-2 were decreased in 
the left ventricles of mice treated with miR‐29a and isopro-
terenol compared with those in isoproterenol- and/or miR-
29a-negative control-treated ventricles (Fig. 4C–F). On the 
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other hand, the expression of miR-29a was downregulated 
in the ventricles of mice, and rat cardiomyocytes and car-
diac fibroblasts treated with isoproterenol (Figures S1E and 
4G). Altogether, the results indicated that miR-29a could 
protect the myocardium from cardiac fibrosis induced by 
isoproterenol.

To further investigate the anti-fibrotic role of miR-29 in 
the ventricle, we tested the fibrotic response of miR-29a in 
cardiac fibroblasts. Delivery of miR-29a in these isopro-
terenol-treated cells caused reduced expression of CTGF, 
TGF-β1, α-SMA, and MMP-2 compared to isoproterenol- 
and/or miR-29a-negative control-treated cardiac fibro-
blasts (Fig. 4H–M). Given that TGF-β1/Smad3 signaling 
is activated during cardiac fibrosis, we detected the expres-
sion of TGFβ-receptor1 (TGFβ-R1) and Smad3 phospho-
rylation (p-Smad3), and the results showed that miR-29a 
could decrease the expression of TGFβ-R1 and p-Smad3 in 
isoproterenol-treated cardiac fibroblasts (Fig. 4M). Taken 
together, these data revealed that miR-29a could attenuate 
isoproterenol-induced cardiac fibrosis by negatively regulat-
ing the TGF-β1/Smad3 signaling pathway.

Next, we examined the roles of miR-29a in the TGF-β1-
induced transformation of fibroblasts to myofibroblasts. The 
results showed that miR-29a inhibited the transdifferentiation 

of myofibroblasts, as evidenced by decreased cell size and 
stress fibers and α-SMA protein expression in TGF-β1- and 
miR-29a-treated cardiac fibroblasts compared with that in 
TGF-β1- and/or miR-29a-negative control-treated cells 
(Fig. 4N). Furthermore, if miR-29a expression was inhib-
ited by the addition of miR-29a antagomir, the expression 
of CTGF, α-SMA, and TGF-β1 in cardiac fibroblasts over-
expressing circ-sh3rf3 was upregulated (Fig. 4O), indicat-
ing that circ-sh3rf3 inhibits the conversion of fibroblasts to 
myofibroblasts via miR-29a.

circ‑sh3rf3 upregulated miR‑29a expression 
to suppress cardiac fibroblast‑to‑myofibroblast 
conversion through inhibition of GATA‑4 expression

To further address the mechanism, whereby circ-sh3rf3 
exerts its anti-fibrotic function via upregulation of miR-
29a expression, transient transfection experiments were 
performed to determine whether circ-sh3rf3 could enhance 
the transcription of miR-29a. The results showed that the 
promoter activity of miR-29a was consistently unchanged 
with the increase in circ-sh3rf3 (Figure S2A). Given that it 
has been widely reported that circRNAs can act as miRNA 
sponges [24, 28, 41], we performed bioinformatic analy-
sis to identify the potential miRNA binding sites within the 
sequence of circ-sh3rf3 using circMir software. However, 
no miR-29a binding sites on circ-sh3rf3 were predicted by 
the two algorithms, i.e., miRanda (Figure S2B) and RNA 
hybrid (Figure S2C). In addition, an RNA pull-down assay 
revealed that miR-29a was not captured by the circ-sh3rf3 
probe, indicating that miR-29a could not bind to circ-sh3rf3 
(Figure S2 D–E). Altogether, these results indicated that 
circ-sh3rf3 could not directly interact with miR-29a.

Apart from acting as sponges for miRNAs, circRNAs 
were reported to play important roles in the regulation of 
biological processes by interacting with proteins [8, 13, 18, 
47]. As a key transcription factor, GATA-binding protein 4 
(GATA-4) was reported to be involved in cardiac fibrosis 
induced by dexamethasone [4], so we speculated that circ-
Sh3rf might interact with GATA-4 to play roles in cardiac 
fibrosis. As shown in Fig. 5A, there were many GATA-4 
binding motifs on the sequence of circ-sh3rf3 predicted 
by the bioinformatics software RBPmap [33]. In addition, 
GATA-4 could be pulled down by circ-sh3rf3 in cardiac 
fibroblasts by RNA pull-down assays (Fig. 5B). Further-
more, RNA immunoprecipitation assays further validated the 
binding of circ-sh3rf3 to GATA-4 in H9C2 cells (Fig. 5C) 
and cardiac fibroblasts (Fig. 5D). Collectively, these data 
indicate that circ-sh3rf3 could interact with GATA-4.

Next, we evaluated the interaction effect of circ-sh3rf3 
and GATA-4 on miR-29a expression. The results showed 
that overexpression of circ-sh3rf3 reversed the GATA-
4-mediated downregulation of miR-29a (Fig. S2F), which 

Fig. 4  circ-sh3rf3 attenuates fibroblast-to-myofibroblast differen-
tiation by upregulating miR-29a. (A) qPCR assays for miR-29a in 
cardiac fibroblasts infected with rAd-circ-sh3rf3. The empty vector 
served as the control. (B) Masson trichrome staining of left ventric-
ular sections from mice infused with Iso and/or miR-29a agomir or 
agomir negative control. (C–F) mRNA levels of CTGF, α-SMA, col-
lagen type III alpha 1 (COL3A1), and MMP-2 were determined by 
qPCR in the left ventricles of mice treated with Iso and/or miR-29a 
agomir or agomir negative control, and treatment with saline served 
as the control. (G) The expression of miR-29a in isoproterenol-
treated cardiac myocytes(cMs) and fibroblasts (cFs) was determined 
by qPCR, and treatment with PBS served as the control. (H) qPCR 
for miR-29a in cardiac fibroblasts transfected with miR-29a agomir 
or agomir negative control, and PBS treatment served as the control. 
(I–L) qPCR for CTGF, TGF-β1, α-SMA, and MMP-2 in rat cardiac 
fibroblasts treated with Iso and/or miR-29a agomir or agomir nega-
tive control, and PBS treatment served as the control. (M) Western 
blotting for CTGF, TGF-β1, α-SMA, MMP-2, TGFβ-receptor1 
(TGFβ-R1), and Smad3 phosphorylation (p-Smad3) in rat cardiac 
fibroblasts treated with Iso and/or miR-29a agomir or agomir nega-
tive control (upper). PBS treatment served as the control. The pro-
tein bands were quantitated by densitometry (lower). (N) F-actin and 
α-SMA staining using immunofluorescence analysis in cardiac fibro-
blasts treated with 5 ng/ml TGF-β1 for 48 h and/or miR-29a agomir. 
(O) qPCR for CTGF, α-SMA and TGF-β1 in cardiac fibroblasts over-
expressed with circ-Sh3rf3 and/or transfected with miR-29a antago-
mir (left), and the expression of miR-29a was determined by qPCR 
(right). Cardiac fibroblasts overexpressed with antagomir negative 
control (right) and circ-Sh3rf3 (left) served as the control. The data 
shown are the means ± SEMs from three independent experiments, 
*P < 0.05, **P < 0.01 compared with the control. Scale bars: 50 μm. 
Ctr: control, c-sh3rf3: circular sh3rf3. Iso: isoproterenol, 29a: miR-
29a agomir, NC: miR-29a agomir negative control, anti-29a: miR-
29a antagomir, anti-NC: antagomir negative control

◂
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Fig. 5  circ-sh3rf3 upregulates the expression of miR-29a by inhib-
iting GATA-4 expression. (A) Bioinformatic analysis of potential 
GATA-4 binding sites on the circ-sh3rf3 sequence using RBPmap. 
(B) Cell lysates from cardiac fibroblasts infected with recombinant 
circ-sh3rf3 adenovirus were mixed with biotinylated circ-sh3rf3 or 
random probe, incubated with streptavidin beads and finally subjected 
to Western blotting using anti-GATA-4 antibody. (C–D) Cell lysates 
from H9C2 cells (C) or cardiac fibroblasts (D) infected with recom-
binant circ-sh3rf3 adenovirus were subjected to immunoprecipitation 
with antibodies against rabbit IgG (control) or GATA-4, followed by 
qPCR. (E) The mRNA level of GATA-4 in cardiac fibroblasts trans-
fected with circ-sh3rf3 was determined by q-PCR (Left), and the pro-
tein level of GATA-4 and GATA-6 were detected by Western blotting 
and quantitated  by  densitometry (right). (F) Expression of miR-29a 

(upper) and GATA-4 (lower) in cardiac fibroblasts transfected with 
RNAi GATA-4 by qPCR. (G) mRNA levels of CTGF, TGF-β1, and 
α-SMA in cardiac fibroblasts transfected with RNAi GATA-4 by 
qPCR. The empty vector served as the control (E–G). (H–I) qPCR 
for CTGF and α-SMA in cardiac fibroblasts treated with TGF-β1 and 
Ri-GATA4. (J) Cardiac fibroblasts were treated with TGF-β1 and/or 
transfected with Ri-GATA4, and F-actin (upper panel) and α-SMA 
(lower panel) staining was determined by immunofluorescence. 
PBS treatment served as the control (H–J). The data shown are the 
means ± SEMs from three independent experiments,**P < 0.01 com-
pared with the control. Scale bars: 50  μm. rAd-circ-sh3rf3 Recom-
binant circ-sh3rf3 adenovirus, CFs cardiac fibroblasts, ctr control, 
c-sh3rf3 circular sh3rf3, Ri-G4 RNAi-GATA-4, Tβ TGF-β1
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demonstrated that the interaction between circ-sh3rf3 and 
GATA-4 could relieve the inhibitory miR-29a expression 
mediated by GATA-4. Furthermore, overexpression of circ-
sh3rf3 remarkably reduced the binding ability of GATA-4 
to the miR-29a promoter (Fig. S2G). Taken together, these 
data strongly demonstrated that circ-sh3rf3 interacts with 
GATA-4 to relieve the suppressed the expression of miR-29a 
mediated by GATA-4.

Moreover, overexpression of circ-sh3rf3 reduced the 
expression of GATA-4, especially, the protein levels of 
GATA-6, a functionally redundant transcription factor with 
GATA-4, were also down-regulated (Fig. 5E). Furthermore, 
knockdown of GATA-4 resulted in elevated expression of 
miR-29a (Fig. 5F), indicating that circ-sh3rf3 activated 
the expression of miR-29a through inhibition of GATA-4 
expression.

To further investigate the role of circ-sh3rf3 in the heart 
following isoproterenol treatment, we tested the mRNA level 
of GATA-4, ANF, BNP, circ-sh3rf3, and miR-29a in the left 
ventricles of mice, rat cardiomyocytes, and cardiac fibro-
blasts treated with Iso and/or circ-sh3rf3 or circRNA empty 
vector. As shown in Fig. S1F–H, the result showed that 
over-expression of circ-sh3rf3 could reduce the expression 
of GATA-4, ANF, and BNP induced by isoproterenol, but its 
effect on the expression of miR-29a presented an opposite 
trend, indicating that circ-sh3rf3 play roles in the develop-
ment of cardiac hypertrophy induced by isoproterenol via the 
regulation of miR-29a and GATA-4 expression.

Next, we evaluated the effect of RNAi GATA-4 on the 
trans-differentiation of myofibroblasts. The RNAi GATA-4 
constructs were designed as previously described [49], and 
silencing of GATA-4 resulted in significant downregulation 
of CTGF, TGF-β1 and α-SMA in 10% FBS culture medium 
(Fig.  5G). Furthermore, inhibition of GATA-4 expres-
sion in TGF-β1-treated fibroblasts resulted in decreased 

expression of α-SMA and CTGF and marked changes in 
cell morphology, including decreased cell size and stress fib-
ers (Fig. 5H–J), suggesting that downregulation of GATA-4 
could attenuate the TGF-β1-induced differentiation of 
fibroblasts to myofibroblasts. Altogether, these data provide 
strong evidence that Circ-sh3rf3 inhibits fibroblast–myofi-
broblast differentiation and myocardial fibrosis through the 
upregulation of miR-29a via the suppression of GATA-4 
expression (Fig. 6), thus identifying a potential target for the 
treatment of myocardial fibrosis. 

Discussion

Our study provides a new circ-sh3rf3/GATA-4/miR-29a 
regulatory axis in fibroblast–myofibroblast differentiation 
and myocardial fibrosis. We found that circ-sh3rf3 could 
suppress GATA-4 expression, which subsequently resulted 
in the upregulation of miR-29a due to the abolishment of 
miR-29a expression inhibition by GATA-4 and eventually 
inhibited the differentiation from fibroblasts to myofibro-
blasts. Given that few studies have focused on the roles of 
circular RNA in the differentiation of fibroblasts to myofi-
broblasts and that the function of circular RNA in this con-
version is a very intriguing and crucial question which must 
be answered to uncover the mechanisms of myocardial fibro-
sis, our data provide a molecular basis for understanding 
myocardial fibrosis.

The anti-fibrotic effects of circ-sh3rf3 may be attrib-
uted to several underlying mechanisms, including both 
direct effects of the circ-sh3rf3/GATA-4/miR-29a regula-
tory cascade and indirect effects mediated by this regula-
tory cascade. The direct effects indicated that circ-sh3rf3 
reduced GATA-4 expression and activated miR-29a expres-
sion, while both down-regulated GATA-4 and up-regulated 

Fig. 6  Model depicting the 
role of the circ-sh3rf3-GATA-
4-miR-29a regulatory axis 
in fibroblast–myofibroblast 
differentiation and myocardial 
fibrosis. This regulatory axis 
involves circ-sh3rf3 interacting 
with GATA-4 and inhibiting 
GATA-4 expression, which 
subsequently elevated miR-29a 
expression by abolishing the 
suppression of miR-29a expres-
sion mediated by GATA-4, thus 
further inhibiting fibroblast-
myofibroblast differentiation 
and myocardial fibrosis
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miR-29a resulted in inhibited the differentiation of fibro-
blasts to myofibroblasts. In addition, the downstream tar-
get genes regulated by GATA-4 or miR-29a as well as their 
interacting signaling molecules may be involved in the antifi-
brotic effects mediated by the circ-sh3rf3/GATA-4/miR-29a 
regulatory axis, as evidenced by the finding that atrial and 
brain natriuretic peptide and antiangiogenic matricellular 
protein thrombospondin 2, which are regulated by GATA-4 
and miR-29a, respectively, all suppress cardiac fibrosis [10, 
16, 19, 38]. Therefore, circ-sh3rf3 plays inhibitory roles in 
myocardial fibrosis via a complicated regulatory network 
consisting of the circ-sh3rf3/GATA-4/miR-29a regulatory 
cascade and its functionally related molecules.

In addition, we found that circ-sh3rf3 could interact with 
GATA-4 and alleviate the inhibited expression of miR-
29a mediated by GATA-4. Considering our findings that 
circ-sh3rf3 could reduce the enrichment of GATA-4 on 
the promoter regions of miR-29a, we speculated that circ-
sh3rf3 could segregate the binding of GATA-4 to the miR-
29a promoter. Moreover, circ-sh3rf3 inhibited the expres-
sion of GATA-4, which in turn abolished the inhibition of 
miR-29a expression mediated by GATA-4. A mechanistic 
link between circ-sh3rf3 and reduced GATA-4 expression 
suggests that circ-sh3rf3 may be involved in the post-tran-
scriptional regulation and post-translational modification of 
GATA-4, including mRNA degradation and protein ubiq-
uitination. In particular, back-splicing may compete with 
canonical splicing during the generation of circ-sh3rf3, so 
the altered expression level of circ-sh3rf3 in the process of 
cardiac fibroblast-to-myofibroblast conversion may affect the 
expression level of sh3rf3, which is an E3 ubiquitin–pro-
tein ligase, thereby mediating GATA-4 protein degradation 
through ubiquitination modification. On the other hand, circ-
sh3rf3 may have the potential to encode proteins which may 
have the activity of ubiquitination modification enzymes, 
thereby regulating the degradation of GATA-4 protein. How-
ever, the exact mechanism remains to be elucidated in future 
investigations. As GATA-4 is an important transcription fac-
tor in physiological and pathological processes in the heart 
[6], we identified the central role of GATA-4 in the regula-
tory cascade of cardiac fibrosis is involving circ-sh3rf3 and 
miR-29a. To our knowledge, it is the first time to explore the 
roles of GATA-4 as a primary regulator of fibroblast–myofi-
broblast differentiation. Indeed, we found that silencing of 
GATA-4 significantly inhibited the expression of α-SMA, 
CTGF and TGF-β1, all crucial markers of myofibroblasts. 
This is in accordance with our previous finding that GATA-4 
is up-regulated in ISO-induced myocardial hypertrophy in 
mice [53], further confirming the important role of GATA-4 
in myocardial fibrosis. Taken together, the functional con-
sequence of determining its critical roles lies in the benefit 
of identifying GATA-4 as a potential therapeutic target in 
cardiac fibrosis.

In addition to GATA-4, circ-sh3rf3 also regulates miR-
29a expression. The fact that circ-sh3rf3 acts as an upstream 
regulator of miR-29a may be due to several underlying 
mechanisms, including both direct regulation via GATA-4 
and indirect regulation via the GATA-4 partner. These part-
ners may include MEF2C, TBX5, and SWI/SNF chromatin-
remodeling complexes [1, 14, 29]. However, the exact role of 
the GATA-4 partner in the regulation of miR-29a expression 
by circ-sh3rf3 needs to be further investigated in the future. 
Impressively, a mechanistic link between circ-sh3rf3 and 
inhibited conversion from cardiac fibroblasts to myofibro-
blasts is suggested by the increased miR-29a expression, 
which is consistent with previous findings that miR-29a 
inhibits cardiac fibrosis [34, 42]. As a regulator of car-
diac fibrosis, the mechanism of miR-29a remains unclear. 
Here, we revealed that miR-29a is a novel inhibitor of fibro-
blast–myofibroblast differentiation, which further supports 
our previous finding that miR-29a exerts beneficial effects 
on cardiac hypertrophy [53]. Since there are no binding 
sites of miR-29a in the circ-sh3rf3 sequence and the RNA 
pull-down assay revealed that miR-29a could not bind circ-
sh3rf3, unlike most circular RNAs, circ-sh3rf3 cannot act as 
a sponge of miR-29a but instead regulates the expression of 
miR-29a, which may contribute to opening up a new mode 
of action for circular RNAs.

The difficulty of precisely constructing gain and loss 
circular RNA mice has hindered studies of the function 
of circular RNAs. However, recent studies have used the 
adenovirus infection technique in cells to characterize the 
roles of circular RNAs in cardiac fibrosis [50]. Impressively, 
several circular RNAs play roles in myocardial fibrosis [30, 
50]. Indeed, our data further supported that circ-sh3rf3 acts 
as a cardiac fibrosis suppressor. Moreover, consistent with 
our experimental findings that circ-sh3rf3 acts as a sponge 
of GATA-4, many circRNAs function by acting as protein 
sponges [21, 36]. In fact, until now, the potential mechanism 
and function of circular RNA have not been fully explored. 
The function of circRNAs has been proposed as protein 
interactors, microRNAs, and protein sponges [13, 24, 36]. 
Some circRNAs have coding functions or function through 
their parent genes [23, 46]. For circ-sh3rf3, which is derived 
from exons 2 and 3 of the Sh3rf3 gene, how it is produced 
and whether it could encode a protein or play roles via the 
Sh3rf3 gene need to be further explored in the future. More-
over, the detailed mechanism, whereby circ-sh3rf3 regulates 
the conversion from fibroblasts to myofibroblasts, especially 
for the altered expression of markers of myofibroblasts such 
as CTGF and α-SMA, remains to be elucidated.

In conclusion, we herein identified the regulatory cascade 
involving circ-sh3rf3/GATA-4/miR-29a as a novel regulator 
of fibroblast–myofibroblast differentiation and myocardial 
fibrosis. Circ-sh3rf3 inhibits the differentiation from fibro-
blasts to myofibroblasts through the inhibition of GATA-4 
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and the activation of miR-29a. These findings pave the way 
to unveil clinical relevance for the treatment of myocardial 
fibrosis.

Materials and methods

Animals

ICR mice (8–10 weeks) were intraperitoneally injected with 
isoproterenol hydrochloride (ISO, 30 mg/kg/day; Sigma, St. 
Louis, MO, USA) for 14 days, and the vehicle group was 
treated with saline. Following treatment with isoproterenol, 
ICR mice received infusion of miR-29a agomir (6 µg/g/day) 
or agomir negative control (NC) for 3 days by intravenous 
injection. At the end of the infusion, the mice were anesthe-
tized with 2.5% Avertin (2 mg/0.01 kg) by intraperitoneal 
injection, once unresponsive to toe pinch, mice were eutha-
nized by heart collection or perfusion fixation with neutral 
formaldehyde for histological analysis. All animal experi-
ments were approved by the Animal Ethics Committee of 
Zhengzhou University and carried out in accordance with 
the Guide for the Care and Use of Laboratory Animals (US 
NIH, 2011).

Isolation of rat cardiomyocytes and cardiac 
fibroblasts

Rat cardiomyocytes and cardiac fibroblasts were isolated 
from neonatal 1–2-day-old Sprague–Dawley rats by enzy-
matic digestion. Briefly, hearts were isolated after decapita-
tion. Next, the dissected ventricles were finely minced and 
digested with 200 U/ml collagenase II (Worthington) solu-
tion, and the digested cells were harvested by centrifugation 
and resuspended in Dulbecco’s modified Eagle’s medium 
(DMEM, Gibco) with 5% fetal bovine serum and 1% penicil-
lin/streptomycin solution. For separation of cardiomyocytes 
and cardiac fibroblasts, two cycles of 30 min pre-plating 
were carried out at 37 °C in an incubator with 5%  CO2, and 
cardiac fibroblasts were first adherent to the culture plates. 
After serum starvation for 24 h, cardiac fibroblasts at pas-
sages 2–3 were treated with TGF-β1 (5 ng/ml; PeproTech, 
Rocky Hill, NJ, USA) or isoproterenol (10 μM; Sigma) for 
48 h.

Infection with recombinant adenoviruses 
and transfection

Cardiac fibroblasts were infected with rAd-GFP or rAd-circ-
sh3rf3 adenovirus (Genechem, Shanghai, China) at a multi-
plicity of infection (MOI) of 100 for 48 h in culture medium 
without antibiotics. For the transfection experiments, cardiac 
fibroblasts were transfected with miR-29a agomir, antagomir 

or their negative control (50 nM; GenePharma, Shanghai, 
China) for 24 h using Lipofectamine 2000 (Invitrogen). 
After transfection, the cells were starved and then treated 
with 5 ng/ml TGF-β1 for 48 h.

Total RNA isolation and quantitative polymerase 
chain reaction (qPCR)

Total RNA was extracted from cultured cardiac fibroblasts 
or left ventricles of mice with TRIzol reagent (Invitrogen). 
Next, reverse transcription was performed using the Prime-
Script™ RT reagent Kit (Takara, Tokyo, Japan), and the 
expression levels of mRNA, miRNA and circRNA were 
determined by SYBR Green Master Mix (Takara). Nota-
bly, the reverse transcription of circRNA was specifically 
performed with random primers (Thermo Fisher), and its 
expression level was determined by qPCR using divergent 
primers. A list of the sequences of the primers is shown in 
Table 1.

The subcellular localization analysis of circular RNA

Cardiac fibroblasts were harvested and resuspended in 
hypotonic buffer (20 mM HEPES pH 7.9, 20 mM sodium 
fluoride, 1 mM sodium pyrophosphate, 1 mM sodium ortho-
vanadate, 1 mM EDTA, 1 mM EGTA, 0.25 mM sodium 
molybdate, 10 μg/ml leupeptin, 10 μg/ml aprotinin, 10 μg/
ml pepstatin, 2 mM DTT, 0.5 mM PMSF and 100 nM oka-
daic acid) for 15 min. Next, 10% NP-40 were added, and the 
cytoplasm and nucleus were separated by centrifugation at 
7000 r.p.m. at 4 °C, subsequently, RNA was extracted from 
the nuclear and cytoplasmic fractions.

Western blotting analysis

Western blotting experiments were performed as previ-
ously described [27]. Briefly, proteins were separated by 
SDS–PAGE, transferred onto PVDF membranes (Mil-
lipore) and incubated with primary antibodies specific 
for α-SMA (ab7817, Abcam), CTGF (ab6992, Abcam), 
MMP-2 (ab86607, Abcam), TGF-β1 (ab92486, Abcam), 
and α-tubulin (sc-32293, Santa Cruz). Relative expression 
levels of proteins were normalized to the α-tubulin expres-
sion level.

Immunofluorescence and F‑actin staining assay

Cardiac fibroblasts were plated in 35-mm confocal dishes. 
Following TGF-β1 treatment or transfection as described 
above, cells were washed twice with PBS and fixed with 4% 
paraformaldehyde (Sigma) for 10 min. For the immunofluo-
rescence assay, fixed cells were permeabilized with 0.1% 
Triton X-100 for 5 min, blocked with 5% BSA for 1 h and 
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incubated with primary antibody (1:500) at 4 °C overnight. 
The next day, the cells were incubated with fluorescent-
labeled secondary antibody (1:500) at room temperature for 
2 h in the dark. The nuclei were stained with 4′,6‐diamid-
ino‐2‐phenylindole (DAPI) for 15 min. For F-actin staining, 
fixed cells were treated with 0.1% Triton X-100 (containing 
3 mg/mL BSA) for 30 min at 37 °C and incubated in a 1 µM 
solution of FITC-conjugated phalloidin (Sigma) in PBS at 
4 °C overnight. Twenty-four h later, the nuclei were stained 
with DAPI and observed under a laser confocal microscope 
(OLYMPUS, Tokyo, Japan).

RNA immunoprecipitation

RNA immunoprecipitation was carried out to detect the 
binding of circRNA and protein as described [8]. Briefly, 
cultured cardiac fibroblasts (2 ×  107 cells) were harvested 
and resuspended in 700 μl coimmunoprecipitation buffer 
(20 mM Tris–HCL, pH 7.5, 150 mM NaCl, 1 mM EDTA, 
0.5% NP-40, protease inhibitors and RNase inhibitor) on 
ice for 30 min. After centrifugation, the supernatant was 
collected and incubated with 5 μg primary antibodies (IgG, 
anti-GATA4) at 4 °C overnight. Then, 80 μl proteinA/G 

PLUS-Agarose (sc-2003, Santa Cruz) was added to each 
sample, and the complexes were incubated at 4 °C over-
night. After being washed, the pellets were resuspended 
in TRIzol-LS Reagent (Invitrogen). The coprecipitated 
RNA was extracted and subjected to RT–qPCR analysis 
as described above.

RNA pull‑down

The RNA pull-down experiment was performed as 
described [45]. Briefly, 2 ×  107 cardiac fibroblasts were 
washed and lysed in coimmunoprecipitation buffer. Three 
micrograms of biotinylated DNA oligo probes against circ-
sh3rf3 or random sequences were diluted in 500 μl wash-
ing/binding buffer (20 mM Tris–HCl, pH 7.5, 500 mM 
NaCl, 1 mM EDTA) and incubated with 100 μl of Dyna-
beads M-280 Streptavidin (Invitrogen) at room tempera-
ture for 2 h. Then, the cell lysates were added to each 
bead-probe pellet and incubated at 4 °C overnight. The 
next day, the beads were washed briefly with coimmuno-
precipitation buffer five times, and the bound proteins were 
analyzed by Western blotting.

Table 1  Primer sequences Gene Primer Sequence

MMP-2 Forward GCA CCA CCG AGG ATT ATG AC
Reverse CAC CCA CAG TGG ACA TAG CA

MMP-9 Forward CCT CTG CAT GAA GAC GAC ATAA 
Reverse GGT CAG GTT TAG AGC CAC GA

COL1A1 Forward CAT GTT CAG CTT TGT GGA CCT 
Reverse GCA GCT GAC TTC AGG GAT GT

COL3A1 Forward TCC CCT GGA ATC TGT GAA TC
Reverse TGA GTC GAA TTG GGG AGA AT

TGFβ1 Forward CCT GGA AAG GGC TCA ACA C
Reverse CAG TTC TTC TCT GTG GAG CTGA 

α-SMA Forward CTG TGC TAT GTC GCT CTG GA
Reverse ATA GGT GGT TTC GTG GAT GC

CTGF Forward CTG TGA GGA GTG GGT GTG 
Reverse ATG TGT CTT CCA GTC GGT AGG 

miR-29a Forward GCG GTA GCA CCA TCT GAA AT
Reverse GTG CAG GGT CCG AGGT 

U6 Forward CTC GCT TCG GCA GCACA 
Reverse AAC GCT TCA CGA ATT TGC GT

circ-sh3rf3 (divergent) Forward AAC TGT GAT CCG GAG AGT GG
Reverse GGA TGA TGA TGT CCC CTT TG

circ-sh3rf3 (convergent) Forward AGG GGA AAG AAC CTG GTG AC
Reverse CAT AAA GTG CTT TGC CTT GG

miR-29a distal promoter Forward CAA GTC CTG GTG TCC CTA AC
Reverse CGG TCT GTT CTT GCG TGA G

miR-29a proximal promoter Forward CTG CTT ACC TCG GTG TTG TG
Reverse GGG CCT TCT GTC TGT TGT AC
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Chromatin immunoprecipitation (ChIP)

ChIP assays were performed as previously described [27, 
52]. Briefly, 1 ×  107 cardiac fibroblasts transfected with 
circ-sh3rf3, circRNA negative control and/or GATA-4 were 
cross-linked in 1% formaldehyde for 15 min at 4 °C and 
quenched with 125 mM glycine. Then, the cells were col-
lected, washed and sonicated to fragments of approximately 
500 bp. Next, the DNA fragments in the sonicated chromatin 
solution were immunoprecipitated with antibodies against 
GATA-4 (ab134057, Abcam) or IgG (2729 s, Cell Signal-
ing) overnight at 4 °C, followed by incubation with pro-
tein A/G plus agarose overnight at 4 °C. The next day, the 
chromatin–protein–antibody–bead complexes were washed 
and eluted. Then, the protein/DNA complex was reversely 
cross-linked, purified with the QIAquick PCR purification 
kit (Qiagen) and analyzed by qPCR. Specific primer sets 
designed to amplify target regions within the rat miR-29a 
promoter are listed in Table 1.

Statistical analysis

All data are presented as the mean ± SEM. Unpaired Stu-
dent’s t-tests were used to compare the differences between 
two groups. One-way analysis of variance was used for 
multiple comparisons. In all cases, P < 0.05 was considered 
statistically significant.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00018- 023- 04699-7.
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